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Preface and Acknowledgments

The idea for a book about how the atomic force microscope became a use-
ful and ubiquitous tool first occurred to me in the summer of 1998, in
the course of ethnographic research in a materials science laboratory. In
that ethnography, 1 was looking for ways that experimental engineering
knowledge overflows the formal, technical considerations that textbooks
usually present as sufficient for solving engineering problems. As an engi-
neering undergraduate, I had seen hints of this insufficiency, and it con-
tributed to my sense that there was something about engineering practice
that I just didn’t get. The materials science graduate students [ worked with
that summer, especially Ryan DiSabella and Marty Murtagh, showed me
more clearly the aspects of experimental knowledge-making that aren't
adequately captured in textbooks. They have my deepest gratitude for the
discussions that led, circuitously, to the idea for this book.

Carrying out that idea occupied the next several years as I worked
toward my Ph.D. in Science and Technology Studies at Cornell University.
The members of the Cornell STS department shaped this project more than
I can possibly describe. Most influential on my outlook were the members
of my thesis committee: Mike Lynch, Ron Kline, and Trevor Pinch. Early
in my time at Cornell, Javier Lezaun, Shobita Parthasarathy, Dan Plafcan,
Jessie Saul, and Jamey Wetmore made Ithaca a vibrant home base. Later,
Christina Dunbar-Hester, David Kirby and Laura Gaither, Frin McLeary
and Ian Petrie, and Kevin O'Neill were cheery fellow travelers on the slow
march to the end.

Along the way, | met many of the people you will be introduced to in
this book. Thanks to funding from the National Science Foundation (under
Grant SES 0094582 and Cooperative Agreement 0531184), the National
Bureau of Economic Research/Sloan Foundation Science and Engineering
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xii Preface and Acknowledgments

Workforce Project, the American Institute of Physics Center for the History
of Physics, the Chemical Heritage Foundation, the Lemelson Center for the
Study of Invention and Innovation, and the Institute of Electrical and Elec-
tronics Engineers, | had the resources and time to interview more than 150
people in Europe and North America about their experiences with probe
microscopy. This book reflects the generosity and interest of those funders
and interviewees.

A few interviewees deserve some singling out for their continuing help
with this project. Virgil Elings, Randy Feenstra, Jane Frommer, Christoph
Gerber, Joe Griffith, Paul Hansma, Stuart Lindsay, Jim Murday, Jun Nogami,
and Craig Prater all gave feedback through ongoing discussions or email
exchanges—sometimes encouraging, sometimes rebuking, always helpful.
Clearly, some of these people will disagree with my findings and interpre-
tations, as will other interviewees. §till, I hope all those [ interviewed will
accept my thanks and respect.

My understanding of the probe microscopy community has benefited
enormously from participation in the communities of history, sociology,
and anthropology of science, technology, and engineering. My debts to
colleagues in those fields cannot be covered by any list, but special thanks
are due to Davis Baird, Ben Cohen, Maggie Dennis, Paul Forman, Peter
Galison, Hans Glimell, Michael Gordin, David Kaiser, Sarah Kaplan, Alfred
Nordmann, Sonali Shah, Steve Shapin, Susan Silbey, John Staudenmaier,
and Chris Toumey.

After graduate school, I was a fellow and then, thanks to Arthur Damm-
rich, an employee at the Chemical Heritage Foundation in Philadelphia.
Arthur’s confidence that science policy and history of recent science are
two sides of the same coin gave direction to my rudderless post-thesis
thinking. Moving to Philadelphia also introduced me to a never-dull net-
work of current and former CHFers, starting with my fellow fellows (Mike
Egan, Matt Eisler, Gabriella Petrick) and continuing through a rowdily
charming group of friends, beer drinkers, and/or Quizzo enthusiasts.

While at CHE, I joined a small group of historians interested in nano-
technology. 1 thank my CHF colleagues—David Brock, Hyungsub Choi,
Christophe Lécuyer, and Jody Roberts—for participating, perhaps against
their better judgment, in the effort to understand this emerging field. In
addition, Arne Hessenbruch, Ann Johnson, Tim Lenoir, Patrick McCray,
Mara Mills, Joe November, and Joanna Radin have carried the history of
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Preface and Acknowledgments xiii

nano (broadly conceived) forward into profoundly interesting places. This
book has taken a long time to come to final form partly because I wanted to
build on discussions with these colleagues. Much of this book was worked
out in those conversations, especially with Ann, Hyungsub, Jody, and
Patrick. That it has come together, at last, owes much to the staff at the
MIT Press, especially Margy Avery, and to the series editors and the manu-
script reviewers.

The last four years have seen two big changes in my life. After CHE I
moved to Houston and to Rice University. The members of the Rice History
Department, as well as Kevin Kelly, Kristen Kulinowski, and Chris Kelty
and Hannah Landecker (if only for a nanosecond) have been unfailingly
supportive and friendly.

At the same time, [ got to know, and eventually marry, Karen Burk. She,
my parents, and my family-away-from-family, the Inkeleses, put things like

mere books in perspective. I thank, and love, them for it.
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1 Introduction: Communities, Innovation, and Knowledge

At 11 am. on January 21, 2000, President Bill Clinton took to the stage of
the California Institute of Technology's Beckman Auditorium to announce
a National Nanotechnology Initiative for the United States.' This moment
had been in preparation since the early 1990s, when a small group of fed-
eral grant officers, Clinton administration science policy makers, and elite
scientists had sought government investment and coordination for a new,
distinct science of the very small. Clinton's speech merely recognized
nanotechnology as a scientific movement already well underway. Yet that
act of recognition transformed an informal, sometimes maligned research
area into a well-funded and dynamic new field.?

The symbolism of Clinton’s speech was carefully considered before-
hand. The site—Caltech—was chosen because, as Clinton acknowledged,
it was the academic home of Richard Feynman, the Nobel laureate phys-
icist who first proposed an embryonic version of nanotechnology in an
after-dinner speech for the 1959 meeting of the American Physical Society
in Pasadena.’ Forty years and a few weeks later, Clinton stood on stage
next to David Baltimore (a Nobel laureate biochemist and Caltech’s presi-
dent) and Gordon Moore (co-founder of Intel and the originator of Moore’s
Law, the rule of thumb for the pace of miniaturization in the semiconduc-
tor industry). Clinton, Baltimore, and Moore represented the “triple helix"
of American science—government, academia, and industry—that would
oversee and benefit from realization of Feynman’s vision.* Behind them,
providing the literal and metaphorical backdrop, was an image selected by
the White House as a nod to the politics and the science of nanotechnol-
ogy: a five-million-fold enlargement of a pointillist portrait of the Western
Hemisphere made from tiny clusters of gold (see figure 1.1). The symbolism

was potent: the United States, by launching its nanotechnology initiative,
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2 Chapter 1

Figure 1.1

President Bill Clinton announcing the launching of the National Nanotechnology
Initiative at Caltech, January 21, 2000.

would maintain its globally dominant economic and political position by
way of its mastery of the science and technology needed to control even
the smallest amounts of matter.

How much precision was needed to make this image? In the original
gold depiction, the clusters representing New York and Los Angeles—in
reality 4,000 kilometers apart—were only 200 nanometers (billionths of
a meter) apart. Imagine an ordinary map of the United States, of the kind
often found in elementary school classrooms.” Now imagine that this map
is a tiny version of the United States, with tiny cities, mountains, rivers,
and people, and that there is a tiny version of you inhabiting the map. The
tiny you is sifting in a miniature classroom, looking at a tiny map of the
United States. The portion of the gold nanoclusters depiction representing
the United States is that mini-map. Nanotechnology bears the same rela-
tionship to our ordinary sense of scale that a map bears to the continent
it depicts.

The gold nano-map was constructed a decade before Clinton's speech
by a group of IBM scientists using a scanning tunneling microscope (STM).

They used the same STM both to cause a gold surface to form small clusters
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Figure 1.2

Image of gold clusters deposited and then imaged with a scanning tunneling micro-
scope, Reprinted, with permission, from H. J. Mamin et al., "Gold Deposition from
a Scanning Tunneling Microscope Tip," Journal of Vacuum Science and Technology B 9
(1991} 1398-1402 (copyright 1991 American Vacuum Society).
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4 Chapter 1

(which they assembled in the shape of the Western Hemisphere) and to
image the clusters they created—the image that would later be adapted as
Clinton's backdrop.® The remarkable control over small amounts of matter
demonstrated in this image made the STM a potent symbol for nanotech-
nology proponents long before Clinton's speech. Even before 2000, most
of the thumbnail histories of nanotechology found in policy documents,
newspaper articles, and popular books presented the STM as the most sig-
nificant tool of nanotech research.” Many of the articles and reports pro-
moting the National Nanotechnology Initiative in the wake of Clinton's
speech were filled with glossy STM images and claims about the STM's
potential.® The White House chose an STM image as the backdrop for Clin-
ton’s announcement because the STM was already the instrument most
closely associated with nanotechnology.

Analysts of nanotechnology have also accorded the STM a special place
in their studies of this new field. Philosophers of science celebrate its abil-
ity to see and manipulate single atoms—that is, its combining of the func-
tions the philosopher and historian of science lan Hacking aptly labeled

wo

“representing and intervening.”” This, in turn, has led to extensive philo-

sophical discussions of how images of inherently unseeable atoms should

101 jkewise, economists have fixed on the STM (and its vari-

be interpreted.
ants) as a “key enabling discovery for nanotechnology” that will unleash
a Schumpeterian “gale of creative destruction.”'' Sociologists and man-
agement scholars have generally concurred with the economists, claim-
ing that nanotechnology research “became possible mainly through the
invention of the Scanning Tunneling Microscope.”"

For both nanotechnology’s proponents and analysts, then, the inven-
tion of the STM set in motion the formation of a scientific field that,
worldwide, absorbs nearly $20 billion in dedicated funding each year."
The output of that funding—the immediate economic value of nanotech-
nology research—has been estimated at nearly 330 billion worldwide in
annual sales of intermediate products that then find their way into almost
250 billion dollars’ worth of final products. If the STM really were respon-
sible for all that, it would be a very special technology indeed, and the ana-
lysts’ and boosters’ praise would be apt.

The STM and its variants are certainly important tools, though I will
argue that descriptions of the STM as the origin and enabler of nano

are somewhat exaggerated. But even if that view is entirely accurate,
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Communities, Innovation, and Knowledge 5

nanotechnology’s proponents and analysts have not explained how these
microscopes made this new field possible. The STM, after all, is an inani-
mate object. Its importance is a consequence of people using it. Presum-
ably the nano proponents and analysts I have cited understand this and
are simply invoking “the STM"” as a synecdoche for an assemblage of micro-
scopes and microscopists. Yet that shorthand fails to register the agency of
microscopists in making the STM and its variants into economically and
scientifically important tools.

The agency of microscopists matters because it wasn't self-evident that
the STM would lead to anything, much less a new multi-billion-dollar area
of research and industrial output. The initial results from the STM weren't
very promising, and for a time it seemed to be on a path to obscurity (as
had happened earlier to a similar instrument, the Topografiner). The STM's
inventors needed to assemble a network of people who would be interested
in their results, and eventually build their own STMs, for the instrument
to amount to anything. That network, which [ term an instrumental com-
munity, provided a basis for the creation, the evaluation, and the spread of
innovations that made the STM a much more powerful technology than it
otherwise would have been.

Of particular importance for the emergence of nanotechnology was the
series of variants of the STM, including the atomic force microscope (AFM),
the magnetic force microscope (MFM), and the near-field scanning optical
microscope (NSOM), generated by that community. These variants, quite
unexpectedly, have turned out to be at least as useful as the STM, and sig-
nificantly more numerous. Collectively, they are known as scanning probe
microscopes (SPMs), because most involve a small, solid probe that is ras-
tered (i.e., “scanned”) over a surface. Since not all variants of the STM raster
a probe, and some are not even microscopes, these tools are also sometimes
referred to as “local probe” or “proximal probe” techniques.

Sometimes shrewdly, sometimes fortuitously, probe microscopists orga-
nized their community in such a way that their instruments could move
outward into a wide variety of disciplines and industries. They marshaled
resources from various institutions, developed specialized areas of exper-
tise, devised mechanisms for enrolling other communities, and even-
tually created new organizations for promoting, evaluating, developing,
and selling probe microscopes. These community-building activities
offered inspiration to the loose group of scientists (including a few probe
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6 Chapter 1

microscopists), policy makers, and futurists who lobbied for nanotechnol-
ogy in the early 1990s. That is, nanotechnology’s proponents invoked the
probe-microscopy community as a model for other fields that gradually
became part of the nanotechnology enterprise. The view that the STM set
in motion the emergence of nanotechnology is deficient not only because
it ignores probe microscopists’ agency as innovators and users of a tech-
nology, but also because it ignores their agency as innovators in fashioning
an instrumental community. The STM's importance to nanotechnology lay
in the spread of innovations made by probe microscopists—both as tech-
nologists and as community builders—to other fields.

Instrument and Instrumentality

President Clinton’s Caltech speech nicely illustrates the double meaning
of “instrumental community.” What initially brought probe microscopists
together was a common interest in instrumentation—a new technology
for peering at very small objects in a hitherto unknown way. Yet probe
microscopists also set out to create a new instrumentality—a new way of
doing things that would propagate beyond their laboratories and change
the world. The map of the Western Hemisphere made from gold nano-
clusters was a product of novel instrumentation, yet the motivation for
that experiment was to demonstrate a new technology (an instrumental-
ity) for storing digital data. Similarly, the backdrop for Clinton’s speech
was chosen both for the striking visual appeal of STM images and because
the probe-microscopy community was instrumental in forging consensus
among bureaucrats, academics, and industry leaders that nanotechnology
would be sufficiently important to national competitiveness to require a
huge federal effort.

As the gold nano-map implies, probe microscopy blurs any distinction
between science and technology. Like much work done with probe micro-
scopes, the Western Hemisphere map was simultaneously an experiment
(for generating new knowledge and new questions about the behavior of
gold surfaces) and a demonstration of a technique that might someday
be incorporated into high-tech manufacturing. It is no coincidence that
the gold nano-map was first published in a journal that contained both
“science” and “technology” in its name. Science and technology—and
instrument and instrumentality—were rarely stable categories for probe
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Communities, Innovation, and Knowledge 7

microscopists, but rather convenient poles between which experiments
could continually be shifted.

Since the 1970s, a consensus has emerged among historians and soci-
ologists of both science and technology recognizing that these categories
are permanently blurry—that there is much that is scdentific (meaning,
roughly, generative of rigorous, generalizable knowledge) in the most
applied and artifact-driven activities, and there is much that is technologi-
cal (i.e., engineering-oriented and potentially instrumental and/or com-
mercial) in even “basic” research.'* This synergy between instrument and
instrumentality has been well documented, especially in studies of “Big
Science” facilities (such as telescopes and particle accelerators) where sci-
entists have had to put on their “engineering hat” in order to build and
manage complex sites and organizations."” The quintessential example
of Big Science's making itself instrumental is, of course, nuclear-weapons
research, which evolved from a small community of physicists and chem-
ists into world-changing megaprojects employing hundreds of thousands
of people in only a few years.'®

Yet small (or “bench-top”) sciences such as molecular biology and nano-
technology are widely seen as more important to today's high-tech indus-
tries, such as biotechnology and microelectronics, than the Big Sciences
inherited from the Cold War. In the 1990s, promoters of nanotechnol-
ogy repeatedly insisted that government support of bench-top nanoscale
research was necessary for continued innovation in microelectronics and
other high-tech industries."” In this book, I will endeavor to illuminate that
interplay between bench-top science and high technology. To do so, [ will
try to knit together recent historical studies of bench-top experimental
(and theoretical) tools and current work on the histories of microelectron-
ics and biotechnology. The former literature offers a way of understanding
the connections among pedagogy, knowledge creation, and tool develop-
ment, and a means of tracing the local variations in design and use of tools
as they propagate away from their place of invention.'® The latter litera-
ture emphasizes the role of craft skills in high-tech industries, the conse-
quent regional concentration of knowledge and labor in those industries,
and the importance of expectations about how long it will take research
to bear economic fruit (and how research and manufacturing units should
interact) in structuring competition among firms. 19

At the intersection of the aforementioned literatures are studies of bench-

20

top experiments that can double as tools for high-tech industry™—tools
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8 Chapter 1

such as electron microscopes, lasers, spectrometers, centrifuges, and poly-
merase chain reactions. An important common feature of these tools is that
they are simple and inexpensive enough that very small lab groups can pio-
neer their design and use, at the same time that very large firms exploit their
industrial potential. The resources of large firms can be helpful in innovat-
ing such tools—researchers at IBM and AT&T, especially, were early pioneers
of probe microscopy. However, the instruments of probe microscopy were
small enough that corporate and government researchers could occasion-
ally build or use them surreptitiously or with little managerial oversight.”'
Presumably, had the technology been significantly larger or more expen-
sive, it would have been more difficult to strategically hide it from view.

Small academic groups, too, are capable of pursuing bench-top experi-
ments that aid industries such as biotechnology and microelectronics. In
the 1980s and the 1990s, a university physics group consisting of one pro-
fessor, two or three graduate students, and one or two postdoctoral fel-
lows could build or buy an AFM and then make important innovations
in the use or design of the instrument. In the same era, a state-of-the-art
particle collider or optical telescope couldn’t have been built or bought by
such a small group. That such small university lab groups can make dis-
coveries that later turn out to have great economic potential has gener-
ated intense interest in how academic research interfaces with industry.
High-tech firms, university administrators, regional development offices,
politicians (at all levels of government and in most industrialized nations),
and scientists themselves have increasingly sought ways to commercialize
bench-top academic research since about 1970.

Economists, sociologists, management scholars, and historians, in turn,
have produced numerous studies of academic commercialization—some
in favor of the phenomenon, some not.”* The hope, for most actors and
analysts, is to better understand (and perhaps foster) the transformation
of bench-top academic research instruments into marketable instrumen-
talities. This book is intended to contribute to that debate by focusing
on aspects of university-industry relations that are usually bracketed. In
it I argue that instrumental communities are indispensable to the com-
mercialization of bench-top research. The probe-microscopy community
was a multi-university, multi-firm, multi-disciplinary, multi-regional net-
work in which ideas and people moved back and forth among govern-
ment, academic, and corporate organizations. Interactions among people
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Communities, Innovation, and Knowledge 9

widely distributed in that community allowed probe microscopy to alter-
nate between instrument and instrumentality.

Analysts of academic commercialization often focus on a limited set of
actors—for example, university administrations, members of university
faculties, and start-up companies with which faculty members are associ-
ated. Such analyses also tend to focus on production (of patents, technolo-
gies, and firms) rather than on consumption. In this book, however, I will
take a somewhat broader perspective. Professors and start-up firms will,
indeed, play important roles, but so will scientists and engineers at govern-
ment labs and established firms, federal grant managers, futurists, journal
editors, and officers of professional societies. Moreover, we will see those
different actors influence the form—and, ultimately, the market poten-
tial—of probe microscopy, both as producers of novel technologies and as
active consumers of those innovations.

Ultimately, the lesson of this book for students of academic commercial-
ization is that we cannot fully understand academic entrepreneurs unless
we think about the complex roles they play within wider research commu-
nities that are only partially oriented to commerce. All the start-ups and
some of the individual researchers we will encounter were, indeed, inter-
ested in probe microscopy’s progress from an experimental technique to a
marketable technology. In several cases, however, we will see that the best
opportunities—for both commercial and academic actors—lay in mov-
ing probe microscopy away from marketable applications. Putting aside
early hopes for commercial use, and instead focusing on answering basic
research questions, linked probe microscopy to disciplinary communities
that, in turn, inspired the innovations that were needed to move probe
microscopy back toward its most lucrative markets.

That is, a market for probe microscopes developed not because the probe-
microscopy community’s members focused solely on applied research with
commercial value, but because the community’s members were moving in
many directions at once. Probe microscopists pursued almost every grada-
tion of basic and applied, curiosity-driven and problem-driven research.
Movement in each of those directions allowed probe microscopists to form
connections with new disciplines and organizations. Those disciplines and
organizations sometimes presented potential markets for probe micro-
scopes, but sometimes they also elicited or offered innovations that made
probe microscopy more widely applicable. Thus, entrepreneurs and firms
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10 Chapter 1

that wanted to make money from probe microscopy needed to participate
even in the least commercial activities of the probe-microscopy commu-
nity. Entrepreneurial researchers and start-ups sought to recruit new mem-
bers to (and from within) that instrumental community, to demonstrate
skill in generating research results that would be ratified by other mem-
bers of the community, and to create and control institutions (conferences,
journals, funding streams) that would strengthen that community and
enhance their standing within it.

Thus, in probe microscopy, and probably more generally, commercial-
ization of bench-top small science can be a non-linear, distributed pro-
cess over which any organization (a university, a government agency, or
a high-tech firm) has limited control. Bench-top instruments benefit from
the speedy innovation cycle that is typical of small science, yet the trans-
formation of those instruments into marketable instrumentalities requires
researchers to amplify their efforts by leveraging membership in a wider
instrumental community. Though most instrumental communities are less
formal and centralized than Big Science projects, they do exhibit a more
complex degree of organization than a lone academic lab group. Instru-
mental communities are geographically distributed and internally differ-
entiated. Local nodes control different kinds of resources, personnel, or
expertise, and therefore can exert different kinds (and levels) of influence
in the community.

Instruments, Organizations, and Disciplines

So instrumental communities are important, and complex. But what,
exactly, are they? To a first approximation, the “probe-microscopy commu-
nity” contained the people who mutually oriented to the STM, the AFM, or
one of their variants, and who saw themselves as doing something in com-
mon with other probe microscopists around the world. More generally,
an instrumental community is a network of individuals who view their
involvement with a particular type of instrument and/or instrumentality
as ratifying their connection to other nodes in the network.” The arti-
facts and techniques on which the instrumental community is centered are
roughly those that Terry Shinn and Bernward Joerges describe as “research-
technologies”—*“multipurpose devices for detection, measurement, and
control that were conceived and developed by a community connected to
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Communities, Innovation, and Knowledge 11

both science and industry.”** The structure of an instrumental community
roughly parallels that of what Sonali Shah terms a “user innovation com-
munity . . . characterized by voluntary participation, the free flow of infor-
mation, and far less hierarchical control and coordination than seen in
firms.”* Instrumental communities contain influential users who develop
new variants of the form or application of a research technology, and who
voluntarily share (some) information about those innovations with other
members of the community in order to make the technique more robust
and widespread.

Probe microscopists actively shared ideas, blueprints, samples, pieces of
equipment, and even personnel in an attempt to build on each other’s
expertise. They also established institutions (including an annual confer-
ence series) to share knowledge and encourage the growth of the commu-
nity. Indeed, probe microscopists defined membership in their community
partly on the basis of participation in such institutions. People who
attended one of the annual (later biannual) STM Conferences, for instance,
could see who else attended and could conclude that those people had at
least some stake in the technique. Indeed, conferences are the important
institutions that they are because they allow participants to be co-present.*®
Attendees can judge, face to face, what kind of stake other attendees have
in a technique. At the STM Conferences, attendees who were already heav-
ily invested in probe microscopy could encourage newcomers to adopt the
technique. Newcomers who were interested in working on probe micros-
copy could approach veterans to ask for advice or jobs, and to offer their
own expertise and samples to be imaged.

Conferences weren’t, however, the only means by which members
(and non-members) of the probe-microscopy community identified who
else was (or wasn't, or was only marginally or potentially) a member. For
instance, they could identify other members of the community by see-
ing who published results from experiments in which an STM or an AFM
was used. Grant officers at federal funding agencies could partially map
the probe-microscopy community by monitoring who solicited money to
build, buy, or use an STM or an AFM. Grant officers also encouraged their
(or other officers’) grantees to become probe microscopists by putting them
in touch with STM users or AFM users or by arranging conferences and
other networking opportunities, or by insisting that a microscope bought
with their money be made available to a wide swathe of users. Likewise,
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the companies that sold STMs and AFMs might see a probe microscopist as
anyone who bought one of their firms’' products, or one of their competi-
tors’ products, or who built a microscope that could be substituted (wholly
or in part) by a commercial product. More controversially, they might see
potential probe microscopists in anyone who could be convinced to do
one of those things.

My point here is that probe microscopists had their own rules of thumb
about where the boundaries of their community lay, but that they were
also acutely aware that those boundaries were permeable, blurry, and
dynamic.”’ Indeed, probe microscopists manipulated the boundaries of
their community—and thereby provoked conflicts within their commu-
nity. Not all the rules of thumb were the same. Probe microscopists dis-
agreed profoundly about who should count as a probe microscopist, how
big their community should be, and whose probe-microscope research best
exemplified their community’s work.

S$till, no matter how much they disagreed about where the boundaries
of their community lay, probe microscopists had to be mindful of the
views, expertise, and achievements of the other members of that commu-
nity. Though most probe microscopists worked in small teams, with little
formal coordination with the rest of the community, the judgments of the
community were influential in formulating research directions, interpret-
ing results, obtaining funding, and hiring personnel. Those judgments
were conveyed through a variety of different types of connections between
members of the community—e.g., between an adviser and a student (or a
former student), or between a funder and a fundee, or between a vendor
and a customer, or between a colleague and a competitor, or between a user
and a builder.

In many of these relationships, probe microscopy provided only part
of the connection between the individuals. Though membership in the
probe-microscopy community might be ratified by use of the same (or a
similar) research technology, members of that community shared other ties
that instigated, cemented, or grew from their common orientation to scan-
ning tunneling microscopy or to atomic force microscopy. For instance,
two physicists, both working with STMs and accustomed to meeting every
year at the American Physical Society’s meeting, might take those meet-
ings as an opportunity to share information with regard to probe micros-
copy (e.g., where to buy components, how to clean the tunneling tip).
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Communities, Innovation, and Knowledge 13

They might just as likely use that meeting to discuss each other’s non-STM
knowledge (e.g., what textbooks to use, how to get jobs for their students).
Two STMers working for separate groups within IBM might (or might not)
have shared information about their instruments, but they would have
been just as likely to share mutual concerns about managers or company
policies. In a few cases, both members of a married couple were members
of the probe-microscopy community, presumably sharing more than an
interest in the same research technology.

That is, no one was a member of only the probe-microscopy commu-
nity. All probe microscopists owed loyalties to various other groups and
institutions—loyalties that reinforced or contradicted demands made on
them by other practitioners of STM and AFM. This simple fact, in all its
permutations, will drive much of the narrative of this book. The probe-
microscopy community grew because its members were able to exploit or
create personal relationships with members of networks that weren’t ini-
tially perceived by anyone to be relevant to probe microscopy.** Such extra-
instrumental ties generated the trust that was needed to convince potential
probe microscopists that the STM and the AFM were (or could be made
to be) applicable to their needs. Thus, innovation in probe microscopy
depended, in large part, on how participants structured this instrumental
community to simultaneously satisfy the demands of membership in other
networks. This struggle played itself out in the tiniest details of how STMs
and AFMs were built, what samples they were used to characterize, and
how their results were interpreted.

Three types of group membership will occupy most of this book: mem-
bership in instrumental communities, membership in disciplines, and
membership in organizations.

First, instrumental communities: Many probe microscopists had been
(or later became) specialists in other kinds of instrumentation. Some tech-
niques were competitive with or complementary to the STM or the AFM.
Probe microscopy manufacturers often marketed STMs and AFMs along-
side spectrometers, diffractometers, ellipsometers, electron microscopes,
and a host of other tools. Some people became interested in probe micros-
copy because they thought it could answer some research question or
solve some industrial problem that they (and their colleagues) had unsuc-
cessfully been trying to solve with a different research technology. Other
people gravitated to probe microscopy because they had experience with
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14 Chapter 1

another research technology that they thought would give them an advan-
tage in developing useful variants of the STM or the AFM. Thus, in a variety
of ways, bridges to (or competition with) other instrumental communities
allowed probe microscopy to propagate more widely.

Second, probe microscopists continually made use of their affiliations
with various organizations: universities, large corporate research centers,
government laboratories, start-up manufacturers, small analytical labs run
out of spare bedrooms, federal funding agencies, professional societies,
scientific journals, think tanks, industrial manufacturing and quality-control
facilities, and so forth. These organizations gave probe microscopists a place
to work or publish, situated them within a system of peer review or bureau-
cratic supervision, put resources at their disposal, allowed them to commu-
nicate with collaborators or be compared with competitors, and tied their
employment to the objectives of the organization. Organizations defined
the time scale on which probe microscopists produced results, and the ways
those results were rewarded. Certain organizations formed nodes in the
community, places from which other probe microscopists took their lead.
Over time, major transitions in the structure of the community (and in the
design and use of its technology) were associated with shifts in which orga-
nizations commanded the most influence or were the entry points for the
most members of the community.

Most of the organizations examined in this book were formal entities
even before the invention of the STM—networks of people bound by con-
tractual obligations to the same entity and by other shared institutional
forms (e.g., a letterhead, or an ability to locate themselves on different
parts of the same organizational chart). However, an important contribu-
tion of this book is a clearer picture of how new organizations come into
being, and formalize over time, in scientific and high-tech domains. The
expansion of the probe-microscopy community created conditions for the
emergence of ad hoc organizations that made it possible for information to
travel more quickly around the community, or that facilitated entrance to
the community—organizations such as tiny (one- or two-person) start-up
companies and informally managed annual conferences. Eventually, the
continued expansion of the community, and the increasing differentiation
among types of probe microscopists, led these new organizations to incor-
porate and steadily formalize their procedures. For instance, manufacturers
of SPMs slowly adopted organizational charts with intervening layers of
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middle managers, and the annual STM Conference established a formal
affiliation with a professional society: the American Vacuum Society.

Finally, probe microscopists made enduring use of ties to the scien-
tific and engineering disciplines. From the beginning, probe microscopists
came from a variety of disciplines, and spent much of their time trying to
draw in members of yet more disciplines. Physicists, chemists, biologists,
materials scientists, electrical engineers, mechanical engineers, mineralo-
gists, and physiologists all routinely use probe microscopes today. In each
case, the use and the design of the instruments have had to be adapted,
sometimes drastically, to the values, practices, and interests of the disci-
pline. At the same time, probe microscopy has made itself instrumental
partly by effecting changes in the values, practices, and interests of those
disciplines.

In return, disciplines made themselves useful to probe microscopy by
contributing experimental materials that could be characterized with an
STM or an AFM, “hot” or “interesting” questions these tools could be used
to answer, interpretive schemas for judging the value of data generated
with the microscopes, traditions for training new members of the disci-
pline and for establishing the worth of their work, new markets for com-
mercial STMs and AFMs, and a string of institutions (professional societies,
conferences, journals, program areas within funding agencies, academic
departments) that probe microscopists could occasionally bend to their
purposes.

For the purposes of this book, the disciplines into which probe micros-
copy spread will be defined in part by the resources they offered probe
microscopists: materials, criteria for judging knowledge and people, ways
of training instruments and instrumentalists, means of publishing and
meeting other practitioners, sources of funding, canons of open and closed
research questions. However, probe microscopists themselves also identi-
fied which disciplines could aid them in terms of the pathways for rec-
ognition and reward those disciplines offered. As graduate students in
disciplinarily defined departments of physics, for instance, some used their
acquaintance with scanning tunneling microscopy or atomic force micros-
copy in order to finish their dissertations and find jobs—though often in
their new jobs the mechanisms of recognition and reward led them to
identify as “engineers.” Likewise, as postdocs and junior staff scientists [BM
or at Bell Labs, some used their expertise in scanning tunneling microscopy
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to gain recognition from more senior colleagues and managers who identi-
fied with the discipline of surface science. By publishing in surface-science
journals, winning awards from surface-science professional societies, and
solving canonical surface-science questions, young STMers could secure
promotion within their organizations or move up to new jobs elsewhere.

For probe microscopists, then, the disciplines were identifiable and use-
ful bodies in part because they offered pathways for recognition and re-
ward that extended well beyond microscopists’ narrow, parochial research
area. Probe microscopy was never useful to all the practitioners of a giant
discipline such as physics, or even to all of a large sub-discipline such as
condensed-matter physics, or even to all of a subdisciplinary specialty such
as semiconductor physics, or even to all the members of some very nar-
row research area (e.g., the atomic structure of semiconductor surface re-
constructions). Interest in probe microscopy within any discipline usually
nucleated from within very narrow research areas, yet adopters of probe
microscopy were often able to use scanning tunneling microscopy and
atomic force microscopy to reap recognition and reward from a much
wider swathe of a discipline than just their immediate topical colleagues.
Most famously, the 1986 Nobel Prize in physics was awarded to the inven-
tors of the STM largely on the basis of their contribution to the solving of
an important question in semiconductor surface-reconstruction research,
which commanded the attention of semiconductor physicists more gener-
ally, which commanded the attention of condensed-matter physicists, and
then physics as a whole.

By building up from very narrow research areas to larger professional
constellations, therefore, probe microscopists used the disciplines to forge
new ties and to reinforce old ones. From the beginning, one way that the
instrumental community expanded was by probe microscopists’ taking
advantage of ties that were defined in part by disciplinary affiliations. For
instance, many early adopters of the STM joined the field on the direct urg-
ing or example of people they knew from current or past membership in
the same disciplinary department at a university, government, or corporate
lab—people they had gone to graduate school with, or who had been their
graduate or postdoctoral advisers, or whom they knew from having taken
a sabbatical in that person’s department.

More indirectly, probe microscopists carried news of the technique
to the disciplines through talks at discipline-oriented conferences and

articles in discipline-oriented journals. Sometimes, probe microscopists
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didn’t themselves identify as members of the discipline they were address-
ing. Some disciplines addressed in this way were reluctant to embrace the
instrument; others did so quickly, but also dramatically reshaped the tech-
nology to complement their discipline’s existing tool set. Other probe
microscopists brought scanning tunneling microscopy and atomic force
microscopy into disciplines with which they did identify as members.
These SPMers were often recruited into probe microscopy to teach other
SPMers their discipline’s sample-preparation techniques and interpretive
schema. In return, they gained familiarity with an instrument that could
potentially give them a competitive advantage (e.g., in obtaining tenure or
funding) over other members of their discipline. When they demonstrated
that competitive advantage, many of their disciplinary colleagues followed
suit by obtaining their own microscopes.

The overlapping networks of disciplines, organizations, and instrumen-
tal communities presented probe microscopists with a diverse and fluctuat-
ing landscape—or, as some analysts put it, an “ecology”—through which
they could gain access to knowledge, practices, personnel, and resources.”
The elements of that landscape interacted in complex ways. For instance,
some organi zations—especially universities—were strongly oriented to dis-
ciplinary categories, and largely routed resources and recognition through
them. Others, including start-up companies, minimized discipline-based
work. Yet other organizations, including government and corporate labs,
were somewhere in the middle—and, perhaps for that reason, the disci-
plines that those organizations oriented to were sometimes disciplines,
such as surface science, that weren’t always recognized as disciplines in
academic settings.

Moreover, the landscape that probe microscopists occupied contained
some forms of group membership that were difficult to categorize. For
instance, some instrumental communities offered probe microscopists
many of the same resources that affiliation with a scientific discipline could.
Electron microscopy, especially, looked initially like the natural home for
probe microscopy, and indeed many probe microscopists published in
electron-microscopy journals and spoke at electron-microscopy confer-
ences (sometimes to the disgust of electron microscopists). I do not draw a
sharp line between disciplines and instrumental communities, since doing
so would ignore the similarities between these categories that probe micros-
copists themselves made use of.
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What was salient to probe microscopists was that the landscape of dis-
ciplines, organizations, and instrumental communities was constantly
changing, and that probe microscopy could be used both to influence
those changes and to mitigate their consequences. Probe microscopists
took advantage of open disciplinary questions in order to create constit-
uencies for their technique—yet, in doing so, they sometimes answered
those questions so well that the disciplines associated with those questions
had to find whole new problem areas. Probe microscopists used their new
class of instrumentation to carve positions and gain recognition at influ-
ential universities and in corporate laboratories—yet when they saw those
organizations as stagnating, or going into decline, they used the recogni-
tion and resources those organizations offered to get new, more secure or
personally satisfying positions.

This book is theretfore a contribution to the literatures that analyze the
complex interactions among elements in an ecology of knowledge. In par-
ticular, I will borrow some questions and insights from the New Institu-

tionalist tradition in organizational sociology.™

Among historians and
sociologists of science, the New Institutionalists are probably best known
for the observation that one reason organizations rarely behave “ratio-
nally” to maximize any simple set of objectives (e.g., profit, prestige, or
power) is that an organization’s members usually have loyalties to pro-
fessional and disciplinary communities outside (or even opposed to) the
organization.”' At the same time, organizations have little choice but to
rely on the professions. Communities of professionals supply organizations
with bodies of expertise, with systems for training and judging newcom-
ers, and with networks that allow innovations to move from organization
to organization.*

Certain disciplinary formations played important roles in particular
organizations in which probe microscopy took root. For instance, the large
numbers of surface scientists at IBM created the conditions for tunneling
microscopy'’s first notable successes, and then for its rapid proliferation
within the organization. In a classic instance of what the New Institu-
tionalists term “institutional isomorphism,” the competition, personnel
exchange, and mutual regard of surface scientists at IBM Research and its
rival, Bell Laboratories, stimulated the rapid spread of tunneling micros-
copy at Bell Labs.

However, the instrumental community is an important unit of analysis

that complements and complicates the New Institutionalists’ framework.
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Many organizations contain people whose work is oriented to some inter-
disciplinary and interorganizational community focused on implementing
or perfecting some new instrumentality. Membership in such instrumental
communities allows participants to generate, and then travel along, ties to
new organizations or disciplines. In doing so, they stitch themselves into
quite different professional networks and institutional environments. For
instance, a graduate student trained in academic physics might use her
expertise in atomic force microscopy to become director of marketing for
a semiconductor process equipment manufacturer; or a corporate surface
scientist might use his expertise in STM and AFM to secure an academic
position and to collaborate with avant-garde artists.* Such transitions are
somewhat anomalous in the New Institutionalist framework, but make
much more sense if the instrumental community is added as a third strand

in analyzing the interactions of organizations and professions.
Methodology

Almost all of the early contributors to STM and AFM are still alive; in fact,
most are still working. It is possible to go and talk to them and recapture
the excitement of the 1980s and the 1990s. This opens up methodologi-
cal opportunities (and challenges). Luckily, the past 30 years have seen the
emergence of a new field, Science and Technology Studies (5TS), that com-
bines sociological, anthropological, historical, philosophical, and other
perspectives on technical work.” One hallmark of STS has been its focus on
historical case studies of very recent technical episodes. STS therefore offers
numerous methodological insights into how to reconstruct the history of a
young community such as probe microscopy.

The basic conclusion of Science and Technology Studies is that knowl-
edge is socially constituted and that judgments about what is true or false
are inseparable from ordinary human social discourse—building trust in
one another, making moral judgments, making friends and building alli-
ances, and so on. Some community must be present to interpret the results
produced by an instrument or to adapt that instrument for wider utility.
Methodologically, one can approach the communal nature of knowledge
in several ways. Important historical studies have done so for centuries-
old episodes by drawing on manuscripts and archival collections.”® In
studies of more recent episodes, historians and sociologists have relied on

interviews in which participants are asked to recall details of their work.*®
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20 Chapter 1

Finally, sociologists and anthropologists have compellingly illustrated the
social texture of science and technology through ethnographic engage-
ment with scientists and engineers in which the researcher goes to a cur-
rent site of knowledge production and interacts with local participants
over some extended period of time.”’

In this book, I attempt to integrate evidence from all three of the afore-
menfioned methods. Ethnographic research was crucial in my developing
an understanding of how probe microscopy is used in its most ordinary
settings. Most of the ethnographic work that informs my analysis was done
with groups of academic materials scientists at Cornell University at vari-
ous times in the years 1998-2002. This consisted of being around the pro-
fessors, postdocs, and especially graduate students using AFMs—hanging
out, asking questions, and providing help or distraction while they argued
over their results, ran samples through the AFM and other instruments,
haggled with the AFM’s manufacturer, and slowly transformed their under-
standings of AFM into reliable intuitions and their AFM data into publish-
able results. Further ethnographic work at STM and AFM conferences, trade
shows, and summer courses widened my perspective to include further-
flung members of the probe microscopy network—manufacturers’' rep-
resentatives, industrial users, casually interested practitioners from other
research communities, and others.

Ethnography provided a substrate of practical knowledge on which I
could build an historical study. Most of the data for that historical study
came from interviews with scientists, engineers, and others involved in the
development of probe microscopy.” Some of the interviews cited are pub-
licly available. These are referred to as “oral histories” in the notes. The
first reference to each oral history indicates where interested readers can
obtain a transcript. The majority of the interviews, however, are not pub-
licly available. All of the interviews I cite have been transcribed, and I have
sought permission from interviewees for all portions of the interview that
are quoted or referenced. Readers who are interested in reading more of
any transcript will need to seek permission from the interviewee.

Almost all of the people mentioned in this book look back on the
period depicted here with great fondness as the most exciting time of their
careers—the moment when they were doing something recognizably new
and instrumental. Evoking that process of establishing a technology or
determining a scientific fact, and the excitement and disorientation that

goes with it, was one of the joys of this research.
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Appendix B lists the interviewees and the locations and dates of the
interviews. In an effort to obtain the widest possible variety of perspectives
in the probe-microscopy community, | interviewed researchers, techni-
cians, and students in academic, corporate, and government laboratories;
grant officers in government agencies; applications engineers, executives,
and instrument designers in start-up companies; and others. This allowed
me to see the diversity of alternatives for probe microscopy’s development
present at any given time, and to follow individual probe microscopists
across a significant arc of their careers, from student to postdoc to senior
researcher.

Of course, [ couldn’t talk with everyone who built or used an STM or
an AFM between 1981 and 2000. Aside from the sheer numbers involved,
many people bought or built (or began to build) microscopes and then
gave up or dropped out of the community.” Thus, I limited myself to those
people who were active in the larger network of probe microscopists and,
in particular, developed some new design or application for the technique
that they brought to the attention of their peers.

That said, my interviews were largely confined to North America, and
the picture of probe microscopy | offer here dwells on its American vari-
ants. Probe microscopy was always a global phenomenon; it was invented,
and first spread, in Furope, and early chapters of this book include material
from interviews with European probe microscopists. However, in the period
discussed here (up to 2000), the topics covered in this book—especially the
interrelationship of government, academic, and corporate organizations—
were particularly salient in the American context. A US government labo-
ratory, the National Bureau of Standards, was responsible for important
forerunners to tunneling microscopy in the 1960s. American firms, espe-
cially IBM and AT&T, stimulated the rapid growth of surface-science STM
in the 1980s. American universities produced more (and, up to 2000, more
influential) start-up STM and AFM companies (though Furopean examples
will also be included). As the final chapter will make clear, however, the
probe-microscopy community’s role in the emergence of nanotechnology
was a transnational one. The policy implications of this book are focused
on, but not limited to, the US case.

Finally, while ethnography and interviews are useful in revealing cer-
tain kinds of information about an instrumental community, they are also
prone to distortions and gaps. Interviews were especially useful for trac-

ing the movement of unpublished information (e.g., blueprints), samples,
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22 Chapter 1

and tacit skills, and for gaining insight into the relationships among probe
microscopists: who did (or didn't) get along with who, and who was seen
as expert (or inept) in which aspects of the technique. However, interview
data should be treated with some caution. For instance, interviews reveal
something about the motivations of probe microscopists at moments of
transition, such as why someone left the community, or why someone
abandoned the STM for the AFM. Motivations are always elusive, how-
ever, and difficult for participants to reconstruct after 10 or 20 years. The
ways probe microscopists today describe their actions in the 1980s and the
1990s has as much to do with their current concerns as with the actual
events of the past. | have therefore contextualized interview data with a
variety of documentary sources—published articles, websites, advertise-
ments, application notes, photocopies of lab notebooks, and so on. Probe
microscopy is young enough that many documents are now available in
electronic form, but old enough that important information has migrated
into publicly accessible archival collections. In some cases, people I inter-
viewed gave me documents that were not publicly available. Some inter-
viewees also stayed in touch with me and offered their feedback on the
interpretations | was beginning to form. This improved my understand-
ing of a number of points, and I am especially grateful for the continued

interest of these microscopists.

Outline of Chapters

Probe microscopy’s historical moment arrived just as the research environ-
ment, especially for American science and high-tech industry, was chang-
ing dramatically. In 1981, when the STM was invented, large corporate
laboratories were still in their heyday. Two of the central organizations
in early probe microscopy, IBM Research and Bell Laboratories, were the
research arms of firms that dominated their industries. Yet the early 1980s
were also when the “biotech revolution” began to influence researchers
and policy makers. The success of some professorial biotech start-up com-
panies led the US Congress to pass legislation intended to facilitate patent-
ing of academic research and led many universities to create institutions
to foster academic entrepreneurialism. Some university-based STMers and
AFMers were at the forefront of these changes. They quickly commercial-
ized their research, sometimes by spinning companies out of their campus

labs, with far-reaching consequences for their community.
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Communities, Innovation, and Knowledge 23

Increasing global competition, and then the end of the Cold War, con-
tributed to the decline or transformation of many big corporate labs. The
recession of the early 1990s brought IBM to the brink of bankruptcy, and the
rest of the decade saw Bell Labs lose most of its workforce. Many US compa-
nies began to integrate research more tightly with production and/or out-
sourced more research to university labs, accelerating shifts in the sources
and character of science funding. Perhaps paradoxically, probe microscopy
became both more academic and more applied as corporate researchers fled
to universities and as start-up microscope manufacturers concentrated on
selling to corporate customers in quality-control and reliability labs rather
than just to the academic customers who once formed their base.

The chapters of this book are organized around these transitions. Probe
microscopists always hailed from a variety of organizations and disciplines,
but the external environment for research, and the internal evolution of
the community, meant that some organizations and disciplines had more
influence over the community at different points in its development. Thus,
almost from the very beginning, there was differentiation among different
sub-networks within the larger probe-microscopy community. Those sub-
networks were defined in several ways: by proximity to the technique's
original inventors, by association with a particular discipline, by the abil-
ity to generate ties to many different disciplines, and so on. Fach chapter
focuses on a different sub-network, and on the moment when that sub-
network’s members’ version of the technology set the wider communi-
ty's agenda. The drift of the chapters is generally chronological, in that I
examine each sub-network in the order in which they achieved their great-
est influence. However, there will be some chronological overlaps, espe-
cially among chapters 3-6.

The first sub-network encompassed the technique’s inventors and their
immediate colleagues when probe microscopy was still in its most rudi-
mentary and precarious form. Chapter 2 begins in the 1960s, when a pre-
cursor of the STM called the Topografiner was built at the US National
Bureau of Standards. The Topografiner’s inventor, Russell Young, never suc-
cessfully convinced others to replicate the instrument or to rally around
the technology, so no instrumental community grew from his efforts.
In 1981, the STM's inventors, Gerd Binnig and Heinrich Rohrer, faced a
similar difficulty. The rest of chapter 2 explores how they played cannily
on interfaces between their organization (IBM) and various disciplines—

especially surface science—to generate interest in replicating their results.
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24 Chapter 1

Chapters 3 and 4 examine the first wave of these replications in North
America. Chapter 3 focuses on the surface scientists who adopted the STM
in the context of a long-running “cold war” between IBM Research and
Bell Laboratories. These organizations employed large numbers of surface
scientists in an enormous long-term effort to develop new microelectron-
ics manufacturing techniques. As a result, surface scientists at Bell Labs and
at IBM had better access to resources and many more intra-disciplinary
peers and managers within their own organizations than most other early
STMers. Thus, when it became clear that the STM could contribute to sur-
face science, these organizations quickly fostered a large cadre of STM
groups. Tunneling microscopy for surface science spread more slowly at
other firms and in government and academic labs until the first generation
of STMers began leaving Bell Labs and IBM to pursue careers elsewhere,
bringing the technology with them.

Chapter 4 focuses on an alternative form of probe microscopy that had
less allegiance to any one discipline. This sub-network was led by aca-
demic chemists, electrical engineers, physicists, and biologists, although
it attracted corporate researchers (especially former students of the leading
academics) too. These groups built smaller, cheaper microscopes than the
corporate surface scientists, and they included a more diverse set of people
(in terms of educational background) in their labs. Because their organiza-
tional positions allowed them a degree of disciplinary independence, lead-
ers of these groups sought to widen the STM’s applicability to materials
other than those of interest to surface scientists. This led them to develop
the AFM and other variants, and to recruit representatives from various dis-
ciplines in an effort to develop new uses for probe microscopy. Those repre-
sentatives then became the conduits for the adoption of probe microscopy
by their disciplinary peers.

As STM, AFM, and other variants proved capable of answering ques-
tions of interest within surface science and other disciplines, practitio-
ners of those fields sought their own microscopes. Some newcomers built
their own instruments, but this was a time-consuming task in an era when
the instrumental community was moving very quickly. Thus, the demand
for pre-built microscopes rose. Some pre-existing manufacturers of scien-
tific equipment attempted to meet this demand by introducing new lines
of commercial probe microscopes—a strategy that, for the first decade
or so, was most successful for surface-science STM. In other cases, new
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Communities, Innovation, and Knowledge 25

organizations emerged to develop and sell probe microscopes. The sub-
network examined in chapter 5 is the one formed from those organizations
and their ties to suppliers and users of innovations in probe microscopy.
By making a relatively cheap instrument (as little as $35,000 for a research
AFM in the early 1990s) available to researchers who lacked the time or
skill to build one themselves, these firms catalyzed a radical demographic
shift in probe microscopy.

That is, by the late 1980s the probe-microscopy community was an
“instrumental” community in the sense that its members were responsible
for creating new firms (and redirecting pre-existing firms) to propagate the
technique. Probe microscopy was also instrumental in reorienting various
disciplines to new sets of questions, and in making it easier for members of
those disciplines to establish collaborations with practitioners from other
fields. Some probe microscopists—in academic, corporate, and govern-
ment organizations—sought to make the technique instrumentally useful
for high-tech manufacturing, especially in microelectronics.

Chapters 3-5 deal with different approaches to two recurring problems
of instrumental communities. First, how could non-members of the com-
munity be made to trust members enough to believe, and even adopt, their
technique?* Second, how could members know which innovations to pur-
sue in order to generate trust among non-members? In exploring the dif-
ferent ways of answering those questions, readers will begin to see why
the sub-network is the appropriate unit of analysis for each chapter. Trust
in probe microscopy was built link by link, person by person, through the
gradual growth of networks of practitioners; however, the nature of the
trust, and of those personal links, depended on which sub-network prac-
titioners most closely associated with. Chapter 3 describes a sub-network
built largely through trust in disciplinary canons that were embed-
ded in organizational systems of review. Chapter 4 examines a different
sub-network in which trust in the technique was facilitated by personal
familiarity among the sub-network's members—familiarity that either pre-
existed the technique or had to be manufactured along with it. Chapter 5
shows how one probe-microscope start-up used that personalized, char-
ismatic form of trust-making to handle inputs from microscope builders,
and to transform microscope users into customers.

By 1990, each of the sub-networks examined in chapters 3-5 had grown
dramatically. Each of those sub-networks was itself somewhat segmented,
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26 Chapter 1

owing to the proliferation of distinct variants of probe-microscope tech-
nology. The demographic shifts precipitated by the diversification and
proliferation of probe microscopy could therefore have led to the disinte-
gration of the community. Indeed, some early probe microscopists tried to
foment such a disintegration; others simply lost interest in learning about
what members of other sub-networks were up to. However, probe micro-
copy’s demographic growth and segmentation coincided with the end
of the Cold War and the consequent changes in many nations’ science-
policy regimes. Some influential probe microscopists saw emerging late-
Cold-War and post-Cold-War trends in science policy as providing a way to
overcome problems generated by their instrumental community's chang-
ing demographics. Chapter 6 shows that their most successful strategy
for maintaining the coherence of the probe-microscopy community was
to take advantage of the emerging nanotechnology movement. Not all
probe microscopists reacted favorably to the nanotechnology label, given
that label’s association with futurist speculations about space coloniza-
tion, cryonics, and radical life extension. Yet nanotechnology, as a move-
ment within various nations’ science-policy circles, offered a way for probe
microscopy to continue expanding into new fields (fields that were simi-
larly oriented to nanoscale phenomena) without fragmenting into dis-
tantly related specialties. Thus, the probe-microscopy community was
“instrumental” in cultivating institutions and audiences that were influ-
ential in the early growth of the nanotechnology enterprise. Conversely,
the community was an instrument of promoters of nanotechnology, who
offered it as a legitimization of their vision for how science and science
policy should work, and a model for their burgeoning movement. There-
fore, the book ends with an examination of the fusing of nanotechnol-
ogy proponents’ use of probe microscopy and probe microscopists’ use of

nanotechnology.
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2 Inventing a Community

Not every research technology becomes the focus of an instrumental com-
munity. Building a community is, after all, difficult and often thankless
work. Cultivating potential members requires a different skill set than
inventing an instrument. It is not always obvious whom an inventor
should approach to join a nascent instrumental community, or where to
find such people. Some inventors may even prefer that their instruments
not be widely adopted, since an instrumental community can dilute their
influence over what their invention looks like or how it is used.

For probe microscopy, as for many other technologies, inventors found
the raw materials for building an instrumental community in already-
existing disciplines, organizations, and instrumental communities. We
cannot see the invention of probe microscopy as a purely technical mat-
ter of wiring feedback circuits and sharpening tips. The invention pro-
cess was also a matter of skillfully moving the new technology to just the
right intersection of discipline and organization at just the right time. New
innovations in design or use suggested new avenues for community build-
ing; conversely, instrument design was shaped by the possibility of recruit-
ing certain types of users.

One discipline, surface science, was particularly influential in the inven-
tion of a probe-microscopy community. Yet the influence of surface science
was mediated through a particular kind of organization: the large research
laboratory. This chapter focuses on two organizations that were at the
center of both surface science and early STM: the US National Bureau of
Standards (NBS) and IBM's research laboratory in Riischlikon, Switzerland
(better known as IBM Zurich).

More than ten years before the STM was invented at IBM, researchers at

the NBS constructed an instrument, called the Topografiner, that contained
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28 Chapter 2

most of the elements of a tunneling microscope. Both the Topografiner
and the STM were initially objects of managerial puzzlement and even
opposition, requiring the instruments’ inventors to seek internal and exter-
nal audiences who would ratify the value of their technology. The NBS
researchers were never able to find or create that constituency, despite their
close ties to a discipline, surface science, that later welcomed the STM.
Conversely, members of the IBM team—despite an uneven relationship
with surface scientists—used their organizational ties to that discipline suc-
cessfully. IBM's surface scientists gave the Zurich STMers strategic advice
(on where to focus their efforts so as to elicit interest from surface scien-
tists) and practical tips (on how to prepare samples). As a result, the STMers
made a startling discovery related to one of the central mysteries of surface
science. Ever since, surface science has been one of the strongest constitu-
encies for tunneling microscopy.

The eerily comparable cases of the STM and the Topografiner therefore
allow us to see just how difficult, and how important, it is to build an
instrumental community. The STM is now seen as having an air of inevi-
tability, but at the time its promise was ambiguous. The STM managed to
avoid the Topografiner's fate because its inventors steered its design and
its use so as to appeal to members of a discipline (surface science) that was
powerful within their organization (IBM Research) and its peers (including
the National Bureau of Standards and Bell Labs).

Surface Science and the Bureau

Surfaces are important in many technologies and natural phenomena:
many chemical reactions happen at surfaces, most mechanical engineering
is affected by friction and adhesion between the surfaces of moving parts,
optical components gain many of their characteristics from light’s journey
across a surface, rust and corrosion begin at surfaces, and so on. But a field
of surface science didn’t take shape until the early 1960s. This field distin-
guished itself as scientific relative to other research on surfaces by virtue
of its practitioners’ ability to precisely control the composition of the sur-
faces being studied. It did so by exploiting the remarkable progress made in
the 1950s in technology for generating (and measuring) very low-pressure

vacuum environments.' Surface scientists defined themselves in part by

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 43

http://site.ebrary.com/id/10509221?ppg=43

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Inventing a Community 29

their ability to use these “ultrahigh-vacuum” (UHV) chambers to create
and maintain samples of unprecedented purity at their surfaces.

Surface scientists could place tools for preparing samples (by heating
or sputtering them, evaporating metals onto them, or exposing them to
various gases) within their UHV chambers. Vacuum chambers usually also
enclosed instruments (diffractometers, spectrometers, microscopes) used
to characterize samples. By preparing and characterizing samples in the
exquisitely clean conditions of the UHV chamber, surface scientists could
claim that their samples were “well defined.” That is, they could claim to
know the exact composition of the first few atomic layers (picturesquely
known as the “selvedge”) of their samples, even if they didn't know how
the atoms in those outer layers were arranged or bonded to one another.

One point of having well-defined samples was to create surfaces that
could be represented by mathematical models simple enough to be gen-
erated and manipulated with contemporary levels of computing power.
That desire, in turn, drew surface scientists’ attention to crystalline mate-
rials (usually metals and semiconductors) or to simple molecules deposited
on crystalline substrates, since crystals are highly ordered materials that
are relatively simple to represent mathematically. More complex materials
that were less amenable to mathematical analysis or that could not survive
ultrahigh vacuum—especially biological materials—were seen as only mar-
ginally interesting to a rigorously scientific study of surfaces.

Surface science drew extensively, therefore, on instrumentation, sample-
preparation techniques, and theories borrowed from crystallography. In
particular, surface scientists took many of the instruments invented in the
1920s and the 1930s for interrogating bulk crystals with beams of electrons
and adapted them for examining just the very outermost layers of atoms in
a crystal. This adaptation yielded a suite of surface-analysis tools, such as
low-energy electron diffraction (LEED), x-ray photoelectron spectroscopy
(XPS), and Auger electron spectroscopy (AES).

Many of these instruments descended from a tradition in electron phys-
ics of experimental “tubes” that could be turned into commercial products:
the Crookes tube, the thermionic valve (or “vacuum tube,” used in radio,
computing, etc.), the Coolidge tube (used to produce medical x-rays), the
light bulb, the cathode-ray tube (used in televisions), and so on.” Whether
as experimental apparatus or commercial product, these tubes usually
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30 Chapter 2

consisted of an evacuated glass “envelope,” a cathode (often made from a
sharp metal filament) for generating electrons, and various geometries for
controlling the stream of electrons or monitoring their interactions with
matter. The early surface scientists inherited the bench-top culture of the
electron physics tube makers. Surface scientists of the early 1960s prided
themselves on their expertise with glass, tungsten, and sealing wax—on
being able to blow a glass tube in a matter of minutes, seal it, and have it
keep its vacuum for decades. If you visit one of these surface scientists even
today, you probably will see several of these old tubes lining their book-
cases, still ready to be used.

The purpose of this thumbnail description is merely to show that surface
scientists fashioned a self-consciously new and rapidly evolving discipline
in the 1960s. Members of this discipline extensively adapted instruments
from electron physics to analyze ultraclean, ordered metal and semicon-
ductor surfaces. They also, increasingly, developed their own, new classes
of characterization tools. That is, surface scientists provided many mem-
bers for various instrumental communities that were centered on tools that
either were developed within surface science or were borrowed from other
domains (e.g., electron physics).

Thus, during the period covered in this chapter (roughly, 1960-1983),
surface scientists developed expertise in inventing, appropriating, evaluat-
ing, and replicating new characterization tools. One important difference
between the Topografiner and the STM was that the Topografiner emerged
in the late 1960s, when this disciplinary expertise was still rudimentary.
One prominent surface scientist, Charles Duke, identifies 1967-1982 as the
transitional period when the widespread adoption of AES, XPS, and LEED
led to a Kuhnian “paradigm shift” in surface science.” That shift, which
enabled the adoption of many more characterization tools in the 1970s,
benefited the STM but was not yet in place to aid the Topografiner.

That paradigm shift was accelerated by surface scientists’ increasing
influence within certain organizations. Surface scientists adopted the
American Vacuum Society (AVS) as their “home professional society” in the
1960s after their request to have stand-alone topical sessions at the annual
March meeting of the American Physical Society was turned down.* Many
surface scientists remained members of the APS, but they increasingly
took leadership positions within the AVS. This allowed them to use the
AVS's resources—its peer-reviewed Journal of Vacuum Science and Technology,
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Inventing a Community 31

its annual meeting, its regional chapters, its short courses, and a Surface
Science Division set up in 1968—to allow information about the new char-
acterization tools to move much more quickly.

Another set of organizations that fostered the adoption of the new tools
of surface science were large government and corporate research labora-
tories. In the United States, Bell Labs, the National Bureau of Standards,
General Flectric, IBM, Xerox, Ford, and a few other corporate and govern-
ment labs employed a large percentage of the surface-science community
at any given time. An even larger percentage of the discipline had worked
in those organizations at some point in their careers. At some of these
organizations, such as the Naval Research Laboratory, there were formal
surface-science-oriented departments through which resources, and career
trajectories, were funneled.

In contrast, though surface science was well represented in American
universities, there were practically no academic departments of surface
science. Most academic practitioners in the United States were housed in
physics departments, though some had appointments in chemistry, elec-
trical engineering, or other departments. Very few universities employed
more than a few faculty members who specialized in surface science,
whereas, by the 1970s, Bell Labs and IBM each employed more than a
dozen senior surface scientists, in addition to numerous junior staff scien-
tists and postdoctoral fellows. Surface-science tools could therefore be eval-
uated, and then spread, within Bell and IBM much more quickly than was
generally possible in academic surface science.

The National Bureau of Standards never gathered the same mass of sur-
face scientists that Bell Labs and IBM Research did in the 1970s, yet its
researchers played an important role in the early professionalization of the
field. The NBS was the premier American metrology laboratory, equiva-
lent to the German Physikalisch-Technische Bundesanstalt or the French
Bureau des Poids et Mésures.” The NBS was a government agency, not a
commercial research lab, but its mandate was to aid American industry
(through pre-competitive standards setting) and to provide certain prod-
ucts and services (such as Standard Reference Materials used in calibration
and quality control) to industrial clients.

In 1961, the NBS hired Russell Young, an electron physicist who had
recently done PhD work with Erwin Mueller at Penn State.® Mueller was
the inventor of two important surface-analysis tools: the field emission
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32 Chapter 2

microscope (FEM) and the field ion microscope (FIM). In fact, during
Young's time in Mueller's group a fellow student had discovered that the
FIM could provide images showing the placement of individual atoms
at the sharpened tip of a crystal of tungsten—the first atomic-resolution
microscope.” Young himself specialized in research on the energy distri-
butions of electrons as they were field-emitted from a surface. At the NBS,
Young joined a group run by an eminent electron microscopist, Ladis-
laus Marton. Young aided the rest of Marton’s group in understanding
how electrons traveled through their microscopes and interacted with
samples.

Marton had been one of the earliest electron microscopists, famed
for adapting the technique to image biological samples.® Yet by the time
Young arrived, Marton's group was seen by the management of the NBS as
needing revitalization. Senior managers criticized the Electron Physics Sec-
tion for its inability to connect either to other groups within the NBS or to
industrial clients. Young was in part a victim of this attitude, and in part
intended as a solution. He was always at the margins of the group, but that
allowed him to develop his own interests and make connections to other
parts of the NBS. In particular, he helped mobilize other young chemists
and physicists from around the organization to form a local surface-science
community. That is, he encouraged others in the NBS not to identify them-
selves exclusively as electron physicists or physical chemists or solid-state
theorists, but rather to think collaboratively about surface phenomena in
crystals (particularly metals), and to work together on the kinds of bench-
top, blown-glass, high-vacuum experiments that were becoming standard
in the new surface science.

One of these researchers, Ted Madey, describes this period as follows:

The first people whom we would recognize as UHV surface scientists hired at NES
were all field emission microscopists, and that's logical because in those days field
emission was the only technique where one could reproducibly and reliably gener-
ate clean surfaces. Russ Young was hired in electron physics, Ralph Klein was hired
to establish the surface chemistry section, and then Allan Melmed [another Mueller
student] was hired to do corrosion research. . . . Ralph . . . had a weekly lunch bunch
meet in his office, the “field emission lunch bunch” to talk about exciting develop-
ments in field emission microscopy. Well, within a few years as more surface sci-
entists came on board with different interests than field emission microscopy, this
evolved into a surface science lunch bunch that was coordinated for many years by
Russell Young. . . . It was really kind of an exciting and exhilarating time.”
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Inventing a Community 33

This passage highlights the important aspects of early surface science: its
origins in (but also movement away from) electron physics, the mandatory
nature of clean samples and ultrahigh vacuum, and the growth of tight-
knit local communities of surface scientists at a few large laboratories.

The Topografiner

Russell Young's managers applauded his role in the formation of the NBS
surface-science group, both for improving the Electron Physics group's
“interaction ... [with] the outside world” and for creating “very com-
mendable cross linking between workers in three different Sections.”"”
Young’s cross-linking dovetailed well with the managerial philosophy of
Marton's successor as leader of the Electron Physics Section, ]J. Arol “John”
Simpson. According to Karl Kessler (chief of the Optical Physics Division,
and Simpson’s direct boss), Simpson was guided by an “amoeba theory of
maintaining a central core of competence in electron optics and using this
competence to build up special measurement capabilities directed toward
specific problems in physics,” which, “once developed, were spun off to
other groups and the central core turned to the next problem.”'' Young,
who had never been part of the group’s “central core,” was therefore the
first of Simpson's supervisees to be “spun off.” He was soon followed by
other Electron Physics surface scientists, among them Ward Plummer, Bill
Gadzuk, and Cedric Powell.

Simpson’s “amoeba theory” offers one way for managers to exploit the
intersection of discipline, organization, and instrumental community. His
strategy began with building up disciplinary expertise in one part of the
organization, where talented individuals could be identified and evaluated
by their disciplinary peers for their ability to develop new research tech-
nologies (“special measurement capabilities”) of relevance to their disci-
pline. Then, he encouraged those individuals to seek out other parts of
the organization where their research technology could be applied to some
practical problem.

By 1965, Russell Young had found one problem that seemed amenable
to his electron physics expertise. One of the Bureau’s x-ray spectroscopists,
Richard Deslattes, was interested in measuring very small atomic spacings
in a crystal lattice. A common issue in measuring small distances is vibra-
tion—if two points are shaking relative to each other, it is hard to know
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how far apart they are. Unfortunately, small-scale vibrations are ubiqui-
tous, especially in laboratories. People walking and talking, equipment
being moved, fans and pumps churning—all cause experimental equip-
ment to shake.'

When he heard about Deslattes’ vibration problem, Young realized he
could supply a solution from his work on field emission of electrons. In
field emission, a relatively high voltage placed on a material causes elec-
trons to “tunnel” out from the surface and move ballistically through open
space. Tunneling is a quantum-mechanical phenomenon in which the
indeterminacy of a particle’s momentum and position allows it to unex-
pectedly cross an energy barrier. In field emission, a high voltage placed
on a cathode causes electrons that would normally be bound to the cath-
ode material to tunnel out, forming a measurable current."” Up to the
1960s, much research had been done on the effect of the cathode mate-
rial and geometry on the field emission current. Young's insight was that
this current could also be used to measure very small changes in the dis-
tance between the cathode and an anode on which the emitted electrons
impinged. He estimated that if the cathode and the anode were kept about
3 microns (millionths of a meter) apart, changes in the anode-cathode dis-
tance of less than an atomic diameter could be measured.™

To test this insight, Young devised an elaborate vibration sensor in
the form of a classic electron physics experiment: a blown-glass, evacu-
ated envelope containing a sharp tungsten “emitter” (i.e., a cathode)
and a nearby flat metal anode (see figure 2.1). With a high enough volt-
age between the emitter and the anode, the latter would measure an emit-
ted current, the strength of which would indicate the spacing between the
two. If the cathode were vibrating, the field emission current would fluctu-
ate, giving a proxy for the amount of vibration.

There are many simpler ways of dealing with experimental vibration,
so Deslattes quickly lost interest in the project. But Young began to think
about general applications of this device for measurements of small dis-
tances. These speculations on what he now called an “ultramicrometer”
were squarely in line with the Bureau's mission to aid industrial clients. For
instance, Young suggested that the emitter could be moved in a straight
line across a sample surface, continuously measuring the field emission cur-
rent. This would give a measure of the sample’s surface roughness. Instru-
ments for measuring surface roughness (such as surface profilometers) were
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Figure 2.1
Russell Young and a field-emission ultramicrometer test rig. The emitter is the

downward-facing metal triangle inside the glass envelope, The anode is the tan-
talum strip (bent into an upward-facing arc) directly beneath the emitter. Source:
Anonymous, “Field Emission Ultramicrometer Checks Dimensions, Profiles With-
out Contact,” Machinery, August 1967. Reprinted, with permission, from the current
publisher of Machinery, Findlay Media.
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already being used by one of the Bureau’'s most important constituencies:
precision engineers responsible for quality control in the manufacture of
paints, coatings, lenses, gears, bearings, and silicon wafers. However, Young
argued that profilometers, in which a stylus scrapes along a sample’s sur-
face, damaged samples. The ultramicrometer, in which the emitter doesn't
touch the sample, might be a non-destructive alternative to profilometry.
Thus, Young identified precision engineers as the professional group most
likely to adopt the ultramicrometer, and began publishing articles in their
journals and making presentations at their conferences.'

A profilometer, as the name implies, gives a single two-dimensional
profile of a sample’s surface. Young's experimental ultramicrometer gave
only a one-dimensional measurement of the emitter-anode distance. Yet
Young wondered whether the ultramicrometer might surpass profilometers
to give three-dimensional measurements. What if one moved the ultrami-
crometer along a line in one direction, then at the end of that line moved
it one increment in the perpendicular direction and repeated (a pattern
known as “rastering”)? Your eyes are doing something similar as they read
this book—moving from left to right along a line of text, then increment-
ing down to the next line and repeating. But instead of a page made up
of lines of text, Young imagined a picture made up of a sequential series
of two-dimensional profiles of a surface. Collectively, those profiles would
form a three-dimensional image of the surface’s topography (see figure
2.2). Hence, Young dubbed this instrument the “Topografiner.”

Since the early 1980s, the Topografiner has been seen—by Young's col-
leagues, by the Nobel Prize committee, and by the US Patent Office—as
having contained most of the essential elements of a scanning tunneling
microscope. In both the STM and the Topografiner, a voltage is generated
between a metal or semiconductor sample and a sharp (usually tungsten
or platinum/iridium) probe. The voltage produces a current of electrons,
which is measured and fed back into a piezoelectric crystal, which controls
the height of the probe. Piezoelectric crystals change their shape when a
voltage is applied to them, so small changes in voltage can precisely nudge
the probe up and down in increments of less than the diameter of an atom.

In both the Topografiner and the STM, the probe can be held in one
spot over the sample and the probe-sample voltage can be swept over a
spectrum of values; in this form, both instruments act as spectrometers.
Alternatively, a second set of piezoelectric crystals can raster the probe over
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Figure 2.2

Line tracings of a diffraction grating made with the Topografiner. The swales run-
ning from the upper right to the lower left are the rulings of the grating. The lines
running from left to right are the sequence of two-dimensional profiles measured
by the Topografiner's emitter. Reprinted, with permission, from Russell Young, John
Ward, and Fredric Scire, “The Topografiner: An Instrument for Measuring Surface
Microtopography,” Review of Scientific Instruments 43 (1972): 999-1011 (copyright
1972 American Institute of Physics).
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the sample; in this form, the feedback current controls the height of the
probe so that it doesn't crash into the surface. The same current is also fed
into an oscilloscope, chart recorder, or other output device, giving a pro-
file of the height of the surface; each profile is offset from the previous one,
yvielding a three-dimensional effect.

The most important difference between the STM and the Topografiner
is that, in their rastering forms, the STM measures a current of electrons
that tunnel directly between the probe and the sample; whereas in the
Topografiner the distance and voltage between the probe and the sample
are greater than in the STM, and the electrons move through the space
between the probe and the sample. Still, Young’s estimates of the resolu-
tion of the Topografiner were not far different from those initially made
by the inventors of the STM, and both instruments were plausibly appli-
cable to similar problems. The US Patent Office saw the instruments as
similar enough that it denied the first twelve claims on the American STM
patent “as being obvious over Young et al.”'® Why, then, was only one
Topografiner built, while the STM has been replicated hundreds if not
thousands of times?

The answer has to do with differences in the ways the instruments’
inventors harnessed their organizations’ resources to win over various dis-
ciplinary audiences. The resource base of Russell Young's organization was
tightening rapidly just as he proposed the Topografiner. The late 1960s and
the early 1970s saw a backlash in the United States against federal fund-
ing for basic research and mounting pressure on scientists to demonstrate
the “relevance” of their work to applied, civilian problems."” The NBS,
which conducted a great deal of basic research, now found itself under
scrutiny. According to Ernest Ambler, when the NBS's new director, Lewis
Branscomb, appeared before Congress in 1969, “the chairman of the Sen-
ate confirmation committee . . . made it clear that Branscomb should pay
attention to [“consumer product testing and safety”] and not devote all his
attention to science. . . . Lew took that pretty seriously.”'"® Ambler recalled
that this caused some friction between NBS management and researchers:
“[Tlhere was still a reluctance on the part of the brightest people to get
involved in some of the basic standards work of [the Institute for Basic
Standards]. They wanted to do academic kinds of research. The best people
weren't working on the more mission-oriented things.”'"”

Young’s managers (John Simpson, head of the Electron Physics Sec-

tion; Simpson’s boss, Karl Kessler, chief of the Optical Physics Division; and
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Inventing a Community 39

Kessler's boss, Ernest Ambler, director of the Institute for Basic Standards)
saw the Topografiner as much too “academic,” and Young as the type of
researcher who should be steered toward “mission-oriented” research. The
problem was not that Young was not qualified to do “academic kinds of
research” and was being demoted to something more mundane. Just the
opposite. Young's managers saw the Topografiner as a difficult, innova-
tive tool that demonstrated Young's abilities as an experimentalist, and
therefore they wanted to promote him to front-line tasks they regarded as
urgent to the organization's survival.

Thus, in 1971, Simpson acknowledged to Young that “the topografiner
[sid] is the one jewel in a rather dingy crown. It is the one program element
which has ties to ‘high science’ or for that matter to ‘high technology.’ It
is the one element which represents an attempt at other than linear incre-
mental progress.””” But, as Richard Deslattes put it in an interview with

Science, NBS was then being

“mandated to produce results only of immediate and tangible public benefit, at the
cost of losing touch with the deeper and longer term benefits of rationally conceived
and executed programs.” [Deslattes also said] that the message passed on to the lab-
oratory scientists is that it is necessary to hide the best scientific work of the bureau
which may not bear directly on politically popular problems.”’

In such an environment, upper management was very reluctant to encour-
age any project that might appear to be “high science.”

One outcome of that reluctance was that Young struggled to acquire
the resources needed to build the Topografiner. In particular, he never had
access to a good enough vacuum chamber to push the limits of the instru-
ment. With the ultramicrometer demonstration of 1966, Young had simply
sealed the emitter and anode in a glass envelope; he was only trying to
show the concept worked, and therefore only experimented with one con-
figuration. With the Topografiner, though, Young wanted to image many
different samples, meaning that he had to have a vacuum chamber that
he could move samples in and out of—i.e., a metal chamber with an air-
lock. But the only vacuum “chamber” he could afford was a cast-off naval
gun barrel, cut down to size. Frustrated, Young wrote the following in his
notebook: “Must obtain a good vacuum! We are Diogenes in search of a
good vacuum system!”” Unfortunately, this makeshift chamber actually
amplified the stray experimental vibrations that had previously bedeviled
Deslattes. The oscilloscope traces showing the Topografiner probe’s move-

ment were “noisy and sensitive to audio pickup such as doors closing at a
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distance, quiet talking, etc.”” Young had to wait to take data when the air
conditioner was “off for repairs.” “To take advantage of the quietude,” he
continued, “we move ourselves and the X-Y recorder out in the hall and
turn off the noisy overhead fluorescent room lights.”**

Still, Young believed that if he could get decent results with this ad hoc
set-up then he could get the backing to make further improvements. To
that end, he worked with specific audiences in mind, hoping those groups
would become patrons. For instance, he focused on obtaining images of
diffraction gratings (see figure 2.2). Such gratings consist of very narrowly
spaced, high-precision grooves ruled into a surface. Optical spectroscopists
use gratings to tune a beam of light to a narrow set of frequencies and, not
coincidentally, Karl Kessler was an optical spectroscopist. Young's images
revealed little new about diffraction gratings, but they had the poten-
tial to pique Kessler’s interest. At the same time, Young sought to attract
interest from precision engineers looking for a better way to characterize
high-precision structures. In his publications on the Topografiner, Young
emphasized its ability to image objects used in precision engineering where
he thought his instrument could offer an advantage over profilometers and
other kinds of microscopes—objects such as gage blocks, gears, and ball
bearings.

Interestingly, it was a member of exactly this precision engineering
community who coined the term “nanotechnology” at just the moment
when Young was publishing his Topografiner results. Though he prob-
ably didn't know of Young's work, Norio Taniguchi pointed to a future
requirement for instruments like the Topografiner in his now-famous 1974
paper “On the Basic Concept of ‘Nano-Technology.”” Taniguchi astutely
noted that the tolerances for “manufacturing of mechanical parts of high
precision machineries, for instance, block gauge, injection pump, pneu-
matic or hydraulic bearing, memory disc or drum of electronic computer,
aspheric lens” were getting smaller and smaller. “The usual precision fin-
ishing technology has aimed to get the preciseness and fineness of 1 pm”

“'micro-technology,’” but in the

(one micron, or a millionth of a meter) or
next few years even greater tolerances would be required.” Once those tol-
erances dipped down to billionths of a meter, “the finishing technology
aimed to get the preciseness and fineness of 1 nm [nanometer] would be
called ‘nano-technology."”*® Taniguchi also saw that in the microelectron-

ics industry, new techniques would be “necessary for finishing of silicon
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Inventing a Community 41

wafer with no surface damage and high grade of flatness, coating of very
thin film with precise thickness onto silicon wafer.”*

Taniguchi’s 1974 assessment of (near-) future needs closely echoed
Young’s 1971 observation that “in the field of thin-film [microelectronic]
devices, manufacturers have progressively reduced the size of their elec-
tronic elements to the point where one can anticipate devices employ-
ing single layers of atoms or molecules.””® In preparing such thin films,
“elaborate polishing, cleaning, and smoothing techniques cannot replace a
detailed knowledge of the actual surface topography”—the kind of knowl-
edge only a microscope like the Topografiner could provide.”® Yet precision
engineers were unpersuaded. As John Simpson put it, looking back from
1986, in 1971 “there was no industrial interest in surface characterization
on the atomic scale. . . . [T]he topographiner [sic] [was] a solution looking
for a problem which within, [sic] the industries we were charged with serv-
ing, at that time did not appear to exist.”"”

If precision engineers dismissed the Topografiner because its resolu-

tion was too high for them to exploit, the discipline Young had done so

much to advance at the NBS—surface science—was uninterested because
the instrument’s resolution was not high enough. Surface scientists were
already accustomed to working at the atomic scale, where microscopes
were at the time of little use. True, the field ion microscope and trans-
mission electron microscope (TEM) could both give atomic resolution, but
only under very constrained conditions. Of much more general interest to
surface scientists were techniques, such as low-energy electron diffraction
and x-ray photoelectron spectroscopy, that gave powerful, if visually indi-
rect, evidence of the position, composition, and chemical bonding of the
atoms and molecules at metal and semiconductor surfaces.

All of Young’s calculations indicated the Topografiner would be no bet-
ter at answering surface-science questions than FIM and TEM. Yet Young
hoped it could help surface scientists characterize samples in preparation for
using diffraction and spectroscopic instruments. He also envisioned the
Topografiner as a bridge between the two communities of precision engi-
neering and surface science. It would be a means for healing the “abrupt
separation between the ‘arts and sciences’ of surface finish metrology on
the one hand and surface science on the other.”*!

The story of probe microscopy and the path to nanotechnology has,
in fact, turned out to be the healing of this “abrupt separation” through
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the creation of a common instrumental community. Young's boss, John
Simpson, understood this, even as he opposed the Topografiner program.
In 1971, in a memo to Young, Simpson wrote: “/[M]icro-metrology,’ i.e.
metrology on the submicron [i.e. nano] scale is probably the area that will
be of primary program importance in the middle range future. The topo-
grafiner [sic] is our foothold in this field.”* Young failed to exploit that
foothold. He could not make the Topografiner appealing enough to the
disciplines which might have adopted the instrument. Precision engineers
saw it as too “high science,” while surface scientists saw it as not scientific
enough.

In desperation, Young sought out one last audience: the electron tun-
neling community. Remember that in the Topografiner an electron is made
to tunnel out of the emitter into free vacuum and then travel ballistically
until it hits the anode. Young knew that if the emitter and the sample
were brought close enough together (within a few atomic diameters), elec-
trons would tunnel directly from the emitter to the anode (or vice versa).
He also knew that there was already an instrumental community inter-
ested in how electrons tunnel from one solid to another. These researchers
used “sandwich tunnel junctions” made by growing a very thin oxide layer
“sandwiched” between two metal or semiconductor electrodes. By growing
a thin enough oxide layer, tunnel junction specialists were able to get elec-
trons to tunnel from one electrode, across the oxide, and directly into the
other electrode.

Occasionally, some sandwich junction researchers tried to build “vac-
uum tunneling” experiments in which the two electrodes would be sepa-
rated by a narrow gap, rather than by a solid oxide. Yet in the early 1970s
none of them had ever succeeded at vacuum tunneling. Thus, they always
returned to sandwich junctions as a much easier set-up, with enough inher-
ent flexibility to allow a wide range of experiments. Young gambled that
by building a stationary version of the Topografiner he could demonstrate
vacuum tunneling and entice sandwich junction researchers to copy his
apparatus. He even published data that purported to show he had achieved
metal-vacuum-metal tunneling, although these results were ambiguous at
best.” Tunneling researchers remained unpersuaded.

If anything, Young's foray into vacuum tunneling simply convinced his
managers that he was pursuing a “high science” program that could jeop-
ardize the NBS. Looking back from 1986, Simpson viewed Young's work
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Inventing a Community 43

as a “complete proof of feasibility of a vacuum tunneling scanning micro-
scope.”** Of course, that evaluation contains some 20/20 hindsight. As of
1971, the Topografiner hadn't operated as a vacuum tunneling scanning
microscope—it had scanned in field emission mode, and perhaps oper-
ated in stationary tunneling mode, but it could only have been a very weak
proof for the feasibility of an STM.

It is more likely that, at the time, Young's supervisors saw the Topo-
grafiner more as a proof of Young's technical and managerial abilities. He
had demonstrated that he could do “high science.” Now, in a move that
would be repeated throughout American science in the early 1970s, NBS
researchers were being encouraged to drop high science in order to focus

on immediate “national needs.” Emest Ambler put it this way in 1970:

My concern to strengthen the basic metrological capabilities [i.e. services for indus-
trial customers| has caused fears that more purely scientific activities of the Institute
[for Basic Standards] would suffer. . . . I simply would not think it responsible of me
to expand [purely scientific activities] in a large way until our metrological arm is
strengthened. . . . Obviously, this process can be greatly hastened if talented people
from data [i.e. purely scientific] programs will step into the metrological arena.™

The Topografiner was interpreted locally as a demonstration that Young
was a talented person who should “step into the metrological arena.” The
connections he had made with precision engineers in attempting to per-
suade them to adopt the Topografiner could now be applied to more press-
ing problems: “calibrations, calibration upgrading, [and] determination of
national needs” for surface finishes.*® Thus, Simpson offered Young a pro-
motion to head a new Precision Engineering Division, on the condition
that he abandon the Topografiner.

Looking at Young's work from a vantage point outside the NBS, preci-
sion engineers, surface scientists, and tunnel junction researchers saw a
different kind of proof. They knew Young as a capable experimenter, and
the NBS as one of the best government laboratories of its day. Thus, if even
Young, with (they assumed) the full backing of the NBS, couldn’t produce
an unambiguous tunneling signature, then (they concluded) no one could.
Bob Jaklevic, perhaps the leading tunnel junction researcher of the day, put
it this way:

You could build a vacuum tunneling system in the '60s. It'd be very expensive and

hard and I don't think anybody conceived that it would work. The Bureau of Stan-
dards experience seemed to prove that out. They worked very hard and they put a
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lot of effort into it, and were able to produce some excellent images. But there were
already other topographic instruments capable of similar resolution as theirs. No
one expected that an instrument like theirs could someday produce stable images
with atomic resolution. That I did not carry on with my own initial attempts along
these lines was a direct result of the respect I had for the work of the Bureau group.
In truth I could not justify the outlay of my time and resources on a project which [
felt would produce little beyond what they had already done.”™

At this point, it was quite unlikely that anyone who was established
in precision engineering, surface science, or tunnel junction research was
going to abandon proven techniques in favor of the Topografiner.

As it happened, Russell Young did succeed in enrolling one sandwich
junction experimenter precisely because he was nof an established member
of that field. Clayton Teague was a graduate student at North Texas State
University, where he was trying to build conventional tunnel junctions.
Having learned of Young's work, however, Teague became intrigued by the
possibility of doing vacuum tunneling measurements without an insulat-
ing layer. So he came to the NBS, first as a student, then as an employee,
and built his own, stationary version of the Topografiner to continue
Young’s efforts. By 1978, Teague had demonstrated, much more convinc-
ingly than Young, that this set-up could produce the vacuum tunneling
signature.” However, for most materials that the tunnel junction commu-
nity was then interested in, vacuum tunneling seemed to offer little or no
advantage over sandwich junctions. Moreover, the continuing crisis at the
NBS forced Young and Teague to hide the vacuum tunneling apparatus
from managerial view, and Teague (like Young) eventually had to abandon
the project in order to take a promotion at the Bureau. Teague didn't pub-
lish his results until 1986, long after the advent of the STM had diminished
their news value.™

Josephson Junctions and the STM

As Russell Young was attempting to interest sandwich tunnel junction
researchers in the Topografiner, IBM was putting millions of dollars into
a technology derived from those same sandwich junctions. In 1968, the
company started a program to develop a supercomputer based on so-called
Josephson junctions. These are named after Brian Josephson, the Brit-
ish solid-state theorist who, as a 22-vear-old graduate student, predicted
several intriguing properties of a sandwich tunnel junction in which the
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electrodes are formed from superconducting materials (i.e., materials that
lose all resistance to the flow of electricity below some very low tempera-
ture). When no voltage is placed across these superconducting layers, a
direct current will nevertheless continue to flow between them.* When a
voltage is placed across the junction, a high-frequency alternating current
will switch back and forth through the sandwich.

In the 1970s, many people hoped the Josephson Effect would be tech-
nologically useful for sensitive magnetometers (e.g., for detecting subma-
rines), in metrological applications (e.g., for calibrating the standard volt),
and, in particular, in faster computing. At the time, the path to higher
computational speed was a matter of profound disagreement between dif-
ferent microelectronics manufacturers. One route to higher speeds was to
make silicon transistors smaller, thereby reducing the distance electrons
have to travel during a logic operation. At IBM, though, there was deep
skepticism that miniaturization could be pushed much further. Thus, while
IBM continued to invest heavily in new miniaturization techniques for sili-
con, it hedged against silicon by exploring more radical alternatives.*' Rob-
ert Keyes (a sort of public intellectual for electronics at IBM) put it this way
in 1969:

Transistorized [silicon] computer logic has made steady progress toward higher
speeds by reducing the dimensions of circuits and devices. However, . . . dissipa-
tion of power at increasingly high densities [of transistors per square inch—high
densities made possible by miniaturization] seems to be leading to difficult thermal
problems that eventually will limit the progress of logical circuitry toward higher
speeds. ... Progress beyond this point can only be made by radical deviations from
the current lines of development. The most straightforward new method seems to be
lowering the temperature at which the circuitry is operated.*

Keyes argued that lowering the temperature of silicon transistors would
lead to some gains, but that a more effective strategy would be to abandon
silicon in favor of logic elements made from superconducting materials,
since these dissipate much less heat, and have faster switching speeds, than
semiconductor transistors.

By the early 1980s, IBM was putting nearly $20 million per year (in
1980s dollars) into a program to build a supercomputer based on Joseph-
son junctions.” The program, which at its peak employed about 150
people, was supported in part by the National Security Agency, the US
government's cryptographic arm, which saw the high theoretical speed of

Josephson computing as advantageous in breaking codes.* IBM initially
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coordinated the program from its flagship research center in Yorktown
Heights, New York, with smaller efforts at its Zurich lab and at its produc-
tion facility in East Fishkill, New York.

One issue confronted by the Zurich group was that the thin insulat-
ing layer between the two superconducting layers contained “pinholes”—
very small regions where the two superconducting layers came in contact
and short-circuited the Josephson Effect. In 1978, one of the Zurich-based
Josephson team’s colleagues, Heinrich “Heini” Rohrer, was looking for a
new research topic that could, at least indirectly, aid the superconducting
computing program. As Rohrer recalled,

The one thing [the Josephson effort] couldn't handle was the tolerances of the oxide
lavers. They couldn't get them accurate enough to regulate predictably the amount
of tunneling needed for reasonable logic circuits. . . . [ thought it would be interest-
ing to investigate the growth and electrical properties of these thin insulating layers
on a very local scale.*

Rohrer asked a newly hired physics PhD, Gerd Binnig, to develop new
approaches to extremely localized spectroscopy of very thin, possibly inho-
mogeneous insulating layers.

Even before Binnig officially took the job, he and Rohrer discussed vari-
ous methods. Because the pinholes were small, they needed an instrument
with very high resolution. Probably because both had experience in elec-
tron tunneling, and because the Josephson project had a tunneling aspect,
they quickly gravitated to using the tunneling phenomenon to probe for
pinholes. They imagined a sharp metal tip, kept very close to a thin insu-
lating film deposited on top of a superconducting electrode (an “open-
faced” sandwich junction, as it were). If the metal tip were kept close
enough to the superconducting substrate, electrons could tunnel between
them. If there were pinholes in the insulating film, the tip would be able
to travel into them and thereby move closer to the superconducting layer.
This would cause the tunneling current to increase; therefore, by moving
the tip around the sample, Binnig and Rohrer would be able to measure the
tunneling current to tell where the pinholes were, how big they were, and
how many there were—useful information to the Josephson team in devis-
ing new ways to manufacture junctions.*

Binnig and Rohrer might have gotten similar information with a regular
scanning electron microscope. Back-of-the-envelope calculations (the
same calculations Russell Young had made) seemed to indicate that their
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tunneling probe would, at best, be only a slight improvement on electron
microscopy, and might become useful only after many years of develop-
ment. It is a testament to the organizational values of IBM Research that
Binnig and Rohrer could gesture to the Josephson project in embarking on
a project that almost any other organization (e.g., the National Bureau of
Standards) would have seen as offering a limited and prohibitively delayed
return on investment.

A few weeks after his initial discussions with Rohrer, it occurred to Bin-
nig that this tunneling probe could easily be turned into a microscope. On
the basis of that insight, he and the two technicians assigned to the project,
Christoph Gerber and Edmund Weibel, began to assemble an instrument
that (like the Topografiner) contained the essential ingredients of a scan-
ning probe microscope: a device with piezoelectric control crystals moving
a sharp tip up and down and in a raster pattern over the sample, a feedback
circuit to keep the tip from crashing into the surface, and a chart recorder
printing an offset sequence of profiles (of the tip's vertical movement on
each scan) to form a three-dimensional image.

At this point, some of Binnig's colleagues began to question his acu-
men, if not his sanity. As far as anyone at Zurich knew, vacuum tunneling
had never been achieved, though there had been many attempts. Owing
to the far greater difficulty of tunneling while scanning (when the moving
parts make vibration a bigger issue), Binnig's goal seem doubly impossible.
Later, Rohrer recounted that “when we . . . told people at the lab what we
wanted to do, they said ‘You are totally crazy—but if it works, you'll get
the Nobel.””* To demonstrate that their idea was experimentally feasible
(and perhaps therefore to show that they were not crazy), Binnig, Gerber,
and Weibel built an interim instrument that resembled Teague's stationary
vacuum tunneling apparatus. But Young and Teague's attempts at vacuum
tunneling were perceived by their organization as proof that they were
more interested in esoteric, academic phenomena than industrial applica-
tion and should be discouraged from pursuing those phenomena any fur-
ther. The Zurich STMers (especially Binnig, the most recently hired) needed
to do vacuum tunneling to prove to their organization that they were seri-
ous, capable experimentalists who hadn’t bitten off more than they could
chew.

Over the years, some of Russell Young's advocates have claimed that
the STM's inventors must have known about the Topografiner when they
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began their experiments.* Binnig and Rohrer, however, have consistently
said that they didn’t hear about the Topografiner until well after they had
built a working STM. Because little contemporary evidence is available,
priority in the invention of the STM is a tricky question. | have seen no
evidence that could lead me to doubt Binnig and Rohrer on this point.
However, it would not surprise me if some of the colleagues with whom
Binnig and Rohrer discussed their experiments were aware of Young's
work, and that this may have been one reason why the STMers were told
that their idea was “crazy.” After all, to people outside the National Bureau
of Standards, Young's experiments appeared to have shown that a tunnel-

ing microscope was not feasible. If anything, that makes it seem less likely

that the members of the Zurich team were aware of the Topografiner—why
follow a path widely seen as a cul-de-sac?

Significantly, by the time the team demonstrated a vacuum tunneling
signature (on March 16, 1981, more than two years into the effort), the
IBM Josephson project that had inspired the STM was in serious trouble. In
a technical audit that year, only three out of fifteen members of a review
panel recommended continuing the program. IBM management believed
that “members of the Josephson group had very low morale” and that
“the Zurich group had begun to evidence a general dissatisfaction with
the technical direction of the program.”* The program continued, but its
research-oriented director, Wilhelm Anacker, departed and was replaced by
a production-oriented manager, Joseph Logue. Logue moved the program's
focus to the East Fishkill manufacturing facility and reduced its comple-
ment of PhD researchers in order to proceed more quickly with processing
of commercial chips.” From the time Logue took over, the Josephson
project was on probation. Indeed, after two years he and senior manage-
ment concluded that Josephson technology could not profitably outpace
silicon-based microelectronics and canceled the program.*'

The consequences of the Josephson program'’s demise for the STM team
were ambiguous. On the one hand, as Binnig and Rohrer later put it, the
STM had “emerged as a response to an issue in technology” and had been
“inspired by the specific problem of inhomogeneities in thin insulating
layers—a central challenge to our colleagues working on the development
of a computer based on Josephson tunnel junctions.”** On the other hand,
the STM team was not part of, and didn't directly report to, the Joseph-
son effort. The STMers didn't require the specific technological horizon
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of superconducting computing in order to justify their work. Because IBM
supported large amounts of fundamental research, the team was able to
cast the STM as a general tool for very localized spectroscopy regardless of
the technological relevance of the materials they experimented on.

Yet there was no guarantee that the team members’ colleagues would
agree that the STM was a worthwhile experiment. After all, many of
those colleagues initially regarded it as “crazy.” As Ambrose Speiser, a for-
mer director of the Zurich lab, notes, the STMers’ work “was severely crit-
icized by the physics establishment inside and outside IBM in the early
stages. Their ideas were called irrelevant, their judgment was considered
misguided, and, accordingly, it was predicted that their work would lead
nowhere. It took a fair degree of stubbornness to continue to the end. After
success had arrived, it was speculated that these projects could not have
proceeded in the large and powerful IBM Research Center at Yorktown
Heights. The reason was not lack of managerial support; rather the sci-
entists would have been discouraged by pressure and criticism from their
peers. "™

In such a precarious environment, the STMers didn't fully commit to
the technology until they had interesting data that would answer their crit-
ics. As Othmar Marti (a student who worked alongside Binnig in the early
1980s) remembers it, during 1980-81 the STM was “hidden.”** (Perhaps
it would be more accurate to say that nearly a third of Binnig's time, and
most of Rohrer's, was visibly committed to other projects in that period.)
Today, Christoph Gerber describes the very early days of the STM as a “side
project” pursued in addition to his, Rohrer, and Binnig's individual work in
low-temperature physics—a side project that became their main preoccu-
pation after the instrument’s first breakthroughs.*

Speiser was not the only member of IBM Research management to
believe that the Zurich lab’s organizational and physical distance from York-
town Heights gave the STM room to grow in a way that was denied to the
Topografiner. One surface scientist at rival Bell Labs recalled:

[ was kidding one of the [IBM] research managers . .. from Yorktown Heights and
said "Here IBM Zurich is just this little operation of a research lab, to what do you at-
tribute the fact that they've come up with two Nobel Prizes over the past two years?”
He said “poor management.” At the National Bureau of Standards, where Young had
better management the project was stopped, and at IBM Zurich, where they were
pretty much leaving those people alone, it went ahead, and they made these impor-

13

tant discoveries.
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For part of 1980-81, therefore, the STM was in an ambiguous position—
not yet promising enough to bring into the light, but (unlike the Topo-
grafiner) not so “well managed” as to be shut down. If they were to commit
themselves fully to the technology, the STMers would have to produce
interesting results—and then they would need a constituency that would

interpret their results as “interesting.”
STM and Surface Science

One strategy for improving the STM technically while building a net-
work of supporters was for Binnig and Rohrer to ask colleagues to sug-
gest samples for them to image. They used the first samples they received
to calibrate the instrument, rather than to generate new knowledge about
the samples themselves. Dick Gambino, a materials scientist visiting from
Yorktown, gave the STMers a piece of calcium-iridium-tin, and Hans-Jorg
Scheel, an important early advocate of STM in the Zurich lab, offered a
sample of gallium arsenide (a technologically important semiconductor).?’
In both cases, the samples were known beforehand to have high, steep
terraces that would stand out in an STM image. The STMers discovered
nothing new about these materials, but they learned to calibrate the piezo
crystals that moved the probe up and down by comparing their images to
the already-known heights of these materials’ atomic steps.

Now they were ready to generate images that revealed something new
about a sample. But what samples should they look at? From the name of
the discipline, “surface science,” it might have seemed obvious to ask sur-
face scientists for samples. The STM, after all, is acutely sensitive to sur-
face phenomena but, unlike some other microscopes, doesn't peer very
far into a material. However, there were good reasons not to look to sur-
face science. That discipline had ignored the Topografiner, after all, largely
because surface scientists were almost exclusively interested in atomic-scale
phenomena. Since the best available theories indicated that the STM was
incapable of atomic resolution, there was little reason for surface scientists
to adopt it.

One reason Binnig did approach his surface science colleagues was that
he suspected that the resolution of the STM might be much better than
conventional calculations indicated. Those calculations were based on a
physical model of the STM in which the tip ends in a smooth curve with
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a constant radius of curvature. Binnig's insight was that, for almost any
metal tip, the radius of curvature is not constant at the atomic level. One
atom at the end of the tip must stick out closer to the sample than all the
rest. Because the tunneling current is exponentially dependent on the dis-
tance between the tip and the sample, almost all of the tunneling current
would go through that one outermost atom.** Thus, the beam of tunneling
electrons with which an STM “feels” a surface could be less than an atom
wide, allowing the 5TM to distinguish between individual atoms.

To explore this possibility, by mid 1981 the STMers were asking [BM
surface scientists what surfaces they most wished to inspect at the atomic
scale. The answer they got was something called the silicon (111) 7x7.%
This was a surface that had been known since the 1950s, but its par-
ticular importance at Zurich in 1981 had much to do with changes that
had occurred in surface science in the past ten years. The 1970s had seen
a rapid increase in the computing power available to some surface sci-
entists—particularly those at IBM, Bell Labs, and a few other corporate
research centers. These also happened to be places with a keen interest in
semiconductor microelectronics. Though surface science as a whole was
split evenly between metal and semiconductor specialists, semiconduc-
tor researchers were more numerous and more prominent at IBM and at
Bell Labs. By the early 1980s, these corporate semiconductor surface sci-
entists had elevated certain computing-intensive questions to command-
ing importance in their field.*” Perhaps the most central of these questions
concerned the atomic structure of “surface reconstructions.” Bulk crystals
are composed of repeating units of small numbers of atoms—a “unit cell.”
The atoms in one unit cell may bond to each other, but they also bond to
atoms in the neighboring cells. At the surface, however, atoms no longer
have a unit cell above them with which to bond. In metals this is relatively
unimportant, since electrons in metals are pooled into a “sea of electrons.”
In semiconductors, however, electrons remain closely associated with an
atom and, in the language of surface science, would “prefer” to provide a
bond to another atom. If they cannot (as at the surface), they form a “dan-
gling bond”—an energetically unfavorable state. To minimize dangling
bonds and move to a lower potential energy, semiconductor atoms repo-
sition themselves (“reconstruct”) into a different geometry at the surface
than in the bulk material.

Glimpsing reconstructions requires an extremely clean surface—other-

wise impurities disrupt the underlying unit cells and absorb the dangling
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bonds. Studying surface reconstructions requires both a sophisticated,
expensive ultrahigh-vacuum chamber and the experimental skill to pre-
pare a clean sample. Even then, reconstructions are elusive. In the 1970s
there was no microscope that could directly visualize where the atoms were
in the semiconductor samples that corporate surface scientists were inter-
ested in. Thus, they relied on indirect methods—primarily various kinds of
diffraction (shooting particles at a surface and watching how they bounce
around before they come out) and spectroscopy (shooting particles or elec-
tromagnetic radiation at a surface with a range of energies and observing
the range of energies at which particles and radiation are emitted back out
of the surface).

The 1970s saw the invention of many new diffraction and surface
spectroscopy techniques—what surface scientists refer to as their “alpha-
bet soup” of instrumentation.”’ Because none of these techniques gave
complete information about the positions of atoms in a reconstruction,
researchers coordinated results from many different instruments. Surface
scientists became adept at inventing new techniques and then using them
to learn more about the most interesting surface reconstructions. To define
which surface reconstructions were “interesting,” surface scientists relied
most heavily on one technique: low-energy electron diffraction (LEED).
Other instruments, such as various kinds of ion diffraction or energy-loss
spectroscopy, were useful in understanding reconstructions, but in the early
1980s LEED was “the major modern source of surface atomic geometries.”*

When Binnig and Rohrer asked surface-science colleagues what samples
to look at, they were directed to a surface reconstruction with a famously
mysterious LEED pattern: the silicon 7x7. LEED had long ago revealed that
this was a very large surface unit cell, and that its atoms were arranged in
a particularly complex manner. Over a period of 20 years or more, many
different instruments and analysis methodologies were used to study this
reconstruction, yet its structure remained unknown. Most surface scientists
felt that results from these various instruments must, in some way, be com-
patible. As long as the structure of the 7x7 remained unsolved, however, it
was unclear whether the toolkit of surface science could be used to deter-
mine the structures of very complex reconstructions. Later, when a 7x7
model was agreed upon that was compatible with data from the full menu
of instrumentation, some saw this reconstruction as a “Rosetta Stone,”
the deciphering of which indicated that even the most difficult surface
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reconstructions could then be solved.® Worldwide, by one prominent sur-
face scientist’s estimate, between $100 million and $250 (in 1980s dollars)
was spent on deciphering the mystery of the 7x7.%

The growing body of knowledge about how to prepare and study the
7x7 made it the “fruit fly of surface science.”® Molecules and metals were
deposited on top of it, new kinds of instruments were tested on it, and
graduate students became surface scientists by learning how to prepare and
study it. Any new instrument that revealed something novel about the
7x7 could be assumed to reveal information about all the important recon-
structions. Thus, it was no surprise that this was the surface Binnig and
Rohrer were directed to.

Not being surface scientists, Binnig and Rohrer lacked a full understand-
ing of that discipline’s techniques for preparing 7x7 samples. Nor did they
always adhere to the conventional wisdom of surface science. For instance,
surface scientists “knew” that the 7x7 had to be kept under pristine UHV
conditions at all times for the reconstruction to be seen. Binnig and Ger-
ber prepared their 7x7 samples in one vacuum chamber, took them out,
carried them down the hall by hand, and placed them inside the vacuum
chamber housing the STM. Not surprisingly, they had difficulty making a
7x7 sample that would yield clear STM images.

After a few months, Binnig and Rohrer began casting about for a less
finicky surface reconstruction. Probably on the advice of Karl-Heinz Rie-
der (an IBM Zurich surface scientist who specialized in metals), they turned
to the gold (110) 2x1—a much simpler, less dramatic reconstruction that
few surface scientists were interested in. However, gold is more chemically
inert than silicon and therefore easier to keep clean, which allowed the
team to push the limits of the STM without pushing their own limits as
preparers of specimens. By the summer of 1982, they had images of gold
that purported to show the atomic geometry of its surface reconstruction.
They sent off an article to Physical Review Letters and, while they waited for
a reaction, moved back to the silicon 7x7.%

Most surface scientists found little of interest in Binnig, Rohrer, Ger-
ber, and Weibel's gold paper. Surface scientists who were aware of the
paper either doubted that it showed what the STMers thought it showed
(an atomic reconstruction) or believed that the gold 2x1 was a trivial case
in which the reconstruction was not very dramatic and was already well
understood and that therefore the STM didn’t add much.” Thus, imaging
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the gold 2x1 brought the Zurich team no closer to convincing the wider
surface-science community to adopt, or even be interested in, the STM.

However, intramurally Binnig and his colleagues took advantage of
their personal acquaintance with IBM's surface scientists. In returning to
the 7x7, one particularly important contact was Franz Himpsel, an IBM
Yorktown surface scientist specializing in photoemission spectroscopy who
was visiting Zurich for a few weeks. Himpsel gave the STMers advice on rec-
ipes for preparing silicon. That advice soon paid off.** By fall of 1982, the
STM had begun to reveal tantalizing regularities in the 7x7's surface. Bin-
nig and Rohrer knew of models of the 7x7 that predicted that at the cor-
ners of adjacent surface unit cells there would be a large gap between the
adatoms of the adjoining cells—a so-called corner hole. These corner holes
were close in size to the plausible resolution of the $TM. Thus, when Bin-
nig and Gerber began seeing a pattern of regular depressions in their STM
images, they concluded that these were the corner holes and calibrated
accordingly. From there, Binnig pressed forward—in the unorthodox con-
viction that the STM was capable of even higher resolution—until he saw
a series of regular bumps in the chart recorder that he believed could only
be traces of individual atoms (see figure 2.3).

Roots of Success

Nearly overnight, the fortunes of the STM rose dramatically. For the next
few vyears, presentations on the STM at international conferences drew
standing-room-only crowds. Looking back in 2010, Christoph Gerber
described the emotional impact of the reception of the 7x7 results—"the
reaction and response from the scientific community ... was enormous.
Certainly one of the precious moments in a lifetime. I still feel the shiv-
ers.”® Yet what, exactly, elicited the new enthusiasm for the STM, espe-
cially among surface scientists? It is often claimed in popular writings on
nanotechnology that the reason the STM is so special is that with it “the
direct ‘visualization’ of individual atoms first became possible.””” That
claim, however, requires considerable qualification. In fact, the STM was
not the first instrument, or even the second, to “see” individual atoms—
the field ion microscope had been doing so since the 1950s, and the trans-
mission electron microscope since the 1970s.”' Moreover, Binnig and
Rohrer had claimed that the STM could achieve “true three-dimensional
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Figure 2.3

The IBM Zurich STM team's celebrated image of the silicon 7x7 (actually a photo of
a three-dimensional model). Christoph Gerber took the traces from the STM's chart
recorder, glued them onto cardboard, cut out the cardboard-backed traces, then
glued the stack of traces together in sequence. Reprinted, with permission from Else-
vier, from Gerd Binnig and Heinrich Rohrer, “Surface Imaging by Scanning Tunnel-
ing Microscopy,” Ultramicroscopy 11 (1983): 157-160 (copyright 1983).

topography of surfaces on an atomic scale” months before they published
their 7x7 results, yet very few people found that claim interesting.”” Rather,
it was the STM's ability to image the parficular atoms of the 7x7 that turned
the Zurich team into stars and convinced surface scientists to adopt the
instrument.

The STM didn't, however, “solve” the atomic structure of the 7x7 surface
reconstruction. In their first paper on the subject, Binnig and Rohrer (with
the help of a Zurich theorist, Alexis Baratoff) provided a new model for the
surface reconstruction based on their atomic-resolution image. However,
some flaws in their model were quickly pointed out, and the 7x7 surface

reconstruction was not solved to the discipline’s satisfaction until 1985,
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when Kunio Takayanagi brought transmission electron diffraction results
to bear on data from a variety of other instruments.”” The STM certainly
contributed to the determination of the 7x7’s structure, by pinpointing the
locations of the adatoms on the top of the surface unit cell. The 7x7's sur-
face unit cell, however, extends several atomic layers into the surface. The
STM could not be used to locate all the atoms in the surface reconstruction.

Thus, the first STM images of the 7x7 caught surface scientists’ eyes not
because they answered the question, but because they allowed the disci-
pline to actually see what it had talked about for so long. After decades
of having only indirect data, and having to visualize reconstructions in
the “inverse space” offered by LEED, surface scientists now had a “real-
space” image against which to compare their models. One early STMer, Jun
Nogami, recalled: “As a surface scientist . . . teasing out aspects of surface
structure through indirect means, when I saw those atoms traced out [with
an STM] in green lines on the CRT screen, | immediately knew that... 1
had to get into [tunneling microscopy].””*

Despite the euphoria, surface scientists didn’t give up their indirect
methods with the introduction of the STM. For one thing, they knew
that an STM image didn't tell the whole story of a reconstruction. In fact,
it quickly became apparent that STM images could be misleading: what
appeared to be variations in topography might actually be variations in
electronic structure (and vice versa). Surface scientists, however, had so-
phisticated mechanisms for recognizing, and working around, such pitfalls
of new instrumentation. That task of evaluating the STM's relevance to sur-
face science and incorporating it into the discipline was quickly taken up
after the 7x7, especially (as we will see in the next chapter) at IBM and Bell
Laboratories.

The STM's inventors, meanwhile, were not very interested in becoming
surface scientists themselves. In fact, they were sometimes impatient with
the discipline in general and with some of its practitioners at IBM's US labs
in particular. It is not too much of an exaggeration to say that the Zurich
STMers' approach was to make quick demonstrations of the microscope’s
relevance to various disciplines and then allow those disciplines to pol-
ish the rough edges. The first applications they concentrated on (imaging
surface reconstructions and, later, scanning tunneling spectroscopy of sur-
face states) happened to be important to surface science. But they quickly
moved on to applying the STM to electrochemistry, biophysics, and other
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Inventing a Community 57

areas, thereby attracting more (and more diverse) members to their fast-
growing instrumental community.

Nevertheless, surface scientists’ interest in the STM was useful organi-
zationally to the Zurich team. Because of the prominence of surface scien-
tists at IBM Research headquarters at Yorktown, the 7x7 images instantly
committed the company to growing an STM community. IBM Research
put the STM high on the Zurich lab’s agenda, and many researchers there
soon took up the new instrument: Dieter Pohl, Urs Diirig, James Gim-
zewski, Giorgio Travaglini, S. E Alvarado, Bruno Michel, et al. Some of
these people (e.g., Gimzewski) continued using the STM for surface-science
research. Others took it into other fields, especially biology. Binnig, Rohrer,
and Gerber, meanwhile, were given a great deal of liberty, which they used
to concentrate on building an instrumental community by traveling as
emissaries, organizing community-building activities, and inventing mod-
ifications to the STM to make it more friendly to other disciplines and
instrumental communities.

Through their experience with the 7x7, Binnig, Rohrer, and Gerber
learned successful techniques for recruiting a discipline into their instru-
mental community. They applied those techniques over and over in later
years. Inventing a reliable instrument was, of course, an important first step.
The STM would have gone nowhere without the Zurich team'’s (especially,
by most accounts, Binnig's and Gerber's) extraordinary experimental skills.
Technically, the STM was a more sophisticated instrument than the Topo-
grafiner. Yet we cannot explain the STM's success and the Topografiner's
failure solely by pointing to their differences in apparatus. Had Russell
Young persuaded a critical mass of precision engineers, surface scientists,
or tunnel junction specialists of the Topografiner’'s immediate value, they
might have given NBS management a reason to allow the program to con-
tinue until the Topografiner matched the STM’s capabilities. The Topo-
grafiner's poor resolution resulted in part from a lack of a good vacuum
chamber and other technical problems. Yet Young’s inability to amass the
resources needed to improve the Topografiner’s characteristics was, in turn,
a product of his inability to assemble a constituency for the instrument.

In contrast, the Zurich team (especially, by most accounts, Heinrich
Rohrer) demonstrated great skill in growing a constituency for the STM. An
indispensable element of that constituency building was the soliciting of
advice that the Zurich STMers could use both to improve STM technology

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
:MIT Press, . p 72

http://site.ebrary.com/id/10509221?ppg=72

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



58 Chapter 2

(e.g., finding samples with which to calibrate the microscope’s piezos) and
to link it to networks of practitioners inside and outside IBM. At first, the
STM was linked into such networks in piecemeal fashion, through a few
individual colleagues who gave the STM their support. During that time,
the STM team had to scramble to ensure their instrument didn't meet the
Topografiner’s fate. With the 7x7, however, the STM was suddenly linked
into a large disciplinary network, leaving Binnig, Rohrer, and Gerber free

to move in new directions.
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3 Adopting, Adapting, Departing: Early STM at IBM and at
Bell Labs

Scientists at IBM Research and at Bell Labs were not the only early adopt-
ers of the STM, but in the mid 1980s one could get that impression. For
instance, Jim Murday, a program officer at the Office of Naval Research
who funded many surface scientists and probe microscopists (and who
assembled his own surface-science STM group at the Naval Research Lab),
notes that when he compiled statistics on which nations sent participants
to early STM conferences, he listed IBM as a country all by itself.! If we
think of the STM community as a network that, at the beginning, had
Binnig, Rohrer, and Gerber as its central nodes, the view from that center
largely confirms the dominance of IBM and Bell Labs in those early years.
For instance, in 1986, when it was still possible to comprehend every-
thing that members of the STM community had published and to weight
their work by quality, Binnig and Rohrer reviewed the literature in the IBM
Journal of Research and Development.” In that review, about a quarter of the
citations to tunneling microscopy research were of works co-authored by
Binnig and Rohrer themselves. About another quarter were by others at
IBM Zurich (or who had been there when the STM was invented), and a
little more than a quarter were from Bell Labs or from IBM's US research
centers. The remaining quarter was a mixed bag, though one can identify
four university groups that were emerging as important nodes in the STM
network: the University of Basel, the Universidad Autonoma de Madrid,
Stanford University, and the University of California at Santa Barbara.
This chapter focuses on the first few years of STM, when IBM and Bell
Labs were the giants of research in tunneling microscopy. It was in those
years that an STM community came into being. At the beginning of the
period, STM was carried on, in relative isolation, by people whose knowl-

edge of the technique came almost entirely from Binnig and Rohrer.
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60 Chapter 3

Between 1984 and 1987, however, STMers established an annual confer-
ence series and other mechanisms that allowed microscopists outside Zur-
ich to form connections with each other, rather than relying solely on
their ties back to Zurich.

The period was brief, but it left an enduring mark on the probe-
microscopy community. In particular, it established a lasting distinction
between surface-science STM and other varieties of probe microscopy. That
distinction was never abrupt—surface-science STMers interacted amicably
with other probe microscopists, and a few eventually transitioned to AFM
and other variants. Yet most surface scientists held quite different views
than the rest of the community about the proper scope, application, and
design of probe microscopes. In the early 1990s, some of these surface-
science STMers became dissatisfied enough with other kinds of probe
microscopy that they tried to secede and form a new community. As we
will see in chapter 6, other probe microscopists—those who opposed such
balkanization—Ilatched onto the label “nanotechnology” as a way to con-
solidate their instrumental community. By the end of the 1990s, nanotech-
nology had become a valuable resource for surface scientists as well, and
many early surface-science STMers are now widely recognized leaders in
nanotechnology policy and research.

This perhaps temporary and certainly never complete disaggregation
of surface-science STM from the rest of probe microscopy came about, in
part, because of the way the original Zurich team's work was first repli-
cated. As Binnig and Rohrer's 1986 literature review shows, nearly all the
other Zurich STMers learned the technique through sustained, cooperative
interaction with the inventors. In fact, nearly all the Zurich papers cited
in that review were by people who co-authored other papers with Binnig
and Rohrer. Similarly, the four university groups that can be seen in that
review to have been emerging as centers of probe microscopy (those in
Madrid, Basel, Palo Alto, and Santa Barbara) all had close ties to Zurich.
Nicolas Garcia and Arturo Baro brought the STM to Madrid after sabbati-
cals at IBM Zurich, and co-authored extensively with the Zurich team in
the mid 1980s. Hans-Joachim Giintherodt’s group at Basel was less than
50 miles from, and interacted frequently with, the Zurich lab. The Santa
Barbara and Stanford groups became major contributors to probe micros-
copy with the help of prolonged visits by (and collaborations with) mem-
bers of the Zurich team.
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Adopting, Adapting, Departing 61

Replication of the STM at Bell Labs and at IBM's US facilities proceeded
quite differently, however. In this early period, some scientists at those sites
did need to talk face to face with Binnig, Rohrer, or Gerber before they
could successfully build an STM, but prolonged interaction doesn't seem
to have been an absolute requirement for replication. Virtually no one at
Bell Labs or at IBM's US sites co-authored or collaborated extensively with
members of the Zurich team. Once surface-science STM gained a foothold
at Bell Labs and at IBM's US research centers, it spread quickly within those
organizations with limited input from Zurich. Surface scientists already
formed a dense network within and across IBM and Bell Labs that facili-
tated the replication and adaptation of STM. Their common ties to that
surface-science network meant these STMers oriented more to each other
than to other parts of the probe-microscopy community.

The replication of techniques has been studied often by historians and
sociologists of science. This chapter draws on that literature’s demonstra-
tion that replication is rarely a mechanical, effortless process.” Usually a
scientist seeking to replicate a technique must interact face to face with
someone who already possesses the technique in order to acquire the “tacit
knowledge” required to successfully reproduce the original results. Even
then, techniques are rarely replicated without distortion—even if perfect
reproduction were possible, it is usually not desirable since techniques
must be adapted to local conditions and objectives.

Most studies of replication, however, focus on the transter of a tech-
nique from one site or organization to another, rather than on replica-
tion within a single site or organization. After all, when an experimental
technique is still in its early, poorly replicable phase, most research orga-
nizations will not encourage more than one or two of their lab groups to
commit to such an undependable enterprise. Site-to-site transfer is there-
fore important in the early growth of most instrumental communities,
including probe microscopy. But occasionally conditions can encourage
the multiple adoption of a technique within a single organization even
in the tenuous period when replication requires significant commitment
of resources. In probe microscopy, the specific configuration of surface
science within—and between—IBM and AT&T made it both desirable and
possible for STM to be repeatedly replicated in those organizations. Yet
replication was not simple duplication; in fact, IBM and Bell Labs surface
scientists were modifying and adding to the technique every time they
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62 Chapter 3

reproduced it. By examining the growth of surface-science STM, we gain a
better understanding of how organizations make use of disciplines to foster
replication and innovation.

Once replication of the STM had been achieved repeatedly within IBM
and Bell Labs, many of the early adopters of the technique moved on to
positions outside those companies. Their involvement with STM gave
them unique qualifications that vaulted many of them to the forefront
of the discipline of surface science. As they moved away from IBM and
Bell Labs, they nucleated new sites for surface-science STM. Their demon-
stration of the STM's relevance to surface science caused the technique to
proliferate. Eventually, that proliferation profoundly changed surface sci-
entists’ conceptions of what counted as a disciplinarily interesting ques-
tion. Thus, in examining the growth of surface-science STM, we also gain a
better understanding of how disciplines make use of organizations to foster

the proliferation of techniques and the generation of knowledge.
Basic Research in a Corporate Environment

IBM and AT&T were commercial entities, so it would be reasonable to
assume there was some economic motivation for their adoption of tunnel-
ing microscopy. Yet neither company ever made any direct profit by manu-
facturing STMs to sell on the market. Replication of the technique within
these companies was not a first step toward mass production of the STM.
Nor did IBM or AT&T make much money off their intellectual property in
probe microscopy relative to how much they initially invested in the tech-
nique. When the STM was invented, both companies were still bound by
consent decrees from the US Department of Justice that restricted their
ability to defend, or profit from, patents on their research.’ Those consent
decrees eventually expired, and IBM tried to collect license fees on its STM
patents. Yet the expectation of such fees played little or no role in encour-
aging the initial spread of tunneling microscopy within IBM or Bell Labs.
Even if AT&T and IBM didn't plan to sell STMs (or STM patents), did
they hope to derive economic benefit from the STM by using it in manu-
facturing? The STM was invented, after all, partly in hopes of improving
the production of Josephson junctions for IBM's superconducting super-
computer. Similarly, the gold nano-map described in chapter 1 was created
partly in hopes that STMs could be used to read and write digital data.
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Adopting, Adapting, Departing 63

It is clear that some probe microscopists at Bell and IBM justified their
adoption of the technique by pointing to its eventual use in quality con-
trol or in direct manufacture of commercial products. However, manufac-
turing applications do not seem to have driven the initial spread of STM
within these organizations. Virtually all of the IBM and Bell Labs papers
cited in Binnig and Rohrer’s 1986 review described uses of the STM for eso-
teric surface-science research far removed from manufacturing. The IBM
and Bell Labs researchers who eventually developed manufacturing appli-
cations for probe microscopy did so after the STM had already been taken
up for basic surface-science research. To some extent, the adaptation of
STM for answering esoteric surface-science questions established an orga-
nizational infrastructure that aided the later turn toward more applied ver-
sions of probe microscopy.

The initial spread of STM within IBM and AT&T, then, was justified by
pointing to its relevance for solving basic surface-science questions with
only indirect, prospective relevance to these companies’ bottom lines. Such
justifications were credible because when the STM was invented IBM and
AT&T were still committed to large-scale basic research. In 1981, Bell Labs’
total budget was $1.6 billion ($3.7 billion in 2009 dollars), about 10 percent
of which was allocated to longer-term research rather than shorter-term
technology development or trouble-shooting.” Bell Labs employed about
22,000 people at the time, more than 1,300 of them in its basic research
departments.® IBM’s research and development spending and employment
were of a similar order.” It was generally recognized at the time that such
high levels of support ensured “that Bell Labs was the world’s premier insti-
tution doing condensed-matter physics and a leader in some other fields
too.”® Likewise, there was general agreement that IBM Research was a close
competitor of Bell Labs in a few areas of basic research on condensed mat-
ter—including surface science.

Basic corporate research was, and is, a contentious issue.” Kumar Patel,
the director of physical research who oversaw most of Bell Labs’ early STM
work, took great pains to insist that AT&T “funded fundamental research
in the past because it was a sound business decision and not out of char-

nlo

ity or as a means of supporting a luxury.” ™ Such denials were necessary

because basic research could seem wasteful, its benefits too delayed and
unpredictable for the corporate environment. As the Bell Labs Nobel laure-
ate Philip Anderson put it, basic research presented
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the problem of infinity multiplied by zero. The probability of producing something
which develops into a major change in technology—something like the transistor—
is very low. That is the zero in the equation. On the other hand, if vou do discover
something like the transistor, the benefits not just to the Bell System but to the
entire world are incalculable. That's the infinity in the equation. "’

For Anderson, the possibility of a commercial breakthrough (an “infinity”)
justified Bell Labs’ “maintain[ing] a certain cadre of people who are free
to look where they think it’s worth looking” rather than just doing work
“directly tied to mission-oriented operations.”"

Whatever its ultimate payoffs, basic research presented a short-term
dilemma for corporate managers: how to manage a cadre that was free to
define its own goals, and therefore somewhat independent from direct cor-
porate guidance? The solution, in large part, was for companies to rely
on the larger scientific disciplines that members of their basic research
cadre belonged to. Both IBM and Bell Labs used the opportunity to do
basic research to recruit top graduates from academic departments. Those
people were then given significant leeway: as the Bell Labs vice president
and Nobel laureate Arno Penzias put it, “we hire bright people, point them
in the right direction, and then get out of their way.”"’ Yet those junior
researchers knew they would be judged on their ability to solve questions
of importance to members of their disciplines, win awards from their
disciplines’ professional societies, publish in the journals rated highly
by members of their discipline, and train new practitioners of their dis-
cipline—much the same evaluation criteria used in discipline-based aca-
demic departments.

Thus, as Penzias articulated, “if you don’t produce outstanding research,
you're not going to get much support the next time resources—money,
lab space, technical help—are allocated.”'* Those who did work judged
as “outstanding” by their disciplines were promoted to senior manage-
ment positions, where they could judge and reward their junior colleagues’
basic research on the same disciplinary criteria. That is, basic researchers
at Bell Labs and at IBM—including the early STMers—were indeed “free
to look where they think it's worth looking,” but they knew that freedom
depended on impressing senior members of their disciplines both inside
and outside their organizations.

Discipline-based evaluations were clearly not the only means of judging
corporate basic research. Nor did the fact that corporate basic researchers

were nominally “free” to be guided by curiosity mean that they were not
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also influenced by their firms’ “mission-oriented” agenda. Many consulted
or collaborated regularly with their mission-oriented colleagues. Managers
heaped public praise on those researchers who had identified commercial
possibilities in their fundamental research and shepherded their discov-
eries toward the product line. Neither Bell Labs and IBM managers, nor
researchers, nor I would recognize an absolute distinction between basic
and mission-oriented work; in Penzias’ words, “each feeds on the other.”"
Yet “basic” and “mission-oriented” were sufficiently clear categories for
researchers and managers to routinely deploy. One important characteris-
ticin distinguishing those categories was the greater reliance on discipline-
based evaluation in basic research.

Some executives from the manufacturing arms of both IBM and AT&T
argued, however, that the discipline-oriented metrics for evaluating basic
research robbed scientists of the desire, or even ability, to work toward cor-
porate goals. For instance, Joseph Logue, the manufacturing-oriented man-
ager who took over IBM’s Josephson computing program in 1981, lamented
that discipline-centered metrics gave researchers too much autonomy and

too little cognizance of organizational needs:

One internationally known metallurgist thanked me for what he had learned on
the [Josephson] program. He told me that before I took over, he had investigated
whatever subject caught his attention. When I came on board, he found that he was
asked to target his attention to subjects that were important to the overall program.
[ thanked him very sincerely, but it caused me to think about the structure of the
program when I joined it. What I found was that many of the 50 PhDs on the team
were more interested in work that would lead to an individual publication than in
working as a team to advance the program.

As we will see, such criticisms gained traction over the course of the 1980s.
As AT&T lost its regulated monopoly status and IBM’s market dominance
softened, both firms “reverse[d] the trend toward university-like research.”’

When the STM first arrived in the United States, though, discipline-
based basic research was still strong at both IBM and Bell Labs. Research-
ers perceived significant incentives to investigate questions of importance
to their disciplinary peers, even when the relevance of those questions to
their employers’ needs was ambiguous. Managers saw the ability to answer
those questions as an important criterion in evaluating both techniques
and personnel. Managers compared researchers to their disciplinary peers
both inside the organization and at other leading organizations in that

field. In surface science, a field in which Bell Labs and IBM Research were
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perhaps the top organizations, researchers from each firm monitored—
and tried to leap ahead of—developments at the other. Once the STM was
ratified as an important tool of surface science, therefore, its proliferation
within these organizations was almost inevitable.

The Early Adopters

Surface science’s gatekeeping function can easily be seen in the way tun-
neling microscopy was first adopted at Bell Labs and at IBM's US research
facilities. When the technique was initially being imported from Zurich,
established surface scientists held back until the STM's relevance to their
discipline had been demonstrated. Junior researchers therefore took on the
task of proving both their own surface-science capabilities and the STM's to
those senior researchers.

For instance, the most important early theoretical understanding of STM
images was developed by a Bell Labs postdoc, Jerry Tersoff, with the guid-
ance of a senior theorist, Don Hamann. In late 1982, Hamann was asked to
referee Binnig and Rohrer's Physical Review Letters article on the silicon 7x7.
As he puts it, “I looked at that and I said ‘Hot damn, this is so exciting.’”'*
But, as a referee, Hamann couldn’t act on the 7x7 data until they had
been published. He knew, however, about the earlier (in his words) “ho-
hum” STM images of gold that were already published. He tasked Tersoff
with using the Zurich team's gold (110) data to derive a simple, easy-to-
understand theory of how an STM images surfaces. Whereas many exper-
imentalists considered the STM theories then coming out of Zurich too
complex to be useful, the Tersoff-Hamann approximation quickly became
a handy heuristic for surface-science STMers. "

Note the importance of the silicon 7x7 in stimulating Tersoff and
Hamann'’s interest in the STM. Hamann could have taken action when
he first saw Binnig and Rohrer’s work on gold. Gold, however, was not of
great importance to the network of surface scientists at Bell Labs in the
way that the 7x7 was. Yet this was not because the 7x7 was of significantly
more direct practical relevance to AT&T. True, silicon was a commercially
important material for the telecommunications giant; but the silicon used
to make integrated circuits has a different crystalline orientation than
the 7x7—so fundamental knowledge of the 7x7 didn't translate easily to
improved methods for making microchips. Moreover, research into the
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atomic geometries of surface reconstructions was predicated on a much
higher degree of cleanliness and precision than the microelectronics manu-
facturing of the early 1980s. Semiconductor firms today are approaching
atomically precise manufacturing, but at the time basic research in surface
science was decades ahead of manufacturing capabilities.

Fundamental knowledge of surface reconstructions was certainly not
irrelevant to manufacturing, but its relevance was largely indirect or medi-
ated. One prominent surface scientist at Xerox sums up corporate research
on semiconductor reconstructions as “an elaborate recruiting and sociali-
zation scheme,” a “funnel” for transferring useful skills (e.g., familiarity
with ultrahigh-vacuum equipment) to new personnel and moving some
of them to more mission-oriented parts of the organization.”” Such dif-
fuse objectives, however, did little to specify the content of corporate sur-
face science. Practitioners were relatively free to elevate some questions
over others on disciplinary criteria rather than on the criterion of relevance
to manufacturing. The 7x7 was “probably the most studied of the recon-
structed surfaces of semiconductors,” a “long-standing question of funda-
mental importance for semiconductor surface physics,” more because of
its clear, intricate LEED signature and its perplexing indecipherability than
its importance in manufacturing.’' Yet those disciplinary criteria mattered
a great deal. A new technique that shed light on a “ho-hum” reconstruc-
tion counted for little in the eyes of senior surface scientists like Hamann,
but a technique that shed light on the 7x7 commanded instant attention.

Thus, without the 7x7 it would have taken much longer for the first STM
to be built at Bell Labs. In 1982, a young x-ray physicist, Jene Golovchenko,
moved into a Bell Labs surface physics group and began looking for a new
project. Golovchenko hadn’t been trained as a surface scientist and there-
fore “didn’t have a very big investment in surface physics,” even if his short-
term prospects depended on proving himself in that field.”” As a result, the
standard techniques of surface science, particularly LEED, held less attrac-
tion for Golovchenko than for more established surface scientists: “I hadn't
been brainwashed into [believing] something [i.e. LEED] was the answer."*
That may have made him more willing to take a risk on an unproven instru-
ment to which established surface scientists were not yet ready to commit.

Golovchenko learned about the STM “a little before the big home run”
(i.e., the silicon 7x7), and decided it “had all of the romance of being a
challenging instrument to make work.”** He assumed this would be an easy
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project, largely because his previous x-ray experiments involved very fine
motion control using piezoelectric crystals—much like the piezoelectric
motion control for the STM tip. His supervisors, however, were reluctant
to provide the resources needed to build an STM. For them, Golovchen-
ko's lack of identification with surface science counted against him. They
assumed that if “this was really a worthwhile direction to goin . . . some of
the people more ensconced in surface physics at Bell Labs would've done
it.” 2 In fact, at least one Bell Labs surface scientist, John Arthur, had tried
to reproduce some of Russell Young's work in the 1970s, but his colleagues
had “greeted [the Topografiner] with a ho-hum attitude.”*®

Their response in the 1980s was no different, and Golovchenko’s pro-
posal was put on hold. In desperation, Golovchenko invited Rohrer to give
a talk at Bell Labs. Between the invitation and the lecture, word of the
first 7x7 papers began to spread. As a result, Rohrer spoke before a packed
crowd. Golovchenko: “I was just so thrilled because when [ started I didn't
really detect much support, and now people were sitting in the aisles in
this auditorium. It was the most crowded 1'd ever seen it.””” From that
point on, Golovchenko's supervisors committed both funding and sub-
stantial political capital to setting up an STM program.

Before the 7x7, managers at IBM's flagship lab, the Thomas J. Watson
Research Center (often referred to informally as IBM Yorktown), were mar-
ginally more interested in importing the STM than their Bell Labs counter-
parts. However, the best path for tunneling microscopy to cross the Atlantic
was unclear. Yorktown management, and Binnig and Rohrer themselves,
may have thought that electron microscopists would be the group mostin-
terested in, and equipped for, building an STM. Thus, Oliver Wells, a senior
Yorktown electron microscopist, went to Zurich to learn the basics and re-
cruited a postdoc, Mark Welland, to help him build an STM. Yet this effort
never came close to repeating the Zurich team’s triumphs. After the 7x7
made it clear that surface scientists were the constituency most interested
in STM within Yorktown, Welland drifted into the group of Joe Demuth,
a senior Yorktown surface scientist who was beginning an STM program.

The first successful replication of the STM at Yorktown was done, not
by an electron microscopist or by an established surface scientist, but by
Randy Feenstra, a newly hired staff scientist fresh from graduate school at
Caltech. Like Golovchenko, Feenstra had no training in surface science. But
he could see that his own field, the physics of defects in semiconductors,
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was (in his words) “mature.”*® Feenstra believed surface science was “still
on the upswing, it was by no means a mature field. . . . Most of the prob-
lems were unsolved at that time.” Thus, like Golovchenko, Feenstra was
looking for a project that would introduce him to surface science, but
which more senior colleagues were too cautious to attempt.

While traveling with a large Yorktown delegation in the summer of
1982, Feenstra visited the Zurich lab and saw the STM. Even though the
Zurich STM was still notoriously difficult to operate at that point, and
hadn't yet revealed anything that most surface scientists found very inter-
esting, Feenstra was interested. At dinner that evening, he later recalled,

Seymour Keller who hired me at IBM . . . said "well I think somebody from York-
town should come here and look at the STM and go back to Yorktown and build
one.” I'said "I'll do it!” Really, it was just like that. He sort of looked and said “why
don't you think about it a little bit?” So I thought about it and I still wanted to do it,
because it was surface science, it was something new, it looked like a good project.”

Within a few months, Feenstra was back in Zurich, like Wells, to learn the
basics of STM.

Replication

In fact, a long succession of STMers made what Jim Murday calls the “pil-
grimage to Zurich.”*” Many found it useful just to take a look at the origi-
nal microscope and ask basic design questions. But it didn’t seem to matter
whether these visitors spent six months or an afternoon in Zurich. Feen-
stra’s pilgrimage was particularly complicated by overblown promises by
Yorktown management that Feenstra knew enough surface science to
help the Zurich team with its sample-preparation problems. More gener-
ally, early visits to Zurich were hampered by the slow, unreliable state of
the instrument. “Back then,” Feenstra later recalled, “it was damn slow
and very painstaking. . .. But nevertheless I fiddled around and learned
about the instrument and had a good time, went out drinking beer with
the people from Zurich. It was fun.”*'

By the time Feenstra returned to the United States, IBM management
seems to have learned two lessons. First, initial replication of the STM at
IBM's US sites should be undertaken by surface scientists. Second, trips to
Zurich should be kept short. When the IBM lab in San Jose (known as IBM
Almaden) assembled an STM group in 1983, management hired two surface
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scientists: Robert Wilson, just completing a postdoc at Bell Labs, and Shir-
ley Chiang, just finishing her PhD work at Berkeley. Wilson went to Zurich
for a few weeks, before he and Chiang had gotten very far. Later, Chiang
stopped by the Zurich lab for a day, as a side trip during her honeymoon.*

All of these IBM groups in North America struggled at first to build a
working STM. Wells eventually gave up on his STM. Feenstra and the
Wilson-Chiang team toiled for nearly two years without achieving atomic
resolution—the yardstick of whether one had a working STM.* Jene Golov-
chenko could not get atomic resolution either, nor could three other Bell
Labs scientists—]Joe Griffith, Young Kuk, and Russell Becker—who began
building STMs soon after him. The delay in replicating the STM made life
difficult for these junior researchers. As Joe Griffith remembers it, Kumar
Patel came back from seeing a rudimentary STM at Stanford

and announced “if a Stanford graduate student could build an STM in six months
an MTS [member of the technical staff] at Bell Labs should be able to do itin a week-
end.” So we all said “okav, we'll do that.” And two years later we got atoms. That was
a long two years, especially that last six months. I really didn't like walking down
the halls, I didn't want to run into my management because the pressures were just
huge. But fortunately everybody else was having trouble too. Binnig and Rohrer
were having difficulties getting it to work again.™

What Patel didn't know was that the STMers at Stanford—and Basel, Ma-
drid, Santa Barbara, and everywhere else—were also struggling with atomic
resolution. Building “an STM,"” and even getting it to do stationary vacuum
tunneling, seems to have been a relatively easy task in this period. The se-
cret to getting an STM to image single atoms, however, refused to travel
from Zurich through the end of 1984.

New STMers who went to Zurich were apparently unable to bring this
secret back with them. One alternative was to bring Zurich to the new
STMers instead. In 1985-86, Binnig and Gerber traveled extensively, help-
ing new STMers achieve atomic resolution. As one such researcher remem-
bers it, his STM “was sort of running but not running very well [until
Binnig visited], flipped some switches and played with it, and, wow, magi-
cally this beautiful image just popped out.”* Another way of transferring
the tacit knowledge needed for atomic resolution was for a group of new
STMers to meet with a member of the Zurich team. But there were so many
inter- and intra-organizational rivalries at IBM and at Bell Labs that none

of their staff members moved to convene such a meeting.
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The call for an emergency “workshop” came from Calvin Quate, a Stan-
ford professor of electrical engineering and applied physics. Quate had
spent most of the 1950s at Bell Labs and had a large network of former stu-
dents and postdocs at IBM, so he knew what the corporate STMers were
facing and could act as a neutral party. In late 1984, he convinced a former
student, Alex de Lozanne, to organize a small meeting in Cancun for about
adozen aspiring STMers plus Heinrich Rohrer. Despite the scenic surround-
ings and the wintry conditions back home, most of the attendees say they
were too focused on the difficulties they were having with their STMs to
enjoy the resort. Instead, they sat in a hotel suite and gave a series of frus-
trated, shoulder-shrugging presentations describing their STMs and trying
to figure out how to get atomic resolution.*® Attendees included Feenstra
from Yorktown; Golovchenko from Bell Labs; Wilson from Almaden; Bob
Jaklevic from Ford; Quate and de Lozanne; Paul Hansma from the Univer-
sity of California at Santa Barbara; Rohrer; Nico Garcia from Madrid; John
Clarke, a Berkeley physicist; and Lynn Swanson, a field emission researcher
at the University of Oregon who was probably there to comment on the
anomalous behavior of STM tips. The tone of the meeting was downbeat.
Most groups were nearing the end of their tether, and some attendees recall
that other participants expressed doubt that the Zurich results could be
replicated.

Yet whatever inside information the new STMers learned from Rohrer or
taught each other at Cancun (how to prepare tips, where to buy piezo crys-
tals, how to use a voltage pulse to clean a tip, etc.) worked. At the March
1985 meeting of the American Physical Society—just four months later—
Golovchenko, Quate, and Feenstra were able to show atomic-resolution
images to a packed audience. The other attendees, slowly but steadily, fol-
lowed suit. In some cases, the knowledge of how to build an STM then
spilled over from the groups that had been at Cancun to other STMers
working cooperatively and in close proximity in the same organizations.
For instance, Joe Griffith, whose STM was housed in the same cramped
tractor shed at Bell Labs as Golovchenko’s, attained atomic resolution not
long after Golovchenko returned from Cancun. In other cases, different
STM teams within the same organization were barely on speaking terms.
Competition among STM groups limited both the willingness of already
successful groups to share information and the willingness of newcom-
ers to ask for it. For these people, access to disciplinary knowledge (of
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surface science), as transmitted to them through their organizations, aided
replication.

A prime example is Joe Demuth’s group at Yorktown. Unlike Feenstra,
Demuth was already an accomplished surface scientist and a senior research
manager when he embarked on STM. When STM was still an unproven
instrument of little use to surface science, Demuth—Ilike most senior cor-
porate researchers—shied away. But in 1984, after the silicon 7x7 images
had appeared, Demuth began to build his own STM. Unlike Feenstra,
Demuth could increase his STM effort quickly by drawing on resources and
personnel that weren’t available to more junior staff scientists. Demuth
hired a team of specialists, each of whom contributed some piece of the
tacit knowledge needed to build an atomic-resolution STM. First, Mark
Welland moved to Demuth’s group from Oliver Wells’, allowing Demuth
to draw on the experience of someone who had tried to build an STM. By
early 1985, Demuth, Welland, and another postdoc, Everett van Loenen,
had built an STM that was capable of vacuum tunneling but could not
resolve individual atoms. Then, that February, Demuth hired another post-
doc, Bob Hamers, a talented instrument builder with the skills in electron-
ics they needed to make their STM less noisy.”’ Finally, Demuth brought in
Ruud Tromp, another recent PhD whose graduate research had been on ion
scattering as a means of determining the atomic structure of several semi-
conductor reconstructions including the silicon 7x7.%

Tromp provided the disciplinary know-how for preparing samples and
interpreting images—something the STMers who were new to surface
science (including Golovchenko, Feenstra, and Quate) lacked at first. Thus,
the time between when Demuth assembled his team (February) and when
they got their first atomic-resolution images (May) was much shorter than
for the other groups. My point here is that, as sociologists of science have
noted, communities make replication of experiments possible. Distributed
networks of practitioners both facilitate the movement of tacit knowledge
needed for replication and establish the criteria for deciding whether an
experiment has been successfully replicated. However, more than one com-
munity may possess the resources and criteria needed to accomplish any
given replication.

Some early STMers learned to replicate the technique largely through
interactions with other members of the instrumental community—as at
Cancun. For others, though, the network of practitioners that supplied the
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tacit knowledge they needed to achieve atomic resolution was the corps
of non-5TM surface scientists within their organization. These surface sci-
entists gave their STM colleagues advice, especially about how to prepare
samples.” The problems that interested these surface scientists (semicon-
ductor surface reconstructions, especially the 7x7) framed the criterion
for a successful tunneling microscope—atomic resolution of those surface
reconstructions—by which most early STMers were evaluated. Proximity
to the surface-science community could aid in achieving that criterion as

much as proximity to the growing STM community.
Competition at All Scales

The race to have a working STM had serious implications. The big cor-
porate labs, particularly IBM Yorktown and Bell Labs, were fiercely com-
petitive organizations, and Machiavellian intrigue was common. Rivalries
between the two companies, between research groups within them, and
even between individuals within a group influenced how science was done.
The competition between Yorktown and Bell Labs in surface science was a
kind of cold war, with its own arms race of theories and experiments. Man-
agers at Yorktown, therefore, were enthusiastic about the STM’s potential
for scoring points against Bell Labs.*

Within both IBM Yorktown and Bell Labs, each of the STM groups that
sprouted in the mid 1980s competed for limited resources: money, person-
nel, lab space, and so on. The jousting for lab space is particularly indica-
tive of the competitive atmosphere in which STM groups worked. In the
early days, an important impediment to atomic resolution was the vibra-
tion problem that bedeviled Russell Young at the National Bureau of Stan-
dards. Thus, many STMers tried to grab the quietest, least-trafficked areas
of their buildings. Junior researchers were sometimes given unsuitable lab
space at first, particularly if their group leaders were supervising many
other projects and saw the STM only as a side bet. Bob Hamers and Ruud
Tromp, for instance, had to build their first STM in a lab next to a noisy
freight elevator, and they could get vibration-free images only if they ran
the instrument late at night or on weekends.

Grabbing quiet space became a test of an STMer’s bravado and of his or
her supervisor's political skills. For instance, when the electronics shop at
Yorktown moved into new rooms, Hamers and Tromp simply (in Tromp's
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words) “squatted” in the abandoned quarters until they were kicked out.
After that, Tromp recalled, “we had spotted this empty office so we took
all our stuff—our STM, which was on casters, and the electronics—and at
night we wheeled it to the back lab and we started squatting in that office.
And the office actually never got converted back to an office again, it
became our lab.”*! At Bell Labs, Jene Golovchenko went around the build-
ing testing the floors with vibration sensors. Eventually he commandeered
the quietest spot he could find for his STM: the projection room behind
the auditorium. Even there, there were too many vibrations from people
and equipment, so Golovchenko set his sights on a tractor shed at the far
end of the Bell Labs property. It took fierce bureaucratic infighting to secure
this space, though. According to Joe Griffith, “the Buildings people were
not happy about giving up a tractor shed for a lab. Well, next door to that
tractor shed was in fact a lab, owned by one of the directors in my organi-
rzation [Area 15, materials research]. Jene went after that lab first. . . . The
owner, Bob Laudise, fought them off ferociously. . . . Laudise was just abso-
lutely livid because | was associated with them. He called me into his office
one day and just let me have it. . . . But finally, Kumar [Patel] was very
powerful in those days. . . . When he wanted something to happen it hap-
pened. So they got the tractor shed set up and we were out there for some
years.”* This shed became quite famous in the STM community. Until the
early 1990s there were often multiple microscopes in operation there. The
close confines allowed the quick circulation of ideas, designs, samples, soft-
ware, equipment, and everything else needed to make an STM work.

Most STM groups at Bell Labs and at Yorktown didn't have as close a
camaraderie as the denizens of the shed. In fact, management pitted these
groups against each other, so that advancement depended on outmaneu-
vering local competitors.* This led to bitter rivalries, and occasionally to

skullduggery. Stan Williams, a former Bell Labs surface scientist, recalled:

There was a significant fraction of people there who were ultra-competitive and . . .
absolutely determined to rise to the top by any means necessary, including sabo-
taging each other's experiments and stealing each other's data. Somehow the upper
level management of Bell Labs thought that was okay. . .. There were bitter, bitter
feuds between people within Bell Labs working on similar things. . .. I'd show up at
my lab in the morning and I wouldn't know which door there would be blood pour-
ing out of from the actions of the previous night,**

In such an environment, it was important for a junior researcher to have

the right supervisor:

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 89

http://site.ebrary.com/id/10509221?ppg=89

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Adopting, Adapting, Departing 75

Unless you had a very, very strong department head, the end of the story was you
were screwed. My department head was a very nice guy, but he wasn't very politically
connected. He wasn't very strong and it was clear to me that my long-term prospects
at Bell Labs wouldn't be very good unless I joined this group of throat-cutters.*

A good supervisor secured resources (such as the tractor shed) and navi-
gated the bureaucracy, leaving the STMers they managed to focus on get-

ting their instruments to work.
Sameness and Difference

The most helpful group leaders were those who knew surface science well
and could suggest appropriate research problems. Pursuing such problems
allowed STMers to impress both the wider discipline of surface science
and the large surface-science contingent within their organizations. Yet,
because corporate surface-science STMers took their experimental cues
from the same disciplinary canon, and often from the same pool of senior
managers in their organizations, their work (especially at the start) clus-
tered around a relatively small set of problems. This narrow focus, com-
bined with the intense competitiveness of the corporate labs, meant that
these STMers looked to each other almost to the exclusion of the rest of the
STM community. Joe Griffith recalled that when he and a co-author wrote
a review article on STM in 1990 “all of the examples that we gave in that
article were either from this building [Bell Labs" Murray Hill site] or [IBM]
Yorktown Heights. It was as if the rest of the world didn't exist.”*

The enforced sameness sometimes produced convergences that, to the
outside world, looked self-defeating. For instance, at one point the Wilson-
Chiang group at IBM Almaden and the Hamers-Tromp-van Loenen-Demuth
group at IBM Yorktown were studying the same surface reconstruction of
silver deposited on silicon without being aware of the duplication of effort.
In fact, the two groups came to exactly opposite conclusions. Both groups
produced STM images showing what appeared to be individual atoms lying
on top of the deposited silver. One group thought these adatoms were
silver; the other thought they were silicon. When the two groups submitted
papers to Physical Review Letters only four weeks apart, the editors, perhaps
as a joke, placed them back to back in the issue dated January 26, 1987.
As Ruud Tromp recalled, this “gave rise to some amusement in the com-
munity” and to some embarrassment within IBM.* Thus, even though cir-
cumstances pushed IBM and Bell Labs surface-science STMers to converge
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on the same set of problems, there were great disadvantages to working on
exactly the same problems. Supervisors evaluated these STMers in part by
comparing their work to that of their colleagues, but supervisors also evalu-
ated whether STMers possessed the initiative and creativity to branch off in
new directions.

Perhaps no episode illustrates this balancing act better than Joe De-
muth's attempt to batch-produce his STM design. Demuth was not the
first to supply standardized STM parts to IBM researchers. Othmar Marti,
a graduate student at the ETH (Swiss Federal Institute of Technology) in
Zurich had earlier made a batch-produced electronics package called the
“Blue Box” for IBM Zurich researchers. Demuth’s more ambitious aim was
to make a complete STM available to every group at Yorktown that wanted
one. Thus, his group helped the Central Scientific Services (CSS) unit at
Yorktown design and then produce about a dozen §TMs, primarily for use
at Yorktown and at other IBM Research sites near there. Management made
these STMs essentially free—groups didn't need an extra line item in their
budget to acquire one. It's an indication of how large and inward-looking
IBM was that the internal STM market was so important, but no attempt
was made to commercialize these STMs externally.

The people who used these microscopes tended to be surface-science
postdocs whose supervisors were finally taking an interest in STM. In
fact, the design was so tuned to the needs of surface scientists that post-
docs who tried to use these microscopes for something other than surface
science sometimes couldn't even get them to work. That was one reason so
few of the instruments left Yorktown. Dawn Bonnell, one of the postdocs

who used the CSS microscope, recalled:

IBM was concerned that these machines [the CSS STMs] would go out [of Yorktown].
The instruments were really touchy. . . . Everything [on those STMs] was tuned to be
high resolution . . . which meant it was also easy to become unstable. You could just
tweak it [and] you could have circuits oscillating. IBM was worried that people not
familiar with the instruments would be frustrated with that level of sensitivity and
would blame them. It was not a product and hadn't gone through all the things that
attorneys like it to go through to be robust and to have no bugs in the program.™

For postdocs who wanted to quickly get ahead in surface-science STM, the
batch-produced STM saved a significant amount of time. Yet because the
CSS instrument was optimized for such a narrow range of experiments, it
had the dangerous potential to channel users into research that was too

similar to what other groups were doing.

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 91

http://site.ebrary.com/id/10509221?ppg=91

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Adopting, Adapting, Departing 77

Thus, Yorktown postdocs approached the CSS STM knowing that they
would have to show their supervisors that they had their own experimen-
tal skills, that they could have built their own STM had they wanted to,
and that they could devise approaches to surface-science problems that
were better than those of the Demuth team, or that were too sophisti-
cated to have been packaged into a batch-produced instrument. As a result,
many of them rewrote the batch-produced STM's software as they devised
new capabilities that departed from its origin in the Demuth group.*

The challenge for these early STMers at Bell Labs and at IBM was to
operate within the shared framework of surface science while distinguish-
ing themselves from other STMers enough to establish a distinct experi-
mental identity. If they wanted to be recognized by surface scientists, there
were some red lines that were difficult to cross—for instance, they had
little choice but to build microscopes for operation in ultrahigh vacuum,
since that was the most conducive environment for keeping metal and
(especially) semiconductor samples well defined and clean enough to sat-
isfy other surface scientists.

But surface science also offered a menu of experimental hardware that
the Bell Labs and IBM STMers could productively pair with the STM. Thus,
they began using their microscopes in conjunction with surface science's
standard tools for preparing samples, such as evaporators and sputterers.
Several STMers at Bell Labs and at IBM were also among the first to build
instruments that could operate at low or variable temperatures, so as to
better observe phenomena of interest to surface scientists (e.g., the diffu-
sion of adsorbates). These STMers also began to place their microscopes in
vacuum chambers with established surface-science instruments.

At the time, semiconductor surface science’s most important tool was
low-energy electron diffraction, the primary method for generating data
on surface reconstructions. It was deeply entrenched at the big corporate
labs, so STMers in those organizations were mindful of the views of its prac-
titioners. Yet because STM was a potential competitor to LEED, some prac-
titioners of the older technique were skeptical. For LEED’s adherents, STM
images seemed too localized—there was always a possibility the STM image
came from some small patch of the sample that had reconstructed differ-
ently than the rest of the surface. STMers at Bell Labs and at IBM had to
answer this criticism if they wanted continued backing from their organi-
zations. Some did so by mathematically transforming their real-space STM

images into inverse-space images very roughly akin to those produced by
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Figure 3.1

An image of the silicon 7x7 made by juxtaposing a series of line scans on a chart
recorder. Reprinted, with permission, from J. E. Demuth et al., “A Scanning Tunnel-
ing Microscope for Surface Science Studies,” IBM Journal of Research & Development 30
(1986), no. 4: 396-402.

LEED.*” Comparing these faux-LEED images to real LEED patterns allowed
the STMers to assert that they really were observing the surfaces they said
they were. A more robust response that some pursued was to increase the
area that the STM tip could scan. The more area covered, the less LEED spe-
cialists could dismiss an STM image as a fluke.

As was noted in chapter 2, one feature of surface science at IBM and at
Bell Labs was that its practitioners had access to high-power computation,
and they relied much more heavily on it than surface scientists at most
universities or government and corporate labs did. This characteristic also
showed up in Bell Labs' and IBM Yorktown's appropriation of the STM.
The STMers there experienced far more organizational pressure to make
their instruments compatible with computer control than other members
of the instrumental community did. In contrast to STMers at Yorktown
and at Bell Labs, academic probe microscopists of this period often built
large racks of analog electronics and used them to produce subtle, virtuoso
images that would have been difficult then to make with a digital control-
ler. They archived those images by taking photos of oscilloscope patterns
or by running the microscope’s output through a television and using a
videocassette recorder to record their data, rather than storing results in
computer memory.*!

Even Binnig and Rohrer, though working for IBM, resisted computer
control. One Bell Labs STMer recalled:
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Figure 3.2

An image of the silicon 7x7 made by digitizing STM data and then using software to
fill in space between line scans. Note how much easier this version is to “read” than
figure 3.1. Reprinted, with permission, from Demuth et al., “A Scanning Tunneling
Microscope for Surface Science Studies.”

At dinner [Rohrer] was bragging that they had real knobs on their STM, they don't
do all those computer things, they don't like those computers. That really hobbled
them in the year or two after [the 7x7] because they were using a strip chart recorder
to make the traces while the rest of us immediately set about writing programs to
run personal computers.*

Rohrer even tried to get Yorktown STMers to follow suit. As Bob Hamers
recalled, “Rohrer came in one day and ... said ‘vou should throw away
that computer, you should get a chart recorder.’”** Yorktown management,
on the other hand, aggressively encouraged researchers to adopt each new
version of the IBM PC as it came out. STMers at Yorktown and at Bell Labs
wrote copious amounts of software for their instruments. This software
made understanding and analyzing STM images far easier than with ana-
log methods such as chart recorders and photographs (compare figures 3.1
and 3.2).

How a research group implemented such software said a lot about its
position in an organization like IBM Yorktown. For instance, the most dis-
tinctive difference between the Feenstra and Demuth groups’ §TMs lay in
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computer control for scanning tunneling spectroscopy. Using an $§TM as a
spectroscopic tool was a nearly automatic choice for surface scientists. After
all, most of the instruments invented by surface scientists in the 1970s
were spectrometers of various kinds. To integrate the microscope fully with
surface science, STMers would need data that could be compared against
results obtained by means of infrared spectroscopy, x-ray photoemission
spectroscopy, and other varieties of spectroscopy. “Spectroscopy” here just
means the ability to put some range of inputs into a surface and get some
output dependent on that range. The idea, usually, is to learn about the
energies associated with electrons or molecules at the surface. The way to
do this with an STM is to pass the tip over a point on the sample and vary
the voltage between the tip and the sample over some range.

The Feenstra group—younger, less established, less connected to York-
town's resources than the Demuth group—devised a spare, elegant, low-
cost technique for tunneling spectroscopy that could be done with a
personal computer rather than a mainframe. Randy Feenstra and his post-
doc Joe Stroscio simply scanned the tip in one direction at one voltage,
then back at a different voltage. The technique yielded an image of gallium
arsenide that was featured on the cover of Physics Today. Electron energy
states associated with the gallium atoms (depicted in blue) showed up at
one voltage, the states associated with the arsenic atoms (depicted in red)
at another voltage.**

The Demuth group, meanwhile, devised a technique that pushed the
boundaries of computer memory and required an expensive mainframe
computer to process images. Their algorithm stopped the tip at each pixel
in the scan and ran the voltage through a range of 24 values. That is, they
produced 24 images for each image that other groups produced. Such a
large amount of data (by early 1980s standards) could be exploited effi-
ciently only by a large lab group with access to the top-line resources of a

very large research organization. Hamers describes the process thus:

[Tt would take about half an hour to make an image. Then in order to see itin a
grayscale format, we used to have to copy it to the mainframe computer system over
a 9,600-baud line, and then run a FORTRAN program to convert the data to a gray-
scale format, walk down to the graphics laboratory where they actually did have
grayscale monitors, and after about half an hour vou’d be able to see what the image
vou just took was like. So sometimes . .. you just had to have a team, one person
watching the instrument and one person trying to analyze the data and just run
back and forth to see what was going on.*
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Using this technique, the group gained acclaim for images showing dif-
ferent bond energies at each adatom of the silicon 7x7 and for correlat-
ing those bond energies to spectroscopic measurements made with other
instruments.

Departing

Once they replicated the technique, the surface-science STMers at IBM
and at Bell Labs were extraordinarily productive. They were able to use
the disciplinary canon of surface science to devise courses of experiments,
each new experiment building on the previous one in ways articulated by
surface-science questions. For instance, the Golovchenko group was prob-
ably the first to replicate the Zurich team's atomic resolution of the sili-
con (111) 7x7 reconstruction. This then led to a quick series of papers on
closely related reconstructions of the silicon (111): the 5x5, the 9x9, even
the 11x11. Similarly, the Demuth group, having been recognized for its
spectroscopic work on the 7x7, quickly moved on to spectroscopy of the
silicon (111) 2x1 and silicon (001) 2x1. Randy Feenstra began with silicon,
then decided to specialize in more exotic semiconductors: germanium, gal-
lium arsenide, and eventually gallium nitride.

At Almaden, Shirley Chiang and Robert Wilson, after some initial work
on semiconductor samples, moved on to metals, including gold, plat-
inum, copper, and rhodium. They then deposited organic molecules on
metal substrates—for example, naphthalene, azulene, and several methyl-
azulenes on platinum. Don Figler, who had been a postdoc at Bell Labs
before moving to Almaden, started out in STM by chasing a surface-science
dream of doing vibrational spectroscopy of the bonds in a single molecule
adsorbed on a surface. That project turned out to be so difficult that it was
not solved until ten years later. In the meantime, Figler found he could
produce publishable results quickly by systematically putting atoms and
single molecules on a metal substrate and imaging them: iron on copper,
benzene on platinum, oxygen on niobium, xenon on nickel.

All these researchers found surface science useful because it gave them
a menu of options that they could move through quickly, and ready-made
local and international audiences of people who would understand why
they were moving from one sample to the next. These courses of closely
related experiments allowed surface-science STMers to generate large
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amounts of publishable data quickly. In the short time available before
their postdoctoral fellowships ended or their staff positions came up for
review, they skillfully used the STM to accrue the credentials they needed
to climb the career ladder of surface science.

Thus, surface-science questions simultaneously aided the early STMers’
careers and fostered the initial proliferation of, and innovation in, probe
microscopy at Bell Labs and at IBM Yorktown and Almaden. Those
discipline-based questions, however, were generally in fundamental
research areas with relatively indirect or long-range relevance to AT&T's
and IBM's product lines. Once local surface scientists ratified the STM as
an important tool, however, managers at IBM and at Bell Labs began to
encourage the search for more “mission-oriented” variants: atomic force
microscopy, near field scanning optical microscopy, magnetic force micros-
copy, STM- and AFM-based data storage.

The turn toward mission-oriented probe microscopy was, in part, a
product of the changing prospects of AT&T and of IBM. In 1984, AT&T
divested itself of its regional operating companies in order to settle an
antitrust suit brought by the US Department of Justice. As a consequence,
about 3,000 people left Bell Labs to form a new company, Bell Commu-
nications Research (or “Bellcore”), that would be the research arm of the
now-independent regional operators. Some STM research was transferred
to Bellcore, though with a very mission-oriented flavor—for instance,
investigations of the surfaces of battery electrodes or fiber-optic cables.*®
At the same time, AT&T found itself in a crowded marketplace where it
was less able to justify basic research. By 1991, “the era of university-style

wa7

research at [Bell Labs] was over,” ' or at least in rapid decline. The remain-
ing STMers faced intense pressure to switch to more mission-oriented
fields, such as metrology for microelectronics manufacturing.*®

The collapse of IBM's mainframe market (and a general recession) in the
early 1990s almost led to that company's demise. As a result of the ensuing
austerity measures, IBM Research lost nearly 20 percent of its staft, and the
company as a whole shed a similar percentage of personnel.* More fun-
damentally, upper management came to believe that IBM's basic research
was too insulated from its manufacturing arm, and that the long time hori-
zons of basic research allowed competitors to exploit the best ideas coming

out of Yorktown, Zurich, and Almaden before IBM could.®” IBM still does
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high-quality fundamental surface-science STM today, but at a much lower
level than in the mid 1980s.

The disciplinary criteria by which the first STMers at IBM's research
sites in the United States and at Bell Labs were judged—and by which they
judged others—somewhat impeded their transition to this more mission-
oriented world. As Joe Griffith says of Bell Labs,

most of the people here doing probe microscopes were very serious surface scientists,
they wanted to see exactly where every little atom was on some surface that had
been very carefully prepared in ultrahigh vacuum. AFM was kind of a messy thing,
it was operating out in air and it wasn't completely clear that the theory was exactly
right on how the thing was working and it probably wouldn't do atomic resolution.
So everybody sort of turned their nose up at it.*'

At IBM, research in AFM, MFM, and non-surface-science STM was often
pushed by people with ties to Calvin Quate’s Stanford group, rather than
by members of IBM's cadre of surface scientists.

With the corporate environment at Bell Labs and at IBM becoming less
conducive to their research, many of the first-generation surface-science
STMers moved elsewhere. Some went to national laboratories that had
strong traditions in surface science. For instance, researchers at the National
Institute of Standards and Technology (the successor to the National
Bureau of Standards) had tried without success to copy an early Zurich
STM design, but they were not able to achieve atomic resolution until Joe
Stroscio joined them, having left Yorktown. Likewise, Bob Wolkow moved
from Yorktown to Bell Labs to the Canadian National Research Council,
one of the institutions that had championed surface science’s adoption of
the American Vacuum Society as its professional society in the 1960s.

More often, however, the early Bell Labs and IBM STMers took positions
at universities. Jene Golovchenko was one of the first, going to Harvard in
1987. A little later, Barney Webb and Max Lagally’s surface physics groups
at the University of Wisconsin recruited Golovchenko's technician, Brian
Swartzentruber, to do his PhD work there and build them an STM. Bob
Hamers later joined the faculty at Wisconsin. After the shake-up at IBM,
Randy Feenstra went to Carnegie-Mellon, and Shirley Chiang to the Uni-
versity of California at Davis. This outflow of personnel was, in fact, an ele-
ment of the business model of IBM and Bell Labs. As Kumar Patel put it,

A significant fraction of the people who leave our research division return to teach-
ing. Thereisn't a university solid-state or condensed matter physics department that
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is not heavily populated by people who were once here. It is a two-way street. We
send universities people who have been here 10 to 15 years and who then become

62

excellent faculty members. In turn, they send us their best students,

Changing economic conditions clearly accelerated this process, however.

Thus, the early proliferation of surface-science STMs within IBM and
Bell Labs later facilitated repeated site-to-site transfer of the technique
away from these organizations. The tunneling microscopists who left IBM
and Bell Labs took with them tacit skills that were useful in getting an STM
to work. They also sometimes took with them tangible aids to replication,
such as software. Their continuing ties to former colleagues at IBM and
at Bell Labs occasionally gave them access to surplus equipment (vacuum
chambers, dewar flasks, microscopes).** By moving elsewhere, they estab-
lished new centers of STM, where they then trained new generations of
practitioners—making STM an ever more prevalent surface-science tool. As
we will see in chapter 5, veterans of Bell Labs and IBM were not responsible
for commercializing surface-science STM, but they did establish the disci-
plinary rationale for STM that led other surface scientists to form a market
for commercial instruments.

The adoption of STM, in turn, changed what it meant to do surface
science. By making real-space visualization of surface reconstructions pos-
sible, the STM made one of the discipline’s favorite problems seem far less
exciting. Whereas in the 1970s a graduate student could write a whole PhD
dissertation on a surface reconstruction, today a grad student might devote
a chapter or less to solving a reconstruction.®* As Stan Williams (who took
up STM after his postdoc at Bell Labs) puts it, once the 7x7 had been solved
“people sat back and said, ‘OK, what did we really learn from doing this?’ It
was really pretty cool to solve it, but the question was ‘Are we going to put
more and more money into doing nothing but solving surface structures?’
The answer was No. It just wasn't interesting any more.”®

The STM also contributed to the rising costs of surface-science research.
In Williams’ words, surface science “was just so damned expensive to
do. ... A lot of young surface scientists [wanted to do] something that
was not as expensive, so surface science turned out to be a dinosaur in
some sense.”®® By the late 1990s, many of these people, including Wil-
liams, were accommodating themselves to the use of “nanotechnology” as
a new, more dynamic label for their research. Many of the 1980s-vintage
corporate STMers who are still working would today describe their work as
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Figure 3.3

Atoms of xenon arranged to spell "IBM"” on a nickel surface. Source: D. M. Eigler and
E K. Schweizer, “Positioning Single Atoms with a Scanning Tunneling Microscope,”
Nature 344 (1990): 524-526. Reprinted with permission from Macmillan Publishers
Ltd.

nanotechnology or nanoscience. Indeed, many of them now run the orga-
nizations that make up the nanotechnology enterprise. As of 2010, Dawn
Bonnell (formerly of IBM Yorktown) runs the Nano-Bio Interface Center at
the University of Pennsylvania; Bob Wolkow (Yorktown, then Bell Labs)
helped found Canada’s National Institute for Nanotechnology; Joe Stroscio
(Yorktown) is with the Center for Nanoscale Science and Technology at the
National Institute of Standards and Technology; Mark Welland (Yorktown)
founded the Nanoscience Centre at the University of Cambridge and is
a former editor in chief of Nanotechnology; Jim Gimzewski (Zurich) is the
director of the Nano & Pico Characterization Core Facility of the California
NanoSystems Institute (CNSI); and Paul Weiss (Bell Labs, then Almaden) is
the director of the CNSL

These scientists’ achievements in STM give them the credibility to be
leaders in nanotechnology. Yet in many cases their achievements that are
most obviously “nanotechnological” are exactly those that grew out of
corporate surface science. Perhaps the most famous image in nanotech-
nology, for instance, is Don Figler's STM micrograph of 35 xenon atoms

spelling out “IBM” (figure 3.3). Yet Eigler's technique for moving atoms
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was adapted from a trick he learned from Russell Becker in the tractor shed
at Bell Labs. Moreover, the reason Eigler was moving xenon atoms around
in the early 1990s was to answer questions posed by the Yorktown surface-
science theorist Norton Lang, and the reason he was working in STM in the
first place was because he had set out to do vibrational spectroscopy of the
bonds in a single molecule adsorbed on a surface. As we will see in chapter
6, proponents of nanotechnology often invoke the field's inherent inter-
disciplinarity. For a significant portion of the probe-microscopy commu-
nity, however, the path to interdisciplinary nanotechnology ran through
organizations that relied on the disciplinary tools, puzzles, networks, and

evaluative criteria of surface science.
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4 Variation and Selection: Probe Microscopy Comes to

California

As we saw in chapter 3, surface scientists at Bell Labs and at IBM quickly
formed a dense STM network (defined by both collaboration and intense
competition). This sub-community of probe microscopy initially expanded
within these two firms, but then carried UHV STM out into the wider
surface-science community.

The technique’s inventors, however, were not strongly or permanently
tied to surface-science STM. Binnig, Rohrer, and Gerber became adroit
enough at surface science to prepare samples and interpret images of skill-
fully chosen reconstructions, and as a consequence their 7x7 data secured
the STM a powerful constituency within IBM. The Zurich team aided vari-
ous surface-science STMers in getting started, and for a few years they con-
tinued publishing data on surface reconstructions themselves. Yet none
of the members of the original Zurich team were identified with surface
science in the way that early adopters at Bell Labs and at IBM Yorktown
were. Instead, their attention shifted relatively quickly from a search for
new surface-science applications for STM to a search for practitioners who
would develop new applications and variants of probe microscopy that
would not be as starkly defined by a single discipline or a small number of
organizations.

Initially, Binnig and Rohrer focused that search on European labo-
ratories with some tie to IBM Zurich. However, by 1985 two groups in
California—Calvin Quate’s at Stanford and Paul Hansma’s at UC Santa Bar-
bara—were emerging as the Zurich team’s most influential and like-minded
partners. This chapter traces the evolution of that relationship, and the de-
velopment of the Quate and Hansma groups into leading centers of probe
microscopy. As “centers,” Quate and Hansma'’s labs were places that other

probe microscopists looked to for high-quality innovations in design and
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application of the technique. Yet they were also “centers” in the sense that
they recruited, trained, or aided many new practitioners, served as clear-
inghouses for information about the technique, and presented a model of
how to do probe microscopy that others followed. Bell Labs and IBM were
“centers” in that sense for surface science. The Quate and Hansma labs
became “centers” of probe microscopy for a wider range of fields.

Yet these centers didn't necessarily hold. Many of the first probe micros-
copists in biophysics and biochemistry, molecular biology, electrochem-
istry, geology, materials science, electrical engineering, and other fields
sought Quate’s and Hansma's advice or collaboration when learning how
to work with this new technique. They turned their attention to their sepa-
rate disciplines, however, in making careers out of their mastery of STM,
AFM, and other variants. By the late 1980s, the “centripetal” motion of
new probe microscopists toward Stanford and UC Santa Barbara was bal-
anced by a “centrifugal” motion out toward various disciplinary audiences.
As the probe-microscopy community grew, it also diverged, so it became
increasingly difficult for practitioners working on different variants or in
different application areas to grasp the content or the importance of each
other’s work.

The relationship of new probe microscopists to central groups such as
Binnig's, Quate’s, and Hansma’s illustrates the complex intertwining of
technology and epistemology in an instrumental community. These cen-
tral groups improved the technology of the probe microscope in ways that
made it more applicable and more friendly to a wider range of disciplines.
Yet Binnig, Quate, and Hansma were not themselves expert in the disci-
plines they were catering to, and members of those disciplines were not
expert in probe microscopy. These conditions, therefore, created a great
deal of uncertainty about the proper interpretation of probe-microscopy
images and the proper design of the microscopes themselves. Binnig,
Quate, and Hansma were as innovative in developing ad hoc methods for
overcoming that uncertainty as they were in developing new variants and

applications of probe microscopy itself.

Zurich and California

Binnig and Rohrer made forays beyond surface science and beyond IBM
almost from the invention of the STM. Their most notable early success
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was in recruiting Nico Garcia, and then Arturo Baro, to bring the STM to
Madrid after sabbaticals at IBM Zurich. Garcia and Baro, like many early
STMers even outside Bell Labs and IBM, initially explored the STM's appli-
cation to surface science. Yet they quickly departed from surface scientists’
chosen materials and criteria for successful STM. For instance, as early as
May 1985, Garcia, Baro, and the Zurich team co-authored a study of STM
of bacteriophages that came nowhere near atomic resolution but did estab-
lish that the STM was capable of imaging biological materials.'

Binnig and Rohrer also encouraged nearby German and Swiss research-
ers to take up the STM. Some of these, including Henning Neddermeyer
at Ruhr-University Bochum and Karl Besocke at the Institute for Nuclear
Physics in Jiilich, were surface scientists. The Zurich team also took an
interest in fostering development of non-surface-science applications. For
instance, though neither Binnig nor Rohrer co-authored with Nedder-
meyer or Besocke, they did with Jiirgen Behm at the University of Munich.
Behm, a former visiting scientist at IBM Almaden, was one of the first to
develop applications for STM in electrochemistry. This was, in some ways,
a small conceptual leap from the Zurich team's work on surface reconstruc-
tions—Binnig characterized electrochemistry, which seeks atomic-level
information about surfaces immersed in an aqueous solution rather than
in a vacuum, as “a kind of underwater surface science.””

The Zurich team's early strategy for recruiting STMers seems to have
been to identity an application beyond, but easily extrapolated from,
surface-science STM, and then work with, or aid, a professional contact
who was in a position to realize that application. Many of these con-
tacts came through Rohrer’s large network of acquaintances, built over a
long career. For instance, one of the obvious early directions for STM was
a machine that could operate at very low temperatures. (Certain chem-
ical and physical phenomena are more easily observed or controlled at
very low temperatures.) Othmar Marti, a student from ETH Zurich who
had spent some time working at IBM in 1980-81, expressed an interest in
building such a low-temperature STM. Rohrer then convinced his own doc-
toral adviser at the ETH Zurich, J. L. Olsen, to be Marti’'s primary adviser;
Rohrer was his second adviser and oversaw his research at IBM.* Marti's
dissertation went on to become a widely circulated primer on the basics of

STM building that other groups used to help them get started.
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The Zurich team recruited Paul Hansma from UC Santa Barbara in a
similar fashion. Hansma was a specialist in electron tunneling spectros-
copy whom Rohrer knew from a sabbatical he had taken at Santa Bar-
bara in the 1970s. Reaching out to electron tunneling specialists such as
Hansma was a relatively obvious move for the Zurich team. After all, Rus-
sell Young had recruited Clayton Teague from that community to work on
the Topografiner in the 1970s. After publication of the Zurich team’s sili-
con 7x7 results, a few sandwich tunnel junction experimentalists, includ-
ing Bob Jaklevic at Ford Research, spontaneously built their own STMs. In
Jaklevic’s case, the transition from sandwich tunnel junction spectroscopy
to tunneling microscopy was aided by the fact that his laboratory director,
Norman Gjostein, was a surface scientist. At Ford, just as at IBM Yorktown
and at Bell Labs, the Zurich team's 7x7 results were pivotal in convincing
managers to free up resources to build an STM. (The Ford Research STM
was built by Jaklevic’s postdoc Bill Kaiser.)*

The Zurich team had made some initial forays into using an STM to do
tunneling spectroscopy, and their initial results helped inspire IBM col-
leagues such as Randy Feenstra to develop the technique further® Even
before then, however, Rohrer identified Paul Hansma as a perfect candidate
for adapting the STM for tunneling spectroscopy. After all, Hansma had lit-
erally written the book on tunneling spectroscopy.® So in the summer of
1981, Binnig (on Rohrer’s recommendation) stopped at Santa Barbara while
on his way to a conference in Los Angeles to convince Hansma to move
from sandwich tunnel junction spectroscopy to STM-based experiments.’

The next spring, one of Binnig and Rohrer's earliest and most important
converts simply fell into their laps. Calvin Quate, a professor in applied
physics and electrical engineering at Stanford, read about the STM in Phys-
ics Today while on a flight to London to pick up the Rank Prize for Optoelec-
tronics.® On arrival, Quate discussed the article with Eric Ash, a colleague
then at University College London. Ash had a former student at IBM Zur-
ich, through whom Quate arranged an impromptu visit. Impressed, Quate
returned to Stanford and refashioned his group into an STM lab.

Like Hansma, but unlike the earliest adopters of STM at IBM Yorktown
and Bell Labs, Quate was a senior researcher with a long track record. He
received a PhD in electrical engineering from Stanford in 1950, then spent
ten years in industrial research, largely at Bell Labs. In 1961, he returned to
Stanford, specializing in microwave research at a time when the university
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was using its expertise in microwave technology to secure funding from
federal defense research agencies and to connect to high-tech firms in
the Bay Area.’ In the 1960s, Quate made his name studying the coupling
between acoustic waves and microwaves—an area with applications in sig-
nal processing for radar and electronic communications. "

The political and (perhaps more important) budgetary turmoil of the
late 1960s and the early 1970s encouraged Quate to turn toward bio-
medical applications (and funding) for his research.'' To that end, he co-
invented the scanning acoustic microscope (SAM), in which an ultrasonic
beam launched through a sample carries information about the sample's
microscale properties to a detector. By rastering the ultrasonic beam, the
acoustic microscope builds up an image of, for example, organelles within
a cell. Quate found it difficult, however, to forge collaborations with bio-
medical researchers, so by the mid 1970s he had turned to an alternative
application: imaging defects inside integrated circuits. That application
created a small but enduring niche for SAM in the microelectronics indus-
try. Microelectronics firms particularly valued SAM for its ability to do
“non-destructive testing” (NDT)—that is, it allows a manufacturer to see
whether a process step (e.g., applying a thin film) has worked, without hav-
ing to destroy or damage the silicon wafer."

By the time he boarded his flight to London in 1982, Quate was begin-
ning to extricate himself from acoustic microscopy. He and his students
had generated images of biological materials with a resolution near the
instrument’s theoretical limits, but Quate hadn't been able to elicit as much
collaboration from life scientists as he and his funders had hoped. Quate's
group had also demonstrated the instrument’s relevance to microelectron-
ics manufacturing, and commercial manufacturers had begun to market
microscopes for that application with little need for further innovation
from Quate. Reading about the STM, Quate must have seen an opportu-
nity to take on a new project while retaining much of what he had learned
in acoustic microscopy. The STM and the SAM used very similar scanning
control electronics and very similar image display and processing tech-
niques. Perhaps more important, the STM seemed to offer the same non-
destructive testing capability as SAM, on the same semiconductor samples,
but at potentially higher resolution. Thus, Quate’s network of contacts—
and former students and postdocs—in the microelectronics industry would
be a ready-made audience for anything he did with STM.
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Technologies of Community

By 1983 a small non-surface-science network of STMers had begun to
emerge. This network was initially centered on Zurich—nearly every non-
surface-science STMer had some tie to Binnig and Rohrer. Hansma and
Quate were, at that point, geographic and intellectual outliers of this group.
Quate remembers that his first visit to see the Zurich microscope left little
impression on Binnig, and that the Stanford group’s “connections weren't
good enough to get preprints” from Zurich until after he sent Binnig cop-
ies of his STM'’s first images.'? But in the next few years, the ties between
the Zurich and California portions of the STM community became much
stronger. Binnig and Gerber spent most of 1985-86 in the San Francisco
Bay Area, splitting their time between Quate’s group and IBM Almaden,
and Othmar Marti spent 1986-88 as a postdoc in Hansma's group. When
Binnig and Gerber returned to Europe to set up an IBM research outpost
in Munich, Quate's student Doug Smith joined them as a postdoc. Later,
a student of Binnig's from Munich, Franz Giessibl, went to the Bay Area
to work for a start-up company affiliated with Quate’s group—a company
Marti also considered working for."

At the same time, the network of California STMers began to grow.
Many of the new members of this network had prior associations with
Quate or Hansma and also with each other. Two of Quate’s former students
who were working at IBM Almaden, John Foster and Dan Rugar, followed
their adviser's path and took up STM around the time Binnig and Gerber
were on sabbatical there (as did two former Quate postdocs, Kumar Wick-
ramasinghe and Clayton Williams, at IBM Yorktown). IBM funded Quate’s
early STM research, and continued to hire his former students (e.g., Andy
Bryant and Tom Albrecht) and postdocs affiliated with his group (e.g.,
David Braunstein).

In 1983, Rohrer gave a talk on the 7x7 at the American Physical Society’s
March meeting in Los Angeles that pulled in two more members of the
California STM network. John Clarke, a Berkeley superconductivity special-
ist for whom Hansma had worked as a graduate student, came back from
the meeting and convinced one of his graduating students, John Mamin, to
continue on as a postdoc and to help Clarke's group venture into STM. In
building their STM, Mamin and Clarke’s students David Abraham and Eric
Ganz benefited from their proximity to Quate's group at Stanford. They
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received advice from Quate’s postdoc Sang-il Park, and they used some ele-
ments of the Quate group’s design, such as a spring system with magnetic
damping (for vibration isolation) and later a magnetic walker (for bringing
the tip down to the sample), along with their own innovations. Later,
when Mamin got a job at IBM Almaden, he and Dan Rugar became long-
time collaborators in AFM, then in STM, then in MFM. " Clarke didn’t stay
in STM for long, but in that short time his group generated several much-
cited articles on the subject.’®

At the other end of the state, a Caltech chemist, John Baldeschwieler,
became interested in STM after one of his postdocs reported on Rohrer's
presentation in Los Angeles. Baldeschwieler was an experienced instru-
ment builder with a strong reputation in nuclear magnetic resonance spec-
troscopy and in ion cyclotron resonance spectroscopy; he was also deeply
involved in science policy circles in Washington.'” Though he started out
behind Quate and Hansma and never quite caught up, Baldeschwieler did
manage to mount a high-profile STM effort. He seems to have had only
limited contact with Quate and Hansma (indeed, Quate collaborated with
Baldeschwieler’s departmental colleague, Nathan Lewis, but not with Bal-
deschwieler). However, his efforts paralleled, and had at least an indirect
effect on, those at Santa Barbara and Stanford.

The relationship that made California the source of so many innova-
tions used by the worldwide probe-microscopy community, however, was
that between Quate and Hansma. Though they co-authored a few articles,
their interaction was largely informal. They sent each other drafts of
articles for comment, experimental materials, and sometimes students, and
occasionally they negotiated a loose division of labor as to what research
topics each should pursue. In turn, each built a network of collaborators
largely located on (though certainly not confined to) the West Coast of the
United States. As Binnig, Gerber, and close affiliates of the original Zur-
ich team (e.g., Marti) formed strong ties to Stanford and Santa Barbara, a
Zurich-California network emerged as a recognizable and important early
sub-community of probe microscopy. As we will see in the next chapter, its
importance was eventually amplified by its close affiliation with start-up
companies that commercialized STM and AFM.

One characteristic that set this sub-community apart somewhat was its
members’ interest in making it easier (for themselves and others) to build,
operate, and learn about probe microscopy. Binnig and Gerber set the tone
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1. Step Motor o
. (Louse) '

Viton Vibration -
Dampers for Wiring

(Spring Stage)

Figure 4.1

A small, vibration-free STM with Viton dampers developed by the IBM Zurich team
and copied by many early STMers. Reprinted, with permission, from C. Gerber et al.,
“Scanning Tunneling Microscope Combined with a Scanning Electron Microscope,”
Review of Scientific Instruments 57 (1986); 221-224 (copyright 1986 American Insti-
tute of Physics).

early by developing, and then sharing knowledge of, STM innovations that
made the microscopes less expensive and time-consuming to build, and
more stable to operate. For instance, Gerber, in an early attempt to broaden
tunneling microscopy's appeal beyond surface science, set out to design an
STM that could fit inside a scanning electron microscope.’ In the process,
he discovered that such a compact STM virtually eliminated the vibration
problems that had plagued the Zurich team (as well as Russell Young and
everyone else). As figures 4.1 and 4.2 show, this compact STM design, with
a “louse” for moving the probe and with stacks of Viton rubber for vibra-
tion insulation, was disseminated widely and was copied in detail.

During their year in the Bay Area, Binnig and Gerber were together
responsible for another innovation that made probe microscopes dramati-
cally easier to build and operate: the tube scanner. Earlier designs used

three perpendicularly stacked piezo crystals to control the fine movement

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 109

http://site.ebrary.com/id/10509221?ppg=109

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Variation and Selection 95

Figure 4.2

An early STM constructed by members of John Baldeschwieler's group at Caltech.
The three circular pads are the feet of the "louse” that carries the sample toward the
STM tip (the needle above and to the right of the louse). Total size: about 4 inches by
2 inches by 1 inch. Photograph by Gregory Tobias. Courtesy of Chemical Heritage
Foundation Collections. Note the strong similarity to figure 4.1.

of the probe. In those designs, the piezos were thin and brittle (and hence
easily broke off), and the process of gluing them together (and keeping
them glued) was laborious and unreliable. Binnig and Gerber, in the course
of helping the Stanford and Almaden teams devise more rugged STMs and
AFMSs, saw that orne stack of piezos could control fine motion in all three
directions. This “tube scanner” (so-called because the piezo stack usually
formed a hollow cylinder) was thicker and hence less fragile, and it proved
easier to assemble. Like the compact STM, this innovation spread rapidly
through the tunneling-microscopy community.

Quate and Hansma readily adopted this orientation to improving
microscope design so that STMs and AFMs could be built and operated
more easily. At the same time, the Zurich-California sub-community also
took the lead in establishing networking mechanisms that would allow
faster dissemination of those design innovations. We saw in chapter 3 that
Quate convened the Cancun workshop that was instrumental in enabling
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replication of atomic resolution. Even before that workshop, Rohrer had
arranged for a conference the next summer to be held in Oberlech, Austria,
under the auspices of the IBM Europe Institute. This meeting featured most
of the Cancun attendees, plus other early adopters from Furope and North
America. Whereas the Cancun meeting had been fraught with anxiety, the
Oberlech conference was boisterously good-natured. Probe microscopists
look back on it with exceptionally happy thoughts, especially about friend-
ships they struck up with other early adopters."

The following summer, Nico Garcia hosted an International Conference
on Scanning Tunneling Microscopy in Santiago de Campostela, Spain. This
event then became the basis for an annual meeting, known colloquially as
the STM Conference. Baldeschwieler’s group brought STM ‘87 to Oxnard,
California, about halfway between Caltech and Santa Barbara. After that,
the STM Conference migrated annually around the world, steered by its
organizing committee to places where the conference could encourage
local interest in the technique and thereby expand the community: the
United Kingdom in 1988, Japan in 1989, and the East Coast of the United
States in 1990. The STM Conference became an important site for linking
probe microscopy to the emerging nanotechnology enterprise.

Air Operation

Few things demonstrate the Zurich-California sub-community’s common
orientation to microscopes that would be easer to build and operate than
its members' discovery and exploitation of STM operation in air. At the
beginning, almost everyone assumed that an STM couldn’t operate in air,
since the electric field between the probe and the sample would cause
arcing. Besides, the yardstick of a successful STM was atomic resolution,
and most researchers thought a surface exposed to air would get dirty too
quickly to allow images of single atoms. Thus, Quate, Baldeschwieler, and
Clarke all initially aimed to get atomic resolution of surface reconstruc-
tions in vacuum. Yet these groups lacked Bell Labs' and IBM's in-house
expertise in UHV, in sample preparation, and in the interpretive practices
of surface science. This made for slow going.” Quate, especially, saw his
early lead evaporate.

Hansma, however, didn't initially pursue atomic resolution, or even mi-
croscopy. Instead, he devised an experiment that would resemble standard
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sandwich tunnel junctions closely, but with a vacuum separating the two
electrodes instead of an oxide layer. Recall from chapter 2 that in sandwich
junctions one electrode is “grown” (by evaporating a metal or semiconduc-
tor onto a substrate); then an oxide layer is grown to a precise thickness (by
exposure to gas) on top of that first electrode; then a second metal or semi-
conductor is evaporated and deposited to form another electrode on top of
the oxide layer. Hansma adapted this design for his STM-inspired “squeez-
able” tunnel junctions. In these squeezable junctions, thin gold wires are
suspended, cross-wise, over each other, separated by a small gap. With a
voltage across the two wires, an electromagnet positioner slowly pulls one
wire toward the other until electrons begin tunneling between them.

These squeezable junctions were designed to work in vacuum, but for
debugging purposes, or perhaps just by intuitive leap, Hansma and John
Moreland (a grad student) experimented with operating them in air. Sur-
prisingly, they didn't see the electrical discharge between the wires that
back-of-the-envelope calculations had led them to expect. Tunneling
seemed to work in air just as well in vacuum. Hansma could easily have
shrugged this discovery off. Indeed, the Zurich and Madrid groups may
have already known about air operation, but they were moving in so many
directions that its significance was drowned out. Some surface-science
STMers also tinkered with prototype microscopes in air, but few would
have dreamt of publishing images taken in anything other than “ultra-
clean” (i.e., vacuum) conditions.”!

Hansma's past experiences led him to disregard some of the precepts of
ultrahigh-vacuum surface science, and encouraged him to exploit air oper-
ation. In the late 1970s, Hansma had taken a sabbatical at Berkeley with
Gabor Somorjai, a prominent surface scientist. There he had developed a
preference for quickly built, “kludged” experiments that was incompatible
with the agonizing time scales of UHV surface science, in which modifica-
tions to sample or apparatus are limited by the week-long pump-down and
bake-out time of the vacuum chamber.”* With the insight that squeezable
junctions worked in air, he could now build tunneling experiments that
could be modified rapidly and iteratively. Moreover, the success with air
operation inspired him to try tunneling in water, in oil, and in nitrogen.

By the time he heard about the Zurich group’s silicon 7x7 results,
Hansma was already thinking about moving into tunneling microscopy
because of disappointments with the squeezable junctions. The experiments
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that could be done easily with a squeezable junction provided little infor-
mation that wasn't already available from Raman spectroscopy.” At the
same time, the discovery of tunneling in air created new opportunities in
STM. Before the possibility of air operation occurred to him, Hansma had
looked to the resource disparity between his own group and those at IBM
and at Bell Labs and saw little chance of competing in the expensive world
of ultrahigh-vacuum STM. Tunneling microscopy in air, however, offered a
simpler, cheaper alternative in which he could compete on a level playing
field with surface-science STMers.

Air STM was the first step toward a transformation in the interactions
among tunneling microscopists’ instrumental, organizational, and disci-
plinary commitments. Before, newcomers to tunneling microscopy had
little choice but to design a UHV instrument, primarily for surface-science
applications. After air operation became known, surface science became
just one application among many for the STM. Moreover, surface-science
STM was an application area that people who were not already surface sci-
entists now could avoid. UHV chambers are expensive, as are the special
materials and design features an STM needs in order to survive the harsh
UHV environment. As was noted in the preceding chapter, the specimen-
preparation tools and other characterization instruments that accompany
a surface-science STM are also expensive, and require a significant invest-
ment of time and training to master.

In addition, at the time, UHV chambers took several days to “pump
down"” to ultrahigh-vacuum conditions, and early surface-science STMs
broke down often, so operation of the microscope (when it was working)
tended to be done in manic bursts separated by periods of inactivity. The
mantra among some UHV STMers was “never leave a working machine,”
even if that required taking round-the-clock shifts.”* Air STMers, con-
versely, didn't have to buy an expensive UHV chamber, and they could
modify their microscopes in minutes. Air STMers could even tinker with
the instrument while it was running, change samples and tips quickly, or
look at a sample with a light microscope while characterizing it with the
STM. Samples that would not survive UHV (including many biological
samples) could now be examined. Since exposure to air no longer mat-
tered, samples could be prepared by hand, at an ordinary lab bench or
under a fume hood, whereas in UHV samples had to be prepared inside the
chamber, where the experimenter couldn't touch or even see them.
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Obviously, samples examined in air would not count as “clean” or “well
defined” by the standards of surface science. Indeed, surface scientists
raised a number of awkward questions about air operation. How could a
tunneling current pass through the non-conducting contamination layer
that inevitably builds up in air? Were electrons in the tip actually tunnel-
ing to the sample, or was the tip simply making ohmic contact with the
sample?™ There were many good technical reasons to be suspicious of air
STM. Air STM eventually buckled under the weight of such objections. Yet
the technique enjoyed a tremendous boom until the early 1990s. For new
STMers, tunneling in air meant a lower barrier to entry (in resources and
expertise) to a hot instrumental community, and a wider space of experi-
ments on which to work.

For Hansma, air STM was attractive partly because it offered an opportu-
nity to follow Binnig and Rohrer’s path by collaborating with members of
his large (and varied) network of professional acquaintances. For instance,
Hansma quickly used the air STM as the basis for a collaboration with Bob
Coleman, a physicist at the University of Virginia (UVA) whom he had
known since the early 1970s. Coleman specialized in making and charac-
terizing layered compounds such as tantalum selenide. In 1985, Hansma,
on sabbatical, went to UVA to teach Bob Coleman STM and to add lay-
ered compounds to the list of things a tfunneling microscope could image.
After that, Hansma began to move toward biological STM. One reason for
this was that his wife, Helen, had a degree in biology but was then teach-
ing voga at UC Santa Barbara and science at her children’'s elementary
school; biological probe microscopy allowed her to return to laboratory
work, and eventually to have her own lab group in the physics depart-
ment at Santa Barbara.”® The possibility of having his wife work with him
may have been in Paul Hansma's mind in late 1985 when he heard a talk
by Stuart Lindsay, a biophysicist at Arizona State University (ASU). Hansma
invited Lindsay to return a few weeks later and begin a collaboration on
STM of DNA.* Afterward, Lindsay returned to ASU and began building his
own biophysical STMs. Finally, since biological materials are best studied
in aqueous solution, Hansma adapted his STM to run in water as well as
in air. That, in turn, led him (like Binnig) into electrochemical STM, then
into a brief collaboration with Bruce Schardt, a former Santa Barbara elec-
trochemistry postdoc who had recently taken a faculty position at Notre
Dame.
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The AFM Revolution

In 1985-86 members of the Zurich team joined the California groups for
extended stays, which accelerated a convergence of their experimental
styles. Othmar Marti, after considering an offer to take a postdoc with John
Clarke at Berkeley, chose instead to go to UC Santa Barbara, largely because
of Paul Hansma’s new interest in biological microscopy.” Quate, mean-
while, invited Binnig to spend most of 1985-86 at Stanford. At the time,
Binnig may have been tired of traveling and lecturing so much about the
STM and having little opportunity to do his own research. Quate's invita-
tion was therefore quite open-ended. As Quate recalled later, “I said ‘Gerd,
please don't invent anything while you are at Stanford.’ He replied, ‘Don't
worry, | want to spend the year doing science. There will be no work on
devices."”” Instead, Binnig moved into an entirely new area: gravity-wave
physics. For a while after he arrived at Stanford, he tinkered with some odd
liquid helium funnels, trying to make a low-budget gravitational radiation
detector.™

While Binnig was on sabbatical at Stanford, Christoph Gerber was sec-
onded to IBM Almaden, less than an hour away. Binnig, Quate, Gerber, and
the other STMers in the Bay Area therefore had ample opportunity to dis-
cuss new directions for the technology. Binnig, in particular, was ponder-
ing comments made by John Pethica, a friction researcher who had gotten
to know the Zurich team while a staff scientist at the nearby Brown Boveri
research lab in 1980-82. Now back at the University of Cambridge, Peth-
ica and a surface-science postdoc, Mike Pashley, had built an STM in which
they had observed that tunneling seemesd to be occurring even at anom-
alously low bias voltages. Pethica suggested (at the Oberlech conference,
and perhaps before) that this might indicate that the tip and the sample
were in contact, separated not by an air or vacuum gap but by dirt or oxide
on the surfaces of the tip and the sample.’' This meant that STM images
might be distorted by the tip pressing down into the sample, making the
heights of surface structures and adsorbates appear anomalously large.

Pethica’s observations were meant to caution STMers that some of their
images were distorted by forces acting between the tip and the sample.
However, Binnig, in collaboration with Quate and Gerber, began to con-
sider ways to use Pethica’s insight to their advantage. In this, they were
perhaps also influenced by a close reading of the doctoral dissertation on

metal-vacuum-metal tunneling that Clayton Teague had completed as
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Russell Young's protégé at the National Bureau of Standards. In one sec-
tion of the dissertation, Teague tried to calculate the forces acting between
the two tunneling electrodes in his apparatus. Binnig, Gerber, and Quate,
extrapolating from the calculations of Pethica and Teague, came to the
conclusion that the forces acting between the tip and the sample could be
used to measure surface topography, even for insulating materials.*”> That
is, if one could bring a somewhat “springy” probe close to (or even into
contact with) a surface, the forces between the probe and the sample would
be strong enough (as indicated by Teague's and Pethica’s work) to deflect
the probe. If you could measure that deflection, you could image the sur-
face in much the same way the STM did. With this insight, Binnig and
Gerber assembled a crude “atomic force” microscope with a probe made
from a small, flexible cantilever (early cantilevers were often just pieces of
aluminum foil) weighted at one end (with, for example, a small shard of
diamond). As the cantilever was scanned over a sample, variations in the
height of the sample caused the weighted tip to move up and down. An
STM placed on the back of the cantilever, operating somewhat like Young's
ultramicrometer, then measured those deflections and turned them into
an image.

The invention of the AFM was, therefore, inspired in part by questions
that had arisen within the nascent STM community. But the new technique
was also inspired by a desire to radically expand the membership, and
the instrumentality, of that community. Calvin Quate, in particular, was
driven by the desire to turn STM into a useful instrumentality in the same
way he had for acoustic microscopy. As early as 1983, he wrote the follow-

ing in his lab notebook:

[T]he entire field of surface science—all of the manifold phenomena of surfaces—
can now be studied in a new and meaningful way. Vacuum tunneling has now given
us the tools that we need to progress. This area, this field, underlies so much of
science[,] so much of technology. . . . Itis a fundamental of operation that underlies
vast areas of US technology—oxide coatings, corrosion resistance, materials of [all]
kinds have surfaces. One might put it this way—is there an area of US industry, US
technology that doesn’t involve surfaces of some kind[?] The field of biotechnology
that looms so large in our future is dependent on molecular structure—can we afford
not to move on new techniques for viewing, for imaging molecular structure[?]”

This passage makes it clear that Quate saw surface science as the applica-
tion area that demonstrated STM's relevance, but also that he defined “sur-
face science” much more broadly than the practitioners of that discipline.
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For surface scientists, STM, done in vacuum, was a sufficiently revolu-
tionary technique, whereas air STM, and the other variants that followed,
were unrigorous and problematic. For Quate, though, STM's great draw-
back was that it could image only electrically conducting or semiconduct-
ing surfaces. The materials of interest to “US technology” couldn't be
imaged with the STM. “Oxide coatings” used in microelectronics, “molec-
ular structures” used in biotechnology, and all kinds of materials exposed
to air and therefore prone to corrosive reactions—these are all electrically
insulating and therefore can only be imaged with great difficulty (if at all)
with an STM. One reason Quate readily picked up air STM from Hansma
was that most technologically useful surfaces are made and used in air,
rather than in a vacuum. Yet in air almost all materials form an insulat-
ing layer at the surface that makes it difficult or impossible to image them
with STM. AFM, crude as it initially was, offered a way around that. With
it, Quate could move beyond, or could radically redefine, “surface science.”

Because they held very different views of what constituted “surface
science,” Quate and most surface scientists held very different opinions
of the worth of the AFM. The AFM moved glacially slowly into main-
stream surface science, but very quickly through the Zurich-California sub-
community. Paul Hansma, for one, was told about the AFM even before
Binnig, Quate, and Gerber’s first publication. After some personal lobby-
ing from Quate, Hansma decided to retool his group to focus almost exclu-
sively on force microscopy.* In hindsight, Hansma's decision to move from
STM to AFM needs little justification; some early AFMers are even reluctant
to acknowledge that they ever did STM at all. Yet Binnig, Quate, Hansma,
and a few other early AFMers were taking an enormous chance on a fin-
icky, difficult technique. By 1986, air STM was becoming more reliable and
easier to build and use. AFM was neither reliable nor easy. Cantilevers were
very difficult to make and impossible to standardize; the AFM’s resolution
was lower than the STM’s; and at first AFM was shown to work only for a
small (relatively uninteresting) class of samples such as graphite and mica.

Worst of all, the AFM’s original detection system—an STM mounted
on the back of the cantilever—was so erratic that even a good instrument
only yielded images a small percentage of the time. By one Hansma grad-
uate student’s estimate, group members spent 85 percent of their time on
maintenance of the continually breaking early AFMs.* In the remaining
15 percent, they might generate one publishable image in a month. This
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was exactly the kind of snail's pace Quate, Hansma, and Binnig had hoped
to avoid by switching from UHV to air operation in the first place; now,
their switch to AFM seemed to be undoing those gains. Hansma, frustrated,
imposed a rough rule: “one instrument, one paper.” Each AFM would pro-
duce enough data for one journal article, then the group’s focus would
move on to the next-generation microscope.*

With the STM-based cantilever detection system, however, getting
data on an interesting sample and then replicating that data for publica-
tion became a considerable bottleneck. In practice, “one instrument, one
paper” was only ever a rough guideline. The group’s articles often incorpo-
rated data from more than one microscope, and graduate students might
continue using a microscope even as Hansma, Marti, and Barney Drake
(Hansma's longtime technician) worked on the next prototype. Still, if
the AFMers were to continue to lead probe microscopy, they needed some
technical improvement that would enable them to work faster.

The improvement came from an unexpected direction—though the
Zurich-California groups were skilled at cultivating, and then exploiting,
the unexpected. Some years before, Hansma had lent some space in his lab
to a retired high school physics teacher named Sam Alexander. Alexander
used the space for experiments intended to contradict or revise the theory
of relativity. In Alexander's version of relativity, gravity operates differently
at the atomic level than in Einstein's version. For instance, when rotated
in the Earth’s gravitational field, a long rod made from a dense material
would change in length more than a lighter rod. Alexander’s experimental
apparatus, therefore, depended on measuring very slight changes in length
by means of an “optical lever”—a laser beam bounced off the rods onto
a photodetector several feet away. Small changes in the length of the rod
would change the angle at which the beam reflected off, resulting in very
large changes in where the beam hit the photodetector.”

By 1988, Alexander’s experiments were becoming increasingly sophisti-
cated, vet his data continued to be inconclusive. Seeking a new tack, he
and Hansma brainstormed ways Alexander could, instead, involve him-
self more in Hansma's research. Together, they hit on the idea of import-
ing Alexander’s optical lever to improve the finicky AFM. After all, both
techniques involved measuring very small changes in position. So Alex-
ander began working with Othmar Marti and Barney Drake to turn the
AFM cantilever into an optical lever. At first, this meant simply gluing a
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reflective piece of glass to the back of the cantilever and pointing a laser at
the glass. As a sample was scanned underneath the cantilever, the piece of
glass would go up and down by a few nanometers; the laser spot, bounced
onto a wall a few feet away, would correspondingly dance by a few inches.

Over the next few years, the Hansma group iteratively improved the
optical-lever detection scheme, making AFM a much more reliable and use-
ful technique. This process took advantage of a resource to which a lab
group at a research university usually has greater access than a group in a
corporate or government lab: graduate and undergraduate students. Dur-
ing their time at Santa Barbara, Hansma's students would pick up some
instrument-building skills, especially in the process of repairing skittish
AFMs; primarily, though (at least in the 1980s), Hansma'’s students focused
on characterizing new classes of materials and developing new applications
for AFMs. Hansma, Marti, and Drake then imported the students’” expe-
riences as users to improve their next microscope design. As a result of
this feedback, the group’s AFMs became smaller, more reliable, and more
user-friendly.

By the seventh generation of opfical-lever prototypes, the Hansma AFM
was reliable enough that in 1989 a local start-up, Digital Instruments,
adapted it as an AFM “add-on” to its commercial STM. The next chapter
will detail how, through commercialization, AFM became the overwhelm-
ingly dominant mode of probe microscopy. But even before commercial-
ization, the optical lever spread rapidly from Santa Barbara to Stanford and
to other AFM groups. Though Hansma was not, in fact, the inventor of
optical-lever AFM (two IBM researchers, Gerhard Meyer and Nabil Amer,
preceded him slightly), he is usually regarded as the most effective popular-
izer of the technique.” As Calvin Quate put it, “the beam-bounce method
was introduced by Meyer and Amer at Yorktown, and it is now widely used
as a result of the excellent work by [Sam] Alexander” and the rest of the
Hansma group.™

Getting rid of STM detection made AFM easier than before, but not
easier than air STM. The AFM probes remained problematic. Members of
the Hansma group usually hand-assembled a probe from three parts: a foil
strip or wire for the cantilever, a mirror for the optical lever, and a dia-
mond shard for the tip.*’ Each probe, however, displayed the idiosyncratic
preferences of its maker; Sam Alexander reportedly liked to use bee sting-
ers for his cantilevers.' Mirrors were made by hand-blowing a bubble of
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glass until it popped, then coating one of the resulting pieces with reflec-
tive paint. Diamond tips were made by putting cheap diamonds bought in
pawn shops between metal plates and shattering them with a hammer. The
mirror, the tip, and the cantilever were all small and delicate, and gluing
the pieces together, using a tiny brush (sometimes made from the group
members’ own eyebrow hairs), required a deft, trained hand.

The probes took considerable time to prepare and wore out regularly.
Moreover, each probe was unique, so there was significant variation among
images taken with different tips. At the time, such variation was not a
major problem—AFM images were so new and rare that demand was high
even without standardization. Looking back, AFMers today see the late
1980s as a time when “almost any” image could get published, often on
the cover of Science or Nature.** Yet they could see that once the instru-
ment’'s novelty had worn off there would be a need for reproducible images
produced with standardized cantilevers that were less time-consuming to
make and use.

The solution, this time, came from Palo Alto. Stanford, after all, sits
in Silicon Valley, home to an industry that specializes in manufacturing
billions of very small, standardized, rigid objects—transistors. Since the
1960s, researchers had been using the lithographic techniques developed
for semiconductor manufacturing to make other kinds of small struc-
tures—exotic electronic devices such as quantum wells, microfluidic chan-
nels, and tiny gears. Specialists in Calvin Quate’s own field of surface
acoustic wave research, for instance, were using lithographic techniques
to make tiny, interdigitated structures for signal-processing devices in the
early 1970s.* In the late 1980s, Stanford was one of the leading centers for
such microfabrication techniques.

One of Quate’s graduate students, Tom Albrecht, immersed himself in
Stanford’s clean rooms to learn how to make tiny, standardized silicon can-
tilevers.* The first were crude—Iless durable and lower in quality than the
best hand-made ones, but more uniform and (discounting the overhead in
development) easier to make. Later students created more and more varia-
tions—different shapes, sizes, materials, even cantilevers made from piezo-
crystals that would sense deflection directly, eliminating the need for the
bulky optical lever.®

It is difficult to overstate the importance of microfabricated cantilevers.
Handmade probes were so labor-intensive that disagreements within a lab
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group about the ownership of a probe could become quite heated.* Early
AFM veterans who remember the days of handmade probes express pro-
found gratitude to Tom Albrecht for developing microfabricated cantile-
vers. Indeed, according to Quate the AFM “evolved under the tutelage of
three people: Gerd Binnig, Christoph Gerber, and Tom Albrecht. Binnig
and Gerber were veterans of the STM. They fashioned the first instrument.
Tom Albrecht was a fresh graduate student. He fabricated the first silicon
microcantilever.”* That is, for Quate, the microfabricated cantilever was an
innovation to be hailed in the same breath as the AFM. Not surprisingly,
then, Quate was quick to distribute Albrecht’s cantilevers to Hansma and
others. Groups that received these cantilevers began enthusiastically using
them.* AFM images became easier to generate and—because they were
more standardized—somewhat easier to interpret.

Outward Focus, Expanding Network

The arrival of Marti in Santa Barbara and Binnig and Gerber in the Bay
Area and the frequent exchanges of ideas and materials between the Quate
and Hansma labs contributed to the emergence of similarities in the ways
the two groups approached experiments. This convergence evolved in tan-
dem with the group's innovations to probe microscope design. That is, air
STM appealed to Hansma because it afforded a more flexible style of work
that looked beyond surface science to a broad range of collaborators. Bin-
nig and Quate’s experimental values were similar enough to Hansma's that
they borrowed air STM from him. Hansma's values were similar enough
to theirs that he then followed them into electrochemical STM. Once all
three had committed to that expansive style of probe microscopy, AFM was
a natural next step because it promised to solve some of air STM's linger-
ing problems.

Perhaps the distinguishing characteristic of the convergent Zurich-
California approach to experiments was the tremendous volume of design
modifications and new applications, many of which didn’t pan out.

At Stanford, that high volume of new designs and uses was possible
because Quate recruited a large crew of students and set them working on
multiple microscopes at once. With many projects going on at the same
time in a tight-knit group, people, designs, equipment, and samples cir-
culated freely between experiments. The AFM was invented when it was
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partly because Binnig prospered in that environment. He could dream up a
creative new idea, slap together a prototype (sometimes in less than a day),
test it, scrap it, and start over with a fresh idea, borrowing a few elements
from the last prototype.* Whereas in IBM’s and Bell Labs’ surface-science
groups microscopes tended to last for years (occasionally even decades), in
the Zurich-California groups microscopes had lifetimes of weeks. This was
evolutionary variation and selection at an extraordinary pace.*

This fevered style contrasted sharply with the way surface-science
STMers worked. For surface scientists, ultrahigh vacuum and the require-
ment of “well-defined” surfaces demanded painstaking sample preparation
and instrument design. After all, in UHV a microscope might fail to achieve
atomic resolution for small, difficult-to-pinpoint reasons—perhaps a screw
made from the wrong material, or an ion gauge (used to measure vacuum
pressure) outgassing contaminants from its hot filament.*' Members of the
Quate and Hansma groups, in contrast, could atford to be less careful about
what samples they looked at and what materials they built their micro-
scopes with. Hansma'’s group tried disposable razor blades as electrodes in
a squeezable tunnel junction and, for a while, used surgical tubing, a cof-
fee can, and a cement block for vibration isolation.”* In the Quate group,
students might spend an afternoon using an AFM to image Scotch tape, or
might put an AFM in a refrigerator in order to playfully obtain images of
ice, or use an electrochemical STM to compare images of samples immersed
in Coca-Cola and Pepsi.*

Such an open-ended variation-and-selection strategy created the prob-
lem of identifying materials that could be usefully and intelligibly imaged
with an STM or an AFM. One possibility, curiously, was to simply put found
objects into the microscopes. Hansma demonstrated to visitors the capabil-
ities of his seventh-generation optical-lever AFM, for instance, by imaging
a leaf on a potted plant kept in the lab (figure 4.3). Another strategy was
to identify congenial collaborators among Quate’s and Hansma'’s local aca-
demic colleagues and try to image the materials those people specialized
in, and/or to combine probe microscopy with the instruments they special-
ized in. For instance, in 1987 Hansma began working with Joe Zasadzin-
ski, a recently arrived biological electron microscopist at UC Santa Barbara,
to use electron microscopists’ specimen-preparation techniques (freezing a
sample, then coating it with a metal film to make it conductive) to image
phospholipid membranes (Zasadzinski’s specialty) in an STM.
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Figure 4.3

The seventh iteration of the optical-lever AFM developed by Paul Hansma's group at
UC Santa Barbara. Note the houseplant with its leaf placed in the sample holder of
the AFM. The AFM’s ability to image ordinary objects, with little preparation, was an
important reason for Hansma's transition from STM to AFM. Source: Albrecht Lud-
wig Weisenhorn, Atomic Force Microscopy in Liquids, PhD dissertation, University
of California, Santa Barbara, 1991. Photo by Paul Hansma.
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This strategy didn’t narrow the search for applications for STM and
AFM much, though—research universities house specialists in a very wide
variety of materials and techniques. One way to filter among this range of
possibilities was to work with specialists in materials that the wider scien-
tific community deemed “hot” at the moment. For instance, in the late
1980s, when high-temperature superconductors were all the rage, Quate's
group quickly formed collaborations with Stanford’s specialists in those
materials. More lastingly, Hansma could see that the success of the biotech
industry, and the talk of a large-scale Human Genome Project, made DNA
a compelling material to image. As we have seen, that led to his early col-
laboration with Stuart Lindsay. Within the University of California at Santa
Barbara, Helen Hansma prepared DNA samples, and provided interpre-
tive know-how, that allowed Paul’s students (and, later, her own group) to
image genetic material. Paul and Helen’s combined expertise then allowed
them to establish further extramural collaborations in DNA imaging, such
as one with Carlos Bustamante at the University of Oregon.

The impression I want to convey here is that Quate and Hansma were
continually using STM and AFM to widen, and vary, their network of pro-
fessional acquaintances, and to strengthen their ties to people who were
already in that network. The latter were a somewhat motley crew: friends
from grad school, spouses, people whose offices were down the hall, and
so on. Over time, the Quate and Hansma groups came to be seen as willing
collaborators. With that reputation, Quate and Hansma no longer had to
rely on prior acquaintances, or search for new members of their network;
instead, all kinds of specialists came to them seeking advice or collaboration.

Initially, each of the people who looked toward Santa Barbara and Palo
Alto in this way already had some weak tie to the Quate and Hansma
groups. For instance, in early 1987, Andy Gewirth, a postdoc in Al Bard's
electrochemistry group at the University of Texas (UT), began trying to
build an electrochemical STM. At first, Gewirth visited Alex de Lozanne, a
former student of Quate’s who was now on the physics faculty at UT.** De
Lozanne was discouraging, though, so Gewirth decided to attend the 1987
STM Conference in order to look for help. There, he ran into Rich Sonnen-
feld, one of Hansma's graduate students, whom Gewirth happened to know
from their college days at Princeton. Sonnenfeld gave Gewirth the advice
he needed to build his own electrochemical STM. Then, a few years later,
Gewirth was able to use that tie to UC Santa Barbara to secure an invitation

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 124

http://site.ebrary.com/id/10509221?ppg=124

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



110 Chapter 4

from Hansma to visit for a few weeks to collaborate on modifying the AFM
for use in electrochemistry. Likewise, in 1986 Jun Nogami, a graduate stu-
dent at Stanford specializing in surface science, heard that Quate's group
was working on STM and volunteered his services in specimen preparation.
The results were so promising that Nogami decided to put off a planned
postdoc in France, and instead “begged Cal for about a month to give me a
job and finally he relented. And so I stayed with that group for about four
years. "

As the reputations of the Stanford and Santa Barbara groups grew, how-
ever, would-be postdocs and collaborators began to contact Quate and
Hansma out of the blue, with little or no prior connection. Even though
only a small fraction of those people struck up collaborations with the
Stanford group or the Santa Barbara group, the absolute number of visi-
tors to Palo Alto and Santa Barbara was quite large. Hansma, in particular,
became famous in the probe-microscopy community for hosting a long
series of postdocs who expanded the technique’s application into broad
areas of physics, chemistry, materials science, geology, and molecular

biology.
Contending with Uncertainty

This portrait of how Quate and Hansma (and, to some extent, Binnig
and Rohrer) worked might seem unremarkable. After all, exploiting the
“strength of weak ties” in moving ideas from one social group to another
is a well-known strategy.”® Nor is it surprising that one or two probe-
microscopy groups would develop many, many more such ties than their
peers—that is how emergent networks often form.*” More surprising, per-
haps, are the consequences of the Zurich-California sub-community’s net-
work building. As they pushed the limits of probe microscopy, these groups
increasingly contended with epistemic uncertainty and fragmentation.*
To understand these consequences, it is useful to contrast the Quate
and Hansma groups with their surface-science peers at Bell Labs and at
IBM Yorktown. There, the greatest uncertainty was whether STM would
work at all—hence, before successful replication, only junior researchers
were willing to invest effort in it. After replication, the disciplinary canon
of surface science (often embodied in STMers’ senior managers) provided
a framework for devising a series of experiments. At that point, the biggest
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uncertainties facing a surface scientist were whether their STM would be
operational long enough for them to write a sufficient number of articles to
be promoted and whether their interpretation of an STM image would be
accepted by their colleagues. These practitioners were relatively confident,
however, that they would be able to choose, and correctly prepare, samples
that would command attention from those peers.

The Zurich-California groups lacked such confidence. In modifying
their microscopes to image a wider range of samples, members of these
groups found it increasingly difficult to learn various disciplines’ tech-
niques for choosing and preparing those samples. It soon became clear that
they would need help in regaining the certainty provided by a disciplinary
canon. Barney Drake, Hansma's technician, recalled:

[ remember [Hansma) saying at some point, “we have to have a biologist in the lab,
to do biology. We're not biologists, we don't know how to prepare the samples.”. . .
really felt like I got a great education, imaging so many different samples from these
people who really knew their sample. . .. [W]e'd break out the biology textbook
and try and learn about what we were trying to do. I remember one time flipping

UEE

through a textbook and [thinking] “Oh, yeah, I've tried to image that.

Bringing in visitors, though, merely displaced uncertainty. If Hansma
found a competent biologist to work with, his lab could do credible biol-
ogy—but how to know which biologists were competent? How to know
which ones had the right samples and sample-preparation skills?

As we have seen, one initial solution to this problem was to rely on
collaborators who were already personally known to Quate, Hansma, Bin-
nig, or Rohrer. But as the volume of people visiting their labs and seeking
collaborations grew, pre-existing personal ties were insufficient. Another
solution, therefore, was to manufacture these personal ties concurrently
with collaborators’ stays. Members of—and visitors to—these groups spent
informal time with each other in ways that would have been somewhat
unusual among surface-science STMers at Bell Labs and at Yorktown. Bin-
nig and Gerber, for instance, became fond of playing golf with Quate's
students during their year in California. Quate himself successively took
up new “extreme” sports (kayaking, windsurfing) as his students discov-
ered them, and the Quate group as a whole regularly played volleyball
together.”

Yet another solution was to use ad hoc rules to filter out potential collab-

orators who weren't serious enough. Remember, for instance, that Binnig
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paid little attention to Quate until the Stanford group began to send him
their first, crude STM images. Likewise, Hansma eventually articulated a
few rules of thumb for allocating space in his lab: visitors had to be com-
mitted enough to bring their own funding and materials, and they could
stay either for “over six months or one day or less” (the longer period for
serious collaborators, the shorter stay for people passing through town).*’
A stay of any other duration, Hansma thought, would distract his students
but would be unlikely to produce any worthwhile research. As Steve Shapin
has shown, such rules of thumb often flourish in research communities
that contend with uncertainty. Ad hoc rules are flexible enough to accom-
modate surprises, yet they can still guide action in the moment.

Hansma became known for his “proverbs,” which his former students
and postdocs repeat to this day. Most were closely connected to his group's
potentially chaotic variation-and-selection strategy. To stimulate variation,
he encouraged his team to “make as many mistakes as you can as quickly
as you can” and to “do everything as poorly as possible” (that is, to throw
experiments together with little polish or gloss, concentrating on quickly
getting the basics to work).*” Conversely, to force a selection from those
variations, Hansma sometimes set arbitrary limits on how long a particular
microscope could be used—tfor example, as Scot Gould (one of Hansma's
graduate students) recalled, “one image, one paper, and then we'd build
the next microscope.”® If an image wasn't forthcoming, then Hansma

would set a deadline. As Barney Drake remembers it,

[W]e had a lot of successes on Friday afternoon, because he would give me a dead-
line, “okay, you can work on this thing for another week.” Usually I would get emo-
tionally attached to a project because I had put so much into it that I didn't want
to change direction. Paul was great, he would see when something was a dead end,
much before I could. . . . He would usually [say to] me, “okay, this is the last week.”
So I'd be fiercely trying to get something done. A lot of Friday afternoons, when this
was the last day we were going to run, we got images and then, “okay, we're done,

it's time to move on.”*

Instrumental Artifacts

The proliferation of STM and AFM use in new areas was so rapid that no
amount of “proverbs” could prevent missteps. Misinterpretations caused
by deceptive features (“artifacts,” in microscopists’ lingo) in STM and AFM
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images were unavoidable in the early years. As Jun Nogami remembers it,
image interpretation “was all over the map. I've published some things
that are wrong, like everyone did. Basically we were saying ‘these are the
atoms’ and that’s a tremendously naive point of view.”* Naive interpreta-
tions sometimes emanated from the Zurich-California groups, and some-
times from Bell Labs and IBM surface scientists. Meticulous care could
prevent some overinterpretation, of course; Nogami points to Randy Feen-
stra’s Yorktown group as one that was careful not to equate the “blobs” in
their STM images with atoms. But in a rapidly moving field, some missteps
were bound to be made. The reactions of the Zurich-California groups and
the surface scientists at IBM and at Bell Labs to misinterpretation and over-
interpretation tell us a great deal about these different regions of the probe-
microscopy network. For example, early on, many STMers chased theidea
of doing vibrational spectroscopy of a molecule adsorbed onto a substrate.
In 1987, Calvin Quate’s group published a graph of tunneling current ver-
sus bias voltage for one such system: sorbic acid adsorbed onto graphite
immersed in liquid helium.® “Discrepancies” in these data were noted very
quickly, however—for instance, in a 1989 review article by Bob Hamers,
an IBM Yorktown surface-science STMer.*” Over time, a consensus emerged
that the Stanford paper was too hasty: as Hamers noted in 1996, “while at
least one early study reported observing . . . vibrations of sorbic acid, more
recent studies . . . have generally not found any reproducible structure in
the [tunneling current versus bias voltage] curves that can be attributed to
vibrational information.”

Yet Hamers himself was involved in one of the more famous early
missteps of surface-science STM. As was noted in chapter 3, the Demuth
group at IBM Yorktown (including Hamers) and Bob Wilson and Shirley
Chiang's group at IBM Almaden simultaneously published images of the
same surface reconstruction of silver deposited on a silicon substrate. But
the groups’ interpretations “yielded completely different models.”® Subse-
quently, other surface scientists used their discipline’s full toolkit of instru-
ments to show that both IBM models were incorrect.”

My point in describing the sorbic acid and the silver-on-silicon episodes
is not to condemn either Calvin Quate or Bob Hamers—just the opposite. |
want to show that the innovation process in probe microscopy—whether
at Stanford, at Santa Barbara, at Yorktown, or at Murray Hill—involved tak-
ing interpretive risks that sometimes didn't pan out scientifically but still
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advanced the technique. Members of the Quate and Hansma groups were
(and are) refreshingly candid about the misinterpretations generated in the
rush to publish of the late 1980s, but are also quick to point out the posi-
tive net effects even of results that were later disputed.

For example, Mike Kirk, a Quate student, noted in his 1989 disserta-
tion how the Quate group’s research on high-temperature superconducting
materials put them in good company, but also led them to make mistakes:

[TThe world was jumping from the announcement of superconductivity at temper-
atures above the boiling point of liquid nitrogen. YBaCuO was now the material
of choice. So of course there was a rush to put samples of this new high T. com-
pound under the STM. . . . [J]ust about every living scientist, it seemed was involved
in superconductivity. . . . Though this was an exciting time, the scientific integrity,
or at least thoroughness, was not at its usual high level. I will use my own work as
an example of this hysteria. We were anxious to publish this tunneling data, as we
knew that several other groups were examining the same materials with STM's [sic].
The LaSrCuO experiment was repeated just twice to verify the gap value. ... The
paper was written in two davs and simultaneously we were performing the same
experiments on YBaCuO. Again, the results were very hard to reproduce, but once
we reproduced the gap that we felt was the best, we started writing. Now there were
only two days until the March [APS] meeting so it had to be written quickly and, as
a result, the interpretation was not entirely accurate.”

Other members of these groups freely acknowledge that, because knowl-
edge of exactly how an STM or an AFM actually worked was so incomplete,

gar-

LT

some of their results from those days could today be seen as “wrong,
bage,” or “artifacts.”™

Even debatable data were valuable precisely because they elicited debate.
Images, even poor ones, of samples that were important to some disciplin-
ary community would spur interest in STM and AFM among members of
that community. Jan Hoh, a postdoc at UC Santa Barbara, sums up Hans-

ma'’s attitude toward the instrumentality of image artifacts this way:

[ learned from him that you can actually be wrong but still make an important con-
tribution. This paper on hydrogen bonding, I don't know if it's wrong but it's not
clearly demonstrably right. There were papers like that, and other papers that Paul
published, that are incredibly inspirational. That's one thing that I learned from
Paul, is that vou can be wrong but a properly placed and properly written paper,
something that puts things into context, can be incredibly important for a field
because it stimulates thinking, it motivates people.”

In an important sense, this mode of operation had governed the Zurich-
California groups from the beginning. The first atomic-resolution silicon
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7x7 images, for instance, “stimulated” enormous interest among surface
scientists, even if that discipline concluded that the surface-reconstruction
model put forward by the Zurich team was in need of correction.

One advantage of “stimulating” and “inspiring” interest in various dis-
ciplines was that the Zurich-California groups could leave it to those dis-
ciplines to polish probe microscopy’s rough edges. The Zurich team, for
instance, revolutionized surface science with their images of the silicon
7x7, but they themselves didn't have to become full-fledged surface scien-
tists. That way of working was then taken up by the Hansma and Quate
groups. As Paul Hansma puts it, “[I'm not] trying to become established in
a particular field. Because that just doesn't make much sense. [There are]
people who've spent a lifetime learning electrochemistry, and I don't want
to have to spend that same lifetime. I'd rather build new instruments.””*
That attitude, perhaps, defines the difference between the Zurich-California
groups and the early surface-science STMers at IBM and at Bell Labs. The
surface scientists were committed to spending a lifetime learning their
discipline. If their images were to be challenged by other surface scien-
tists, they would have to defend or correct their interpretations. Quate and
Hansma, on the other hand, accrued their reputation not by inhabiting
one discipline, but by innovating the technology of probe microscopy so

that it (and they) could move from one disciplinary audience to the next.

Graphite and DNA

No incident illustrates the differences between the aforementioned sub-
communities more than the strange case of STM images of DNA deposited
on graphite. When it was discovered that a tunneling microscope could
operate in air, it was not clear at first what an air STM was good for or
how reliable its images were. There was no immediately obvious or gen-
erally accepted way to calibrate the quality of an air STM (or its operator).
For ultrahigh-vacuum STM, atomic resolution of the silicon 7x7 was the
yardstick by which machines and people were measured, but there was no
similar material for air operation.

Eventually, highly oriented pyrolitic graphite (HOPG) took on that
role. Graphite was simple to clean (the top atomic layer could simply be
peeled off with Scotch tape), and atomic-resolution STM images of HOPG
were easy to produce. Moreover, the Quate group discovered that very
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pure samples could be obtained for free (or at nominal cost) from Arthur
Moore, a researcher at Union Carbide. That information spread quickly,
and Union Carbide’s graphite suddenly became the material of choice for
many STMers.”

Graphite was a user-friendly material, but data from it were problematic.
In STM images, the apparent vertical distance from the outermost atoms
on the surface to the atomic layer beneath them (the “atomic corruga-
tion") was much larger than had been predicted. As was noted earlier, John
Pethica eventually explained that the probe was pushing into the graphite,
exaggerating vertical distances. Later, a Stanford graduate student, Howard
Mizes, concluded that graphite samples could tunnel to multiple locations
on an STM tip at once, so the resulting image exhibited a Moiré pattern
or other artifact. Such artifacts meant that the relationship between the
apparent “graphite atoms” in an STM image and the actual placement of
graphite atoms on the sample surface was difficult to interpret.”® These
effects were more pronounced in air than in vacuum. Surface scientists,
distrustful of air operation anyway, were therefore especially skeptical of

images of graphite. As Bob Hamers puts it:

Binnig and Rohrer had reported seeing corrugations about 2 angstroms high on
graphite. I thought “wow, that should be easy to see.” So I tried it in ultrahigh vac-
uum—couldn't see anything. You could see corrugations [of] maybe a tenth of an
angstrom. So [ thought, “am I doing something wrong?” My manager, Joe Demuth,
was saying “why can’t you get this? Everybody else is doing this in air and seeing
height changes that are 2 angstroms high.” Then a few months later .. . people
were reporting corrugations of 20 angstroms high and 200 angstroms high between
atoms that were only 1.97 angstroms separated. . . . So I kind of got disgusted at that
point and figured this graphite doesn't look like a good place to spend my time.”

Yet these criticisms did little to dampen the popularity of graphite. As Jim
Gimzewski, a surface-science STMer at IBM Zurich, recalled (with some
disgust), at the 1987 STM Conference “suddenly the world went graphite
because everybody could image suddenly graphite but not other things. . . .
It really got a bit boring with the graphite.””

One reason for graphite’s popularity was that STMers could deposit
other molecules—particularly biological materials—on top of it and image
them. At the time, the biological molecule that STMers were most keen
to image was DNA, partly in hopes of support from the nascent Human
Genome Project. This large-scale effort to sequence the human genome
was funded by the US Congress starting in 1987, and was formally founded
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in 1991 as a government entity jointly supported by the Department of
Energy and the National Institutes of Health (NIH). Similar state-sponsored
genome projects sprouted up at the same time in Europe and Japan. One
thrust of the Human Genome Project sought new technologies for accel-
erating gene sequencing, such as polymerase chain reaction, chromatogra-
phy, robots for automating routine procedures, and microfabricated arrays
or “gene chips.”” Some probe microscopists hoped to attract interest from
the Human Genome Project by showing that STM or AFM could be used
alongside these other techniques. That is, they argued that a probe micro-
scope might be able to physically “read” the base-pair sequence in a strand
of DNA. As Paul Hansma puts it, “that dream drove a lot of us. In fact,
imaging DNA is probably the project that I spent the most intellectual
effort on without ever publishing a paper.”* This dream was one reason
Hansma switched from STM to AFM, since he found it easier to believe that
an AFM could image organic molecules. Others, however, continued trying
to image DNA with STM, and were more willing than Hansma to publish
such images.

One image, in particular, raised hopes, and then invited criticism, of
STM of DNA. Originating in John Baldeschwieler's group at Caltech and
featured on a 1990 cover of Nature (see figure 4.4), it purported to demon-
strate that an STM could produce atomic resolution images of DNA.*! If
Baldeschwieler was correct, the STM was close to being able to determine
the base pairs in a DNA sequence. This image of DNA on the cover of a
prestigious scientific journal raised interest at the NIH in the possibility
of using an STM to sequence DNA. Over the next few years, that agency
awarded several grants dedicated to topics such as “AFM and STM in Novel
Approaches to Sequencing” and “Feasibility Studies for STM/AFM-Based
DNA Sequencing.”**

By 1991, a consensus had begun to emerge that Baldeschwieler's image,
and STM of DNA on graphite more generally, were problematic. Surface-
science STMers, of course, had long insisted that STM images of biomole-
cules were unreliable. But more challenging for Baldeschwieler and other
DNA-on-graphite researchers were people who had already published
STM images of DNA but who now pointed out the need for better pro-
tocols, especially when using graphite substrates. Two of the most influ-
ential doubters were Stuart Lindsay (Hansma's collaborator at ASU) and
Tom Beebe (an assistant professor at the University of Utah), the principal
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product review

Figure 4.4
Cover of Nature 346 (1990), number 6281. Reprinted by permission of Macmillan

Publishers Ltd.
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Variation and Selection 119

investigators on the two DNA-sequencing NIH grants just mentioned. Like
Baldeschwieler, Lindsay and Beebe had published STM images that pur-
portedly resolved the grooves of the double helix of DNA (Lindsay on gold,
Beebe on graphite).” Gerd Binnig and Heini Rohrer, too, had published
images of DNA on graphite of similar resolution, but now Binnig joined
the skeptics of DNA-on-graphite images.®

In part, this new-found skepticism was a reaction to the astonishing
growth of STM research on DNA in the late 1980s and the early 1990s. “1
don't regard that as my highest quality science by any means,” Stuart Lind-
say now says. “Just because of the tremendous pressure at that time. . ..
There was just this tremendous rush to publish.”** Unlike some other
groups' images of DNA on graphite, Lindsay’s images of DNA on gold were
later reliably reproduced by other groups. Yet at the time Lindsay felt the
strain of keeping pace with the large volume of (what he saw as) occasion-
ally dubious research on DNA deposited on graphite.

Eventually, as the people who were doing STM of DNA gained experi-
ence, and got to know each other at the STM Conferences, some of them
decided to push their colleagues for a slower pace and more rigor. As Tom
Beebe puts it,

[ knew Stuart from meetings and we would always talk together. We would often talk
in the same sessions. For perhaps the past couple of years at that point [in 1990], it
was now becoming known in the STM community that graphite is a dangerous sub-
strate for biological experiments and you have to really be careful about statistics
and publishing what you know is reproducible and is not an artifact, do the right
controls, and so on. Within the STM community, this was becoming a nagging and
somewhat embarrassing issue, that other people who didn't appreciate this need to
do controls and to be careful about graphite were continuing to publish a lot of what
I thought, quite frankly, was garbage. It was not really the biomolecule that they
said it was. So, by that time [ had collected hundreds of images of beautiful-looking
DNA artifacts and, and I called Stuart and said, "Do vou guys see a lot of artifacts on
graphite that look just like DNA?" He said, “Oh yeah. Of course.” And [ said, “Well,

so do L."%°

To correct this “embarrassing” tendency, Beebe and Binnig each wrote an
article indicting images of DNA on graphite.” They argued that graphite is
so protean that isolated images of it could look like almost anything. Some
STMers joked that they could find STM images of graphite defects in the
shape of any letter in the alphabet. One common defect happened to have
the same “pitch” (repeat distance) as DNA, so an STM probe wandering
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over a surface could seem to find DNA even if no nucleic acids had been
deposited on that piece of graphite.

After the publication of the Binnig and Beebe articles, researchers
quickly lost interest in air STM, and in STM of DNA, and the National
Institutes of Health lost interest in funding such work. Probe microscopists
complained for many years that reviewers at the NIH had over-interpreted
the Binnig and Beebe papers as providing grounds for dismissing almost
all STM research (even when substrates other than graphite were used)
and even much AFM research (even though AFM is not prone to the same
artifacts).®

Yet skeptics such as Binnig, Beebe, and Lindsay hadn’t intended their
criticism to be interpreted as a blanket condemnation of all STM research
on DNA. Binnig's article, for instance, raised objections to graphite as a
substrate material, but suggested that STMers should instead begin deposit-
ing and imaging DINA on molybdenum disulfide. Beebe pointedly excepted
from his criticism groups (such as Lindsay's) that were imaging DNA
on gold and other non-HOPG substrates. Indeed, a few holdouts, nota-
bly Reinhard Guckenberger (at the Max Planck Institute in Munich), and
Tomoji Kawai (at Osaka University), ultimately showed that reproducible
atomic-resolution STM images of DNA could indeed be obtained.*

Yet these results attracted only modest interest, and they are not widely
known. As Lindsay puts it,

[Tlhe fact that you can image DNA on metal surfaces is . . . probably not known by
the people that still today say “oh, vou can't image DNA with an STM.” Now, [ know
vou car, but I don't think it's a worthy enough cause to get up on my chariot and
say “look, I was right and you were all wrong, here's the definitive work,” because
there's more important stuff that I can do.™

That is, probe microscopists’ (and others’) interpretations of DNA-on-
graphite research were strongly influenced by the presence or absence of
alternative experiments—"more important stuftf”—for them to pursue.

So long as air STM was much easier than AFM or UHV STM, many
probe microscopists stuck with it, despite persistent qualms about graph-
ite defects and other sources of artifacts. As AFM became an easier, more
reliable technique, however, many air STMers came to see those qualms
as damning. There were—as Binnig, Beebe, Lindsay, and others pointed
out—ways to alleviate anxieties about air STM by undertaking more rigor-
ous protocols. However, after about 1991, the difficulty of doing such
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Variation and Selection 121

experiments made them unappetizing to probe microscopists in com-
parison with the many easier experiments they could now do with AFM.
The existence of those easier experiments was, as we have seen, depen-
dent on the continuing innovation in probe-microscope technology com-
ing out of UC Santa Barbara, Stanford, Zurich, and elsewhere—innovations
that made the STM and especially the AFM faster and more reliable, their
images easier to interpret, and specimen preparation less demanding. STM
of DNA might well have continued to boom had it not been for develop-
ments such as optical-lever detection and microfabricated cantilevers. As
it was, most of the people who started out in STM of DNA drifted, one by

one, to AFM—even such holdouts as Lindsay and Guckenberger.

The Demographics of Uncertainty

As the graphite case shows, the continual appearance of innovations in
usability (compact STM, air operation, the tube scanner, AFM, optical-lever
detection, microfabricated cantilevers) in the late 1980s and the early 1990s
had complex epistemic consequences, especially for the Zurich-California
portion of the probe-microscopy community. Technical innovations such
as air STM and social innovations such as an annual STM Conference made
it much easier for large numbers of people to join the probe-microscopy
community. Developments such as optical-lever detection and microfab-
ricated cantilevers made it possible for Quate’s and Hansma's groups, and
for other groups, to forge ahead with new wuses for the microscope, rather
than focusing entirely on fixing finicky, unreliable instruments. Those new
applications of probe microscopy created possibilities for collaboration
with new disciplines, and therefore created opportunities for representa-
tives of those disciplines to enter the probe-microscopy community.

Thus, the late 1980s saw a dramatic increase in the number of probe
microscopists, and an increasing diversity of types of probe microscopists.
We will see in the next two chapters that those trends were amplified even
further by the appearance of commercial instruments. The growth and
diversification of the probe-microscopy community brought some clear
benefits to Binnig, Quate, Hansma, and their close collaborators, but those
trends also entailed some epistemic risks. The newcomers to the technique
sometimes repeated mistakes that old-timers had overcome years before,
and their presence increased the pressure on everyone to publish quickly.
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In the graphite case, veteran probe microscopists stepped in to discipline
newcomers’ use of the technique—but not before the credibility of air STM
images had suffered some permanent damage.

Quate and Hansma tried to overcome these epistemic uncertainties by
welcoming into their groups visitors who brought with them discipline-
specific knowledge of how to frame research questions, prepare samples,
and interpret images. Yet even close-knit collaborations with disciplin-
ary experts couldn't completely resolve the epistemic uncertainties that
accompanied probe microscopy’s demographic shift. With so many col-
laborators passing through their groups, learning the technique, and then
returning to their home disciplines, Quate and Hansma couldn't possibly
monitor developments in every application area that originated in their
groups. Nor could they be sure that everything produced by their groups
would withstand scrutiny—to do so would have required them to spend a
lifetime learning the values and practices of every discipline they wanted
to reach out to.

The same innovations in usability that created epistemic uncertainty
could also be used, however, to sidestep them. By demonstrating the rele-
vance of probe microscopy to many different disciplines, and by making
probe microscopy user-friendly enough for members of those disciplines
to adopt the technique, the Zurich-California groups formed both strong
and weak ties to a very large network of other scientists. The leaders of the
Zurich-California groups—Binnig, Quate, Hansma—eventually learned to
trust that the various networks to which they were tied would work out the
best way to use STM or AFM on their own. Facts and procedures might be
uncertain at the centers of probe microscopy, but those centers were at the
periphery of the disciplines that were evaluating the images produced with
STM and AFM.

One aspect of Binnig, Quate, and Hansma's response to uncertainty was,
therefore, to simply set it aside and concentrate on moving the technology
forward. Mistakes might occasionally be made, and images produced too
hastily, but any epistemic ill effects could be confined. Because of innova-
tions in usability, the probe-microscopy community had grown and diver-
sified enough that it now contained niches that were only vaguely aware
of each other. One niche might no longer be able to communicate easily
with another—surface-science STMers might, for instance, be less and less
able to talk to or evaluate biological AFMers. Epistemic uncertainties could,
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Variation and Selection 123

therefore, be consigned to separate niches, to be worked out by the special-
ists in the disciplines most atfected by them. Meanwhile, technical inno-
vations and feedback from user experience could be transported from one
niche to the next. The central nodes of the probe microscopy network were
those that could develop and demonstrate such innovations and broker
them from niche to niche. The Zurich-California groups pioneered such
brokering, and dramatically amplified their productivity as a result. Soon,
however, they would have to share that task with a new set of organiza-

tions: start-up companies founded to broker probe microscopy for profit.
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5 Digital Instruments: Commercialization in a Changing

Community

In the 1980s, the commercialization of academic research suddenly became
a much-touted, much-disputed, much-studied phenomenon. In a sense, of
course, the selling of professors’ knowledge is as old as the university itself.
In the United States, the expectation of commercial return has encouraged
university research since at least the middle of the nineteenth century.
What was new in the 1980s was not the invention of commercial possi-
bilities, but the discovery of commercializing activities that were already
ongoing. That heightened awareness of academic commercialization has
generated a voluminous literature by economists, management scholars,
sociologists, and (to a lesser extent) historians.' That literature, in turn, has
evolved in tandem with changes in university and government policy in-
tended to amplify or accelerate commercialization of academic research—
changes such as the founding of university technology-transfer offices, and
legislation intended to encourage professors to patent their research.’

Probe microscopes became commercial products in the late 1980s and
the early 1990s, largely through the efforts of start-up companies affiliated
with the university groups discussed in chapter 4. These companies are
therefore an excellent test case for understanding how the policy changes
and institutional innovations of the 1980s affected the process of academic
commercialization. In some ways, probe microscopy exemplified the bene-
fits of the new commercialization paradigm, in that §5TM and AFM compa-
nies generated substantial royalties for the University of California system
and a few other schools. However, in important ways, the founders of these
companies were driven by developments within the probe-microscopy
community, and by their encounters with commercialization in the 1970s,
rather than by the structural spurs to commercialization effected in the
1980s.
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These companies ensured the widespread adoption of STM and AFM in
a variety of disciplines and industries. When nanotechnology initiatives
were being formed in various countries, in the early 2000s, the existence of
STM and AFM start-ups was often invoked as a necessary first step toward—
and a reason for optimism about—the reaping of large-scale, economy-
wide benefits from the funding of nanotechnology research. Proponents
repeatedly compared nanotechnology to the California gold rush of the
1840s and the 1850s, declaring that the entrepreneurs who made the ear-
liest, most reliable profits were those selling “picks and shovels” that then
allowed other prospectors to find gold.” The STM and AFM, on that tell-
ing, were the picks and shovels of nanotechnology; the companies that
sold them (to mix metaphors) were the “weathervanes” indicating that the
storm of nanotechnology was coming.*

Commercialization, therefore, was central to probe microscopy's trans-
formation from an instrument-oriented community into an instrumental
community able to influence events beyond the walls of the laboratory.
Commercialization extended, and radically amplified, the network-building
activities we examined in chapter 4. STM and AFM companies were, there-
fore, subject to the same epistemic and normative uncertainties that
the Zurich-California groups had to contend with. Alliances with those
groups—exchanges of ideas, personnel, artifacts, and rules of thumb—
aided SPM companies in overcoming those uncertainties.

In time, manufacturers of STMs and AFMs both supplemented and sup-
planted the Zurich-California sites as “centers” in the probe-microscopy
network. One manufacturer, in particular—Digital Instruments (DI), based
in Santa Barbara—essentially doubled the size of the probe-microscopy
community between 1987 and 1990, and continued to sell thousands of
microscopes in the 1990s. DI became the entry point to probe microscopy
for at least a plurality of the community; its role will, therefore, be the pri-
mary focus of this chapter. By selling so many microscopes, many of them
to people who didn't intend to do research or to get involved in the probe-
microscopy community, DI dramatically changed the nature of the net-
work connected through use of the STM and AFM. (In the final chapter, we
will see that in the 1990s the policy makers who promoted nanotechnol-
ogy took advantage of the proliferation of weak ties enabled by DI's expan-

sion of probe microscopy.)
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What Is “Commercialization”?

It is tellingly difficult to pick out a starting point for the commercializa-
tion of academic probe microscopy. In the beginning, STMers built their
own microscopes from a mix of off-the-shelf parts, custom-ordered com-
ponents, and pieces they made themselves or had made in their organiza-
tions’ machine shops. Probe microscopists always depended on commercial
suppliers; indeed, knowing where to buy the right parts was an important
element of the tacit knowledge needed to build an early STM. But STM
builders—whether in corporate, academic, or government labs—were also
very active consumers of commercial products. They petitioned suppliers
of vacuum chambers, piezoelectric crystals, and other parts to design prod-
ucts specifically for the STM market. Some suppliers brought early STMers
in as consultants to help them do so; a few of those suppliers even eventu-
ally sold complete STMs.

If, therefore, “commercialization of academic research” refers to the
conversion of professors’ knowledge into marketable products, there was
no point at which academic probe microscopists weren't involved in such
activities. Moreover, the formation of the probe-microscopy community
was facilitated by a lack of clear distinctions between “academic” and “cor-
porate” researchers. For instance, Heinrich Rohrer's sabbatical at UC Santa
Barbara in the 1970s led to Paul Hansma's taking up STM. Conversely, the
STM moved to the Universidad Autonoma de Madrid because Nico Garcia
and Arturo Baro each made extended stays at IBM Zurich, and it moved
to Cambridge University via John Pethica’s stint at Brown Boveri. Othmar
Marti, a graduate student who received his degree from ETH Zurich for
work primarily done at IBM, built the analog portion of the control elec-
tronics for several of the first STMs at IBM Zurich—electronics that, by
1988, were being marketed by VG Instruments.®

Calvin Quate's group at Stanford probably best exemplifies the ways
in which academic probe microscopy was always already commercial-
ized. His acoustic-microscope work in the 1970s was supported by IBM,
and Quate routinely sent IBM researchers SAM images of technologically
important samples, such as gallium arsenide wafers and materials used
in magnetic bubble memory.® Quate also promised to (and did) “provide

IBM with a supply of well-trained students,” and he gave advice to IBM
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128 Chapter 5

(and other companies’) researchers who were building their own acous-
tic microscopes.” In turn, he used the fact that companies were replicating
his invention as evidence of his group’s progress in reports to his Air Force
funders.® His experience with acoustic microscopy in the 1970s and the
early 1980s therefore gave him an excellent sense of how new instrumen-
tation could answer IBM'’s specific manufacturing needs

When Quate moved into STM, he quickly applied for, and received, a
grant from IBM in support of both acoustic and tunneling microscopy.
Several of his former students and postdocs who were working at IBM fol-
lowed him into tunneling microscopy. And, as we have seen, his hosting of
Gerd Binnig in 1985 and 1986 resulted in the invention of the AFM. Thus,
before 1986, Quate’s activities were deeply imbued with commercial priori-
ties—even though he was not, at that point, much involved in the activi-
ties that were supposedly most emblematic of academic commercialization
in the 1980s. He was not, for instance, listed on the original AFM patent,
nor did he show any interest in founding a probe-microscope company.
Indeed, he was initially somewhat discouraging toward entrepreneurial
activity inside his lab. Yet it is clear that the knowledge being produced by
Quate’s group regularly flowed to IBM (and to other companies). Quate's
research seems, in fact, to have been more closely tied to IBM’s manufac-
turing capability than that of the IBM surface scientists we examined in
chapter 3. Certainly, the possibility of contributing to marketable products
was an important consideration in Quate’s shifts from SAM to STM to AFM.

From Kits to Companies

Thus, commercial activities were ubiquitous among probe microscopists
from the very beginning of their community—perhaps more so among
some academic participants than among those based in corporate labs.
However, not all forms of commerce were present from the start. Looking
back, probe microscopists do identify the advent of a certain kind commer-
cial activity as an important turning point in the history of their commu-
nity: the sale of microscopes, for money, by newly formed organizations
dedicated to that task.

It's easy to see why this moment is remembered distinctly. The majority
of probe microscopes today are bought from commercial manufacturers.
The probe-microscopy community would be much smaller, and narrower
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in its focus, had STM and AFM start-ups not emerged. Yet the transition to
the era of purchasable microscopes was, on closer inspection, quite grad-
ual. One could buy an STM even before separate organizations existed to
handle such transactions. Once such organizations did come into being,
they sometimes found it necessary to barter their products in exchange
for services or knowledge rather than cash. Quasi-commercial trading for
probe microscopes (and their components) existed in parallel with more
formally commercial markets for quite some time.

For instance, IBM’s Zurich and Yorktown labs both created internal mar-
kets for batch-produced microscopes that were made available to their
researchers. As we have seen, the “consumers” of the Yorktown micro-
scopes treated them as incomplete kits that had to be modified or rebuilt
if anything useful was to be gotten out of them. A few of these Yorktown
microscopes accompanied their users when they left IBM to take up faculty
positions. Similarly, when Bell Labs researchers took new jobs elsewhere,
they were sometimes able to take with them the STM software that they
and the other denizens of the tractor shed had developed together.

Likewise, the Hansma group’s most trusted collaborators sometimes
were offered a microscope at the end of a visit. Such gifts saved the collab-
orators valuable time. In return, the UCSB group’s productivity would be
increased, since collaborators who continued research that they had begun
in Santa Barbara could use these gift microscopes to quickly generate
data for articles on which Hansma and his students could be listed as co-
authors.” For the person who received such a microscope, the time saved
was an enormously valuable commodity. Probe microscopy was moving
quickly, and there was a lot of low-hanging fruit—samples that were obvi-
ous candidates to be imaged—that would not wait to be plucked.

The desire to save valuable time drove some newcomers to probe micros-
copy to ask established researchers to make them a microscope, either for
free or for a relatively low price. Those veteran researchers were appar-
ently more likely to oblige if the request was for a specific type of micro-
scope that they specialized in, that few others had replicated, and that
hadn’'t vet been commercialized. For instance, Stuart Lindsay gave away
a few controlled-environment STMs (in which in sifu chemical processes
could be observed) because he was one of the pioneers of the technique,
and because the leading STM manufacturers didn't yet make high-quality
instruments of that kind.
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130 Chapter 5

A few grad students were willing to make microscopes at their col-
leagues’ requests because they were looking to trade their know-how for
a little money and/or reputation. For instance, Brian Swartzentruber, Jene
Golovchenko’s former technician at Bell Labs, built four or five STMs for
university faculty members (mostly his adviser's former students) and for
government researchers, on his PhD adviser’s behalf. He also sold STM soft-
ware to those groups (and a few others) for “supplemental income” while
in graduate school."

Probably the graduate student who went furthest in selling STM kits on
the side was Douglas Smith, at Stanford. Smith's Tunneling Microscope
Company, founded in 1986, might even quality as the first probe-microscope
start-up company. However, the Tunneling Microscope Company was a
rather ambiguous marker of the new start-up era. The “company” had only
one “employee” (another Quate student, Mike Kirk, who helped with prod-
uct assembly), and was in existence for about a year. People today remem-
ber it mostly for the bright red hats with the company logo that Smith gave
away. Yet, even as informal as the Tunneling Microscope Company was,
Quate saw it as an unwelcome distraction. As Mike Kirk puts it, “basically
Dr. Quate said ‘graduate students work, eat, and sleep, and most of the time
they go hungry.’ You can’t have a company and be a graduate student at
the same time, so Doug had to finish up [his dissertation], graduate, and
move on.”"

Smith’s product was a cheap (less than $10,000), bare-bones STM for
which customers supplied their own software and electronics. His custom-
ers, like users of the IBM batch-produced microscopes, had to demonstrate
their instrument-building abilities to get Smith’s incomplete kits to work."
These customers generally had the expertise to build an STM, but they
needed Smith's kits to save them time. For instance, one buyer was Rich
Colton, a senior surface scientist at the Naval Research Laboratory who
returned from a sabbatical with John Baldeschwieler’s Caltech group intent
on building an ultrahigh-vacuum STM. While that instrument was under
construction, he bought one of Smith’s instruments in order to do a “feasi-
bility study” of various applications of STM."

Smith's customers seem to have been people who were closely con-
nected to the Quate group but not active collaborators. For instance, Rich
Colton's boss, Jim Murday, was also a grant officer at the Office of Naval
Research who funded Quate (and corresponded with him frequently). John
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Foster, one of Quate's acoustic-microscope students who moved to IBM
Almaden, bought a Tunneling Microscope Company instrument to see if
an STM could be used to modity surfaces or adsorbed molecules and there-
fore function as a data storage read/write device. Gerd Binnig seems to have
been a conduit for another sale—after Stanford, Smith went to Munich to
do a postdoc at Binnig's IBM-sponsored outpost, and at the same time one
of Smith’s STMs wound up in the hands of Wolfgang Heckl, a grad student
at the Technische Universitat Miinchen who later succeeded Smith as Bin-

nig’'s postdoc.™
Digital Instruments

For most of the 1980s and the early 1990s, therefore, probe microscopes
were being exchanged—for money, co-authorship, interesting samples,
know-how, and so on—before, and then in parallel with, the existence
of firms dedicated to selling the instruments. These quasi-commercialized
microscopes were often deliberately incomplete, so that the buyer could
modify them for his or her particular uses. The “markets” for such instru-
ments were usually confined to their makers’ organizations, or to a close
network of collaborators and other personal contacts. Building these micro-
scopes was a sidelight, not a job unto itself.

Through 1985, STMs were so difficult to build, and so unreliable in
operation, that it would have seemed crazy to think that selling STMs for
cash could be a way to make a living. Moreover, at that point the STM
was demonstrably useful for only a very narrow range of applications—
the potential market for a commercial STM cannot have seemed very
large. Between 1985 and 1987, though, innovations appeared that made
the technology more reliable and more widely applicable: air operation
(and operation in water and other fluids), the tube scanner, the compact
S$TM, and so on. At the same time, the annual STM Conferences made it
much easier for people who had heard of tunneling microscopy but had
no personal connection to its practitioners to become acquainted with the
technique.

These factors—or, at least, the insight that these factors would soon
come into play—were enough to stimulate the founding of commercial
STM manufacturers. One of the first (and certainly the most significant in
the 1980s and the 1990s) was Digital Instruments, the brainchild of Virgil
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Elings, a physics professor at UC Santa Barbara.'® Elings first considered the
possibility of selling commercial STMs after talking with Nico Garcia while
Garcia was on the UCSB campus to give a lecture. From that encounter,
Elings decided to attend the STM '86 meeting in Santiago de Campostela.
After returning from the conference convinced that a market existed for a
commercial microscope, he approached his departmental colleague Paul
Hansma and suggested that they form a company to sell STMs. '

Like Calvin Quate, Hansma was initially wary of involvement with a
start-up, so instead he offered Elings the blueprints and advice that he gave
other colleagues building STMs. Elings then invited one of his former stu-
dents, John “Gus” Gurley, to co-found a company, which they named Digi-
tal Instruments (DI). The name was meant to highlight the fact that their
microscopes would have a digital electronic controller. At the time, most
STMs had multiple racks of analog controls with knobs that the user could
turn to set the microscope’s parameters. A digital instrument, in Elings’
view, could be more automated and more flexible than an analog one.

Despite their company’s name, Elings’ and Gurley’s first prototype used
a roughly assembled analog controller as a kind of placeholder while Gur-
ley tried to perfect the digital electronics. With the STM '8B7 conference in
nearby Oxnard coming up, and with Gurley struggling to improve the digi-
tal controller’s signal-to-noise ratio, Elings improvised a commercial pack-
age from the analog prototype. Thus, Digital Instruments’ first product
turned out to be the analog NanoScope L. In April of 1987, DI was already
advertising this $25,000 STM (“atomic resolution—guaranteed, opera-
tion in air or liquid”)."” With the NanoScope I providing cash flow, Gurley
had an opportunity to push ahead with an all-digital controller. By July of
1988, DI was advertising that product, the NanoScope I, as “a new dimen-
sion in microscopy.”'® Those early ads, primarily in Physics Today, helped
DI tap a reservoir of demand for a commercial STM. Indeed, with the very
first ad, Elings claims he could tell what parts of the United States had just
received the magazine by noting where sales calls came from.' By early
1990, atter only three years in operation, DI had sold about 300 micro-
scopes, “more than half of all the STMs in the world.”*

The Long Shadow of the 1970s

The success of the NanoScope I and of the NanoScope Il was due in part to

Virgil Flings’ commercial and quasi-commercial experiences of the 1970s
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and the early 1980s—experiences that long pre-dated most of the admin-
istrative and policy changes intended to spur academic commercialization.
Elings had started his research career as a high-energy physicist, surviving
the Cambridge Flectron Accelerator explosion of 1965 while getting a PhD
from MIT.*' By 1972, however, just a few years after taking a faculty posi-
tion at UC Santa Barbara, Elings was moving into research areas outside
high-energy physics. That year, he and a departmental colleague, Vincent
Jaccarino, founded a Master's of Scientific Instrumentation (MSI) program
“to teach people from diverse backgrounds—engineering, physics, biology,
even psychology—about how to design instruments.”*

Elings and his colleagues touted the MSI program as a possible answer to
the turmoil that was facing American academic physics departments in the
1970s: a dreadful job market for graduates, reductions in federal research
funding, and declining enrollments. MSI students brought much-needed
revenue to UCSB, accounting “for roughly half of the total entering phys-
ics graduate-student population” in the late 1970s. Upon completing their
two-year commitment, these students found jobs in “university research
groups, primarily in physics, biology, and medicine ... [and] industrial
research labs, often in the semiconductor area.”” In the program, stu-
dents learned quasi-entrepreneurial skills while saving UCSB scientists the

expense of buying instrumentation:

The students are largely responsible for finding these ideas [for projects] from within
the [physics] department or from other science faculty on campus. The projects
must have real “clients”"—those who have a vested interest in the timely and suc-
cessful completion of the project.™

In many cases, these skills later served students well in start-ups such as DI:

One lesson from the master’'s program that Elings carried into DI was
that “the areas that students had done undergraduate work in made little
difference in their ability to design instruments. Any deficiency, except of
knowledge of math, could be repaired by some reading and talking with
other students. All those esoteric courses made little difference.””* Perhaps
as a result, personnel came to DI from a wide variety of sources. Elings’
sons, Mike and Jeff, made contributions to the company’s technical work.
Dennis Adderton, a high school friend of Jetf Elings, was an intern at DI
during summers while in college at UCSB; after graduation, he became
employee number 40, and later he implemented designs for products such

. . . . 2
as a scanning capacitance microscope and a tunneling AFM.?® Another
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early employee, Matt Thompson, who had a degree in history and was run-
ning a bookstore when he joined DI, became one of the company’s top
applications scientists. James Massie, a psychology major before he entered
the MSI program, later led the team that designed the AFM on which DI's
fortunes eventually rested.

Virgil Elings’ philosophy of business—emphasizing the inherent uncer-
tainties of selling a new and ever-evolving research technology—may
explain his reliance on this motley collection of early employees. As he
put it in 1995, “We try to hire smart people. Their areas of education are
secondary. None of us knew about scanning probe microscopes when we
started, and I hope there is still a lot more we don't know.””" In terms of
design, Flings and Gurley opted for digital control for precisely the same
reason—because it could be adapted more easily in the face of uncertainty:
“[W]hen you make an instrument you actually don’t know what the solu-
tionis it turns out. . . . [Y]ou have to be flexible, so when one day you wake
up and figure what the hell it is you're doing, you can actually do it with-
out saying ‘Oh, it’s too late, I already got the circuit boards done.’”** This,
too, was a lesson from the MSI days. In the MSI program, students were
encouraged to use digital circuits because “one exciting aspect of micro-
electronics is that the resulting ‘intelligent’ instruments may be easily rede-
signed to meet altered specifications, often by simple software changes.””

The MSI program was clearly quite different from a traditional academic
degree program. It was, for some students, “a rude awakening from the
spoon-feeding of most undergraduate experiences.”*” Seeing that his best
students used little of their undergraduate education in instrument build-
ing (but instead learned best by doing), Elings became convinced that for-
mal academic pedagogy was counterproductive: “[S]chools at all levels,
practically down to kindergarten, do almost nothing to foster innovation
and invention. . . . [A]Jcademia can afford to spend some time on innova-
tion since, in my opinion, a lot of what is done now is a waste of time,”"'

In view of his objections to how universities were run, it isn’t surpris-
ing that Elings began looking for opportunities beyond UCSB. In the early
1970s he filed for a patent on—and began selling—a device made from
two parabolic mirrors that produced an illusion of an object floating in
space; it was sold as a toy in science museums.” Over the next decade
and a half, he either commercialized (sometimes with business partners)
or explored the commercial possibilities of several technologies inspired
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by his own research or that of his master’s students. Examples include a
digital cardiotachometer, a dermofluorometer (for measuring blood flow
in skin flaps), and a light-scattering detector for measuring small particles.
The last of these start-ups before DI was Nicomp, a company that Elings co-
founded with David Nicoli to sell a particle-sizing system. Elings used part
of his share of the profits from Nicomp as his initial investment in Digital
Instruments.

Charismatic Authority and Technology Transfer

The MSI program and related ventures provided Virgil Elings with seed
money for DI, with important personnel (including Gus Gurley and James
Massie), and with insights into how to stimulate and manage innovation.
From his descriptions of the MSI program, it appears that Elings" expe-
riences as a UCSB faculty member also left him with a profound skepti-
cism of academic culture and knowledge. Yet because DI's profit margins
depended on academic customers, and university research generated inno-
vations that found their way into DI's products, Elings’ skepticism had to
be strategic rather than absolute. That is, his skeptical stance acted as a fil-
ter or a crucible tor determining which customer demands and innovations
were worth pursuing, rather than an impermeable barrier to all inputs from
academic researchers.

The most important academic sources of innovations for DI were the
UCSB and Stanford groups that we examined in chapter 4. We saw in that
chapter that Paul Hansma and Calvin Quate faced a problem of trust and
credibility in pushing probe microscopy into new fields, in making STM
and AFM noteworthy and useful to disciplines of which they had little
knowledge, and in determining which representatives of those disciplines
they could trust to help them make the technique more useful and cred-
ible. In turning probe microscopes into commercial products, Elings faced
similar problems: What cues would indicate which design innovations were
robust and marketable? How could Elings tell which, if any, of the research-
ers clamoring to have their ideas commercialized by DI were worth listen-
ing to? How could he tell which of his own employees’ design innovations
should be incorporated into the NanoScope and which should be left out?

As Steve Shapin has shown for high-tech entrepreneurs from Rob-
ert Boyle to Robert Oppenheimer to Robert Swanson, such uncertainties
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cannot be overcome solely by the application of bureaucratic-rational
rules.”® No one had ever created an organization to sell probe microscopes
before; no one could say exactly how such an organization should be
run or how it should manage inputs from the instrumental community
that formed its customer base. One response to these open questions was
simply to be flexible—to hire smart people who could adapt, and to use
an easily reprogrammable digital controller. As Elings says today, since “no
one has any experience in the future,” one should “forget the plan and
look for surprises.”**

Complete flexibility, however, introduces the possibility of chaos. A
company whose employees have no guide to action is potentially one in
which effort is duplicated or wasted and good ideas go unnoticed. We saw
in chapter 4 that Paul Hansma offered his small lab group guides to action
through proverbs and rules of thumb. Elings, too, had a store of maxims,
the most important being “You can’t know what you're doing. (Keep your
eyes wide open to the possibilities and don't think you know exactly what
needs to be done next).”* These proverbs were then supplemented by per-
sonalized management, in which the contradictions and ambiguities of
applying flexible maxims were ironed out by Elings’ charismatic author-
ity. Instead of a layered organization chart with middle managers mak-
ing bureaucratic-rational decisions, “DI had an incredibly flat management
styvle. For the most part it was Virgil and Gus, the president and the VP. In
production there was a little more structure but on the R&D side it was
mostly that.”**

Shapin notes (with a nod to Max Weber) that this charismatic author-
ity resides, at least in part, in the entrepreneur’s physical presence—his or
her ability, as perceived by those with whom he or she interacts, to make
things happen simply by being there. That Elings’ personal presence was
seen at DI as a catalyst of knowledge is clear. As Jerome Wiedmann, a for-
mer MSI student who ran DI's early marketing efforts, puts it, “We used
to say about Virgil that if you went into [his] office, your 1Q went up six
points.”" Yet Elings’ charisma often guided by indirection rather than by
precept. According to Wiedmann, “He chose absolutely to be an enigma at
all times. I think that is a large part of why people are so conflicted about
this guy.”*

Elings' physical presence and enigmatic indirection provided an answer
to the questions of which innovations were worth marketing and how to
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bring them into the company. For instance, when researchers at IBM and
elsewhere began to talk about using a magnetized AFM tip to do magnetic
force microscopy, Elings had to decide whether DI would commercialize
MEFM. He could have created a formal unit within the organization and
given it concrete instructions for implementing MFM. Instead, he hired
Ken Babcock, a recent UCSB PhD with a background in magnetics but not
AFM. The second day Babcock was at DI, “Virgil walked by the cubicle and
stuck his head over and looked down at me and said ‘so, magnetic force

microscopy’ and before I could look up he was gone.”*

Elings' presence,
in such a flat organizational structure, made such utterances worth listen-
ing to, but it was partly because their content was so unspecified that they
could stimulate the kind of innovation that DI needed. As Babcock puts it,
“I realized that in most of the things he said, you should sit and ponder. It
was like a Zen master: my mission is [to] make magnetic force microscopy
into something, but it’s up to you to figure out how to do that.”*

This is not to say that Elings had magical powers, nor is it to say that
the opposite of bureaucratic-rational decision making is irrational decision
making. Rather, Flings’ management style was a reasonable and ultimately
a successful response to the inherent uncertainties of selling a research
technology that was continually evolving unforeseen uses and designs. For
Elings, presence was a litmus test: facts that could be made to evidence
themselves in his presence served as a basis for future action; facts that
were simply asserted or derived from theory didn't. People who were will-
ing to challenge Elings to his face and parry his opposition could be trusted
to develop marketable innovations; people who wilted in Elings’ some-
times blistering presence could not.

Academic researchers who wanted DI to sell their particular innova-
tion, or to modify the NanoScope for their particular application of probe
microscopy, could expect to be tested intensely. For instance, when Stuart
Lindsay developed an AFM variant that could be used in electrochemistry
and biophysics, he was initially unable to get DI to market it. Elings was
adamant that DI would not make custom microscopes, and he was reluc-
tant to add anything to the NanoScope merely at the urging of researchers.
Eventually, Lindsay formed his own start-up company, Molecular Imaging
(MI), which tried to negotiate a deal with DI:

Bill Offenberg, the CEO of Gatan [which then owned MI], . . . said [to Lindsay and MI

employees| “well, if your microscope's so damn good, you can sell it to Virgil Elings.”
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Crikey! Terror. All the faces in the room went ashen. Bill was going to invite Virgil
over to Tempe and we were going to give him a demo that was going to be so good
that Virgil was going to agree that he had to market our microscopes because it would
fill his niche in electrochemistry. In fact [ actually have a T-shirt somewhere in my
drawer which says “I Survived V-D" and underneath it says “Virgil's Demo."” Bill had
those made for everybody involved at the time. It was a great demo, Virgil could not
crash that microscope, he was stomping on it and [yet we still saw] atoms.*'

Lindsay was, perhaps, lucky to be let off that easily. As Jan Hoh, a Hansma
postdoc, recalled, “Virgil loved to swear and be very brash. . . . [I]f you took

that personally you wouldn't be long-lived [at DI]. He just loved to test

4l

people.
Probably the most important such test, ultimately, was that applied to
Paul Hansma and the AFM. By early 1989, Hansma

had really become an AFM believer.. . . But the AFM didn't work very well, espe-
cially back in the days when we were using tunneling to detect the deflection of
the lever. Virgil would come over and we would tell him that the AFM was the way
of the future, and we would show him some images we'd gotten. He would look at
them and say, “Ah yeah, maybe,” and then he'd go away and not do anything. . . .
Because it was one thing to have an AFM that worked well enough that we could
getimages to show him when he came, but that was never enough to convince him
that he had something that looked like a product. What finally convinced him is
when he came in the lab and the AFM worked while he was in the lab.*

After Virgil had seen the Hansma AFM operate in person, he agreed to
commission a commercial prototype. One of DI's newest employees, James
Massie, and Hansma'’s technician, Barney Drake, then set about transfer-
ring the technology to DL

As Craig Prater (then a Hansma student, later one of DI's top technolo-
gists) recalled, Massie “took an already elegant design and then made it even
more elegant, easier to use. Over time he found the things that ended up
not being reliable and came up with more elegant, more reliable designs.”**
But no matter how elegant Massie's design was, for Elings the AFM was not
a marketable device until it worked in the inherently contingent, physical
world directly in front of him, rather than just in the rule-bound, pristine,

foreseeable world of the research laboratory. As Prater tells it,

[W]e brought over to show him this AFM that we had operating and of course he
said “ah, looks like a piece of crap. . . .” He reached over and grabbed a Polaroid pic-
ture and got a pair of scissors and cut off a little piece of the Polaroid picture, [and]
said “image this." I had the same sort of mindset as the people at IBM in the early

days, that the things that you image should be atomically flat, precision surfaces.
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The idea of taking a piece of paper and sticking it in was just crazy. I said "Well, I

don't know if this'll work” and he [said] “Try it. This is what our customers will do,

they'll put any kind of shit under there, you try it."**

DI, Surface Science, and the AFM

As Prater’s anecdote indicates, Elings took an extraordinarily open-ended
view of what a commercial STM or AFM should be capable of imag-
ing—more so than the Hansma group at the time, much more so than
IBM's surface scientists. Yet the samples DI employees imaged and pub-
lished in promotional material were not chosen at random. From the very
beginning, DI publicity highlighted the use of the NanoScope to image
technologically important objects (in the condition in which they were
manufactured), rather than specially prepared research materials. Early ads
showed STM images of, among others, an “optical disk” (June 1988), “a
nickel stamper from which compact disks are made” (July 1988), a “cobalt-
chrome layer, a material used for vertical recording on magnetic disks . . .
no surface preparation was required” (September 1988), “photographic
film grains” (January 1989), an “integrated circuit” (August 1989), and a
“laser-formed microencoder” (March 1990).*

Thus, even in DI's first year, Elings was targeting industrial customers,
and some of DI's earliest orders came from research and analytical laborato-
ries at the Nippon Telegraph and Telephone Corporation and Standard Oil
of Ohio.* The philosophy of building a cheap, rugged, air STM that would
be useful to PhDs doing basic research but that could also be operated by
non-PhDs and/or in non-research settings made the NanoScope attractive
to a wide range of customers. But since no one yet knew what a commer-
cial STM was good for, buying one involved taking some risk. By making its
STM as cheap as possible, and eliminating the need for expensive, labori-
ous specimen preparation, DI alleviated some of that risk and allowed cus-
tomers to simply play with the NanoScope until they found a use for it.
Indeed, Elings now refers to DI's early days as the “toy business.”*

Yet that philosophy effectively precluded DI from targeting surface sci-
entists, the largest sub-community of probe microscopists during the com-
pany’s first few years. Surface scientists, at this point, had a reasonably
clear idea of what an STM could do for them. To meet their requirements,
though, an STM had to be housed in an elaborate, expensive UHV cham-
ber, usually alongside other tools of surface science. Thus, in the late 1980s,
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when commercial STMs designed specifically for UHV surface science
began to appear, the companies selling them were almost all established
makers of surface-science equipment that had found some way to acquire
STM know-how: Burleigh, LK Tech, VG, Microscience, Omicron, McAllis-
ter, RHK Technology, JEOL.

The one major non-incumbent firm that tried to cater to the surface-
science market was Park Scientific Instruments, a start-up associated with
Calvin Quate's lab. Yet, as we will see, despite Park’s close association with
one of the top two or three probe-microscopy groups in the world, the
company struggled to sell to surface scientists—incumbent firms retained
a significant advantage in marketing to that discipline. One reason Park
struggled was that most of its competitors for the surface-science market
were able to sell their STMs along with some combination of UHV cham-
bers, UHV-compatible micropositioners, Auger and ESCA spectrometers,
LEED and RHEED diffractometers, molecular-beam epitaxy machines, elec-
tron microscopes, and so on. That is, surface scientists were much more
likely to buy a commercial STM if it was part of a package of equipment
designed specifically for their discipline.

DI, meanwhile, avoided the surface-science market almost completely—
though a few companies did target surface scientists by offering to retro-
fit a NanoScope for operation in UHV. Thus, the partial disaggregation of
surface scientists from the rest of the probe-microscopy community, which
was underway even before the introduction of commercial instruments,
was reinforced by the formation of a market for UHV STMs that was served
by different companies than the market for other kinds of probe micro-
scopes. Moreover, as DI's sales increased, UHV STM became a smaller and
smaller sector of probe microscopy. In the first three years of DI's existence,
its customers nearly doubled the size of the probe-microscopy community.
Very few of those new STMers were operating their instruments in UHV or
looking at samples prepared according to the disciplinary canon of surface
science.

Some surface-science STMers saw the emergence of commercial air STMs
as an invitation for bad research to swamp high-quality work in the probe-
microscopy community. As Bob Hamers, a surface scientist at IBM's York-

town lab, recalled,

One of the things that turned a lot of people off to STM at the beginning was the
commercial vendors were showing these wonderful images of graphite with atomic
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periodicity, but not true atomic resolution in air, and making it sound like it was
very easy and could be done anywhere. But in fact when you got to any other
sample [besides graphite], or anything that you'd really want to study, it was no lon-
ger true.”

The introduction of commercial air STMs, according to some surface scien-
tists, made things too easy. As Jun Nogami, Calvin Quate’s surface-science

postdoc, recalled,

[Tt didn't help when it was discovered . . . that you could image in air. . . . Air instru-
ments are a lot easier to build, they're a lot easier to sell. Then you get companies
like Digital Instruments that have very sophisticated software that can make any-
thing look pretty. That leads to . . . overinterpretation on a much more diverse set
of materials.™

Of course, as Nogami freely admits, surface scientists who built their own
STMs also sometimes fell prey to “overinterpretation.” The problem was
that, with commercial air STMs available, the probe-microscopy commu-
nity grew too quickly, and the newcomers had too few personal ties to
their predecessors. Knowledge of image artifacts simply couldn’t be trans-
mitted quickly enough to keep up: “As the commercial instruments got
better and people started buying them, then you would see people repub-
lishing the same old mistakes that we made a good number of years ago.””'

The consequences of the rapid expansion of probe microscopy pre-
sented DI with a dilemma. On the one hand, selling STMs was DI's busi-
ness—the more the better. Elings had little interest in telling customers
that some uses were forbidden. In fact, he had reason to think that surface
scientists’ skepticism of air STM's capabilities were suspect. Back when he
was debugging the NanoScope I prototype in early 1987, his routine was
as follows: “Every morning | would go in and run the damn thing and get
hooked on it. . . . We always cranked the scan down [to] try and see atoms

T

on anything.”"~ According to Elings, he then

started to see an array of "atoms” on a gold sample. Now we only had two of the
four scan electrodes hooked up (we didn’t have 4 amplifiers yet) which made the X
and Y scales very different. I showed it to Paul [Hansma] and he was worried that
the array didn't look right, being skeptical about my explanation. Then he got hold
of [Jerry] Tersoff at IBM who said it was impossible to see close-packed atoms on
gold, so Paul was not interested in writing a paper, thinking, I guess, that the data
was crap.”

Pressed for time, Virgil Elings let his son Mike use the STM at night to

come up with better gold images and present them in a school science fair.
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As Virgil Elings is quick to point out, an IBM Almaden group later pub-
lished atomic-resolution STM images of a close-packed gold surface in air
and UHV.**

Still, if air STM's reputation became tainted by “overinterpretation,”
there was the possibility that DI's market could collapse. Thus, Virgil Elings
was sometimes just as skeptical toward air STM as the surface scientists.
For instance, as Stuart Lindsay remembers it, once when he and Elings
saw a conference speaker present air 5STM images of a bacterial sheath on
graphite, “Elings got up and said [to the speaker] ‘Well I don't know what
you think your images are but we've seen an awful lot of things that look
just like that on bare graphite.’ That's the first time that I ever heard that
accusation made for graphite.”*® That is, even before Gerd Binnig and
Tom Beebe demonstrated convincingly that graphite defects could pro-
duce false STM images of DNA and other biomolecules, Elings was pub-
licly making the same criticism. Today, in conversation, Flings ardently
insists—even more than most surface scientists—that not a single air STM
has been proved to operate in tunneling mode rather than via ohmic con-
tact between the tip and the sample.*

Yet it is also true that, in the late 1980s and the early 1990s, DI encour-
aged customers to believe that STM images of biological materials or
organic molecules deposited on graphite were credible. For instance, a Sep-
tember 1989 advertisement trumpeted “The NanoScope Il Scanning Tun-

neling Microscope” and its ability to image “uncoated Z-DNA strands on

] 57

graphite” “without coatings that would have obscured the helixes [sid].
In April of 1989, another ad touted molecular-resolution images (made
with a NanoScope STM) of a layer of liquid crystals deposited on graph-
ite.*® As the problems with air STM and graphite became known, however,
it became clear to some at DI that those criticisms could have repercussions
for DI's market.

The consequences of that backlash were minimized by the introduction
of DI's commercial atomic force microscope. That atomic force microscopy
would become DI's mainstay was, initially, quite unexpected. Elings, after
all, had been reluctant to commercialize force microscopy, and people who
worked for DI at the time remember him speaking very skeptically (even
dismissively) about the potential size of the commercial AFM market. Today,
DI veterans fondly point out that the first ad for Digital’s AFM, in Novem-
ber 1989, relegated it to the status of a mere add-on: “The NanoScope 11
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Scanning Tunneling Microscope, Now with an Atomic Force Microscope
Option."**

Elings’ skepticism of force microscopy’s commercial prospects had some
validity at the time. After all, the NanoScope STM was already capable of
imaging many industrially important objects. The potential market for
STM seemed unlimited. As DI's ads announced, its STMs were “opening
new doors in such diverse areas as Biology, Chemistry, Electrochemistry,
Semiconductors, Materials Science, and Process Control” [though not, of
course, surface science].*’ It was by no means clear that the AFM market
would ever approach, much less dwarf, the market for STM.

By 1990, however, the criticisms of air STM were becoming widely
known. Plenty of people were still doing air STM, but the leading cen-
ters of probe microscopy—UC Santa Barbara, Stanford, IBM, Bell Labs—
had moved away from it and toward either AFM or UHV 5TM. Those who
stuck with air STM found that they had to do more difficult experiments,
on a narrower range of samples, in order to convince their peers. AFM,
meanwhile, was becoming easier, and that it could image a very wide range
of samples was becoming clearer. A DI ad from September of 1990, for
instance, showed

atoms on the surface of table salt (NaCl) fresh from the shaker at Digital Instru-
ments. A New Era in Microscopy. Now both insulating and conducting samples can
be imaged quickly and reliably with atomic resolution. This scan of table salt is an
example: one of our new employees did it out of curiousity [sic].*'

The AFM was certainly not vet free from criticism. It was not yet well
understood, for instance, whether those “atoms” of salt were really indi-
vidually resolved. Yet a consensus quickly emerged that the AFM was, as a
May 1990 DI ad explained, simply “an ultra-low force profilometer.” Since
profilometers had been trusted by industry for decades, their similarity
to AFMs allowed the newer technique to avoid many of the doubts that
dogged air STM.

The consensus that AFM could be trusted but air STM couldn’t formed
almost simultaneously with DI's introduction of a commercial AFM. As
a result, AFM quickly displaced STM as DI's main product. By January of
1990, DI's ads were declaring that “NanoScope II capabilities include STM,
AFM, direct three-dimensional measurements, spectroscopy, surtface rough-
ness, bearing ratio, cross sections, two-dimensional Fourier transforms, and
many others.”®* At that point, just two months into selling an AFM, the

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 158

http://site.ebrary.com/id/10509221?ppg=158

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



144 Chapter 5

technique was gaining prominence. But it was still just one of many things
a NanoScope could do. By May of 1990, however, DI's ads had dropped
any references to STM of DNA or graphite forever. Most DI ads after that
either mentioned AFM exclusively or mentioned it alongside such variants
of AFM as magnetic force microscopy and lateral force microscopy. That is
no wonder—by February of 1991, only 15 months after the introduction
of DI's AFM “add-on,” DI's ads estimated that more than half of the 200+
NanoScopes sold in that period had been AFMs.* For the rest of its exis-
tence, DI would be primarily an AFM and MFM company.

Competition and Credibility

As DI shifted to AFM, its connection to the Hansma group became much
tighter. Hansma's students and postdocs, who initially had few interactions
with DI, now began to take jobs there. For a time, UCSB offered the right
of refusal on exclusive licenses to DI for patents coming out of the Hansma
lab.®* In return for an exclusive license on the AFM that Barney Drake and
James Massie commercialized, DI agreed to pay the regents of the Univer-
sity of California 10 percent of “net sales of licensed products” to “fund
further research in the field of Atomic Force Microscopy at the Univer-
sity of California, Santa Barbara.”® In addition to these licensing fees, DI
supplied the Hansma lab with NanoScopes—which meant that any inno-
vations developed at UCSB were already on the same platform that they
would be implemented on at DI. In the mid 1990s, DI also seems to have
given some NanoScopes to Calvin Quate’s lab.®

For Paul Hansma, having the leading AFM manufacturer just down the
road made it easier to pursue experiments other labs couldn’t pursue. For
instance, Jan Hoh, a molecular biology postdoc in Hansma'’s lab, remem-

bers scavenging parts from DI:

Once, Jason [Cleveland, a graduate student,] and I were working on a calibration
method for atomic force cantilevers. So we went down [to DI] and there was a place
where there were cantilevers that had been returned or had minor defects, a table
just full of these things. We needed cantilevers that had slightly different thicknesses
for this calibration. So we just sat there and broke out cantilevers from 20 different
wafers, which you would never be able to do anywhere else.”

Proximity to DI also made it easier for members of the Hansma group to

persuade DI engineers to modity the commercial microscopes. As Hoh puts
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it, “you'd go down and you could talk to ... Gus Gurley about 'software
should do this, software should do that.” Some things they did and some
things they didn't. There are things in there now that I remember I specifi-
cally suggested.”®*

Thus, the closer relationship between DI and UCSB in the early 1990s
brought mutual benefits of a sort that are not usually encompassed by
debates about “technology transfer” or the “commercialization of academic
knowledge.” DI's technology—for example, its superior image-processing
software—made it easier for UCSB researchers to publish eye-catching,
high-profile articles. Those articles, in turn, increased DI's visibility and
credibility with potential customers. For instance, in April of 1991 DI
began a widely discussed ad campaign with the tag line “when you need to
do science” (later changed to “We have science covered”—see figure 5.1).%
These ads featured a NanoScope surrounded by six issues of Science fea-
turing on their covers images generated by DI microscopes. Five of those
six images were generated by the Hansma group or its collaborators, and
some of the articles were co-authored with Virgil Elings.” A DI ad in Physics
Today noted that “more scientific publications have been produced with a
NanoScope 1I than with any other SPM.” ' And some of those papers had
been published in the scientific community’s most general, most presti-
gious journals.

DI took greater advantage of its connection to UCSB in order to attract
research customers in the early 1990s, when the probe-microscope mar-
ket was growing more competitive. As we have seen, commercial UHV
STMs had appeared at the same time as the NanoScope but weren't really
competing for the same market. But by the early 1990s, a few suppliers of
surface-science equipment were branching into DI's market. Burleigh, for
instance, began offering an “instructional” air STM and AFM for $25,000
alongside its “personal” UHV STM ($50,000).”* At the same time, DI low-
ered the price of the NanoScope Il from $69,000 to $§35,000 in anticipation
of introducing the NanoScope III. Burleigh’s instruments were designed
for teaching labs, but the company claimed they “could, in fact, function
nicely as a basic research instrument.””

Burleigh and other surface-science-oriented firms never ate too deeply
into DI's sales. The competitors that attracted much more attention at DI
were new companies that began to form around the other nodes of the
Zurich-California network described in chapter 4. For instance, in the mid
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Figure 5.1

An advertisement from Digital Instruments’ "We Have Science Covered” campaign
(Jouwrnal of Vacuum Science and Technology A 11 (1993}, no. 3: A7). Note the similarity
between the NanoScope and the Hansma design shown in figure 4.3. Reprinted with
permission from Bruker Nano, Inc. Digital Instruments is currently a part of Bruker
Nano's AFM Business Unit.
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1980s, in Pasadena, Paul West—formerly one of John Baldeschwieler's post-
docs—founded QuanScan. A few years later, after QuanScan went under,
West started a new firm, Topometrix, which competed for DI's market.
Similarly, in Arizona, two brothers, Larry and Darryl McCormick, founded
Angstrom Technology in 1987 with help from Paul Hansma's collaborator
Stuart Lindsay. The McCormicks’ business plan was to apply for Small Busi-
ness Innovation Research grants and to sell STMs on the side. The McCor-
micks based their STM on a digital controller that Uwe Knipping, an ASU
technician, had developed for Lindsay.

Conceivably, Angstrom Technology could have had many of the same
early-mover advantages that Digital Instruments did. Knipping’s design,
however, was so complex that, although it could yield “unbelievably so-
phisticated” data, it “would [work only] for so long and then in the middle
of a critical experiment—crash. ... The machines in a sense were amaz-
ing, . . . but they were just hopelessly unreliable.””* Eventually, Lindsay—like
many STMers who just wanted to get on with generating images—bought a
DI NanoScope. Soon after, Angstrom Technology closed its doors. In 1993,
Lindsay founded his own company, Molecular Imaging, which would alter-
nately compete and collaborate with DI for the rest of the 1990s.

Of the new companies that formed around the Zurich-California groups
and their close collaborators, DI employees seem to have been most wor-
ried by Park Scientific Instruments, founded in 1988 by two former Stan-
ford University postdocs, Sang-il Park and Sung Park (who were not related
to one another). Betore 1990, Park Scientific Instruments was more tightly
integrated with the Quate group than Digital Instruments was with Paul
Hansma’s lab. Sang-il Park built Quate’s first STM, and several Quate stu-
dents followed him to Park Scientific Instruments, bringing nearly un-
altered instrument designs with them. Park Scientific Instruments’ ads of
1990 proclaimed “six years of R&D are in this package”—meaning a little
over a year's worth of R&D by the company and almost 5 years’ worth by
the Quate group.”™ As Jun Nogami, a Quate postdoc who was never for-
mally affiliated with Park Scientific Instruments, putsit, “the very first STM
brochure with Park was 100% data taken in [Quate’s] lab, mostly by either
Sang-il Park or me.””®

Initially, Park Scientific Instruments built on Nogami’s work by target-
ing the surface-science market. Like other companies in that sector, Park
tried to offer the full line of surface-science equipment: “complete, multi-

functional UHV systems are available, including vacuum chamber, STM,

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 162

http://site.ebrary.com/id/10509221?ppg=162

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



148 Chapter 5

LEED, and Auger.””” However, given their close relationship with Quate
(who was on Park’s board and who paid frequent visits), the company was
better positioned than other UHV STM companies to move past surface
science and into new markets. By February of 1990, for instance, Park had
added an AFM line—just three months after DI had done the same.™

Perhaps the biggest difference between Digital Instruments and Park
Scientific Instruments was the latter's accommodating attitude toward its
customers. Whereas DI never made custom modifications for individual
customers, Park regularly worked closely with customers on one-off vari-
ants.” Park also introduced an “open” architecture that allowed customers
to write their own software, whereas at DI open architectures were seen as
unnecessary and unreliable. In part, Park’s open architecture and readiness
to do custom modifications exemplify a tendency in Silicon Valley for cus-
tomers and suppliers to work closely on product design.” As an ad from
1990 put it, “after we deliver it, we don't just walk away.”*'

Park’s self-presentation as a full-service company was probably meant to
draw a stark contrast with DI. Before 1990, DI took a minimalist approach
to customer service, simply FedExing microscopes to customers and leaving
it to the customers to figure out how to use them. Park’s founding, how-
ever, coincided—perhaps accidentally, perhaps not—with DI’s becoming
more responsive to customers’ needs and more proactive in highlighting
the research potential of its instruments. For DI to become more responsive
to research customers, however, it needed some way to interface with vari-
ous disciplines—some way to convince members of those disciplines that
a NanoScope would be useful to them, while conveying (but also filtering)
suggestions from the members of those disciplines for DI's designers.

We saw in chapter 4 that the Hansma group solved a very similar prob-
lem by working closely with representatives of various disciplines who
taught Hansma's students how to prepare samples and interpret images,
provided user input that fed back into successive generations of micro-
scope design, and then did what Craig Prater calls “missionary work,”
bringing evidence of probe microscopy's relevance back to their disciplin-
ary colleagues.” In the early 1990s, DI began doing something similar: hir-
ing experimentalists from various fields that hadn’t yet embraced probe
microscopy in the hope that they would persuade their disciplinary col-
leagues of probe microscopy's usefulness.

That is, Digital Instruments and the Hansma lab were not merely

sharing technology. In some strong sense, they were sharing an ad hoc
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methodology for overcoming shared epistemic uncertainties. Both DI and
the Hansmas faced challenges to the credibility of STM and AFM images.
Recruiting disciplinary representatives as collaborators was one way to
establish the credibility of probe microscopy for the audiences to which
those experts were linked, whether the objective was to get members of
those experts’ disciplines to cite your articles (the Hansmas' objective) or to
get them to buy your microscopes (DI's objective).

Thus, whether these disciplinary representatives worked for the Hans-
mas or for Digital Instruments, their work and their intellectual products
were very similar. They submitted articles to leading journals, traveled to
conferences to give talks, and—by example—Iled their colleagues toward
probe microscopy. In view of the commonality of circumstances at Digi-
tal Instruments and UC Santa Barbara, it is not surprising that several of
these people were referred to DI by the Hansmas—for example, Ken Babcock
(for magnetic force microscopy) and Mike Allen (for biology). A few—e.g.,
the husband-and-wife team of Roger Proksch and Irene Revenko—had been
postdocs in the Hansmas’ groups before moving into very similar roles at DI.

Whether as postdocs at UC Santa Barbara or as applications scientists
at Digital Instruments, these people played a double role. Credibility was,
after all, a two-way street. DI and the Hansmas needed these experts’ disci-
plines to trust the technology of the probe microscope. At the same time,
those disciplines often had very specific demands for how probe micros-
copy should develop, and for what functions and variants and applications
should be pursued. These postdocs and applications scientists therefore
needed DI and the Hansma group to trust them—and, by extension, the
disciplines they represented—in deciding what technological path to
follow.

Building that trust was, for these postdocs and applications scientists,
a highly personalized endeavor. We have seen that Jan Hoh and other
Hansma-group postdocs used their geographic proximity to DI—and their
personal acquaintance with DI's engineers—to encourage the company to
incorporate their disciplinarily informed user experiences into new soft-
ware and hardware. The applications scientist Mike Allen found that beer
was as important as reason in convincing DI’s engineers to listen to input

from his disciplinary colleagues:

Allen: I would tour labs and see how they were applying the instruments. . . .

They would always have a list of things they wanted changed for me to
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take back. . . . [such as] “There's a bug in the software version when I try
to do this filtering” or . . . “Why can’t I move the tip over to this spot if1
want to?” . ..

Mody: What would it take for a request like that to actually end up in DI's
products?

Allen: Well, you go down to the corner store, buy a six-pack of cold beer,
and take it to the software engineer. 1 found out too late when I was there
that’s how things got done.*

That is, once again, there was no solely bureaucratic-rational solution to
the two-way problem of credibility and trust.

Making an Instrument Instrumental

Knowing whose judgment to trust was an increasingly urgent problem
after 1990 because the landscape of probe microscopy was increasingly
diverse. As we have seen, the number of disciplines using probe micro-
scopes increased dramatically in the late 1980s and the 1990s. At the same
time, the technology itself saw an astonishing proliferation of new vari-
ants: scanning ion conductance microscopy (SICM), scanning capacitance
microscopy (SCM), scanning thermal microscopy (SThM), magnetic force
microscopy (MFM), lateral force microscopy (LFM), ballistic electron emis-
sion microscopy (BEEM), near-field scanning optical microscopy (NSOM
or, in Europe, SNOM), tunneling AFM (TunA), scanning electrochemical
microscopy (SEcM), scanning Kelvin probe microscopy (SKM), and so on.
In 1999, a commission of the International Union of Pure and Applied
Chemistry found that descendants of the STM included more than fifty
named probe microscopies.* This proliferation of new variants meant that
DI needed more eyes and ears to help identify which variants were worth
pursuing, and to explain those variants to customers in a mulfiplicity of
academic disciplines and industrial sectors.

A surprising number of the variants were initially developed or sug-
gested by researchers at IBM and at Bell Labs, especially by former members
of the Quate lab. Yet IBM and AT&T were ambivalent about the commer-
cial possibilities of new variants—an ambivalence that made it easier for
Digital Instruments and other start-ups to commercialize those variants
instead. The example of Joe Griffith, one of the few surface scientists at
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IBM or Bell Labs who made the transition to developing such variants, is
telling in this regard. Like other surface scientists at Bell Labs, Griffith had
started out in ultrahigh-vacuum STM. However, because he was situated in
Bell Labs’ materials-oriented Area 15, rather than its basic-physics-oriented
Area 11, Griffith may have been better prepared than his colleagues to
respond to AT&T's increasing insistence on mission-oriented research.
Thus, around 1990, Griffith became aware that he needed to drop UHV
STM and instead pursue ways to adapt force microscopy to solve AT&T's
manufacturing needs.

Griffith and a North Carolina State graduate student, Dave Grigg, began
working on an AFM-like instrument that could probe integrated micro-
electronic circuits and inspect patterns on the photomasks used in mak-
ing those circuits. Though the circuits Griffith and Grigg had in mind were
those manufactured by AT&T, their force microscope was, in the end, com-
mercialized extramurally, by a small West Coast start-up trying to break
into the semiconductor metrology market. Moreover, Griffith couldn't
even interest AT&T in patenting his technology:

[Tlhe attorneys turned their noses up at it. . . . The attorneys were really geared to
products of which you might be making thousands a day. So we would tell them

about what the anticipated market [for our microscope] would be and they would

[say] “Ah, nah, forget it, that's not worth the trouble "**

Grigg, meanwhile, completed his postgraduate studies and went to work
for Digital Instruments. There, he was one of the lead designers on the
Dimension, DI's AFM product line targeted primarily to industrial users.
Grigg's and Griffith’s expertise in force microscopy thus accrued mostly to
start-up companies, rather than to AT&T.

The early 1990s were a busy time in the development of probe micro-
scopes for semiconductor inspection and metrology. Joe Griffith himself
was most anxious about competition from two sources: the US National
Institute of Standards and Technology (successor to the National Bureau of
Standards) and IBM. At NIST, Russell Young's protégé Clayton Teague (now
a senior manager in his own right) developed a metrological STM known
as the Molecular Measuring Machine. At IBM Yorktown, Calvin Quate's
former postdoc Kumar Wickramasinghe invented an AFM inspection tool
known as the SXM.

Like Joe Griffith, Kumar Wickramasinghe was located in a different
part of his organization than most of his UHV STM colleagues: he was
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in Yorktown's Manufacturing Research area, rather than in Physical Sci-
ences." Thus, like Griffith, Wickramasinghe was perhaps better positioned
than IBM's surface-science STMers to accommodate to the increasing
emphasis on mission-oriented and product-focused research at IBM in the
late 1980s and the early 1990s. During those years, he and other Quate
group veterans now working for IBM, including Clayton Williams at Yor-
ktown and Dan Rugar at Almaden, invented or improved a slew of SP’M
variants, including SThM, SCM, MFM, SKM, scanning chemical-potential
microscopy, and apertureless NSOM.

In the 1990s, engineers at Digital Instruments developed implementa-
tions of several of these modes. In some cases, once DI employees became
aware of these new techniques, they independently developed a com-
mercial implementation. In other cases, they built prototypes that were
refined into a marketable form by getting feedback from outside research-
ers. For example, in the case of capacitance microscopy, DI obtained advice
on their prototype from Clayton Williams (by then at the University of
Utah)." As Dennis Adderton, who worked on DI's capacitance microscope,
puts it, researchers such as Williams “were always happy to use the pro-
totypes because they were able to get reliable results with the new type
of measurement. Publications often resulted from these tests.”** In addi-
tion, DI sometimes recruited people from labs that had developed a new
microscope. For instance, Andrew Erickson was recruited from an Intel lab
researching capacitance microscopy to work on that type of microscopy
at DL

Thus, DI engineers were well aware of the variants that Wickramasinghe
and other Quate veterans were developing at IBM, and when Wickrama-
singhe, like Griffith, began developing a metrological AFM for inspecting
integrated circuits, DI paid attention. This instrument, the SXM, operated
primarily as a non-contact AFM: the tip never came in contact with (and
hence would not damage) the sample. Instead, the tip hovered over the
sample and vibrated, with the detector set to observe minute variations
in the frequency of the tip’s vibration due to changes in the sample’s to-
pography or material properties. The SXM also had a special “boot” tip
that allowed it to probe sideways as well as up and down (see figure 5.2).
This was an important feature in semiconductor manufacturing, where the
steep trench walls cut into silicon to make tiny transistors were difficult for
regular AFMs to access.
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Figure 5.2

An image of the sidewalls of a trench in a dynamic random-access memory chip,
taken with a prototype of the IBM/Wickramasinghe commercial SXM microscope.
Source: Y. Martin and H. K. Wickramasinghe, “Toward Accurate Metrology with
Scanning Force Microscopes,” Journal of Vacuum Science and Technology B 13 (1995):
2335-2239 (copyright 1995 American Vacuum Society). Sidewalls such as these are
very difficult to measure with a standard AFM, but measuring them is very desir-
able for semiconductor manufacturers. This trench is 700 nanometers deep and 400
nanometers wide,

Between 1987 and 1990, Wickramasinghe's group, along with engineers
at IBM’s facilities in Boca Raton, Florida and Sindelfingen, Germany, devel-
oped the SXM into “the first manufacturing hardened instruments that
went to all the major IBM manufacturing and development labs.”* The
exquisite quality of the SXM's images sparked interest, and acclaim, from
the semiconductor industry. As a result, IBM began marketing a commer-
cial version to other semiconductor manufacturers.

Yet the commercial SXM was a temperamental tool relative to its buyers’
needs. As Joe Griffith puts it, “it took a very high-level operator to make
the thing work, especially in the early days, because it was just a very very
touchy tool.”® One microelectronics company that bought an SXM was
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looking very very hard for somebody who wasn't a PhD who could run the thing
And they finally found a guy who was able to run the thing and his record said he
wasn't a PhD. Well it turned out that the record was wrong, because the guy had lied
on his employment application. He had a PhD and didn't tell them. Under normal
circumstances that would've been grounds for firing but he was so good that they
just moved him off to another area.”'

For some purposes, such as research into new microfabrication processes,
the SXM's unique capabilities justified the labor and expertise required to
operate it. For routine manufacturing, however, most semiconductor com-
panies wanted an instrument that gave a simple numerical output (or even
a Yes or a No answer to the question “Is this wafer up to spec?”); they didn't
want exquisite images. They also wanted a machine that would work 24
hours a day and could be run by a low-wage operator rather than a PhD.

The SXM had difficulty filling that role, and apparently IBM had diffi-
culty filling the role of an instrument sales company. In 1993, IBM con-
tracted with Veeco, a supplier of semiconductor equipment, to sell and
service the SXM (which IBM continued to manufacture).”” For Veeco, the
move added a new semiconductor-characterization tool to complement its
other surface-analysis products. Yet Veeco spent much of the rest of the
1990s trying to figure out how to sell the SXM.

At the same time that he was working on the SXM, however, Wickra-
masinghe decided to pursue a parallel development of a non-contact AFM
outside IBM as a hedge in case the SXM didn't pan out. Having put out
calls for bids from several instrument manufacturers, he decided that DI's
proposal for an industrial non-contact tool looked best. Then he

got some IBM money and went to Digital Instruments and said “look we want to do
non-contact AFM for manufacturing applications.” ... [DI] came up with a proto-
type . . . and the first few systems went to [IBM] San Jose for magnetic force micros-
copy and for scanning roughness of discs. We had a deal with them, the first X units
would come to us at a reduced price, and then after that they could sell them wher-
ever they wanted.™

DI was well placed to conclude such a deal, in part because its engineers
had long occupied the same innovation space as Wickramasinghe and
other IBM personnel. IBM, after all, employed many researchers who were
“pushing the envelope” of microscope design and whom DI engineers
could therefore compete with, collaborate with, draw inspiration from, or

provide inspiration to.
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Of course, IBM also employed many researchers and manufacturing spe-
cialists who could potentially use scanning probe techniques to help the
company improve its products and/or manufacturing processes—people
who might conceivably be in the market for DI's (or other companies’)
commercial microscopes. Indeed, IBM’s own probe-microscope developers
often had that internal market in mind. The SXM was the most success-
ful instrument to close an innovation loop connecting IBM's microscope
builders and users, but it was by no means the only such instrument. For
instance, even as she was pursuing STM studies of semiconductor and
metal surfaces and organic molecules deposited on metals, Shirley Chiang
collaborated with her IBM Almaden colleagues Mathew Mate, Gary McClel-
land, and Ragnar Frlandsson to develop a type of AFM that could mea-
sure frictional forces—a measurement useful to IBM’s disc-drive business.”
Even the STM itself originated in part as a response to the Josephson com-
puting team's need for better characterization of thin oxide films.

Thus, for Digital Instruments, IBM was both a source and a potential
market for AFM innovations. DI engineers kept abreast of developments
coming out of IBM in areas (such as magnetic force microscopy) that could
then be commercialized for customers at IBM and other high-tech compa-
nies. DI was therefore well positioned to answer Kumar Wickramasinghe's
proposal to develop an industrial AFM. By doing so, DI inserted itself into
the loops that circulated innovations between IBM's microscope develop-
ers and its internal users.

The major requirement that IBM and other manufacturing customers
demanded of an industrial AFM was the ability to handle partially pro-
cessed manufactured objects—say, semiconductor wafers—in such a way
that those objects could continue through the manufacturing process and
eventually be sold. Simple as that may sound, that requirement entailed
several major AFM innovations. For one thing, an industrial AFM had to
handle much larger samples than a research AFM, since industrial users
wanted to put products into their microscope without cutting them into
small pieces. Building a large-sample AFM, however, required changing
how the probe and the sample interacted. In small-sample AFMs (whether
commercial or homemade), the sample is mechanically scanned back and
forth while the probe stays still. This ensures that the probe is more stable
than it would otherwise be, and that it provides higher-resolution images.
Scanning large samples is slower and more cumbersome—the extra weight

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 170

http://site.ebrary.com/id/10509221?ppg=170

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



156 Chapter 5

makes it harder to shift the sample back and forth. The optics for DI's large-
sample AFM had to be completely redesigned, therefore, so that the probe
would scan while the laser sensing the probe’s vertical movement tracked
along with it.

Another important requirement for industrial AFMs—at least for some
users—was that the microscope not damage the sample. Semiconductor
manufacturers, in particular, wanted to inspect their wafers after each pro-
cess step without having to sacrifice any part of the wafer to the inspection.
Yet this requirement was in tension with the same customers’ demand that
a microscope have a high throughput and be relatively easy to use. Early
AFMs operated either in “contact mode” (with the probe scraping along
the sample surface) or in “non-contact mode” (with the probe hovering
above the surface). A contact-mode AFM tends to be easier to build and
operate, but often damages the sample. Non-contact-mode AFMs, such as
the SXM, preserved the sample but tended, in that era, to be very difficult
to operate. Semiconductor manufacturers, especially, required an instru-
ment with both the minimal sample damage typical of non-contact-mode
and the ease of operation typical of contact-mode AFM.

Around 1990, therefore, Digital Instruments was looking for new ways
of operating an AFM that would combine the best features of contact-mode
AFM and non-contact-mode AFM. What DI's engineers stumbled upon—
and were well placed to take advantage of—was a variant that soon became
known as tapping mode AFM. In tapping-mode AFM, the cantilever is
forced up and down so that the probe comes into contact with the sample
repeatedly while the sample topography is being measured but is not in
contact with the sample while the cantilever is being scanned (so that the
probe doesn't scrape along, and therefore damage, the sample). Tapping-
mode AFM made it much easier to image semiconductor and data-storage
devices, polymers, lubricants, and other materials of industrial importance.
It has also proved enormously useful in imaging soft biological samples of
interest to basic researchers.

Thus, innovations in DI's industrially oriented product lines often
spilled over to benefit its basic research customers, and vice versa. Making
that spillover happen, however, was hard work—the applicability of new
variants was rarely self-evident, especially in market niches that hadn't yet
adopted probe microscopy in any form. Thus, DI engineers and applica-
tions scientists spent much of the 1990s researching new uses for both its
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industrial AFMs and those meant for basic research. DI then coached whole
industries on how to use its products by distributing “application notes”
with titles like “Applications of Atomic Force Microscopy for Contact Lens
Manufacturing” and “IC [Integrated Circuit] Failure Analysis and Defect
Inspection with Scanning Probe Microscopy.”® At the same time, the
company stimulated new disciplines to adopt its microscopes by having
its employees publish peer-reviewed journal articles with titles like “Mag-
netic Dissipation Microscopy in Ambient Conditions” and “Magnetic and
Acoustic Tapping Mode Microscopy of Liquid Phase Phospholipid Bilayers
and DNA Molecules.”**

Consolidation and Fragmentation

Digital Instruments’ efforts in building microscopes and in building aware-
ness of those microscopes among potential customers paid off handsomely.
DI's profits were always larger than those of any other probe-microscope
company, but the tapping mode and the industrial AFM line helped DI pull
even further ahead of its competitors. Industrial customers were willing to
pay much more than the academic researchers with whom Park Scientific
Instruments and Topometrix were generally dealing—by 2000, perhaps ten
times as much for a top-line tool for inspecting semiconductor wafers as
for a standard research instrument. Those extra profits allowed DI to fund
further innovation that gave it a competitive advantage.

New money also allowed DI to pursue litigation against some of its com-
petitors. In 1993, DI initiated patent litigation against Topometrix that
dragged on for three years.” Patent claims in probe microscopy have some-
times been difficult to defend, especially owing to the ambiguities of IBM's
patents (which Topometrix had licensed) on the STM and the AFM. (Calvin
Quate had co-invented the AFM but is not listed on the patent.) Neither DI
nor Topometrix was able to win a clear legal victory, but DI was in a much
better position to absorb the costs of litigation than Topometrix was. In the
wake of the lawsuit, therefore, Topometrix sold itself to an instrumentation
holding company, Thermo Electron. Thermo FElectron then acquired the
struggling Park Scientific Instruments. In 1998, Topometrix and PSI merged
under a new name: ThermoMicroscopes.

Meanwhile, Digital Instruments’ orientation to industrial customers
increased the company'’s value in the eyes of semiconductor process
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equipment firms looking to buy a stake in probe microscopy. By 1997, the
industrial product lines had matured enough that Virgil Elings began nego-
tiating to sell DI to one such company, Zygo. Up to then, Zygo's strength
was in optical tools for measuring surface roughness, an important variable
in making a silicon wafer ready for processing. While looking to acquire
DI, Zygo was also seeking to license and sell IBM's SXM instrument so that
it could offer a broad suite of tools—optical and probe-based—to the semi-
conductor industry.**

In August of 1997, Zygo “signed a letter of intent to buy Digital Instru-
ments for stock then worth $250 million.” DI was “said to have revenues
of roughly $51 million for 1997.”* According to the trade press, by Octo-
ber of 1997 the value of the stock being offered had declined by 25 per-
cent, and the deal was canceled. Elings then turned to a Zygo competitor,
Veeco, which took on DI, reportedly for about $150 million in stock, in
early 1998.'" After a few years with the merged company, Elings took his
share of that money and embarked on a new career in philanthropy, giving
millions to universities, halfway houses, museums, schools, and munici-
palities. UC Santa Barbara, in particular, has benefited from his generosity.
In 2007, Elings and his former wife, Betty Elings Wells, gave $§12.5 million
for UCSB to build Elings Hall—the home of the Santa Barbara portion of
the California NanoSystems Institute. '

Veeco went on to acquire more than a dozen firms in addition to DI
between 1997 and 2003, including IBM's SXM division (in 2000) and Ther-

12 Yeeco's evolution since 2000 is largely beyond

momicroscopes (in 2001).
the scope of this book, but it is relevant to my argument to observe that
Veeco's attempted consolidation of the probe-microscopy market has, in
some ways, led to even more fragmentation. Veeco's buying spree seems
to have encouraged some entrepreneurs to believe that the company had
become too large and bureaucratic to respond to demands from niche com-
munities within probe microscopy. Thus, the turn of the millennium saw a
new wave of probe-microscope start-ups, each scrambling for its own appli-
cation niche (electrochemistry, biophysics, teaching labs, etc.) or region
(Israel, Russia, Korea, Switzerland, Germany, Britain, etc.) within which to
prospetr.

Some of these new start-ups were founded as a direct result of the con-
solidation of the first-wave companies. For instance, Sang-il Park returned
to Korea in 1997 when Park Scientific Instruments was absorbed by Thermo

Electron. In Korea, he founded a semi-independent spin-off company, PSIA,
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which acted as Thermomicroscopes’ East Asian AFM distributor. However,
when Veeco acquired Thermomicroscopes in 2001, Park terminated that
relationship and marketed his own AFM. Similarly, Paul West, founder of
QuanScan and Topometrix, helped form a new company, Pacific Nano-
technology, in the late 1990s, in anticipation of the National Nanotech-
nology Initiative.

Another important driver of this new round of entrepreneurship was
the stark difference in the approaches of Elings and Veeco executives to the
limitations of bureaucratic-rational authority. Veeco is certainly a much
more “business-like” operation than DI ever was. It has more MBAs, more
middle managers, slicker advertising, and stricter rules about who can visit
its work sites. Longtime DI employees saw Veeco's new rules as clamping
down on the open-ended informality required for innovation. For instance,
after Veeco merged with DI, Veeco executives decided to put a lock on the
stockroom at its Santa Barbara facility (formerly DI's headquarters). As a
result, engineers could no longer freely scavenge parts at any time of the
day—something that had been routine under Elings.""

For some DI employees, the final insult came when Veeco began paying

commissions to salespeople. In an interview, the electrical engineer Dan
Bocek put it this way:
[A] sale, at least in a company that sells high-tech instrumentation, actually involves
a lot more people than the salesman. The salesman will make the contact and
maybe open and close the deal, but he'll also bring the person back and somebody
from applications will run samples and get data. Maybe the guy's going to have
some technical questions, [so] he'll talk to some engineers, and he'll need a new fea-
ture added so he'll talk to some software people. Basically a sale involves a bunch of
people, not just a salesman, so why should that guy get a huge cut of a sale?"™

That is, Veeco approached the problem of sales from a bureaucratic-rational
perspective: salespeople, with sales experience, housed in a separate sales
department, should get an industry-standard commission. DI veterans,
however, were used to Elings’ flexible, personalized approach—sales were
handled by ad hoc networks of employees that informally conveyed infor-
mation to, and simultaneously built trust with, customers.

Partly as a result of this mismatch between Veeco’s bureaucratic-rational
business practices and DI's charismatic traditions, the merged company
became an incubator for start-ups founded by its former employees. Some
of these were formed in partnership with former Quate students, and some

have had the tacit or explicit support of the Hansmas and even Elings.
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Perhaps the most revealing of these spin-offs is Asylum Research, founded
in 1999. Jason Cleveland, Asylum's founding CEO, and Roger Proksch, its
president, were both veterans of Paul Hansma's group at UC Santa Bar-
bara and of Digital Instruments, and several other Asylum employees came
there via DI/Veeco and/or Paul and Helen Hansma's lab groups. The found-
ing idea of the company—conveyed by the double entendre in its name—
was that it would provide an asylum for disaffected Veeco employees, but
also that it would be a place where “crazy” suggestions for how AFM tech-
nology should move forward would be encouraged and listened to.'” Asy-
lum's founding, therefore, was an explicit nod to the logic of charismatic
authority and the limits of bureaucratic-rational management.

Veeco's spawning of Asylum and other spin-off companies is, in some
ways, a very old story in high-tech industries. It is reminiscent of the
spawning of multiple “Fairchildren” out of Fairchild Semiconductor in the
1960s.'" Yet the nature of probe microscopy’s instrumental community
was perhaps especially encouraging to the continual formation of start-
ups like Asylum. As we have seen, new variants and applications of probe
microscopy were constantly appearing in the late 1980s and the 1990s,
creating enormous uncertainty about which variants and applications were
worth pursuing. Virgil Elings’ way of dealing with that uncertainty was to
adopt a flexible technological platform and a flexible corporate organiza-
tion, both of which could be restructured quickly to take the company in
new directions.

Another approach was to limit uncertainty through specialization and
market segmentation. Starting with surface-science instrumentation com-
panies in the 1980s, some probe-microscope manufacturers chose to con-
centrate on a narrow slice of variants and applications. By the end of the
1990s, controlling the inputs and outputs from all of probe microscopy's
niches was becoming challenging even for Digital Instruments, and niche-
specific firms were becoming ever more competitive. Then DI's merger with
Veeco made such niche-specific start-ups even more attractive. Spin-offs
from Veeco formed, in part, because DI employees saw ways to innovate
more rapidly and more responsively for specific segments of the diversify-
ing probe-microscopy community than the larger, increasingly rule-bound
parent company could.

The invention and innovation of all these variants and uses of S5TMs
and AFMs has always been a product of networks that criss-crossed any
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conceivable boundary between academic and commercial institutions.
Sometimes academic researchers have worked directly with start-ups to
commercialize their ideas. Sometimes start-ups have taken advantage of
their members’ earlier experiences in universities, and in earlier start-ups,
in adapting—or reinventing—academic innovations. Sometimes start-ups
have shadowed emerging subfields (such as MFM or SCM) that were made
up of government, academic, and corporate researchers. The diversity of
probe microscopy continually co-evolved with the diversity of forms of

interaction among different types of commercial and academic actors.
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6 Probe Microscopy and the Path to Nanotechnology

Commercial production of STMs and AFMs accelerated the dramatic
growth of probe microscopy. It would be next to impossible to locate every
piece of research generated with a probe microscope or every commercial
SPM sold, but we can get a clear sense of how commercialization ampli-
fied research output by examining some crude proxies. By the rough met-
ric of the Science Citation Index, annual production of probe-microscopy
articles rose slowly from the STM'’s invention through 1989, only hitting
220 to 250 articles per year at the end of that period.! But in the 1990s,
annual publication rates rose much faster, zooming to more than 4,000
articles per year at the end of the decade. (See figure 6.1.)

That inflection point at 1990 coincided almost exactly with the intro-
duction of Digital Instruments’ AFM and with a similar inflection point in
NanoScope sales. Information from DI's advertising and newsletters sug-
gests that the company shipped about eight NanoScopes per month before
1990, and that in the years 1990-2000 it shipped more than 19 units per
month.” The total number of commercial STMs and AFM must have been
much larger; after all, DI wasn’t the only supplier. In 1993, Business Week
estimated DI's market share at about 50 percent—a reasonable estimate for
the rest of the decade too.” Insofar as nearly all of the first-wave commer-
cial SPM makers entered the business around 1989, it is likely that their
sales rose at least as sharply after 1990 as DI's. In any case, it is evident
that there were many more probe microscopes in existence after 1990 than
before, and that the community’s research productivity rose accordingly.

Somewhat less obviously, commercialization led to a diversification
in the ways an individual could be a probe microscopist. In the 1990s, as

was noted in chapters 4 and 5, probe microscopy spread to a number of
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disciplines, including physics, chemistry, materials science, biology, surface
science, electrical engineering, and geology. STM and AFM were usually
first carried into these disciplines by individuals who had either built a
microscope for themselves or worked closely with a builder. But the tech-
nology spread much more quickly once those early adopters’ colleagues
began buying commercial microscopes for routine use. The availability of
commercial microscopes was also necessary for their spread through vari-
ous industrial sectors. A few corporate basic research labs could afford to
build their own instruments, but industrial process control or analytical
labs needed to make measurements, not microscopes.

Quite a few people still built their own microscopes, of course. But,
again, commercialization introduced new ways for an individual to be a
microscope builder. Some abjured commercial instruments as not sensitive
enough for their very precise or specific experiments. Some bought all or
part of a commercial microscope and then modified it to meet their needs.
Some developed improvements to probe-microscope technology in the
hopes that a microscope manufacturer would commercialize their work.

My point is Digital Instruments and other companies made it possible
for users of probe microscopes to connect to other users in an entirely
new way. Some tried, as before, to stay at the forefront of innovation in
the technology, but now companies like DI were there to compete with
them or to co-opt them. Others remained active users, but after 1990 they
increasingly directed their feedback and demands to DI and its competitors
rather than to research groups like Hansma's, Quate’s, or Binnig's. Custom-
ers could now add an AFM to their complement of other instruments, per-
haps using it only occasionally, with little attention to the nuances of its
operation and little interest in connecting with other users. An academic
department—or a multi-department center, or a shared equipment facil-
ity—could now buy an AFM for use by graduate students from all over
campus.

Probe microscopes therefore became a technology to which people
could orient either quite strongly or very weakly. STM users or AFM users
could make a large investment of time, money, or expertise in these toolsif
they desired; or they could tell one technician or grad student in their lab
to get AFM training and hardly ever think of probe microscopy again. They
could see it as something that they alone, among their organizational or
disciplinary colleagues, were interested in; or they could see it as something

that almost everyone in their organization or discipline was interested in.
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This mix of strong and weak ties was, in large part, the basis for probe
microscopy's role in the formation of the nanotechnology enterprise. The
proponents of nanotechnology came from a variety of disciplines, indus-
trial sectors, government agencies, and non-governmental organizations.
Their visions for nanotechnology were just as varied, but all saw it as a
way to suture together different approaches to nature and different sectors
of society. All saw nanoscale science and technology as bridging commer-
cial, governmental, academic, and civil-society organizations, and as a site
for transnational competition and harmonization. The probe-microscopy
community, with participants in many different sectors, nations, indus-
tries, disciplines, and organizations, offered nanotech proponents ready-

made connections from which to build the bridges that they envisioned.

The STM and NANO Conferences

It wasn't inevitable that probe microscopy would come to occupy a posi-
tion at the center of the various networks connected together by the label
of nanotechnology. Some probe microscopists argued against attaching
the nanotechnology label to their community, and many were ambiva-
lent about it. The probe-microscopy community’s commitment to nano-
technology was never an all-or-nothing proposition. Indeed, SPMers were
quite creative in finding ways to appropriate some (but not all) elements
of nanotechnology discourse while waiting to see what others did before
committing further. The “path” to nanotechnology was really more a ping-
ponging of growing commitment among a variety of organizations, disci-
plines, and instrumental communities. That is, once one network of people
(defined by their common connection to an organization, a discipline, or
an instrument) adopted some element of nanotechnology discourse, other
nearby or connected networks became more likely to do so.

“Nearby or connected” could mean many different things. For example,
two networks might have common members or funders, might compete
for the same markets, might share the same instruments, or might read or
publish in the same journals. Proponents of nanotechnology did their best
to create connections between networks in order to facilitate the process of
bootstrapping those networks’ adoption of nanotechnology discourse. Pro-
ponents also sometimes used networks that had adopted nanotechnology
discourse—especially probe microscopy—as models and ambassadors for

teaching peer networks how to practice nanotechnology.
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The adoption of nanotechnology discourse wasn’t, however, impressed
on probe microscopy from the outside.* Rather, the idea of using probe
microscopy to spread nanotechnology discourse into a variety of disci-
plines and organizations, and of using nanotechnology discourse to spread
probe microscopy into new disciplines and organizations, was championed
by those probe microscopists who were themselves positioned as inter-
disciplinary and interorganizational mediators. Moreover, these media-
tors wielded nanotechnology discourse not simply for purposes of empire
building—though there was some of that—but as a tool for resolving
demographic and structural tensions that arose within probe microscopy
and within other research communities.

An examination of the diffusion and adoption of the prefix “nano”
in the titles of scientific conferences demonstrates just how such demo-
graphic and structural tensions provided an entry point for nanotech-
nology discourse into a variety of research communities. As we will see,
many conferences “nano-ized” in the late 1980s and the early 1990s, partly
because of changes in the number or interests of their members and partly
because leaders of those conferences looked to similar nano-ization going
on at peer conferences.

The annual international conference dedicated to probe microscopy was
one of the first to adopt the nano label, and one of the most important
models for conferences that did so later. One important reason for probe
microscopists to import the “nano” label for their conference series was
that the demographics of their instrumental community were changing
dramatically in the late 1980s, partly as a result of sales of commercial
STMs and AFMs. While the proportion of probe microscopists represented
by IBM and Bell Labs researchers and by ultrahigh-vacuum STMers was
declining, the proportion represented by universities and by air STMers
and AFMers was increasing.

The tipping point for these demographic changes was the 1987 meet-
ing of the International Conference on Scanning Tunneling Microscopy,
held in Oxnard, California. This second meeting of the STM Conference
was organized primarily by John Baldeschwieler’s group at Caltech, about
60 miles away. Baldeschwieler was aided by a six-person organizing com-
mittee composed largely of people who would go on to run future STM
Conferences in their home regions. For instance, Andrew Briggs, from
the University of Oxford, took the conference to the United Kingdom in
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1988, and Osamu Nishikawa, of the Tokyo Institute of Technology, ran it
in Japan in 1989. Also on the committee was James Murday, a surface sci-
entist at the Naval Research Laboratory and a grant officer at the Office of
Naval Research.® Murday had sent one of the surface scientists from his
NRL group, Rich Colton, to Baldeschwieler’s group for a sabbatical year to
learn STM and then bring it back. Thus, Colton ended up running the 1987
conference’s local organizing committee, and he and Murday arranged for
the Office of Naval Research to be the meeting’s primary non-local sponsor-
ing organization. In return, Murday and Colton won the right to host the
1990 STM Conference in Baltimore, 40 miles from the Naval Research Lab.

Despite the increasing popularity of probe microscopy, the STM Confer-
ence had no assurance of continued growth or even existence. As Randy
Feenstra puts it, some probe microscopists, including Heinrich Rohrer,
were “always opposed to perpetuating an STM conference. ... [Rohrer]
said ‘let’s have a conference for a few years until people sort of learn how
to do it and the instruments become a bit more widespread, and then let's
just go out to our respective fields and use STM.” And he was right. That's
to some extent what happened.”®

Several constituencies favored the continuation of the STM Conferences,
however. For newcomers to probe microscopy, the STM Conferences were
still a good place to quickly learn about the technique and to get to know
its practitioners. Because innovations to STM and AFM technology were
emerging so frequently, and were often applicable across many domains,
veteran probe microscopists still found it useful to attend a single confer-
ence organized by their instrumental community, rather than at all the
niche conferences associated with their disciplinary communities. For STM
and AFM manufacturers and allied firms, the STM Conference still repre-
sented the most convenient way to reach their (or their competitors’) cur-
rent customers.

Thus, through the 1990s there was always enough interest to keep the
STM Conference alive. Indeed, the conference began to acquire some insti-
tutional permanence. The initial meetings had their proceedings published
in a different journal every vear—the journal selected not because its read-
ers had a deep interest in probe microscopy, but because the main organizer
of the STM Conference that year had connections to the journal's editor.
But beginning with the Oxnard meeting in 1987—though only uninter-
ruptedly beginning in 1993—almost all of the conference’s proceedings
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appeared in the Journal of Vacuum Science and Technology, a publication of
the American Vacuum Society. James Murday, at the time a trustee of the
AVS, was probably responsible for this connection.” Over time, the Vacuum
Society also took on some back-office functions of the STM Conference (for
instance, processing registrations).

The demographic turn evident at the Oxnard meeting, however, made
the sponsorship of the AVS somewhat anomalous. The earlier Santiago
de Compostela conference and the Cancun and Oberlech workshops
were dominated by IBM and Bell Labs researchers, most of whom were
using tunneling microscopy for surface-science research in ultrahigh vac-
uum. These people were a natural constituency for the American Vacuum
Society, which since the 1960s had been the home professional society of
UHYV surface scientists.” But at the Oxnard meeting surface scientists began
to give ground to STMers working in air or liquid, or to those looking at
graphite, at high-temperature superconductors, and at other materials that
weren't of interest to most surface scientists.

After 1987, the proportion of probe microscopists doing UHV surface
science continued to decline, and the proportion doing AFM and other
variants increased steadily. By 1990, it was no longer self-evident why all
probe microscopists would be interested in attending the International
Conference on Scanning Tunneling Microscopy, nor why that conference
should be sponsored by the American Vacuum Society. The conference
series and/or the professional society would soon have to choose whether
to target a narrow segment of probe microscopists (UHV STMers) or to re-
organize as a “big tent.” Jim Murday and Rich Colton, the organizers for
the 1990 meeting, were largely responsible for moving both the STM Con-
ference and the AVS in the latter direction.

That choice sprang, in part, from Murday's bird's-eye view not only of
the probe-microscopy community but also of the parallels and connec-
tions between that community and other research fields. On the one hand,
he could understand probe microscopy from the perspective of a prac-
ticing surface scientist and a science administrator at the Naval Research
Lab. He ran the NRL's Surface Chemistry program until 1988, when he
was promoted to head the Chemistry Division. On the other hand, Mur-
day also viewed the field from the vantage point of a grant officer at the
Office of Naval Research, where he specialized in grants to surface scientists
even though he had grantees in chemistry and surface engineering more

generally.
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In the early 1980s, through those two links to surface science, Murday
became heavily involved with the American Vacuum Society. Through the
1980s, therefore, he sponsored grants to many semiconductor surface sci-
entists, and he was a trustee of the society that published the most impor-
tant journals of semiconductor surface science. Thus, it was natural that he,
in turn, became the grant officer for many of the early STMers working on
semiconductor surface science, and that he steered the AVS to become the
primary professional society of the probe-microscopy community by spon-
soring (and publishing the proceedings of) the STM Conferences. Murday's
sponsorship of surface-science STMers, however, also led him to become a
funder of (and a source of advice for) other kinds of probe microscopists,
such as Calvin Quate's AFM group at Stanford.

At the same time, Murday and other surface scientists could see that
their field was losing some of its appeal. As one surface scientist and
STMer, Stan Williams, recalled, around 1990 “surface science had started
to become a little bit blasé. The bloom was off.”® The late 1980s and the
early 1990s were, therefore, an ambiguous time for the AVS. As the profes-
sional home for surface science, that discipline’s decline could have nega-
tive implications for the AVS. Yet even if surface science as a whole was
stagnating somewhat, it had been the conduit for bringing a steady stream
of new members—including air STMers and AFMers—into the Vacuum
Society.

In his capacity as an officer of the AVS, therefore, James Murday could
see the benefits of the society’s connection to probe microscopy. Maintain-
ing that connection, however, would require some acknowledgment that
the demographic center of the probe-microscopy community had drifted
away from surface science. Thus, Murday devised a two-part strategy for
cementing the AVS’s connection to probe microscopy and then using that
connection to refresh the Vacuum Society and add to its membership. First,
he expanded the STM Conferences so that they no longer mapped solely
onto the probe-microscopy community. Instead, he put probe microsco-
pists at their core, but redrew the conferences’' mission to encompass a
much broader range of research fields, including those traditionally associ-
ated with the AVS. Second, he expanded the AVS itself, so that its purview
now included a large zone shared in common with the STM Conferences.
The boundaries of that zone were fuzzy, but roughly defined by a new term
becoming popular in science policy circles in the United States, Japan,

Switzerland, and elsewhere—nanotechnology.
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Thus, when Murday and Colton chaired the 1990 STM Conference, they
renamed it as the “Fifth International Conference on Scanning Tunnel-
ing Microscopy/Spectroscopy and the First International Conference on
Nanometer Scale Science and Technology.”" Murday’s plan was that from
then on the STM Conference would dissolve and be replaced by a wider
NANO Conference. A meeting based solely on one class of instrumenta-
tion could not, he thought, survive. But a conference on “nanometer scale
science and technology,” with probe microscopy at its center, would solve
the demographic and structural tensions of both the AVS and the probe-
microscopy community, and cement the connection between the two.

It turned out that, with STM and AFM technology changing so rapidly,
probe microscopists were (in Murday's words) “not quite ready” to give up
their own conference series.'' However, when Murday was president of the
AVSin 1992 he worked out a compromise—the NANO Conference would
run in even vears, and the STM Conference would run in odd years. The
two would have overlapping attendance and content, but NANO would
be slightly larger and broader. At the same time, Murday founded a Nano-
meter Scale Science and Technology Division of the AVS, and three years
later he became the first chair of a new Nanometer Structures Division of
the AVS’s international umbrella organization, the International Union for
Vacuum Science, Technique, and Applications. Murday and the AVS could
now—via the category of “nanometer scale science and technology”—
give a more credible justification for offering a home to the full breadth of

probe microscopy within the Vacuum Society.
More Conferences and Nano-ization

There could, of course, have been other solutions to probe microscopy’s
demographic tensions. For instance, instead of broadening out to include
an even wider class of attendees, the STM Conference could have splin-
tered into a variety of different meetings each focused on one of probe
microscopy’'s niche sub-communities. Surface scientists, in particular,
tended to favor that solution. As we have seen, some surface-science
STMers objected to what they saw as the lowering of scientific standards
brought on by the appearance of AFM and air STM. As they saw the STM
Conferences open their doors first to non-UHV probe microscopy and then
to an even more diffuse “nano” audience, some UHV STMers demanded a
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return to a more focused, more surface-science-oriented meeting. In 1992,
a group composed mainly of current and former IBM Yorktown and Bell
Labs STMers petitioned the Gordon Research Conferences (an important
conference-holding organization, primarily for natural-science disciplines,
founded in 1931) to create a conference series in scanning tunneling
microscopy.'? The next spring, the GRC hosted the first such conference
(the first of what the organizers hoped would be a series) at the Doubletree
Hotel in Ventura, California—only 10 miles from Oxnard, the site of the
1987 STM meeting.

The location wasn't the only “retro” feature of this meeting. The talks,
too, covered much the same territory as pre-1987 probe-microscopy meet-
ings (semiconductors, UHV STM), and the speakers represented the same
organizations (IBM, Bell Labs) that had dominated the early era of probe
microscopy. The rear-guard character of the conference is clear in the
report of a monitor sent by the Gordon organization:

This new conference is essentially a physics-physical chemistry splinter group of
STM practitioners. They found the international STM conference too big and imper-
sonal and wanted to distance themselves from the biological STM community

whose work they do not hold in high regard. This resulted in a very small confer-
ence (59 total).”

Yet even these secessionists must have known that the world of surface
science wasn't what it was when the STM was invented. After all, as the
monitor noted, “the atmosphere was somewhat subdued because of the
threat of job losses at e.g. IBM and AT and T.”"

With IBM and Bell Labs unable to support as much classical surface
science as they once did, some attendees could foresee that surface science
would have to move in new directions and form new interdisciplinary col-
laborations. A significant number of respondents to a survey circulated by
the GRC complained about the conference’s constricted view, remarking
that the talks “were very good but had too narrow a range of topics,” and
that “the conference was heavily biased toward semiconductors. Several
participants would be positive to a somewhat wider scope.”® One respon-

dent addressed the new realities of probe microscopy head on:

The topics covered represented only a portion of the frontiers in STM. Noticeably
missing were presentations from biological STM as well as workers in the area of thin
films. This conference was completely devoted to STM in UHV. Future conferences
should include, not exclude, contributions from these areas. '
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The monitor himself saw the narrow focus on UHV STM as detrimental not
only to the breadth of the science presented but also to its quality:

[Tlhe field is rather narrow and could probably benefit from interaction with other
areas of surface science. . . . On a chemical level, I found that some of the interpreta-
tions of the species involved in the various deposits [of a metal or semiconductor on
a semiconductor substrate] to be very speculative. A complementary analytical tool
is needed in this field."”

He recommended that the conference be shut down and its topics folded
into one of the Gordon organization's other surface-science-oriented meet-
ings, such as Inorganic Thin Films or Chemical Reactions at Surfaces.

In fact, the GRC's Scanning Tunneling Microscopy conference, and the
group that organized it, disintegrated after the 1993 meeting. Some UHV
surface-science STMers retired early or were fired in the mid 1990s because
of job cuts at IBM and at Bell Labs. A few left probe microscopy for new
instrumental communities, such as low-energy electron microscopy, that
were still exploratory and immature." Many continued with STM in some
form but relied on it less exclusively, using it as one tool among many
rather than as the instrument that defined their research. Few returned
often to the AVS-sponsored STM/NANO Conferences. When I interviewed
members of this group in 2001, several commented that, although the
STM/NANO meetings had been “really fun for a while because they were
really small,” they had become much less relevant and interesting around
1992 because they had no “common theme” uniting the “biologists, chem-
ists, physicists” interested in probe microscopy.' In the view of many of
those who first applied the STM to surface science, the STM had become a
mature tool, and therefore “an international meeting [dedicated to probe
microscopy] isn't really needed” and had “largely outlived its usefulness.”””

For many probe microscopists, however, nanofechnology increasingly
provided a powerful “common theme” that would allow all members of
their increasingly diverse instrumental community to communicate—and
even collaborate—with each other. In turn, the success of probe microsco-
pists in forming interdisciplinary collaborations and commercializing their
research conferred legitimacy on their adoption of nanotechnology as an
organizing theme. In the early 1990s, probe microscopists began to serve
as a model for other research communities that were facing similar demo-
graphic problems and were tentatively seizing on nanotechnology as a so-
lution to those problems.
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The evolution of another Gordon Conference series, this one on the
Chemistry and Physics of Microstructure Fabrication, highlights probe
microscopy’s role in this diffusion of nanotechnology discourse. This
conference series had begun in 1976 as a gathering place for specialists
in photolithography, electron-beam lithography, molecular-beam epi-
taxy, and other techniques used to make microelectronic devices. In the
beginning, many of the leaders of this conference series were employed
at IBM and at Bell Labs and knew about ultrahigh-vacuum STM through
colleagues in those organizations. Before 1992, though, probe micros-
copy made no appearance at all at the Gordon Microstructure Fabrication
conferences.

That is, the intellectual content of probe microscopy and microfabrica-
tion research was almost completely separate up until about 1990, even
though members of both networks were often housed in the same organi-
zations. Microfabrication specialists at IBM and at Bell Labs saw little need
to adopt probe microscopy, which they knew primarily as a tool of basic
surface-science research that would be of little use in making, or even visu-
alizing, tiny structures composed of both insulating and non-insulating
materials. In the 1980s, however, many microfabrication specialists left
those corporate labs for academic positions at Stanford, Cornell, UC Santa
Barbara, and other universities. There they took note of new kinds of probe
microscopy, such as AFM, magnetic force microscopy, and STM lithogra-
phy (i.e., using an STM to make tiny marks on a surface) that could be
used in microfabrication. At Stanford, two doyens of microfabrication and
probe microscopy, Fabian Pease and Calvin Quate, even started a collabo-
ration on STM modification of polymers. Later, Pease helped Quate’s stu-
dents learn to make microfabricated AFM cantilevers.”'

The broadening of microfabrication research to accommodate probe
microscopy wasn't, however, initially reflected in the content of the GRC
Microfabrication Conferences.”> The 1988 and 1990 meetings remained
so narrowly focused on traditional microfabrication techniques that the
Gordon organization's home office worried that the series was becoming
stagnant and involuted. Indeed, the Gordon organization seriously con-
sidered dissolving the series. As a Gordon monitor put it, “there might be
an ingrowing clique forming which might be deleterious to branching out
with significant representation in not-so-well-known areas.”** To break the
power of that clique, and to save the conference series from cancellation,
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the 1992 organizers opened the meeting to new techniques, especially STM
and AFM.

Thus, at the 1992 meeting, probe microscopy garnered one full day (out
of a four-and-a-half-day meeting), with talks such as “Nanofabrication with
the STM” by Alex de Lozanne (a former Quate student).”* The “nano” in
his title jibed well with other talks by leading microfabrication special-
ists, such as Fabian Pease’s “Nanonatural lithography” and Henry Smith's
“Nanolithography: Some Paths Less Well Traveled.” At the next meeting,
in 1994, the program was even more slanted toward probe microscopy and
nanotechnology. For instance, Don Figler (from IBM Almaden) was the
only speaker to have an entire session devoted to a single paper (on “Atoms
Where You Want Them: Exploiting the STM as a Fabrication Tool”).

The 1994 GRC Microfabrication meeting was also notably more discipli-
narily diverse than its predecessors. In particular, speakers were recruited to
lecture on biological topics previously unheard of in the world of microfab-
rication. Talks that year, for the first time, had titles like “Tracking Down
Biological Motors Using Optical Tweezers,” “Microfabricated Arrays: DNA
Electrophoresis and Cell Mobility,” and “Biocatalytic Synthesis of Polymers
of Precisely Defined Structure.”* This broadening into biology was facili-
tated by the continuing infiltration of probe microscopy into the meeting.
For instance, Dan Rugar (from IBM Almaden) presented a paper on his new
idea for an AFM-based nuclear magnetic resonance microscope to decipher
the structures of proteins and other biomolecules.

The transformation of the GRC Microfabrication meetings in 1992 and
1994 illustrates three intertwined trends. First, probe microscopy appeared
on the scene suddenly and in force. This catalyzed an expansion beyond
the conference’s traditionally limited set of techniques—the same kind of
expansion seen in the STM Conferences after 1987. Second, the terrain of
the GRC Microfabrication conference shifted away from an almost exclu-
sive focus on semiconductors and (some) metals to include biological
materials. Again, this paralleled a similar, earlier shift toward biology in the
probe-microscopy community. Probe microscopists (such as Dan Rugar)
who had moved from metals and semiconductors to molecular biology in
the 1980s were one conduit for bringing biology into microfabrication in
the early 1990s. Finally, GRC Microfabrication attendees began to identify
themselves as working on “nano” rather than “micro.” In doing so, they
received instruction from federal grant officers who—as Murday had for

probe microscopy and surface science—articulated how nanotechnology
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Probe Microscopy 175

could be an organizing principle for research. On the final day of the
1992 meeting, for instance, Jane “Xan"” Alexander, a grant officer from the
Defense Advanced Research Projects Agency, gave a talk on “DARPA’s View
of Nanotechnology.”

In 1994, the attendees examined the dramatic changes their conference
had undergone and decided that the meeting's name should be changed
to match its new focus. At their business meeting they approved a motion
to change the name to Chemistry and Physics of Nanostructure Fabrica-
tion**—a small change, but one that connected the new GRC Nanofabrica-
tion conference to a host of other organizations, conferences, journals, and

other institutions that were similarly "nano-izing” at the same time.
Relabeling, Aligning, Connecting

The STM/NANO Conference and the GRC Nanofabrication conference
were not the first institutions to adopt the prefix “nano” as a way to over-
come bureaucratic hurdles, attract new funding, or expand their member-
ship. Such nano-ization goes back at least as far as 1986, when Cornell
University’s National Submicron Facility (along with Stanford’s and MIT’s,
one of the three leading academic microfabrication centers in the United
States) was seeking to renew its grant from the National Science Founda-
tion. To signal that it had made progress since its founding in 1978, the
organization changed its name to National Nanofabrication Facility. Simi-
larly, that same year, the Ultra-Small Structures Group at the University of
Glasgow became the Nanoelectronics Research Group (and later, the Nano-
electronics Research Center).

In order to lay claim to the “nano” label, such institutions had to make a
case that the objects of their members’ research were more or less between
1-100 nanometers large in at least one dimension. But the size scale of
research was certainly not a sufficient condition for adoption of “nano”—
plenty of institutions whose members were engaged in nanoscale research
were very slow to adopt the “nano” label. What stimulated institutional
and community leaders to steer their colleagues toward the “nano” label
was often a demographic problem (e.g., declining or rapidly changing
membership) or an administrative requirement (e.g., a grant renewal).

Probe microscopists—especially prominent ones—served as important
allies for those who promoted the adoption of the “nano” label. The GRC

Microfabrication Conference series is a good example of that. Perhaps an
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even clearer instance is the Microcircuit Engineering Conference, which
in 1994 changed its name to Micro and Nano Engineering International
Conference. That year the meeting, which dated back to 1975, met in
Davos, Switzerland, and was chaired by Heinrich Rohrer’s IBM Zurich col-
league Peter Vettiger. In planning the conference, Vettiger could see that
the past few meetings had had declining attendance. That is, like the 1990
STM Conference, or the 1992 GRC Microfabrication Conference, the 1994
Microcircuit Engineering meeting was an institution in trouble. To reverse
the meeting’s decline, Vettiger, much like Murday or the GRC organizers
before him, latched onto “nano” as a tool for broadening the conference's
focus and thereby for building connections to communities such as probe
Mmicroscopy.

To cement that bridge to probe microscopy, Vettiger not only gave the
meeting its new “Micro and Nano” name; he also invited Rohrer to give
the plenary talk on “The Nanometer Age: Chance and Challenge”—per-
haps as a way to instruct the attendees in the opportunities afforded by
being “Micro and Nano” rather than just “Micro.” This “mere” relabeling
seems to have had miraculous effects. As Vettiger put it in the introduction
to the conference proceedings,

Traditionally the main thrust of this series of conferences has been microlithogra-
phy in its broadest sense. In the past, however, we have observed a certain matur-
ing and saturation effect which manifested itself in a slow but steady decrease in
the numbers of submitted papers and participants. When it became clear that the
next conference should again take place in Switzerland, the organizing team took
the initiative to broaden the scope and also to give the conference an appropriate
new name, The very favorable response to our initiative indicates that we took a step
in the right direction. Not only did the number of submitted papers increase from
slightly over 100 in 1993 to 172 in 1994, but the number of registered participants
jumped from 222 in 1993 to 333 in 19947

A significant part of that reinvigorated attendance came from opening up
the meeting to probe microscopists—a link made possible, or at least legiti-
mized, by adoption of the “nano” label. A conference once almost bereft of
probe microscopists now saw a quarter of its talks focus on STM and AFM.
By the next meeting, in 1996, “the number of abstracts proposed on nano-
scale engineering . . . was nearly twice as large as that of the main topics,
essentially the lithography techniques, resist and pattern transfer.”**

Once institutions like the Submicron Facility and the Microcircuit En-

gineering Conference began to achieve positive results by adopting the
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“nano” label, closely related institutions quickly followed suit. Here are
a few examples: In 1997, the International Microprocess Conference be-
came the International Microprocesses and Nanotechnology meeting; in
2001, the University of Illinois" Microelectronics Laboratory became the
Micro and Nanotechnology Laboratory; in 2005, the University of Michi-
gan's Solid-State Fabrication Facility became the Michigan Nanofabrication
Facility.

In many cases, adoption of the “nano” label formalized connections
between research communities that had sprung up informally somewhat
earlier. For example, in 1995, the International Symposium on FElectron,
Ion and Photon Beams (known colloquially as the Three Beams Confer-
ence) became the International Conference on Electron, Ion, and Photon
Technology and Nanofabrication. Proceedings of the Three Beams Confer-
ence were, like those of the STM Conference, published by the American
Vacuum Society. Before 1990, however, there would have been very few
people who attended both the Three Beams Conference and the STM Con-
ference. After 1990, participants in the two conferences would have begun
to meet each other at the AVS-sponsored biannual NANO Conference.
Thus, the NANO Conference exposed the attendees of the other two con-
ferences to each other's work. Through that exposure to probe microscopy,
attendees of the Three Beams Conference came to see that the fabrication
of tiny structures could be accomplished with an STM or an AFM rather
than with an electron, photon, or ion beam. Renaming their conference to
include the “nano” label allowed specialists in the “three beams” to build
on the interests they had in common with probe microscopists—interests
that they came to understand as having in common through their affili-
ation with other institutions that had already adopted the “nano” label.

Thus, the field of nanotechnology is composed of many organizations,
disciplines, and instrumental communities that existed long before they
adopted the “nano” label. The speed and timing of the renaming of these
institutions has given rise to some skepticism about the content of nano-
technology. As some crystallographers interviewed by the historians Chris-
tian Kehrt and Peter Schiissler insisted in the early 2000s, “nanotechnology
is 100 years old"”. For those crystallographers, nanotechnology is not a new
area of research, even if the widespread adoption of the label is new.”

In the early 1990s, many scientists viewed nanotechnology discourse as
a fad that probably would disappear soon, leaving little behind. Even some
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people whose names have become synonymous with nanotechnology held
this view in the early 1990s. Some early promoters of nanotechnology were
well aware of this view, and even subscribed to it in part themselves. Yet
the accusation that nanotechnology is “mere” relabeling of communities
and institutions that have long been concerned with nanoscale phenom-
ena misses the point. Any individual case of relabeling might be oppor-
tunistic, or may have been used to resolve very contingent bureaucratic,
demographic, or structural tensions—but the ricocheting of the “nano”
prefix across such a variety of communities and institutions created new
opportunities for exchanging personnel and ideas. By adopting the “nano”
label, institutions and communities made it possible for other adopters of
that label to notice them, and legitimized greater overlaps in their mem-
bership. Looked at in this light, the contribution of probe microscopy to
the formation of nanotechnology is both more and less than is popularly
claimed.

On the one hand, many popular and official accounts of the history
of nanotechnology rather inaccurately date the origin of the field to the
invention of the scanning tunneling microscope. Philosophers Davis Baird
and Ashley Shew call this the “standard story” of the emergence of nan-
otechnology.” In their view, this standard story gestures to a myth that
the Nobel laureate Richard Feynman forecast nanotechnology in a 1959
speech titled “There’s Plenty of Room at the Bottom.” Among other things,
Feynman called for microscopes that could inspect cellular processes and
perform nanoscale lithography. Later, justifications for a US National Nan-
otechnology Initiative pointed to the scanning tunneling microscope and

the atomic force microscope as fulfilling Feynman's call:

It was not until the 1980s that instruments were invented with the capabilities Feyn-
man envisioned. These instruments, including scanning tunneling microscopes,
atomic force microscopes, and near-field [scanning optical] microscopes, provide the
“eyes” and “fingers” required for nanostructure measurement and manipulation.”

This standard story is misleading in a number of ways. It obscures the
importance to nanotechnology of continuing improvements to older tech-
nologies such as optical microscopy, field ion microscopy, and electron
microscopy.”” It also makes it seem self-evident that probe microscopy is
nanotechnology, whereas in fact many probe microscopists were ambiva-
lent about the “nano” label. Finally, it cannot account for the fact that a
great deal of today’s nanotechnology doesn’t make use of STM, AFM, or
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Figure 6.1

Numbers of probe-microscope articles published per year (#) as measured by the
Science Citation Index, and total number of NanoScopes sold by Digital Instru-
ments (M). Trend lines are a best linear fit for three periodizations: 1981-1986, 1986-
1990, and 1990-1999. Although somewhat arbitrary, this periodization indicates
the modest increase in articles published after the start of the annual international
STM Conferences and the introduction of commercial STMs around 1986. A much
more dramatic increase in article production coincides with the start of the biannual
NANO Conferences and the introduction of commercial AFMs around 1990.

their variants. Certainly, for most of the 1990s, most of the work being
done at the National Nanofabrication Facility, or reported on at the Inter-
national Microprocesses and Nanotechnology Conference, had nothing to
do with STM or AFM.

On the other hand, probe microscopists did contribute to the formation
of nanotechnology, in that the network of people strongly or weakly tied
to their technology was very large and provided connections to a variety
of other communities, organizations, and disciplines that could also be
brought under the “nano” umbrella. On this account, even if STM and
AFM were not the primary tools of all the participants in the nanotech-
nology enterprise, the probe-microscopy community was still instrumen-
tal in helping those participants view an affiliation with nanotechnology
as desirable.

One influential probe microscopist who clearly articulated this specific

vision of nanotechnology as a field defined by connections among other
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fields was Heinrich Rohrer. At least as early as the 1991 STM Conference
in Interlaken, Switzerland (the first one after the joint 1990 STM/NANO
meeting), Rohrer was publicly advocating for nanotechnology as a way of
organizing science more efficiently and creatively. At that 1991 meeting,
he summarized the first ten years of STM and looked forward to a new

“nano” era:

Ten years ago, the term “nanometer” was not yet familiar in solid-state physics and
technology. Whether the progress and achievements made with local probe methods
created the current nanometer “fashion” or were carried by it is a moot specula-
tion. Whatever the case, local probe methods have given considerable impetus to
nanometer-scale science and technology. They have created something like a casual
relationship between us and individual atoms, molecules, clusters and nanometer-
sized parts of macroscopic objects.™

Rohrer argued that nanotechnology represented the intersection of two
trends. On the one hand, for decades microfabrication specialists had been
steadily crafting smaller and smaller objects out of bits of metal and semi-
conductor. This trend was pushed by the microelectronics industry, and
is described by Moore’s Law—the observation, first made in 1965 by Gor-
don Moore, that the number of transistors that could be placed on a sili-
con wafer doubled every 18 to 24 months.** On the other hand, the same
period saw molecular biologists and chemists steadily becoming accus-
tomed to working with larger and larger molecules—proteins, enzymes,
long strands of DNA, and so on. Thus, Rohrer claimed, the nanometer
age began when electrical engineers (and others moving down from the
microscale) began working on objects of the same size as objects being
worked on by biologists and chemists moving up from the atomic scale.
In Rohrer's view, this convergence in size scale created an opportunity for
electrical engineers, biologists, chemists, and others to collaborate in new
ways. For Rohrer, then, “nanotechnology” is interdisciplinarity. Note, how-
ever, that Rohrer bracketed the role of probe microscopy in the emergence
of interdisciplinary nanotechnology—it would be “moot speculation” to
debate whether SPMs caused that emergence. As figure 6.2 shows, Rohrer
clearly saw the trends that led to nanotechnology as long predating the
STM. Probe microscopy facilitated the intersection of those trends, or at
least made that intersection easier to see, but in Rohrer's view it would be
too simplistic to say that probe microscopy caused, or was necessary for,

the emergence of nanotechnology.
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Figure 6.2

Heinrich Rohrer's depiction of nanotechnology as a product of the convergence of
electrical engineers’ ability to create ever smaller structures and chemists' and biol-
ogists’ ability to manipulate ever larger macromolecules. Source: Heinrich Rohrer,
“STM: 10 Years After,” Ultramicroscopy 42 (1992): 1-6 (copyright 1992), reprinted
with permission from Elsevier.

For Rohrer, probe microscopy was only one of many enablers of nano-
technology. Just as important as new instrumentation, he declared, were
new forms of scientific governance. As Rohrer put itin a plenary speech for

a conference in Japan on nanoscale science in 1992,

The nanometer age, or the “age of interdisciplinarity” poses formidable challenges
beyond issues of purely scientific and technical nature. . . . [S]cientific bodies have
to rethink their objectives and practices seriously and to find ways and means for an
effective promotion of interdisciplinary science,”

As we have seen, Rohrer—a physicist who supervised one of the first groups
to open STM up to biological applications—exemplified “the promotion of
interdisciplinary science.” Now, he declared, it was up to “scientific bod-

ies” to do the same.
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182 Chapter 6

National and International Isomorphism

According to the picture offered by Rohrer, although practitioners of any
single field such as crystallography could reasonably claim to have been
doing nanoscale research for “100 years,” that cannot be the full story.
Nanotechnology as a distinct enterprise formed not within fields, but at
their intersections. Probe microscopy, in Rohrer’s view, could “give consid-
erable impetus” to the formation of those intersections. But sustaining that
impetus would require scientific institutions, communities, and policy-
making bodies to “rethink their objectives and practices.”

The rethinking of objectives and practices was necessarily both a trans-
national process and a nationally delimited one. Many of the institutions
that were influential in both probe microscopy and the emergence of nan-
otechnology were at least somewhat transnational in scope. The American
Vacuum Society, for instance, was connected to peer organizations around
the world through its membership in the International Union for Vacuum
Science, Technique, and Applications, and the society’s annual confer-
ences usually had a significant international presence. Prominent univer-
sity groups such as Paul Hansma's or Calvin Quate’s were primarily funded
by nationally delimited agencies, but also hosted and collaborated with
scholars from around the world. Digital Instruments and other start-up
companies usually concluded agreements with local distributors in mul-
tiple countries (and/or opened their own international offices and appli-
cations labs) within a few years of their founding. Yet nationally bounded
organizations and policies were also indispensable to the spread of nano-
technology discourse. In the same way that probe microscopists’ member-
ships in many different fields allowed them to connect those fields under
the “nano” label, SPMers’ positions in various national bodies allowed
them to use nanotechnology to connect together many different national
resources.

Again, Heinrich Rohrer provides one of the clearest examples of probe
microscopists’ role in steering national institutions toward nanotechnol-
ogy. In 1993, Rohrer helped create, and became president of, the Schweizer-
ische Gesellschaft fiir Nanowissenschaften und Nanotechnik (Swiss Society
for Nanoscience). At the end of that year, he and Iris Zschokke-Granacher (a
physicist from the University of Basel) convinced the Swiss Federal Coun-
cil to mandate the Swiss National Science Foundation to begin a National

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 197

http://site.ebrary.com/id/10509221?ppg=197

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Probe Microscopy 183

Research Program in nanoscience.” This led, in 1996, to an outlay of 56 mil-
lion Swiss francs (matched by contributions from Swiss industry) for a Pri-
ority Program on Micro- and Nanosystems Technologies (MINAST).* In
1999, MINAST evolved into a National Center of Competence in Research
(NCCR) in Nanoscale Science led by Hans-Joachim Giintherodt at the Uni-
versity of Basel, one of the earliest adopters of the STM and the AFM. Later,
with the aid of Giintherodt, Christoph Gerber, and others, this NCCR
evolved into the Swiss Nanoscience Institute. Today that institute, with its
headquarters in Basel, coordinates nanotechnology research at eleven labo-
ratories around Switzerland, in cooperation with nine industrial partners.

In the United States, James Murday played a role similar to Rohrer's
and Giintherodt's in making probe microscopy central to the formation
of American national institutions for nanotechnology. Murday’s first ven-
ture along those lines was the Microstructure and Atomistic Processes on
Surfaces (MAPS) initiative, which he developed in 1985 in collaboration
with Larry Cooper, an ONR grant officer overseeing funding in microelec-
tronics. MAPS funded STM work on surface structures, but with an orienta-
tion to microelectronics applications for STM that were, at the time, largely
speculative. Five years later, with MAPS winding down, Cooper and Mur-
day looked for a way to reinvent it. The new incarnation of MAPS, called
the Properties of Interfacial Nanostructures (PIN) Initiative, expanded from
STM to AFM, and thereby shifted from flat, pristine semiconductor sur-
faces to the three-dimensional semiconductor and oxide structures found
in real-world microelectronic devices.

By 1990, Murday saw nanoscale research as a “freight train” that would
inevitably impact high-tech industries, and therefore as an area in which
the United States should take the lead.’® He began pushing his vision of
nanoscale research in various venues. In 1988 and 1989, Murday and Rich
Colton organized topical conferences on Nanometer Scale Properties of
Surfaces and Interfaces for the American Vacuum Society. In 1990, they
teamed up to organize the STM/NANO meeting in Baltimore. And in 1992,
Murday and Phaedon Avouris (an IBM STMer) organized a conference
on Atomic and Nanoscale Modification of Materials for the Engineering
Foundation.

The conference on Atomic and Nanoscale Modification of Materials
for the Engineering Foundation exemplified Murday’s strategy for nano-
technology. The first two days of the meeting exclusively featured leading
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184 Chapter 6

probe microscopists. On the third day, Fabian Pease and other leading
microfabrication specialists took part in panel discussions moderated by
people involved with STM. On the fourth day, a smorgasbord of topics,
including buckminsterfullerenes, semiconductor nanocrystals, and molec-
ular self-assembly, were presented, again in panel discussions moderated
by probe microscopists. The meeting concluded with a report by Xan Alex-
ander of DARPA summarizing an earlier workshop on Nanometer Science
and Technology held by DARPA and the US Department of Energy.” As
this lineup shows, Murday encouraged probe microscopists to lead, by pre-
cept and example, whatever group of research fields “nanometer science
and technology” would eventually refer to. At that moment in the early
1990s, very little bound people working on buckyballs together with
microfabrication specialists and dendrimer chemists. Coherence and cross-
membership among those fields was partly an emergent product of a series
of conferences drawing attention to the “nano” label. Organizing those
conferences, and explaining their lessons to attendees, fell to a close-knit
community of federal grant officers and high-profile scientists committed
to shepherding nanotechnology. Some of the scientists and grant officers
in that early elite—including Heinrich Rohrer and James Murday—had
longstanding ties to probe microscopy. Others drew on probe microscopy
in trying to bring coherence to a disparate mass of research fields, instru-
mental communities, and industries.

An incident from 1991 shows how close-knit this shepherding elite
of grant officers and high-profile scientists was. That year, James Murday
and Dick Brandt (another ONR officer) suggested to Xan Alexander that
she develop a funding program in “nanostructured electronics” with AFM
lithography as a central focus.” As it turned out, Alexander was already
working with Larry Cooper on ULTRA, a program funding “ultrafast,
ultrasmall” electronics research covering a spectrum of grantees from tra-
ditional silicon microelectronics to the highly speculative “molecular elec-
tronics” (i.e., using single molecules to replace electronic components such
as transistors and capacitors).*! The confluence of interests among Murday,
Brandt, Alexander, and Cooper allowed each officer to draw on the others’
portfolios in ways that gradually fleshed out the constitution of “nano.”
For instance, ULTRA grantees were soon drafted into Murday's series of
nanoscale research conferences, while STMers became influential members
of the ULTRA group.
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Probe Microscopy 185

As grant officers in the various military research funding agencies began
to talk about ways of connecting or even coordinating their portfolios
under the umbrella of “nanoscale science and technology,” James Mur-
day emerged as the unofficial point man for the Department of Defense's
nanoscale initiatives. This proved useful in 1994 when Admiral David Jere-
miah asked Murday to present his vision for nanotechnology to the DoD's
Joint Requirements Oversight Council (JROC), and later to the Secretary
of Defense. This presentation greatly enhanced the visibility of nanotech-
nology within the DoD. As Murday puts it, “shortly after Jeremiah having
me in front of the JROC, I was briefing three-stars all through the Penta-
gon who were basically trying to figure out, ‘Oh my god, what’s going on
here? What should I be aware of?"”** That heightened awareness of nano-
technology at the Pentagon led to the creation, in 1997, of a DoD Strategic
Research Area committee on nanoscience, with Murday as its chair.*

Not long after briefing the JROC, Murday heard about Mihail “Mike”
Roco, a grant officer at the National Science Foundation, who was inde-
pendently lobbying for a nanotechnology initiative that would unite the
nanotechnology efforts of all federal funding agencies. Murday intro-
duced himself to Roco and promised to bring the Pentagon’s nanotechnol-
ogy projects on board Roco’s initiative. From then on, Murday was Roco's
junior partner in the creation of the National Nanotechnology Initiative.**
When Roco persuaded the Clinton administration to let him chair an
Interagency Working Group on Nanoscience, Engineering, and Technology
within the National Science and Technology Council, Murday served as
the working group’s executive secretary. When the National Nanotechnol-
ogy Initiative came into being, Murday remained executive secretary of
the NSTC's new Subcommittee on Nanometer Science, Engineering, and
Technology (which Roco continued to chair). Murday also became the first
director of the National Nanotechnology Coordination Office, which man-
aged the day-to-day activities of the National Nanotechnology Initiative,
leaving Roco free to concentrate on spreading the word.

Thus, in James Murday, probe microscopy had a powerful advocate at
the table in the creation of national institutions for nanotechnology in
the United States. Murday himself sees his enthusiasm for nanotechnol-
ogy as having been inspired directly by his association with probe micros-
copy. But probe microscopists were hardly pushing Murday to embed their
work in a wider vision for nanotechnology. Indeed, many of them were
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186 Chapter 6

reluctant to go along with his plan to dissolve the STM Conference in
favor of the NANO Conference. Nor did Murday's role in the institution-
alization of nanotechnology stem solely from his work with probe micros-
copists. Rather, his advocacy for probe microscopy allowed him to form
alliances with other grant officers (including Xan Alexander, Larry Cooper,
and Mike Roco) who oversaw complementary funding portfolios. Those
other portfolios were sometimes only tangentially related to probe micros-
copy, but when added to Murday's portfolio they covered a wide swathe of
nanoscale research.

In the late 1980s and the early 1990s, many governments turned to
nanotechnology discourse as a way to coordinate national research fund-
ing. Often that was done by gradually building on earlier efforts, much as
Murday and Cooper’s PIN initiative grew from the earlier MAPS. The Japa-
nese government, for instance, began exploratory efforts with funding for
projects on “Nano-Mechanisms” in 1985, which led to the “Atom-Craft”
(atomic manipulation with STM) project in 1989, and the “Atom Tech-
nology” program in 1992. In many countries, such state-sponsored nano-
science initiatives aimed to bring basic researchers into greater contact with
high-tech manufacturing, particularly in microelectronics. For instance, in
1987 the British government established a National Initiative of Nanotech-
nology, which was followed in 1988 by a so-called LINK effort in nano-
technology to “bridge the gap between science and the market place.”*
By 1994 the LINK program was giving a total of £23.6 million to 28 nano-
technology groups. Likewise, in Belgium, the European Community began
a program in 1992 on the PHysics ANd Technology of Mesoscale Systems
(PHANTOMS) that tied together traditional silicon microelectronics with
molecular electronics, much like DARPA’s ULTRA program.*

Leaders of each of these national programs looked to the other countries’
programs for models. For instance, the United Kingdom’s NION and LINK
programs were set up on the recommendation of Albert Franks, a physicist
and metrologist who had recently learned about the Japanese government’s
initiatives in nanotechnology and “atom” technology. Franks' recommen-
dations were further bolstered by a report comparing the UK’s efforts in
nanotechnology with those in the United States, Japan, and Europe.* Later,
“Franks is also reputed to have inspired the Germans to develop their own
nanotechnology strategy, after a chance discussion in a railway station
with Gerd Bachmann, then a senior scientist with the German Research
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Probe Microscopy 187

Ministry.”** Similarly, Jim Murday’s former boss at the Naval Research Lab-
oratory, William Tolles, spent six months in 1994 touring Furopean nano-
technology laboratories and reporting his findings to American grant
officers and scientists.*

As various national programs in nanotechnology grew, advocates in
other countries—such as Murday or Rohrer—could point to them as evi-
dence of the need for their own institutions to keep up in an area that was
critical to national security and economic competitiveness. As the Nobel
laureate Richard Smalley put it to the US Presidential Council of Advisors
on Science and Technology in 1999,

[Tlhe prefix ‘nano’ is heard in virtually every scientific and technical meeting
throughout the world. Nano isin the ‘buzz’. Without the [National Nanotechnology
Initiative], by 2010 it may be too late to insure that the US isin the lead, and vast
nanotech-dominated markets in virtually every sector of the economy may be lost
to foreign competition.™

National coordination of budding nanotechnology institutions and inter-
national competition for the commercialization of nanotechnology were
mutually reinforcing dynamics. The eventual products of the interplay of
those dynamics were the national nanotechnology initiatives that came

into being at the turn of the millennium.
The Current Nanometer Fashion

It took about a decade for the “buzz” about nanotechnology that Rich-
ard Smalley cited to result in the formation of the National Nanotechnol-
ogy Initiative in the U.S. and peer initiatives in other countries. In the
early 1990s, probe microscopists were sometimes the topic, sometimes the
promoters, and sometimes the audience for “buzz” about nanotechnol-
ogy. A few, including James Murday and Heinrich Rohrer, actively cham-
pioned nanotechnology as a way of reorganizing (and connecting) various
instrumental communities, and also revitalizing their nations’' science
establishments. Most probe microscopists, however, didn't promote nano-
technology as a research agenda, but neither did they reject it. Probe micros-
copists who attended the NANO Conference every other year, for instance,
probably didn’t identify as a “nanotechnologists,” but most of them had
few qualms about the expansion of the probe-microscopy community into
areas such as biology. Such probe microscopists would no doubt recognize
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the “NANO" in the conference’s name as a gesture intended to plausibly tie
together research in physical and life sciences through the common use of
the AFM and other instruments.

In general, probe microscopists hedged their bets on nanotechnology.
When offered chances to align with a nanotechnology agenda, they did so
opportunistically but lightly. They could see that if nanotechnology were
to be institutionalized in a major way, their association with it could prove
useful. Yet they took care to avoid committing too enthusiastically. Wil-
liam Tolles—despite his strong support for nanotechnology—made the
case for such caution in a report of his 1994 tour of Furopean nanotechnol-

ogy research sites:

Opportunities [in nanotechnology| appear so evident that hype about the subject
could attract practitioners bent on hypothetical postulates or excessive “salesman-
ship” without a realistic appraisal of the products of experimental research. Over-
selling a field can be as detrimental as overly criticizing a field. . . . Some individuals
professing the visionary aspects of the field could lead to problems for the field
overall.*

Likewise, Heinrich Rohrer strongly promoted a certain vision of nanotech-
nology, yvet he also attempted to differentiate that vision from “the current
nanometer ‘fashion.””

The “visionary” individual who built a career on making nanotechnol-
ogy “salesmanship” “fashionable” in the late 1980s and the early 1990s—
and whom Tolles and Rohrer may have been warning against—was the
Silicon Valley-based nanotechnology enthusiast K. Eric Drexler. In 1986,
Drexler published Erngirnes of Creation: The Coming Age of Nanotechnology,
the book that introduced the word “nanotechnology” into the popular
lexicon through a radical vision of programmable molecular “assemblers”
creating a new society of immortal, shape-changing humans free from
want and able to roam the universe. The same year, Drexler and his wife,
Christine Peterson, founded the Foresight Institute near Stanford, where
they could draw on a local network of futurists, entrepreneurs, venture
capitalists, science-fiction writers, and space enthusiasts to promote their
vision of nanotechnology. Drexler and Peterson embarked on an impres-
sive public-relations campaign in which Drexler's name and mentions of
“molecular nanotechnology” (i.e., the assemblers) appeared in hundreds
of newspapers, airline magazines, trade journals, television shows, science-

fiction novels, and a few peer-reviewed scientific publications.*’
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Probe Microscopy 189

Drexler wasn't the first to use the term “nanotechnology.” As we have
seen, Norio Taniguchi introduced it to the precision engineering commu-
nity as early as 1974. Even after Drexler's book appeared, scientists could,
for a time, use the term without evoking futurist visions. By the early 1990s,
however, Drexler’s popularizing of the term had permanently linked it, for
better or worse, to futurist tropes of immortality, space travel, and trans-
humanism. William Tolles and others began to worry about “the possibility
of overselling the term ‘nanotechnology,’ which is considered by some to
be an unfortunate name to some extent.”** “When [in 1994] I founded my
research group at Hewlett-Packard,” the surface scientist and STMer Stan
Williams has said, “we called it ‘Quantum Science Research’ to avoid any
connection with the negative connotations of ‘nanotechnology.’”**

Dangerous as its overselling might be, though, many scientists found the
term “nanotechnology” quite attractive. By the early 1990s, Eric Drexler
had succeeded in interesting venture-capital firms (such as Stewart Brand's
Global Business Network) and influential figures (Al Gore, Newt Gingrich,
Admiral Jeremiah) in supporting nanotechnology.” As Jeremiah’s patron-
age of Murday shows, people who had learned about nanotechnology
through Drexler could then be convinced to provide resources to scientists
working on current technologies such as probe microscopy.

Embracing nanotechnology was, therefore, a risky but potentially re-
warding move. As Mark Welland says of government support for nanotech-
nology in the UK in the early 1990s,

[T]he work of Drexler and [Drexler's colleague] Ralph Merkle at the time had a lot of
currency in the UK, a lot of press. .. . In some senses, it helped because from a gov-
ernmental/commercial perspective it painted a picture which had lots more promise
rather than being a sort of surface science-based approach to life. . . . But it had sig-
nificant negative effects, because the claims were unfounded, in my view. . . . It was
really Drexler's work in the early 1990s that really got the “nano” term to become
more prevalent. .. . It's been a gooed thing for nano to some extent. It's also been a
bad thing. I think certainly in this country a lot of expectations [were] raised which

T 11]
were unrealistic.”

Some probe microscopists were less willing than Mark Welland to grant
that Drexler's advocacy had had any positive outcomes. Calvin Quate, for
instance, told reporters in 1991: “I don’t think [Drexler] should be taken
seriously. He's too far out.””” Don Figler, the IBM surface scientist famous
for manipulating single atoms, put it even more strongly in 2004: “To a
person, everyone | know who is a practicing scientist thinks of Drexler's
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contributions as wrong at best, dangerous at worst. There may be scientists
who feel otherwise, I just haven’t run into them."**

Remarkably, earlier in his career Don Figler wouldn’t even have had to
leave his workplace to meet a scientist who viewed Drexler more favorably
than “wrong at best, dangerous at worst.” John Foster, the former Quate
student and IBM Almaden researcher who had used an STM to “herd” and
“dissect” single molecules, occasionally interacted with Drexler’s circle, and
even gave a talk on his research at the First Foresight Conference on Nano-
technology in 1989. Because Drexler's version of molecular nanotechnol-
ogy pivoted on the ability to manipulate individual atoms and molecules
to build up complicated structures, the Foresight group often pointed to
Foster's work as an important stepping stone to the realization of molecu-
lar assemblers. Nor was Drexler alone in the view that John Foster's work
was at least a rudimentary demonstration proof for nanotechnology. An
article in IBM Research Magazine from 1988, for instance, made the con-
nection between molecular manipulation and Drexler’'s nanotechnology
directly, if ambivalently:

Drexler claims that today's technology is hampered by the need to deal with "atoms
in unruly herds.” As it becomes possible to manipulate single atoms and molecules,
he predicts, we will be on the threshold of a technological revolution. While Drex-
ler's amoeba-size computers remain the stuff of science fiction, scientists at the
Almaden Research Center may have taken one step on the long road to such atomic-
level control. Patrick C. Arnett, John S. Foster, and Jane E. Frommer . . . have been
using a scanning tunneling microscope (STM) to create images of organic molecules
and then modify the arrangement and possibly even the shape of the molecules.™

Similarly, John Pethica, who co-built the first STM in Britain, described
Foster and Frommer’s work as “one of the principal gedarnken tools for
nanotechnology—the proposed direct manipulation of matter, especially
biological, on the atomic scale.”*

John Foster himself was happy to participate in some Foresight events,
and at least mildly inspired by the enthusiasm of Drexler’s group. He and
Drexler even co-wrote a letter that appeared in Nature—a boon for Drex-
ler's desire to appear in a prestigious peer-reviewed publication (even if
the letter itself wasn't peer-reviewed).®' Foster enjoyed Drexler’s approach
partly because he saw in it an extension of the open-ended form of experi-
mentation that typified the Quate group. At the same time, he was wary
because Drexler and the Foresight group had so little familiarity with what

was actually possible in the laboratory:
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Probe Microscopy 191

There have to be people that are hard-core, show-me [the data] scientists. On the
other hand you have to have the visionaries, because if you don't vou won't make
some leaps of faith, you won't ever get over any hurdles. You probably wouldn't
have ever made the tunneling microscope in the first place. There's value in both
camps. Drexler, of course, was so hard over in this other [i.e., the visionaries'] camp
that it was difficult for some people to take him seriously at all.**

Foster remembers going to Foresight events and being “the only person
actually doing experiments. Everyone else was just talking.”* Whatever
his sympathies for Drexler’s vision, Foster's laboratory experience often led
him to be, as he puts it, a “curmudgeon” raining on the Foresight group's
parade.®

Foster wasn't the only probe microscopist in the early 1990s to see Drex-
ler's Foresight Institute as an important forum for discussion and network-
ing, even if they found Drexler's own ideas about molecular assemblers
implausible. John Baldeschwieler, for instance, attended the First Fore-
sight Conference on Molecular Nanotechnology in 1989.% At the Second
Foresight Conference in 1991, all three of the leading California academic
groups mentioned in chapter 4 were represented. Paul Hansma and his
postdoc Jan Hoh gave a paper (with Hoh's doctoral adviser, J. P. Revel, as
a third author); Doug Smith, Quate’s former student and Binnig's postdoc,
presented a paper with Masakazu Aono of the Atom-Craft Project; and Wil-
liam Goddard, a close, senior collaborator of Baldeschwieler's at Caltech,
gave a paper co-authored with Ralph Merkle, one of Drexler’s main surro-
gates and the coiner of the term “computational nanotechnology.”

In the late 1980s and the early 1990s, all three of the start-up com-
panies associated with the leading California academic probe-microscopy
groups also ventured to see what Drexler and nanotechnology discourse
could offer them. Some of Digital Instruments’ earliest advertisements, for
instance, were published in the NT [Nanotechnology] Resources Catalog
published by NANOPIRG (Nanotechnology Public Interest Group), a club
loosely affiliated with Eric Drexler. NANOPIRG even claimed to be DI's rep-

resentative in Northern California:

NANOPIRG brokers STM's [sic] in order to promote development of NT.... Let
NANOPIRG introduce you to Digital Instruments’ fine STM equipment, and upon
purchase from DI mention NANOPIRG and receive a BONUS of 20 FREE NanoTips

over and above those included with the complete systems.

Park Scientific Instruments hosted field trips to its offices for attendees of

the Fourth Foresight Conference in 1995, and the Baldeschwieler-affiliated
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start-up QuanScan declared its employees “Innovators in Nanotechnol-
ogy” in every advertisement.

Yet these companies remained cautious about nanotechnology. As late
as 2002, for instance, a financial news service reported that Veeco (with
which Digital Instruments had merged) was not “touting its focus on
nanotech.” Quoting Veeco spokesman John Brennan, the article noted
that Veeco preferred “to describe its acquisition strategy as a way to ‘add

m

enabling technologies in core target markets.”” The news service went on
to quote Debra Wasser, vice president of investor relations for Veeco, as
saying “The “story is already complicated enough without confusing Wall

Street with talk of nanotechnology.””
Owning the Label

The perception that Fric Drexler’s program carried significant risks may
explain why the nano-ization of scientific institutions began gradually
with the adoption of “nano” as a prefix, rather than with use of the full
word “nanotechnology.” Even people who spent the late 1990s pushing
for a National Nanotechnology Initiative in the United States often used
circumlocutions for “nanotechnology” in the early 1990s. Jim Murday's
NANO Conference, for instance, was officially the Conference on Nanome-
ter Scale Science and Technology. Rick Smalley, who pushed his colleagues
to adopt “nanotechnology” as one of the Rice University chemistry depart-
ment's two main foci as early as 1992, chose the more anodyne name
“Center for Nanoscale Science and Technology” for a center he founded in
1993.% Yet Smalley also sent copies of Drexler’s Engines of Creation to Rice
University’s trustees in order to stir up interest in the CNST.*” Thus, what-
ever risks proponents of nanotechnology saw in Drexler’s vision, they were
also sometimes willing to operate in the same intellectual space as Drex-
ler. Some of the first institutions to adopt the full word “nanotechnology”
(rather than the prefix “nano”) were, therefore, meeting places for influen-
tial academic scientists like Smalley, government administrators like Jim
Murday, and members of Drexler’s circle. One important illustration of this
is the journal Nanotechnology, founded in 1990 by David Whitehouse, a
British engineer.

Perhaps one reason Whitehouse was more receptive to the word “nano-
technology” was that he came out of the same surface engineering and
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metrology community as the word’s inventor, Norio Taniguchi. White-
house’s description of the new journal in its first issue reinforced this
lineage, declaring up front that “nanotechnology is not a new word” and
that it “originated from ultra-precision engineering but has now devel-
oped such that it epitomizes the drawing together of advanced engineering

n70

technology and applied modern physics.”" Recall that precision engineers
were the same community to which Russell Young had tried to sell the
Topografiner in the early 1970s. In fact, one of Whitehouse’s four regional
editors was Young's protége, Clayton Teague, who in 1990 was group leader
of the Micrometrology Group in NIST’s Precision Engineering Division.
After the journal’s first volume, Teague replaced Whitehouse as editor in
chief. That tied Nanofechnology more strongly to probe microscopy, both
through Teague's association with Young and through his leadership of
NIST's probe-based metrology project, the Molecular Measuring Machine.
The editorial board also included several other influential probe microsco-
pists of the sort who promoted wide-ranging links between their instru-
mental community and a variety of disciplines: Jim Murday, Paul Hansma,
Kumar Wickramasinghe, Christian Joachim. Digital Instruments was one
of the journal’s first advertisers, and an STM image of the iconic silicon
7x7 graced the cover of each of the two issues in the journal’s first volume.

Thus, probe microscopy was central to whatever David Whitehouse
meant by “nanotechnology.” It is important to note, however, that only
about a quarter of the journal’s articles had anything whatsoever to do
with probe microscopy. Indeed, Whitehouse routinely accepted papers by
British colleagues who used surface profilometers, a technology that probe
microscopists claimed to have superseded with the AFM. The reason probe
microscopists were central to the journal was not (as the “standard story”
of nanotechnology’s history claims) that nanotechnology couldn’t have
existed before the STM and the AFM. Rather, Whitehouse brought probe
microscopists in because the community they had created operated in the
interdisciplinary manner he envisioned for all of nanotechnology.

That is, Whitehouse defined nanotechnology as “a new way of think-
ing ... concerned with bringing together disciplines at the atomic and
molecular level.””' Probe microscopy was instrumental in the emergence
of nanotechnology as a “new way of thinking,” therefore, insofar as it
brought disciplines together. Thus, when listing the topics covered in the
journal Nanotechnology, Whitehouse mentioned probe microscopy only in
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calling for articles on “the application of nanometer level instruments such
as scanning tunneling microscopes and atomic force microscopes to biol-
ogy, medicine, and materials science.”””

In Nanotechnology’s first vears, even after Clayton Teague succeeded
Whitehouse as editor in chief, members of the network centered on Drex-
ler and the Foresight Institute found a home for their ideas in the jour-
nal. Teague attended the First Foresight Conference in 1989, and published
the proceedings of the Second Foresight Conference in Nanotechnology in
1991. Over time, however, Drexler’s and Foresight’s presence in this jour-
nal, and in other government- and university-sponsored nanotechnology
institutions, began to decline. As various institutions adopted the prefix
“nano,” the term steadily became less speculative. Scientists could point to
the family of “nano” institutions as constituting an extant, practical vision
of nanotechnology opposed to (or at least separate from) Drexler’s.

By the end of the 1990s, even those who had earlier backed away from
the term now began to adopt the label “nanotechnology.” For instance,
Stan Williams, who in 1994 explicitly rejected calling his work “nanosci-
ence” because of the Drexlerian connotations, realized “eventually [that],
because the word had found such widespread use in the public, we in the
field essentially had to adopt it.””* Thus, in 1999 Williams co-edited, with
Mike Roco and Paul Alivisatos (a Berkeley semiconductor nanocrystal spe-
cialist), an influential report on “Nanotechnology Research Directions”
that established an agenda not only for the coming National Nanotechnol-
ogy Initiative in the United States but also for parallel efforts as far away
as Russia.™

With the founding of various national nanotechnology initiatives at the
turn of the millennium, most probe microscopists dropped any qualms
about nanotechnology. Today, many probe microscopists participate in—
and some lead—the institutions of nanotechnology. In 2006, the STM
Conference was abolished in favor of an annual International Conference
on Nanoscience + Technology. Many of the probe-microscopy companies
founded circa 2000 had “nano” in their names (Nanosurf, Pacific Nano-
technology, Nanolnk, etc.). By 2007, even Veeco proudly described its
China Nanotechnology Center and its India Nanotechnology Laboratory
to investors and told them its “metrology instruments are used by nano-
technology researchers, and we currently sell to most major scentific and

w5

research organizations engaged in the field of nanotechnology.
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To understand what probe microscopists gain from today’s institution-
alized nanotechnology, we must return to our three axes of analysis: disci-
plines, organizations, and instrumental communities. We have seen how
one discipline, surface science, was perceived as in decline in the early
1990s, and how it used its association with probe microscopy to revive
some of the institutions associated with it—especially the American Vac-
uum Society and its Journal of Vacuum Science and Technology. Yet the con-
nection to probe microscopy per se was difficult to maintain. Initially, some
surface scientists took this to mean they should sever themselves from the
rest of the (increasingly diverse or cacophonous—depending on your view-
point) probe-microscopy community.

Jim Murday and other nanotechnology proponents, however, drew
a picture of nanotechnology in which surface science was not only an
important subfield, but also a forerunner and model: “The scientific foun-
dation of nanostructures enjoyed a renaissance starting in the 1960s. Sur-
face science constrained one material dimension into the nanometer size
scale. . .. The 1990s nanoscience renaissance has close parallels to the
1960s surface science renaissance.”’® Over time, many surface scientists
came to believe that nanotechnology provided the best way for them to
revive or transform their discipline while retaining much of their knowl-

edge base. As Jun Nogami puts it,

strictly classical surface structure determination is dead as a field. Or extremely
mature, and not very fundable. So what I do now I can honestly bill as being related
to nanotechnology. But when you look at the actual kinds of materials I'm work-
ing with, I'm still working with metals and I'm still working with semiconductors.”’

As we saw at the end of chapter 3, many surface scientists have been extra-
ordinarily successful at recasting themselves as leaders of nanotechnology.

This use of nanotechnology to revive perceived declines in the disciplines
wasn't unique to surface science. As Peter Galison has shown for physics, for
instance, the end of the Cold War brought on an existential crisis to which
nanotechnology was one solution.”® During the Cold War, many physi-
cists thought of the sciences as a strict hierarchy, with high-energy research
plumbing nature’s most fundamental characteristics and therefore deserv-
ing of more prestige than applied areas such as condensed-matter physics
(and with non-physics specialties even lower in the hierarchy).” But in the
early 1990s, with the removal of Cold War's justifications for basic research

funding (and with the onset of an economic recession), high-energy
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physicists lost their place in that hierarchy. The turning point was Con-
gress’ denial of funding for the most high-profile high-energy project of the
1990s, the Superconducting Supercollider, in 1993.%

In the next ten years, the physicists’ hierarchy disintegrated. Applied
areas such as semiconductor materials science and molecular biology now
came to be seen as the major drivers of national high-tech competitive-
ness. In the United States, budgets for the National Institutes of Health
doubled in the 1990s, and talk of aiding the American semiconductor
industry became the main justification in winning the Clinton administra-
tion's support for a National Nanotechnology Initiative.*' Galison shows
that a large segment of the physics community responded by fleeing for-
merly prestigious subfields and forging alliances with these newly valued
disciplines. It now became common for physicists to collaborate with biol-
ogists, electrical engineers, and materials scientists. Many of these collabo-
rations fell under the umbrella of nanotechnology, and physicists became
some of the most outspoken proponents of new nanotechnology institu-
tions that would foster such interdisciplinary ventures.*

The end of the Cold War also precipitated an existential crisis for some
of the organizations that had dominated early probe microscopy, thereby
opening a space for other organizations to use the “nano” label in order
to take their place. As we have seen, corporate labs, starting in the late
1980s and increasingly in the 1990s, trimmed their budgets, outsourced
more work to universities, and focused attention much closer on prod-
uct development. IBM cut back so heavily in the early 1990s that some of
its researchers reportedly had to work part-time for IBM's sales force. The
greatest corporate lab of them all, Bell Labs, was by the turn of the mil-
lennium only a shell of its former self. Some policy makers explicitly saw
nanotechnology as a way to make up for the loss of so much corporate
research infrastructure. Sometimes this substitution was direct—in Switzer-
land, for instance, the government bought up RCA'’s former laboratory in
Zurich and merged it with a nanotechnology group founded in 1993 at the
federally supported Paul Scherrer Institute.* Usually, though, governments
created new academic nanotechnology institutions to occupy the niche
once held by the big corporate labs. As Jim Murday puts it,

Bell Labs is just a shadow of what it once was, and IBM has had to scale back much
of its operation as well. So they are not the dominant force they used to be globally
across surface science or nano. . .. If they go away, we still have very good people,
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they just tend to be more in the universities than in an industrial lab. Universi-
ties have different strengths. They generally have a harder time getting good equip-
ment. An industrial lab had stuff universities would drool over. . .. If it looks like
[the decline of corporate research] is slowing the rate of progress, then maybe at the
federal level we need to think a little differently about how we fund work. In the
[National Nanotechnology] Initiative you already see some evidence of that aware-
ness [in the effort] to go after and create centers. That's in some sense what IBM and
Bell Labs did—they brought a bunch of very good people and put them in a central
location at the same lab and equipped them well. To an extent that's what the cen-
ters are meant to do at the universities.™

As Murday’s final point indicates, nanotechnology’s institutionalization
has largely taken place through the founding of dozens if not hundreds of
academic nanotechnology centers, institutes, consortia, and laboratories.

Note, too, Murday's explanation of one of the primary features of a corpo-
rate lab that an academic nanotechnology center can mimic: the provision
of expensive equipment to its members. Yet because a government-funded
academic center of today is far more fiscally constrained than Bell Labs in
the early 1980s, that provisioning of equipment has to be spread across
a much larger constituency. In order to make up costs, many academic
nanotechnology centers allow—really, require—researchers to pool their
resources and buy instruments that they can share. Sharing tools not only
saves money; it also welds together ditferent disciplines, one of the main
objectives of nanotechnology’s proponents.

Thus, these centers depend on instrumental communities to contribute
technologies to share, and to figure out how to apply them across disci-
plines. Probe microscopes are by no means the only such shared instru-
ment, yet proponents of academic nanotechnology centers often cite
the STM and the AFM as if they were the instruments of nanotechnol-
ogy. Perhaps this is simply because the timing of their invention closely
matches the emergence of nanotechnology. Equally important, though,
is the fact that probe microscopists moved quickly toward interdisciplin-
ary collaborations of the kind that these centers are supposed to foster.
Probe microscopy, as we have seen, has long been the model for how an
instrumental community can tie disciplines together under the rubric of
nanotechnology.

Consider a typical interdisciplinary collaboration among members of
an academic nanotechnology center: a materials scientist fabricates a sub-
strate, characterizes it with an AFM, and takes it to a biochemist, who
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deposits a particular antibody or DNA sequence on the substrate, charac-
terizes it again with the AFM, and takes it to an electrical engineer, who
deposits interconnects between the features on the substrate, characterizes
it again with the AFM, and takes it to . . .. Such a collaboration requires
contributions from disciplines, organizations, and instrumental commu-
nities: an organization (nanotechnology center) to house members and
promote their interaction, disciplines to give those members the tools to
prepare specimens and interpret/report knowledge generated about them,
and instruments to generate that knowledge.

These are exactly the type of interdisciplinary interactions envisioned by
most promoters of nanotechnology. These interactions could be, and are,
made through tools other than SPMs—probe microscopy is only one of the
instrumental communities knitting together the constituent disciplines of
nanotechnology. Yet for all the interdisciplinary ligation provided by tools
like the AFM, disciplinary forms, questions, values, and career tracks were
indispensable to the development of those tools. We have seen how surface
science provided the threshold-clearing puzzle (the atomic structure of the
silicon 7x7 surface reconstruction) that focused widespread attention on
the STM. We have seen, too, how the Zurich-California groups that com-
mitted to variation and selection of microscope design depended on vari-
ous disciplinary canons when considering which variations they should
pursue and select.

That is, the disciplines provided some of the certainty-in-the-moment
needed to guide experimental action. They were not the only guiding frame-
work—as we have seen, a more charismatic, personalized, ad hoc frame was
sometimes employed. Fither way, without some degree of certainty-in-the-
moment, probe microscopy couldn’t have transformed from an instrument
into an instrumentality. After all, an AFM on a factory floor or in a quality-
control lab must answer, with dependable consistency, simple, straightfor-
ward questions: What is the surface roughness of this wafer? Did this new
process make grain sizes larger or smaller? And so on.

Yet the probe-microscopy community’s success has also derived from
its members’ ability to recognize and exploit uncertainty-in-the-moment.
Probe microscopists have made great gains by knowing that a paper that is
“wrong” can still be a valuable contribution, and by being able to be sur-
prised by an instrument’s capabilities or potential. But making something
from such surprises wasn't a private endeavor. Rather, it was made possible
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by the existence of a network of competitors and collaborators with whom
to share and build on those surprises—an instrumental community.

The dynamic tensions of certainty and uncertainty, and the amortiz-
ing of uncertainty across a large and differentiated network, go a long way
to explaining probe microscopy’s instrumental contribution to nanotech-
nology. Surprises about what a probe microscope could do were steadily
transformed into connections to new disciplines and industries that could
make use of those surprising capabilities. Anxieties about what a probe-
microscopy image meant were skillfully ameliorated by consigning inter-
pretation and elaboration of those images to communities of disciplined
experts. The task of creating certain knowledge about and from probe
microscopes pulled disciplines and industries into contact with this instru-
mental community one by one. Yet the residual uncertainty about how a
microscope should be designed and used left open the possibility for new
disciplines and industries to be drawn in, and thereby to create new con-
nections to the disciplines and industries already employing SPMs.

Thus, no discipline, industry, or organization remained intact upon
encountering probe microscopy. As new members joined the probe-
microscopy community, the new connections they could draw changed
what it meant to be a surface scientist, an IBMer, an engineer at a data stor-
age company, a member of the American Vacuum Society, or a DARPA grant
officer. Along the way, as we have seen, probe microscopy too changed dra-
matically. Some of the changes were intended, some weren't; some were
predictable, some weren't. For 25 years or more, nanotechnology has func-
tioned as a rubric for containing, and also for exploiting, the dynamism
within, and engendered by, the probe-microscopy community. Nano-
technology offers a bureaucratic form, promotional labels, and visibility
to potential collaborators for probe microscopy and the other constantly
evolving networks it contains. In return, by constantly (if unpredictably)
evolving and interlinking, those networks have given nanotechnology its
claim to instrumentality.
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Appendix A: Abbreviations

AES Auger electron spectroscopy

AFM atomic force microscope (or microscopy)
APS American Physical Society

ASU Arizona State University

AT&T American Telephone and Telegraph

AVS American Vacuum Society

BEEM ballistic electron emission microscope (or microscopy)

CNSI California Nanosystems Institute

CNST Center for Nanoscale Science and Technology (Rice University)

CSSs Central Scientific Services (IBM)

DARPA  Defense Advanced Research Projects Agency (US)

DI Digital Instruments

ESCA Electron Spectroscopy for Chemical Analysis (a.k.a XPS)

ETH Eidgendssische Technische Hochschule (Swiss Federal Institute of
Technology)

FEM field emission microscope (or microscopy)

FIM field ion microscope (or microscopy)

HGP Human Genome Project (US)

HOPG Highly oriented pyrolitic graphite
IBM International Business Machines
IETS inelastic electron tunneling spectroscopy

JROC Joint Requirements Oversight Council (US)

JVST Journal of Vacuum Science and Technology

LEED low-energy electron diffraction

LFM lateral force microscope (or microscopy)

MAPS Microstructure and Atomistic Processes on Surfaces (US)
MFM magnetic force microscope (or microscopy)
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Molecular Imaging

Micro- and Nanosysterns Technologies program (Switzerland)
Master’s in Scientific Instrumentation

Member of the Technical Staff (at Bell Labs)

National Bureau of Standards (US)

National Center of Competence in Research (Switzerland)
non-destructive testing

National Institutes of Health (US)

National Institute of Standards and Technology (US)
National Nanotechnology Initiative (US)

Naval Research Laboratory (US)

near-field scanning optical microscope (or microscopy; SNOM in Europe)
Office of Naval Research (US)

polymerase chain reaction

Properties of Interfacial Nanostructures (US)

Park Scientific Instruments

reflection high-energy electron diffraction

small-business innovation research

scanning capacitance microscope (or microscopy)

scanning electrochemical microscope (or microscopy)
scanning ion conductance microscope (or microscopy)
scanning Kelvin probe microscope (or microscopy)

scanning near-field optical microscope (or microscopy) (NSOM in US)
scanning probe microscope (or microscopy)

scanning thermal microscope (or microscopy)

scanning tunneling microscope (or microscopy)

Science and Technology Studies (a.k.a. Science, Technology and Society)
scanning tunneling spectroscopy

transmission electron microscope (or microscopy)

tunneling AFM

University of California, Santa Barbara

ultra-high vacuum

ultraviolet photoelectron spectroscopy

University of Texas

University of Virginia

X-ray photoelectron spectroscopy(a.k.a. ESCA)
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Appendix B: Interviews Conducted by the Author

Lowell Howard, Gaithersburg, Maryland, June 28, 2000

Joe Stroscio, Gaithersburg, Maryland, June 28, 2000

John Villarrubia, Gaithersburg, Maryland, June 28, 2000

Ronald Dixson, Gaithersburg, Maryland, June 29, 2000

Ted Vorburger, Gaithersburg, Maryland, June 29, 2000

Russell Young, Gaithersburg, Maryland, June 29, 2000

John Kopanski, Gaithersburg, Maryland, June 30, 2000

Rick Silver, Gaithersburg, Maryland, June 30, 2000

James Murday, Washington, DC, July 6, 2000

Gerd Binnig, Rischlikon, Switzerland, September 26, 2000

Fred Leibsle, Kansas City, Missouri, January 1, 2001

Bob Dunn, Lawrence, Kansas, January 2, 2001

Dongming Chen, Cambridge, Massachusetts, February 18, 2001
Nancy Burnham, Worcester, Massachusetts, February 20, 2001
Jene Golovchenko, Cambridge, Massachusetts, February 20, 2001
Sunney Xie, Cambridge, Massachusetts, February 21, 2001
Phaedon Avouris, Yorktown Heights, New York, February 22, 2001
Julian Chen, Yorktown Heights, New York, February 22, 2001
Joe Demuth, Yorktown Heights, New York, February 22, 2001
John Kirtley, Yorktown Heights, New York, February 22, 2001
Norton Lang, Yorktown Heights, New York, February 23, 2001
Rudolph Tromp, Yorktown Heights, New York, February 23, 2001
Kumar Wickramasinghe, Yorktown Heights, New York, February 23, 2001
Dawn Bonnell, Philadelphia, Pennsylvania, February 26, 2001
Walter Smith, Haverford, Pennsylvania, February 26, 2001

Matt Thompson, Chadd's Ford, Pennsylvania, February 26, 2001
Eric Rufe, Chadd’s Ford, Pennsylvania, February 26, 2001
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Ray Eby, Rosemont, New Jersey, February 28, 2001

Nick Guilbert, Hightstown, New Jersey, February 28, 2001
Don Hamann, Berkeley Heights, New Jersey, February 28, 2001
Joe Griffith, Berkeley Heights, New Jersey, February 28, 2001
Shirley Chiang, Davis, California, March 8, 2001

Mike Crommie, Berkeley, California, March 9, 2001

Arun Majumdar, Berkeley, California, March 9, 2001
Miquel Salmeron, Berkeley, California, March 9, 2001
Gary Aden, Sunnyvale, California, March 12, 2001
Gordon Kino, Palo Alto, California, March 12, 2001
Andreas Berghaus, Sunnyvale, California, March 13, 2001
Chuck Bryson, Sunnyvale, California, March 13, 2001

Bob Jaynes, Sunnyvale, California, March 13, 2001

Steve Minne, Palo Alto, California, March 13, 2001

Kelvin Walsh, Sunnyvale, California, March 13, 2001

Tom Albrecht, phone interview, March 14, 2001

Jane Frommer, San Jose, California, March 14, 2001

Dan Rugar, San Jose, California, March 14, 2001

Jonathon Mamin, San Jose, California, March 15, 2001
Matthew Mate, San Jose, California, March 15, 2001

Bob Wilson, San Jose, California, March 15, 2001

Gary McClelland, San Jose, California, March 16, 2001
Bruce Terris, San Jose, California, March 16, 2001

Helen Hansma, Santa Barbara, California, March 19, 2001
Paul Hansma, Santa Barbara, California, March 19, 2001
Craig Prater, Santa Barbara, California, March 19, 2001
Jason Cleveland, Santa Barbara, California, March 20, 2001
Virgil Elings, Santa Barbara, California, March 20, 2001
Terry Mehr, Santa Barbara, California, March 20, 2001

Joe Zasadzinski, Santa Barbara, California, March 20, 2001
Sergei Magonov, Santa Barbara, California, March 21, 2001
Steve Buratto, Santa Barbara, California, March 22, 2001
Maonte Heaton, Santa Barbara, California, March 22, 2001
Dennis Adderton, Santa Barbara, California, March 23, 2001
Ken Babcock, Santa Barbara, California, March 23, 2001
Dan Bocek, Santa Barbara, California, March 23, 2001
Kevin Kjoller, Santa Barbara, California, March 23, 2001
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Scot Gould, Claremont, California, March 27, 2001

Ari Requicha, Los Angeles, California, March 27, 2001
John Baldeschwieler, Pasadena, California, March 28, 2001
Nathan Lewis, Pasadena, California, March 28, 2001
Paul West, Irvine, California, March 30, 2001

Kathryn Moler, Palo Alto, California, April 2, 2001
David Braunstein, San Jose, California, April 3, 2001
Tom Kenny, Palo Alto, California, April 3, 2001

Grant Henderson, Toronto, Ontario, April 24, 2001
Cynthia Goh, Toronto, Ontario, April 25, 2001

Lukas Novotny, Ithaca, New York, April 26, 2001

Randy Feenstra, Pittsburgh, Pennsylvania, May 2, 2001
Paul Cutler, State College, Pennsylvania, May 3, 2001
Paul Weiss, State College, Pennsylvania, May 3, 2001
Max Lagally, Madison, Wisconsin, May 7, 2001

Katerina Moloni, Madison, Wisconsin, May 7, 2001

Bob Hamers, Madison, Wisconsin, May 9, 2001

Franz Himpsel, Madison, Wisconsin, May 9, 2001

Mark Hersam, Evanston, Illinois, May 10, 2001

Mike Ward, Minneapolis, Minnesota, May 14, 2001
Dan Frisbie, Minneapolis, Minnesota, May 16, 2001
Wayne Gladfelter, Minneapolis, Minnesota, May 16, 2001
Oden Warren, Minneapolis, Minnesota, May 16, 2001
Robert Wolkow, Ottawa, Ontario, May 22, 2001

Dave Farrell, Rochester, New York, May 29, 2001

Paul Bryant, Kansas City, Kansas, June 20, 2001

Marc Porter, Ames, lowa, June 21, 2001

Eric Henderson, Ames, lowa, June 22, 2001

Curtis Mosher, Ames, lowa, June 22, 2001

Andy Gewirth, Urbana-Champaign, Illinois, June 25, 2001
Joe Lyding, Urbana-Champaign, Illinois, June 25, 2001
TC Chiang, Urbana-Champaign, Illinois, June 26, 2001
Ali Yazdani, Urbana-Champaign, Illinois, June 26, 2001
Bob Jaklevic, Farmington Hills, Michigan, June 27, 2001
Jun Nogami, East Lansing, Michigan, June 28, 2001
Stuart Tessmer, East Lansing, Michigan, June 28, 2001
John Green, Troy, Michigan, June 29, 2001
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Mike Pashley, Briarcliff Manor, New York, July 13, 2001

Don Chernoff, Indianapolis, Indiana, September 5, 2001

Don Eigler, San Jose, California, October 11, 2001

Barbara Jones, San Jose, California, October 11, 2001

Vic Kley, Berkeley, California, October 11, 2001

Mike Allen, Alameda, California, October 12, 2001

Mike Kirk, Milpitas, California, October 12, 2001

John Alexander, Milpitas, California, October 15, 2001

Stefan Kaemmer, Milpitas, California, October 15, 2001
Marco Tortonese, Milpitas, California, October 15, 2001
Carlos Bustamante, Berkeley, California, October 17, 2001
Barney Drake, Santa Barbara, California, October 18, 2001
Pete Maivald, Santa Barbara, California, October 18, 2001
James Massie, Santa Barbara, California, October 18, 2001
Jerome Wiedmann, Santa Barbara, California, October 18, 2001
John Foster, Santa Barbara, California, October 19, 2001

Jim Gimzewski, Los Angeles, California, October 22, 2001
George McMurtry, Agoura Hills, California, October 22, 2001
Bill Kaiser, Pasadena, California, October 23, 2001

Frank Ogletree, Berkeley, California, October 24, 2001

Alexis Baratoff, Basel, Switzerland, November 7, 2001

H.-J. Hug, Basel, Switzerland, November 7, 2001

Dieter Pohl, Basel, Switzerland, November 7, 2001

H.-J. Guntherodt, Basel, Switzerland, November 8, 2001

Ernst Meyer, Basel, Switzerland, November 8, 2001

H.-P. Lang, Basel, Switzerland, November 9, 2001

Robert Sum, Liestal, Switzerland, November 9, 2001

Urs Diirig, Riischlikon, Switzerland, November 12, 2001
Christoph Gerber, Riischlikon, Switzerland, November 12, 2001
Bruno Michel, Riischlikon, Switzerland, November 12, 2001

S. E Alvarado, Riischlikon, Switzerland, November 13, 2001
Heinrich Rohrer, Riischlikon, Switzerland, November 13, 2001
Hermann Gaub, Munich, Germany, November 14, 2001
Reinhard Guckenberger, Munich, Germany, November 14, 2001
Wolfgang Heckl, Munich, Germany, November 14, 2001
Khaled Karrai, Munich, Germany, November 14, 2001
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Dieter Kolb, Ulm, Germany, November 15, 2001

Klaus Weishaupt, Ulm, Germany, November 15, 2001
Othmar Marti, Ulm, Germany, November 16, 2001

Franz Giessibl, Augsburg, Germany, November 16, 2001
Thomas Berghaus, Taunusstein, Germany, November 19, 2001
Eric Heller, Cambridge, Massachusetts, January 24, 2002
Jan Hoh, Baltimore, Maryland, June 10, 2002

Bob Celotta, Gaithersburg, Maryland, June 11, 2002

John Dagata, Gaithersburg, Maryland, June 11, 2002

Bill Gadzuk, Gaithersburg, Marvland, June 11, 2002

Rich Colton, Washington, DC, June 27, 2002

Lloyd Whitman, Washington, DC, June 27, 2002

Clayton Teague, Gaithersburg, Maryland, June 28, 2002
James Murday, Washington, DC, July 8, 2002

Hollis Wickman, Arlington, Virginia, July 9, 2002

Stuart Lindsay, Tempe, Arizona, January 6, 2003

Ig Tsong, Tempe, Arizona, January 6, 2003

Tianwel Jing, Tempe, Arizona, January 7, 2003

Daphna Yaniv, Tempe, Arizona, January 7, 2003

Vance Nau, Tempe, Arizona, January 8, 2003

Dror Sarid, Tucson, Arizona, January 9, 2003

Brian Swartzentruber, Albuquerque, New Mexico, January 10, 2003
John Kramar, Gaithersburg, Maryland, July 23, 2003

Joel Kubby, Webster, New York, October 23, 2003

Howard Mizes, Webster, New York, October 23, 2003
Charles Duke, Webster, New York, October 30, 2003

Becky Pinto, Milpitas, California, February 3, 2004

Brian Trafas, Milpitas, California, February 3, 2004

Don Tennant, Berkeley Heights, New Jersey, April 29, 2005
Ted Madey, New Brunswick, New Jersey, May 5, 2005
Tom Beebe, Newark, Delaware, May 17, 2005

Hank Wohltjen, phone interview, September 13, 2005
Hank Smith, Cambridge, Massachusetts, October 25, 2005
William Tolles, Alexandria, Virginia, December 2, 2005
Aaron Fein, Gaithersburg, Maryland, December 3, 2005
Stan Williams, Palo Alto, California, March 14, 2006
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Bob Buhrman, Ithaca, New York, April 24, 2006

Paul Hansma, Santa Barbara, California, May 2, 2006
Allan Melmed, Terra Alta, West Virginia, August 3, 2006
Paul Hansma, Santa Barbara, California, August 7, 2006
James Murday, Washington, DC, May 29, 2007

John Foster, Santa Barbara, California, May 15, 2009
Alan Kleinsasser, Pasadena, California, May 3, 2010
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Notes

Chapter 1

1. See Markoff 2000.

2. Interview with Tom Kalil conducted by Patrick McCray, Berkeley, June 12, 2006;
interview with James Murday conducted by C. C. M. Mody, Washington, DC,
May 29, 2007. (In subsequent notes, unless another interviewer is named, the inter-
viewer is C. C. M. Mody and the details of the interview are listed in appendix B.)

3. See Feynman 1999. For an analysis of the uses and abuses of Feynman's speech,
see Toumey 2005.

4, See Etzkowitz 2008.

5. Thatis, a map where New York and Los Angeles are about 3 feet apart, and where
an inch on the map represents about 70 miles in the real world.

6. For the original published version of this image, see Mamin et al. 1991,

7. Forinstance, Regis (1995, pp. 197-198) asserts that the STM's ability to image and
manipulate atoms confirmed “Feynman's ‘great future’ for nanotechnology pre-
dicted in the “Plenty of Room at the Bottom" speech. In the Science section of the
New York Times, Andrew Pollack (1991), quoting several STMers, claimed that “per-
haps the most exciting developments [in nanotechnology] relate to scanning probe
microscopes, the best known of which are the scanning tunneling microscope . . .
[which] has allowed scientists to see individual atoms, a prerequisite if they are
going to attempt to build molecular structures.”

8. See, for instance, Committee for the Review of the National Nanotechnology Ini-
tiative 2002, which features an STM image on the cover and begins its text with the
statement that nanotechnology “is the result of many developments in the last two
decades of the 20th century, including inventions of scientific instruments like the
scanning tunneling microscope.”
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210 Notes to Chapter 1

9. See Hacking 1983. Even some philosophers who are relatively uninterested in
nanotechnology, including Hacking (1992) and Barad (1999), have made extensive
use of the STM.

10. See, e.g., Pitt 2006, Ruivenkamp and Rip 2010, or Toumey 2009.

11. The quotations are from Darby and Zucker 2003 and from Rothaermel and
Thursby 2007,

12. The quotation is from Jansen, Gortz, and Heidler 2009,

13. This estimate and the following estimate of economic value of nano products
are from President's Council of Advisers on Science and Technology 2010,

14. Among the works that established the basis for this consensus were Layton
1971, Kline 1992, Vincenti 1990, Hacking 1983, Galison 1987, and Latour 1987.

15. The quotation is from p. 396 of Galison 1997, Other historical studies of Big
Science include Galison and Hevly 1992, McCray 2004, and Pickering 1984. For an
interesting attempt to contrast big and small science styles, see Knorr-Cetina 1999,
For an exhaustive look at the evolution of an instrument (gravitational radiation
flux detectors) from small to big science, see Collins 2004,

16. See Rhodes 1986, 1995, Galison and Bernstein (1989) show that some physicists
who joined the hydrogen bomb project were attracted by its use as a new instrument
(for studying fusion reactions) rather than any commitment to it as an instrumen-
tality (i.e., as a thermonuclear weapon).

17. See McCray 2005 and forthcoming.
18. See, e.g., Kaiser 2005; Kohler 1994; Creager 2002; Rader 2004.

19. I am especially indebted to those who have recently published work on the his-
tory of microelectronics, including Holbrook et al. (2000), Lécuyer (2006), Lécuver
and Brock (2006), Choi (2007), Leslie (2001), Riordan and Hoddeson (1997), Saxe-
nian (1994), and Kenney (2000),

20. Such studies include Elzen 1986, Reinhardt 2006, Grayson 2002, Jordan and
Lynch 1992, Kunkle 1995, Lenoir and Lécuyer 1997, Pantalony 2009, Strick 1998,
Bromberg 1991, Rasmussen 1997, Blume 1992, and Johnston 2006.

21. Something similar occurred with the invention of the polymerase chain reac-
tion at the Cetus Corporation (Rabinow 1996).

22. See, e.g., Etzkowitz 1994; Henderson, Jaffe, and Trajtenberg 1998, Mowery,
Nelson, and Sampat 2004; Nelson 2005; Kenney and Patton 2009; Hughes 2001;
Colyvas 2007; Yi 2008; Murray 2004; Newfield 2003; Cortright and Mayer 2002;
Slaughter and Leslie 1997; Geiger and Sa 2008,

Mody, Cyrus. Instrumental Community - Probe Microscopy and the Path to Nanotechnology.
: MIT Press, . p 225

http://site.ebrary.com/id/10509221?ppg=225

Copyright © MIT Press. . All rights reserved.

May not be reproduced in any form without permission from the publisher,

except fair uses permitted under U.S. or applicable copyright law.



Notes to Chapter 1 211

23. Ithank an anonymous reviewer of a draft of this book for pushing me to define
instrumental community more explicitly, and to do so in network terms.

24, SeeJoerges and Shinn 2001, Reinhardt and Steinhauser (2008) extend Joerges and
Shinn's framework to include a wider variety of actors. Their concept of a “scientific-
technological community” closely parallels my “instrumental community.”

25. See Shah 2005. In the present book, I draw heavily on works in the “user inno-
vation” subfield in economics and management, such as von Hippel 2005, Shah
and Tripsas 2007, and Liithje, Herstatt, and von Hippel 2005. Some of these authors
focus specifically on scientific instruments—see Riggs and von Hippel 1994, One
of my aims in writing this book is to add to the growing nexus between user inno-
vation studies and the literature on users in the social construction of technology
(SCOT) field. For the latter, see Bijker 1995, Kline and Pinch 1996, Oudshoorn and
Pinch 2003, Haring 2007, and Rosen 1993,

26. Beaulieu 2010.
27. Gieryn 1999.

28. Though this book is agnostic about how to include non-human actants in an
analysis of such networks, my thinking about the networks through which STM and
AFM traveled owes a great debt to Latour 1987 and to other works in the tradition of
actor-network theory. Readers who are so inclined should be able to read what fol-
lows as though probe microscopes were actants moving, and being moved, through
ever-evolving networks, usually with the aid of human actors who claimed to speak
on behalf of the microscopes.

29. Akera 2007; Rosenberg 1997

30. Some New Institutionalists have extensively discussed science, technology, and
network forms very similar to my “instrumental community.” See, e.g., Owen-Smith
and Powell 2004; Liebeskind et al. 1996; Wry et al.2010. Historians, and even soci-
ologists, of science and technology, however, have not paid much attention to the
New Institutionalists’ ideas. This may be beginning to change, though—see Kaplan
and Radin, forthcoming.

31. See DiMaggio and Powell 1983 and DiMaggio 1991.
32. See Abbott 1988 and Perrow 1986,

33. Interview with James Gimzewski. For more on Gimzewski's artwork, see Roosth
2009,

34. This book is particularly indebted to the sociology of scientific knowledge strand
of STS. See Bloor 1976; Barnes, Bloor, and Henry 1996; Collins 1985; Pinch 1986,

35. For influential examples of such studies, see Shapin and Schaffer 1985; Shapin
1994; Dear 1995,
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212 Notes to Chapters 1 and 2

36. Donald Mackenzie's interview-based studies (1990, 1996, 2006) provided an ex-
cellent model.

37. In STS this is sometimes called the “lab studies” genre. See Latour and Woolgar
1986; Traweek 1988; Knorr-Cetina 1981; Lynch 1985; Gusterson 1996,

38. Collins (2004) offers a model of how to combine laboratory ethnography and
historical interviews with scientists.

39. Baird and Shew (2004) offer some interesting comments from one such “ghost
member"” of the probe-microscopy community.

40. As will be especially evident in chapters 4 and 5, my discussion of trust owes
much to the work of Steve Shapin (1994, 2001, 2008).

Chapter 2

1. For further details on the twentieth-century evolution in vacuum technology and
the early history of surface science, see Madey and Brown 1984,

2. For histories of pre-surface-science “tubes,” see Brock 2008; Reich 1985 Wise
1985; Lécuyer 2006, chapter 1.

3. See Duke 1984.
4. Source: interview with Charles Duke.
5. See Cochrane 1976; Passaglia 1999; Schooley 2000,

6. The background for this story comes from my interview with Russell Young. See
also Villarrubia 2001.

7. Melmed 1996.
8. See Rasmussen 1997, pp. 30-46 and 60-66.

9. Source: videotape (published by American Vacuum Society) of presentation by
Ted Madey and Bruce Kendall at special session on NBS/NIST Centennial. I found
the tape in the AIP's Niels Bohr Library and Archives.

10. National Academies of Science/National Research Council advisory panel to the
NBS, summary of October 28-29, 1968 meeting, National Bureau of Standards col-
lection, National Archives and Records Administration, Accession 167-71a-6103,
Box 15.

11. Letter from Karl Kessler [chief of the Optical Physics Division, Simpson'’s direct
boss| to Ernie Ambler [Director of the Institute for Basic Standards, Kessler's direct
boss], June 26, 1970, Optical Physics Division 1970 folder, National Bureau of Stan-
dards collection, National Archives and Records Administration, Accession 167-74-
0039, Box 1 (Ambler 1970 Correspondence).
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Notes to Chapter 2 213

12. See Mody 2005,

13. Electrical current is just a measure of how many electrons are moving through
a region per unit time.

14. See Young 1966.

15. Articles targeted at precision engineers include Young and Scire 1972 and
Anonymous 1967. Conference talks include Young 1976 (an abstract of a talk at the
annual meeting of the American Society of Lubrication Engineers). Though this talk
was given 5 years after the Topografiner project was canceled, Young still announced
that “in this talk, some high resolution surface topography techniques such as inter-
ference microscopy and the NBS Topografiner will be described.”

16. Letter from US Patent and Trademark Office, Examiner B. Anderson, to IBM Pat-
ent Dept., November 9, 1981 (copy provided to the author by Russell Young). The
patent referenced is Scanning Tunneling Microscope, 4,343,993, filed September 12,
1980, granted August 10, 1982, See also Gadzuk 1987

17. See Wisnioski 2003; Vettel 2006; Leslie 1993, chapter 9.

18. Ernest Ambler oral history interview, conducted by Karma Beal and Frederick
Fellows, November 7, 1986, NIST Archives, Information Services Division, National
Institute of Standards and Technology.

19. Ernest Ambler oral history interview, conducted by Karma Beal, July 27, 1988,
NIST Archives.

20. John A Simpson, memo to R D. Young, “Status of Topografiner Program,”
July 28, 1971, copy given to author by Russell Young,

21. Kolata 1977.

22. Russell Young, Ultra p [micrometer] notebook 2, entry for July 17, 1969, copy
given to author by R. Young.

23. Russell Young, notebook 6 [i.e., the sixth ultramicrometer notebook], entry for
May 20, 1971, copy given to author by Russell Young.

24. Ibid.
25. Taniguchi 1974,
26. Ibid.
27. Ibid.

28. Source: Young 1971, Young (1980) later invoked the mantra of “small is beau-
tiful” as a way to encourage precision engineers to take miniaturization more
seriously.

29. Ibid.
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214 Notes to Chapter 2

30. Letter from John A Simpson to unknown, April 15, 1986, copy of letter for-
warded from Bill Gadzuk to Barbara Hope Cooper on September 15, 1994, in Barbara
Hope Cooper papers, 1969-1999, collection 14-22-3072, Division of Rare and Manu-
script Collections, Cornell University Library, Box 1, Folder 7.

31. Young, Ward, and Scire 1972.

32. Simpson, memo to Young (see note 20 above).
33. Young, Ward, and Scire 1971.

34. Memo, Simpson to unknown (see note 30 above).

35. Letter from Ernest Ambler to Chairman and members of Atomic and Molecular
Physics Panel, re: Forthcoming meeting of December 14-15, 1970, dated Novem-
ber 16, 1970, Dr. Ambler's office 1970 folder, National Bureau of Standards collec-
tion, National Archives and Records Administration, Accession 167-74-0039, Box 1
(Ambler 1970 Correspondence).

36. Simpson, memo to Young (see note 20 above).
37. Interview with Robert Jaklevic.

38. See Teague 1978.

39. Teague 1986.

40. Consider how counterintuitive the Josephson Effect is—it's as if the lights in
vour home are on, even though no electricity is flowing into vour house (i.e., the
power lines are down, but electrons are still moving in the wiresin your home).

41. Forinformation on IBM's foray into molecular electronics (another radical alter-
native to silicon), see Choi and Mody 2009,

42. Keyes 1969.
43. Robinson 1983,

44, The estimate of the number of personnel is from van Duzer 2008, For a con-
temporary evaluation by NSA program officers, see Welker and Bedard 1978.

45. The quotation is from Fisher 1989, The general story line of the rest of the chap-
ter is summarized in Binnig and Rohrer 1987,

46. Russell Young appears to have anticipated something like this—there are several
entries in his notebooks suggesting that the Topografiner might eventually be used
to measure the thickness of oxide films.

47. Fisher 1989,
48. See, e.g., Gadzuk 1987,

49. Logue 1998,
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Notes to Chapter 2 215

50. Robinson 1982. This section is also informed by my interview with Alan
Kleinsasser.

51. Kehoe 1983,

52. Binnig and Rohrer 1999.

53. Speiser 1998,

54. Interview with Othmar Marti.

55. Christoph Gerber, personal communication.
56. Interview with Don Hamann.

57. Single atomic steps of the CalrSn4 sample were being imaged by June of 1981
(Rohrer 1990},

58. Russell Young briefly considered this possibility in his notebooks though he
never envisioned that atomic resolution could be achieved.

59. Casually referred to as the “silicon seven-by-seven.” For more on the history of
the 7x7, see Mody and Lynch 2010.

60. Duke 1984,

61. Because of the acronyms for all the instruments: XPS, AES, LEED, RHEED, UPS,
and so on.

62. Duke 1984,
63. Duke interview.

64. Interview with R. Stanley Williams by C. C. M. Mody, Palo Alto, March 14, 2006
(available in Chemical Heritage Foundation oral history collection); Stanley Wil-
liams, personal communication.

65. Interview with Rudolph Tromp.
66. Binnig et al. 1982,
67. Hamann interview.

68. Binnig et al. (1983) thank Himpsel for “hints concerning sample preparation”;
they also cite “private communication” with him in describing how they prepared
the 7x7.

69. Gerber, personal communication,
70. Edwards 2006, p. 57.
71. On electron microscopy and atomic resolution, see Isaacson et al. 1977,

72. Binnig et al. 1982,
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216 Notes to Chapters 2 and 3

73. Takayanagi et al. 1985, For a review of resolution of the 7x7 debate, see Duke
19946.

74. Jun Nogami, personal communication,
Chapter 3

1. Murday interview, 2007.
2. Binnig and Rohrer 1986.

3. See especially Collins 1985, Kaiser 2005, and chapter 6 of Shapin and Schaffer
1985.

4. How antitrust worries affected corporate research is a recurring theme in histories
of Cold War science. For an overview, see Mirowski and Sent 2008, For some specific
examples in the semiconductor industry, see Choi 2007 and Misa 1985.

5. Sweet 1991.

6. Lubkin 1984,

7. Sobel 1981, p. 335.
8. Sweet 1991.

9. For an overview of the rise and fall of basic research as a privileged category in
American corporate labs, see Asner 2006,

10. Patel 1984,

11. Theberge 1978. The uncertainty of research is the crux of Shapin 2008,
12. Theberge 1978.

13. Vesio 1982.

14. Ibid.

15. Ibid.

16. Logue 1998,

17. Arno Penzias, quoted in Sweet 1991.

18. Hamann interview.

19. The Tersoff-Hamann approximation says that, for many simple, well-defined
metal and semiconductor surfaces, the STM image approximates to the “density of
states”"—i.e., each pointin the STM image measures how closely packed the energy
levels of bound electrons are at that point.

20. Interview with Charles Duke.
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Notes to Chapter 3 217

21. The quotations are from McRae and Caldwell 1981 and Bennett et al. 1983,
respectively.

22. Interview with Jene Golovchenko.
23. Ibid.
24. Ibid.
25. Ibid.

26. John R. Arthur, oral history interviews by David C. Brock, February 22, March 8§,
March 30, and April 28, 2010, oral history collection, Chemical Heritage Founda-
tion, Philadelphia.

27. Golovchenko interview.

28. Interview with Randy Feenstra.

29. Ibid.

30. Interview with Jim Murday, July &, 2000.
31. Feenstra interview.

32. Interview with Shirley Chiang.

33. Binnig and Rohrer seem to have applied a slightly lower standard for replica-
tion. In their 1984 article they cite several groups as having already achieved “suc-
cessful operation of STM.” Some of the groups they cite (e.g., Pashley, Pethica, and
Coombs 1985) had generated STM images “showing features of atomic size” by that
point, but not resolution of individual atoms in a surface reconstruction.

34, Interview with Joe Griffith.
35. Interview with Jonathon Mamin.

36. Feenstra interview; Golovchenko interview; interview with Paul Hansma con-
ducted by the author, Santa Barbara, California, May 2, 2006 (available in Chemical
Heritage Foundation oral history collection).

37. Interview with Bob Hamers.

38. Interview with Rudolph Tromp.

39. Interview with Brian Swartzentruber.
40. Interview with John Kirtley.

41. Tromp interview.

42. Griffith interview.

43. Interview with Mark Welland conducted by Patrick McCray, Cambridge, UK,
August 6, 2000.
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218 Notes to Chapters 3 and 4

44, Interview with R. Stanley Williams.
45, Tbid.
46. Griffith interview. The review is Griffith and Kochanski 1990.

47. Tromp interview; Williams interview; S. Chiang interview. The two articles are
Wilson and Chiang 1987 and van Loenen et al. 1987.

48. Interview with Dawn Bonnell.
49, Interview with John Villarrubia.

50. Golovchenko interview. See also the faux-LEED image in Demuth, Koehler, and
Hamers 1988,

51. Interview with Craig Prater.
52. Griffith interview.
53. Hamers interview.

54. See the cover of Physics Today for January 1987. The image was also reported
(this time with gallium in green and arsenic in red) in Feenstra et al. 1987.

55. Hamers interview.

56. See Regan 1989 and Anderson and Yuce 1990,
57. Sweet 1991,
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77. Nogami interview.

78. Galison 2004a, 2007a, 2007b.

79. In some ways, surface scientists saw the patronizing attitude of high-energy
physicists toward condensed-matter physics as replicated in the views of condensed-
matter physicists toward surface science. Indeed, the major reason surface scientists
sought a professional home in the AVS in the 1960s is reportedly that condensed-
matter physicists wouldn't let them have stand-alone topical sessions at the annual
March meeting of the American Physical Society. Sources: Duke interview; Murday
interview, 2007,

80. Kevles 1997,

81. On the importance of rhetoric about the semiconductor industry in promoting
nanotech, see McCray 2009.

82. Galison (2004b) shows that the same existential crisis at the end of the Cold War
pushed some physicists in the opposite direction—toward mathematics and away
from experimentation.

83. Tolles 1994, p. 115.

84. Murday interview, 2007.
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