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bstract

The paper investigates the linkages between the characteristics of technologies and the structure of a firms’ knowledge base.
anotechnologies have been defined as converging technologies that operate at the nanoscale, and which require integration to

ulfill their economic promises. Based on a worldwide database of nanofirms, the paper analyses the degree of convergence and
he convergence mechanisms within firms. It argues that the degree of convergence in a firm’s nano-knowledge base is relatively
ndependent from the size of the firm’s nano-knowledge base. However, while firms with small nano-knowledge bases tend to
xploit convergence in each of their patents/publications, firms with large nano-knowledge bases tend to separate their nano-R&D

ctivities in the different established fields and achieve diversity through the juxtaposition of the output of these independent
ctivities.
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. Introduction

The past 5 years have seen an explosion of interest in
he area of science and technology labeled “nanotech-
ology”. Although at an early stage, promises have lead
o high expectations of the fruits that could be harvested
rom investment in nanotechnology development (Saxl,
005). But how do firms develop nanotechnologies? Do
hey develop new independent fields of research or do
Please cite this article in press as: Avenel, E. et al., Diversification an
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

hey integrate nanotechnologies within their on-going
esearch projects? In other words, do nanotechnolo-
ies develop within firms by juxtaposition of new R&D
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projects independent to the existing ones or do they
develop by hybridization of nanotechnologies within
existing projects?

Darby and Zucker (2003) suggest that the develop-
ment of nanotechnologies is a Grilichesian breakthrough
which follows a similar pattern to that of biotech-
nology. Based on Hill and Rothaermel (2003),
they predict a relative decline of the economic
performance of incumbents as a result of the emer-
gence of this competence-destroying technology (Shea,
2005). However, nanotechnologies borrow not only
from biotechnology but also from microelectronics.
Abernathy and Utterback (1978) have underlined the
d hybridization in firm knowledge bases in nanotechnologies,

critical role of large incumbents (such as Fairchild
semiconductors, IBM and Texas Instruments) in the
early development of micro-electronics during the 1960s
and 1970s. Microelectronics and biotechnologies have
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followed two different evolutionary paths over recent
decades. Predicting the type of path that nanotech-
nologies will follow is a difficult issue. Our data on
firms performing nano-R&D show that both incum-
bents and new firms are investing in the development
of nano-knowledge bases (NKB). The paper addresses
the respective roles of incumbents and new firms focus-
ing on how firms with different profiles develop their
nano-knowledge bases.

One key dimension of this issue is that the field
of nanotechnology covers multiple scientific disciplines
and technological domains. Different reports (Rocco
and Bainbridge, 2002; Nordmann, 2004) emphasize
that the realization of the potential of nanotechnolo-
gies is based on the convergence of technologies from
physics, engineering, molecular biology and chemistry.
This convergence may however be an artifact of the
agglomeration of the scientific and/or technological out-
put of a large number of heterogeneous players. Do the
nano-knowledge bases (NKB) of individual firms also
exhibit significant convergence amongst technologies?
Does the degree of convergence depend on the size
of firms’ NKB? Do firms with NKBs of different size
achieve convergence through similar strategies?

The paper formulates hypotheses which are tested
on a worldwide database of nanotechnology firms
(www.nanodistrict.com). We identify several trajecto-
ries for the development of nano-knowledge bases by
firms. Firms with small NKBs as well as those with large
ones exhibit high degrees of convergence for scientific
and technological fields. However, they obtain similar
degrees of convergence through different arrangements.
Large NKBs are collections of items focusing each on
one technological/scientific field (collection of articles or
patents in different fields) while in small NKBs each item
is related to several fields (one or two articles or patents,
each of them is related to several fields). This confirms
the view that nanotechnologies emerge from the conver-
gence of established fields and suggests that small firms
have a greater ability to exploit the opportunities created
by this convergence.

2. Hybridization and the diversity of the
nano-knowledge base

The paper assesses firms’ scientific knowledge base
through publications and their technological knowledge
base through patents. Convergence at the firm level
Please cite this article in press as: Avenel, E. et al., Diversification an
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

is measured by the diversity of scientific/technological
fields to which the portfolio of publications/patents
is related. The diversity of a portfolio of items can
be achieved in two different ways: juxtaposition and
 PRESS
icy xxx (2007) xxx–xxx

hybridization. We define juxtaposition as the collection
of independent scientific and technological fields within
the same NKB. This is typically what can be observed
in firms performing independent R&D programs, each
program being strongly embedded in one traditional
field like physics or chemistry. Alternatively we define
hybridization as the case in which each item is related
to various fields: in effect, hybridization is diversity at
the level of individual items. This is typically what will
be observed in firms where programs are performed by
teams grouping together researchers and engineers from
widely different backgrounds.

Juxtaposition means that a firm cannot integrate nan-
otechnologies unless it enlarges its knowledge base,
which might entail developing new labs, hiring new
researchers, forming new alliances or even investing in
new locations. On the contrary, hybridization means that
nanotechnology competences and devices are integrated
within existing research projects. New competencies are
clearly linked to the existing ones and the size of the
knowledge base remains stable. The ways by which nan-
otechnologies are developing within a firm will impact
the diversity of its knowledge (i.e. the breadth of the firm
knowledge base) and its research performance. Zhang et
al. (2006) argue that firms with more targeted knowledge
base are more efficient to perform research in the short
run and they are more able to form alliances as they build
a larger absorptive capacity. Porac et al. (2004) argue in a
similar way when they analyze the impact of the hetero-
geneity of human resources within research teams. This
discussion of hybridization vs. juxtaposition leads us to
formulate two conflicting hypotheses.

Hypothesis 1. When firms develop their nano-
knowledge bases through hybridization, the diversity of
the nano-knowledge base remains stable when its size
increases.

Hypothesis 2. When firms develop their nano-
knowledge bases through juxtaposition, the diversity of
the nano-knowledge base increases when the size of the
nano-knowledge base increases.

Hypothesis 2 means that the presence of different
technologies in the aggregate output of nano-R&D activ-
ities does not reflect the existence of a convergence at the
level of firms’ R&D programs and teams. Scientists and
engineers with different backgrounds lead their research
separately and their output is focused on separate fields.
d hybridization in firm knowledge bases in nanotechnologies,

Conversely, Hypothesis 1 implies that convergence is not
an artifact of aggregation but rather a major characteristic
of nanotechnologies that is reflected in the composition
of research and development teams.

dx.doi.org/10.1016/j.respol.2007.02.002
http://www.nanodistrict.com/
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. Characterizing the knowledge base of
anofirms

The nano S&T publications examined include all
apers related to nanotechnologies indexed in the
homson-ISI ‘Web of Science’ database between 1993
nd 2003: around 122,000 publications have been iden-
ified. The nano-publications data has been obtained
hrough the use of sophisticated scientometric methods
Zitt and Bassecoulard, 2006) which have improved the
asic bibliometric method (Meyer et al., 2001). The sci-
ntometric methodology is a two-stage method based
n keywords, which are used to identify and download
ll publications related to nano S&T. The first extrac-
ion made through keywords is controlled using citation

ethod to control for the relevance and centrality of
he publications to nano S&T. This process identified
271 firms as publishing about 15,000 nano S&T arti-
les over the 1993–2003 period. Corporate production of
ano S&T publications was both sustained and increased
ver the period, with a significant difference between
re-1999 and post-1999 years.

The data on the number of nano-patents and research
elds was obtained from USPTO (US Patent and Trade-
ark Office) patents information. The extraction (which

ncluded the use of the TAG1 nano defined ex post)
ormed a sample of 4000 nano-patents in the 1993–2003
eriod. The second stage of data collection on patents
as to identify all the patents filed by firms which filed

t least one nano-patent. Nano-patents are very rare until
he late 1980s, though after 1989, there was a clear ‘take-
ff’, since when there has been an impressive growth in
he number of nano-patents.

Size. Within the nano-knowledge base of firms, we
istinguish between the scientific and the technological
KB. To measure the size of the scientific nano knowl-

dge base, we take the decimal logarithm of the number
f nano-publications of the firm. The size of the techno-
ogical nano knowledge base is measured by the decimal
ogarithm of the number of nano-patents granted to the
rm.

Diversity of scientific and technological nano-
nowledge base. The diversity variables measure the
readth of a firm’s nano-R&D activities to ascertain it
hey are concentrated in a small number or spread over
Please cite this article in press as: Avenel, E. et al., Diversification and hybridization in firm knowledge bases in nanotechnologies,
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

larger number of fields. Field definition was based on
he ISI Journal Classification system for publications,
nd the US Patent Classification for patents. Borrowing

1 The TAG nano has been defined by patent offices to identify patent
elated to nanotechnologies. Ta
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Fig. 1. Diversity and size of technological nano-knowledge base.

a tool used in industrial organization to measure market
concentration, we take 1 minus the Herfindahl index as
Please cite this article in press as: Avenel, E. et al., Diversification an
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

our measure of diversity. This diversity index theoreti-
cally yields values between 0 and 1, with larger index
values corresponding to greater diversity, but in practice
no values over 0.8 were obtained in our sample.

Fig. 3. Diversity and hybridization (patents): (a) 1 to 2 nano-patents, (b) 3 to 4
Fig. 2. Diversity and size of scientific nano-knowledge base.

Hybridization of scientific and technological nano
knowledge base. To measure the extend to which firms
d hybridization in firm knowledge bases in nanotechnologies,

exploit the opportunities that nanotechnologies create to
organize the convergence of different fields within their
research projects, the hybridization variables count the
number of different technological/scientific fields quoted

nano-patents, (c) 5 to 6 nano-patents and (d) more than 6 nano-patents.

dx.doi.org/10.1016/j.respol.2007.02.002
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n average by each patent or publication of a specific
rm. The variables are real numbers equal to or larger

han 1, with larger values indicating higher degrees of
ybridization.

Table 1 provides measures and summary data for each
ariable. Variables related to publications are calculated
nly for firms with at least one nano-publication, and
hose related to patents only for firms with at least one
ano-patent.

. Results

Fig. 1 represents the evolution of diversity when
he size of the technological nano-knowledge base of
he firm increases. Hypothesis 2 suggests an increas-
ng relation between the two variables, but this is not
bserved in Fig. 1. Indeed, there are very few firms
Please cite this article in press as: Avenel, E. et al., Diversification an
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

elow the 45◦ line, which means that firms with a large
KB also have a diverse NKB. This tends to support

he juxtaposition hypothesis rather than the hybridiza-
ion hypothesis. As the NKB of firms is developed

ig. 4. Diversity and hybridization (publications): (a) 1 to 2 nano-publication
ore than 10 nano-publications.
 PRESS
cy xxx (2007) xxx–xxx 5

through juxtaposition, its diversity increases with its
size. However, an unexpected finding is that there is
a quite significant set of firms above and on the left
of the 45◦ line, that is, firms with a small but diverse
knowledge base. This suggests that nano S&T is also
developing through hybridization, as the diversity within
nano S&T remains stable when the size of firm’s nano
knowledge base increases. This tends to support the
hybridization hypothesis rather than the juxtaposition
hypothesis. So, if a firm has a large knowledge base,
it will be more diversified, but it is not true that if a
firm is diversified it will necessarily have a large knowl-
edge base. We find small firms which are diversified,
and the same level of diversity is achieved by firms
which differ a lot as regards the size of their knowl-
edge base: there are clearly several possible firm profiles
in the nano industry. Fig. 2 displays a similar pattern
d hybridization in firm knowledge bases in nanotechnologies,

to Fig. 1, representing the diversity of the scientific
nano-knowledge base compared to its size. As far as
Hypotheses 1 and 2 are concerned, we cannot confirm
or reject either.

s, (b) 3 to 4 nano-publications, (c) 5 to 10 nano-publications and (d)

dx.doi.org/10.1016/j.respol.2007.02.002
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Two patterns of nanotechnology development within
firms co-exist, juxtaposition of nanotechnologies to
existing projects – in which diversity is linked to size
– and hybridization, in which it is not. While it is easy
to figure out a mechanism generating the first pattern,
such as the juxtaposition of unrelated nanoprojects, the
second one, where the expansion of the knowledge base
is realized through hybridization, appears to be more
difficult to explain.

As nanotechnologies have been defined as converging
technologies at the crossroad of different scientific and
technological fields, how to internalize nano S&T diver-
sity remains a central question for firms. To examine fur-
ther the issue as to how firms of different size achieve the
integration of nanotechnologies, we divide our sample
by the size of the nano-knowledge base and plot the val-
ues of the firms’ hybridization index and diversity index.
This leads us to Figs. 3 (patents) and 4 (publications) (We
provide separated plots for various ranges of NKB size.).

Figs. 3 and 4 show that, while firms with large knowl-
edge bases exhibit limited degrees of hybridization (and
thus cluster on the top left of the figure), some small firms
reach very high degrees of hybridization, which makes
it possible for them to build diversified knowledge bases
based on a limited number of patents or publications.
New entrants in nanotechnologies – whether high tech
start-ups or firms moving into the field – are those which
are integrating nanotechnologies through hybridization,
while firms which are already performing research in one
of the technologies which form nanotechnologies (chem-
istry, microelectronics, biotechnologies, etc.) develop
new programs of research which focus on nanotechnol-
ogy fields which are new to them. It seems reasonable to
conclude that what is emerging now in nanoS&T neither
reflect the development patterns of biotechnology or of
microelectronics, but is a mixture of these two patterns,
in which there is space for both start-ups and incumbents
in the R&D activity.

5. Conclusion and discussions

Our findings confirm the idea that different
scientific/technological fields are converging in nan-
otechnologies. We find that firms’ nano-knowledge
bases are quite diversified, regardless of their size. It
also turns out that firms are following quite different tra-
jectories in the development of their nano-knowledge
bases. Small firms, at least some of them, are achiev-
Please cite this article in press as: Avenel, E. et al., Diversification an
Research Policy (2007), doi:10.1016/j.respol.2007.02.002

ing very significant levels of diversity through intense
hybridization. Big firms, with a few exceptions, also
have developed diversified nano-knowledge bases, but
their use of hybridization is much more limited. The
 PRESS
icy xxx (2007) xxx–xxx

diversity of their portfolio is the result of the juxtapo-
sition of items focused mainly on one or two established
scientific/technological fields. This suggests that small
firms are in a better position than big firms to exploit the
opportunities created by the emergence of nanotechnolo-
gies. However, this conclusion would be too simplistic.
In fact, the relative success of both incumbents (big
firms) and new entrants (small firms) will be deter-
mined by several other elements. We discuss briefly
two of these elements here. First, this paper does not
directly address the issue of whether nanotechnologies
are competence-destroying or enhancing. This would
require us to look at the relation between firms’ nano-
knowledge base and their global knowledge base. Do
the competences that incumbents build on to develop
their nano-knowledge bases correspond to their existing
non-nano-knowledge base? How does this issue relate
to whether such firms develop their nano-knowledge
base through juxtaposition? These are avenues for future
research. Second, access to existing research and produc-
tion facilities is a key asset in nano S&T. Thus access
to large facilities such as those in Minatec or Albany
can be particularly helpful for nanoelectronics develop-
ments, and to the facilities developed in universities and
firms in the case of nanobiotechnologies. Such research
facilities and technological platforms can be seen as
specialized complementary assets which can improve
incumbent performance when a radically new technol-
ogy is introduced (Rothaermel and Hill, 2005). Even
if nanotechnologies are competence-destroying, incum-
bents may limit their risk through their superior access to
these resources, just as pharmaceutical groups managed
to cope with the emergence of biotechnologies because
of their specific assets in the administrative validation
and distribution of drugs.
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