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Abstract

It has been proposed that main path analysis can be used to identify technological trajecto-
ries in patent-citation networks. In this paper, the method is applied to a network composed
of one million US patents and eight million citations in order to trace the backbone of the
technological trajectory of the semiconductor manufacturing industry. An in depth discus-
sion of the method is presented, focusing on the many parameters that can be adjusted
while applying it and on the consequences of adjusting any of them. Moreover, and differ-
ently from other papers on the subject, the result of the algorithm is analysed to determine
if it indeed represents the most important technological contributions to the trajectory or if
it is merely a collection of relevant and connected patents. This is made easier by the fact
that the semiconductor industry has a clear and widely known technological trajectory that
spans more than 50 years, Moore’s law.
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“Write it on silicon, not on paper.”
Gordon Moore

Introduction

Since the seminal paper by Dosi (1982), the concepts of technological paradigms and tra-
jectories have captured the imagination of researchers and policy makers. More often than
not, however, they are used only in the introduction section of scientific papers and reports,
revealing that the full meaning of these abstract concepts is difficult to grasp.
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A big step forward was given when Verspagen (2007) proposed that main path analysis
could be used to identify technological trajectories in patent-citation networks. The method
has since been applied to study the cumulative development of several technologies, from
coronary angioplasty to lithium batteries. Yet, the many papers that have been published
in the past fifteen years (with the notable exception of Barbera-Tomas et al. (2011), which
will be discussed below) skipped one important methodological step, validation, leaving
researchers wondering if main paths do indeed reflect technological trajectories.

In this paper, we analyse the method proposed by Hummon and Doreian (1989), main
path analysis, as well as the many extensions made to it, discussing, at each step, what
options lay before the researcher when applying it. Moreover, and differently from the
other papers on the subject, we look at the result of the algorithm, at the specific patents
established by the method as the backbone of the technological trajectory in question, and
validate if they indeed represent the most important technological contributions to the tra-
jectory or if they are merely a collection of relevant and connected patents, a sample of the
population being studied.

To do so, we look at the trajectory that has laid the foundation for much of the economic
growth experienced in the last 50 years: Moore’s law. This law gave the rhythm to the
miniaturization trajectory of semiconductor devices, which has, in turn allowed exponen-
tial gains in computing performance with decreasing costs, leading to productivity gains
throughout the whole economy.

The paper is structured in six sections besides this introduction. Section 2 discusses the
concepts of technological paradigms and trajectories as proposed by Dosi (1982). Section 3
reviews the literature on main path analysis, summarizing what has been done so far. Sec-
tion 4 discusses the application of main path analysis, step by step, from the selection of
the patents of interest, through the computation of transversal weights, to the search of the
main path. The patent-citation network used in this paper is composed of more than one
million patents and more than eight million citations extracted from the USPTO Patents-
View platform, which offers access to the full content of patents granted by the USPTO
since 1976. Section 5 evaluates, with the help of a panel of experts, if the patents that com-
pose the main path correspond to the backbone of the main technological trajectory of the
semiconductor industry. Finally, Sect. 6 discusses the main results of the paper and raises
a few questions about the application of main path analysis and Sect. 7 presents the final
remarks.

Technological paradigms and trajectories

Dosi (1982) defines a technological paradigm as “a ‘model’ and a ‘pattern’ of solution
of selected technological problems, based on selected principles derived from natural sci-
ences and on selected material technologies" (p. 152). A technological trajectory, in turn,
is understood as “the pattern of ‘normal’ problem solving activity (i.e. of ‘progress’) on the
ground of a technological paradigm [emphasis added]" (p. 152).

Additionally, “a technological paradigm (or research programme) embodies strong per-
ceptions on the directions of technical change to pursue and those to neglect" (Dosi, 1982,
p- 152). Therefore, “technological paradigms have a powerful exclusion effect: the efforts
and the technological imagination of engineers and of the organizations they are in are
focussed on rather precise directions while they are, so to speak, ‘blind’ with respect to
other technological possibilities” (p. 153).
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It’s worth, nonetheless, recalling Dosi’s definition of technology, for the concepts above
make more sense when applied to clusters of technologies, rather than to individual pieces
of technology, with semiconductor technology being one of the examples mentioned by
the author. Technology is “a set of pieces of knowledge, both directly ‘practical’ (related
to concrete problems and devices) and “theoretical’ (but practically applicable although not
necessarily already applied), know-how, methods, procedures, experience of successes and
failures and also, of course, physical devices and equipment" (Dosi, 1982, p. 151-2). Tech-
nology is therefore composed both of embodied parts and disembodied parts. Disembodied
(i.e. intangible) parts are expertise acquired during past attempts at solving valid techno-
logical problems (at the individual level) and the knowledge and achievements of the state
of the art (at the social level). Embodied parts (i.e. physical devices), on the other hand,
incorporate the achievements in the development of the technological field they belong to.
Also, Dosi warns that technological knowledge is less articulated than scientific knowl-
edge, so, in comparison, the definition of a technological paradigm “is bound to be much
looser", and “is adequate in some cases but less so in others" (Dosi, 1982, p. 153).

Concerning the identification of technological paradigms, Dosi (1982) argues they
have four dimensions: (i) a generic task to which it is applied, (ii), the material technol-
ogy it selects, (iii) the physical/chemical properties it exploits, and (iv) the technological
and economic trade-offs it focusses upon. To illustrate, the author explains that these four
dimensions are the following in the case of the semiconductor industry: (i) amplifying and
switching electric signals, (ii) semiconductor materials and, more specifically, silicon, (iii)
the transistor effect and the field-effect of semiconductor materials, and (iv) the trade-off
between circuit-density, speed, unit costs, etc. Progress along a technological trajectory is
defined then as improvements on those dimensions, especially on the technological and
economic trade-offs. However, it is interesting to note that, in the case of the semiconduc-
tor industry, the rate of technological development meant that the trade-off did not materi-
alize until recently: for most of its history, the semiconductor industry delivered increased
circuit density (and, therefore, increased performance) with decreased cost per transistor.

The literature on main path analysis

Hummon and Doreian (1989) proposed main path analysis as a method to identify papers
that played a central role in the development of a particular theory. Starting from a review
of the literature on DNA that had already established the most important papers in the
field, these authors compiled a citation network and proposed different ways to measure the
extent to which each particular citation was needed for linking any two papers in the net-
work. After computing these transversal weights, the authors applied a local search algo-
rithm: starting from a source node, they looked for the node that had an arc with the high-
est weight among all sources and added the nodes at the beginning and at the end of the arc
to the main path; then, they looked for the arc with the highest weight leaving the node at
the end of the previously chosen arc and added the node at the end of this second arc to the
main path; and then they repeated the second step until a sink node was reached.

In an attempt to measure and map the concepts developed by Dosi (1982), Verspagen
(2007) applied main path analysis to patent documents. According to the author, since
technological trajectories can be understood as sequences of interrelated innovations and
interrelatedness between innovations can be measured using patent citations, there are, in
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a large network of patent-citations, several main streams (or main paths) of knowledge and
these streams should summarize the major development in the field.

Verspagen (2007) also proposed two main extensions to the method. The first extension
was to take into consideration not only the top main path (either local or global), but all the
paths from sources to sinks, thus creating a network of main paths. The second extension
was to apply the method to different temporal cuts of the patent-citation network, incorpo-
rating, at each turn, more years into the network, resulting in a temporal main path.

Following Verspagen (2007), several other authors applied main path analysis to cita-
tion networks. Table 1 summarizes several of these efforts. Columns 3 to 8 explain how the
authors of each paper compiled the network used to apply the method and columns 9 to 13
explain how the authors applied the method. From column four, it becomes clear that most
authors use either key-words or technology classes to select the papers or patents of inter-
est, i.e. to delimit the field of study.

When authors use key-words as the selection method, the set of nodes selected often
needs to be cleaned, since papers or patents that do not actually belong to the field can
be included by mistake. Column five presents this information with an arrow indicating a
decrease in the number of core nodes, when such information was disclosed by the authors.
After collecting the core nodes using the chosen selection method, it is necessary to decide
if all the citations made by these nodes will be taken into consideration, thus increasing
the final number of nodes in the network, or if only the citations between core nodes will
be analysed. The first case is what we call open and the second is what we call closed in
column eight.

Column nine shows which transversal weight was used in each paper and columns 10 to
12 show what kind of search was performed to find the main path. Finally, column 13 indi-
cates if any complementary method was used (e.g. temporal paths, hubs and authorities,
island, key-route paths, etc.). Concerning the computation of main paths, most authors that
mention the use of a software (and most in fact do) state that the software used was Pajek
(De Nooy et al., 2005)." Almost all features of main path analysis are already implemented
in Pajek, with the notable exception of networks of main paths.

Regarding external validation, although several of the papers mentioned in Table 1 do
try to include a historical account of the development of the technology in question, the
only work that performs any kind of external validation is the one by Barbera-Tomas et al.
(2011). In their paper, they compare the patents in the global main path and in the network
of temporal main paths with information from pre-clinical tests (in the case of new inven-
tions) and with products available commercially or in clinical use (in the case of incre-
mental inventions to existing products) and match them using criteria such as design and
inventor/owner. As the authors point out themselves, “[their] validation strategy requires in
depth knowledge of both the technical aspects and the history of projects” (Barberd-Tomas
etal., 2011, p. 478). The authors find that the proportion of patents in the global main path
(and to a lesser extent in the network of temporal main paths) associated with products
available commercially or in clinical use is higher in comparison to the whole network.

Nonetheless, the external validation we are performing in this paper has a different goal.
The objective of Barberd-Tomas et al. (2011) was, in essence, to find out how many inven-
tions had become innovations. What they did not examine was if the whole trajectory of
the development of the technology in question was summarized in the main path. And that

! One exception is Barber4-Tomds et al. (2011), who used Citpath.

@ Springer



6447

6443-6477

Scientometrics (2021) 126

sanLoyINe pue sqniy X 0dS  (8007) SUOKON puE BUIPIN-0IA[E])
puefsg X X VN (L00T) 'Te 12 BUIN
syred [erodwa, X dNdS (L007) uaSedsiop
X VN (9007) 'Te 12 2100
X X dNdS Pue )1dS ‘DddN (6861) UeIRIOQ pue UOWWNH
YI0MIN ®qo[H [Bo0T
poyau [BUONIPPY yed urew jo odAy, JySrom Joyny
(€D @n an on (6) [e0)
uado 859°1TS'T 681°TCC T6LOL (POXTIN siodeq SISA[EUE }I0MIAU [E100S (6107) [oBereg pue eAdsIEN
uadp VN yLL6T €T ST9 SpIOmMAY] sjuRjed SUOTSSIUISUEI) JUALIND J0a11p a3eI[0A YSTH (8107) UryS pue wrsf
uadp $09°TET $96°SH 02661 spIomAY] s1odeq [OTeISAI MITADIT 193] (L107) Te 1 [[oSereg
Paso) 9L0°6LL L60'PIT L60'PTT sosse[) siuRed $10j0npuodIUIag (S100) 1Ziy,
pasor) VN 0881 0881 spromAay] s1odeq Anenb ereq (¥102) 'Te 10 oerx
PasorD ST0°LT 508%1 1€ST SpIoMAdY] stadeq SLINEq WINTPIT (¥102) 'Te 10 Sunyg
Paso[D VN €IEL JETEL—ELY'6E SpIomAdy| siodeq S[[99 [on] (#102) T2 10 O
Ppaso) 76T Iy Ter ¢l SpIoMAdY] stadeq Xopul yosIH (Z107) 0T pue nr’g
uado 878°0C 7129 VN sosse[) siujed SAYIIMS UOTIEIIUNUIIOIIT, (T100) HPUDIRN
uado 85T¥TT 611°16 VN SPOXIN sjudjed so[lqowomy (1102) 1819 ury
puedo 01€9 Sect 10T SpIoMAdY] siudjed ISIp [eIqAIAINUT [EDYNIY (1107) 'Te 12 SpWo-p1aqieg
Paso) LIl 186 186 sesse[) sjuRjed Jouldyy pue NV T (6007) '[e 10 BUBIUO
VN 20€ TL96 saqmioueu uogre)
Pasor) VN ,0€ 969L spromAay] s1adeq QuaIdNg (8007) 10psapAaT 2 SeLIy-oron|
uadp VN (%41 1 SHom [euisuQg s1odeq Kyoede) aandiosqy (8007) SUOKON pue BUIPIJA-OI[E)
000°6€1 $60°TT 9¢IS siudjed
uadp 000°00€ W6 0T 11 spIomAay| stadeg Kserdoruy Areuoro) (L00T) ‘Te 10 BUIAL
Pasod 90S°S1 1L€€ ILge sosse[) sjudjed S[[9 [on (£007) uaBedsion
Luado VN LTT 69«8 spIomAay] s1adeq [endes [eog (9007) ‘Te 12 2100\
Paso[) 19 or or MIIASI NI s1adeq VNa (6861) ULIDIO pUE UOWWINE
pasod 10 uadQ $o1y SOPON S9pou 10D poylow UondA[AS apou jo adA], Kpmys ase) Joyny
(8 (03] () ©) (2] (€ @ [§9)

sisATeue yjed urew uo arjeIaN] | ajqel

pringer

As



Scientometrics (2021) 126:6443-6477

6448

pIoy ayp ur szoyne | jo sioded payro Apuonbaiy sow oy (11) pue proy ay) jo srewanol urew ay) ur paysrqnd sxoded [re (1) Surpnjour Aq pajuowa[dwod sem yoIeas pIomAdy v,
pasn a1om sjuajed 2100-uou oM} Jo duo y3noiyy Surssed sjusyed 9109 0) sjujed 2100 WOIJ 9IY) pue OM] YISUI] JO sureyd suonelrd ‘sjudted jo ofduwes ay) puedxo o Ly
Papnoxa a19Mm Josejep oy ur s1oded 1910 910 10U PIP JBY) PUB SUOTIBIIO OU PIATOAI Jey) s1odeds

9[IN A1) UT ISAIAUT JO SPIOMARY 3Y) UTBIU0D Jou PIp 1ey) s1oded pue ‘suone)rd
€ uBy) SS9[ YIm (6007 210joq paysiqnd) sxoded 1opjo ‘uonewojul Joyine oy sioded OS[E Jnq ‘PIPN[OXS oM ISAISJUL JO P[3Y Ay} JPISINO a1am Jey) sxaded oy Auo JoN,

PR1OJ[[0D 1M WY O}
pauSisse sjuared [[e pue paynuapr a1om s1arfddns jusuoduiod g6 pue s1oyew-oINe 9¢ “I9YIE] AY) 0) PIESI U] 'SPOYISUW UOT)I[AS Sk PAsn d1om s1oAe[d JUBA[QI PUB SPIOMADY ‘SISSBID),

papn[out 219 $)onpoid [EAIPIUW JO SPULY JOYIO 0} SUOKEID A[UO ‘SUOHEIIO [[€ JO PraIsul,,

Jaserep yoea ur s1aded payo Apuenbaiy jsouwr ()¢ oY) 01 PAJLNSAI SeM SISA[RUR YT,

Pa0e1 1M dnjeIdN] oy} Jo puens Jenonred v pajemsneul Jey; 1oded oy £q PaIEISUST SUOTEIID PIEAIOY A3 [V

papnour arom 1oded 9105 ouo uey) 210w £q pA sioded AuQ,

Ired dPON] [Ied YoraS ‘dNJS WUNn0D YUl yied YoIedg ) 7ds Wno) yied yoeas :nds muno) uonosfoid ired 9poN :DddN “Iqe[leAY 10N ‘YN

spuejst pue yied InoI1-Lay] X odS (6107) [198e1eg pUe BASSIRIA
saimouny A30j0uyoa)
pue syjed 9no1-£ay pue premyoeg X X 0ds (8107) Urys pue wry
spue[st pue yjed anor-Loy] X 2dS (L107) T 1@ [[oSeeg
ed fesoduray, X dNdS (S102) 1zuay,
yred anor-£ayp X X X 0ds #107) 'Te 12 oerX
yyed anor-Kayp 2dS (#107) ‘Te 10 Sunyg
X X X odS (¥102) 18 12 OH
syjed 9noi-£oy pue premyoeg X odS (Z107) T pue |
syred erodway, X X J1dS (2102) HPunIEN
senLoyIne pue sqnH X X odS (1100) e 12 U]
syred perodwiay, X VN (1107) ‘Te 19 spwio-pIoqreqg
syped [erodway, X X ANdS (6007) ‘T& 10 eURIUO]
X J1dS (8007) 10psapAa % seLry-orony
YI0OMIIN eqo[D 800
poylouw [RUONIPPY ed urew jo dA7, yS1oM oyiny
(€1 @n an on (6) Q9]

(ponunuod) | sjqer

pringer

A s



Scientometrics (2021) 126:6443-6477 6449

is what we are proposing to do here, to verify if main path analysis is a valid method for
identifying technological trajectories.

Applying main path analysis
Selecting patents

The first step in main path analysis, as in any social network analysis, is to define the popu-
lation of interest, i.e. select which nodes and edges/arcs will compose the network. Since
the objective here is to study semiconductor technology, we started by selecting patents
that belong to our object of study, the semiconductor industry. Alternatively, if the focus
were on the scientific developments that lay behind this technology, one could build a net-
work using scientific publications.

The most used methods to select patents of interest are key-word search and selecting
by technology classes. Key-word search requires (i) carefully choosing the key-words,
often with the help of experts, and (ii) cleaning the data afterwards to eliminate unwanted
patents. Technology classes, on the other hand, can be more easily chosen by means of
concordance tables between classes and economic sectors and by looking at existing litera-
ture. Additionally, while the classes used to select patents of interest are often available in
papers and reports, keywords are seldom disclosed by the authors. Since using technology
classes is more straightforward and allows for more comparability and reproducibility of
research, this was the method chosen here.

Our source of data is the United States Patent and Trademark Office (USPTO) Patents-
View Platform. It contains patents from 1976 to the present. When data for this paper was
retrieved in August 2018, the PatentsView Plataform had last been updated on 28 May
2018 and, therefore, contained patents granted up to that date. The files used to extracted
patents from the database by means of technology classes are the “uspc current.tsv" and
the “cpc current.tsv". The file used to collect citations is the “uspatentcitation.tsv".

Six different ways of defining the semiconductor industry were found in the literature
(see Table 2).> Some of them use the United States Patent Classification System (USPC)
and others use the International Patent Classification System (IPC).? In addition to these
six definitions, we included one more (“Van Looy et al. (2015) Plus"), covering all sub-
classes present in Van Looy et al. (2015) and two other (C23C and GO3F), which refer to
important processes used in the fabrication of semiconductor devices.

The results presented in this paper were obtained by using the concordance table provided
by Van Looy et al. (2015) to select the core patents and by collecting all citations made by
these patents (i.e. an open system) to compose the network. We will be referring to this net-
work as our benchmark network; it has 670 thousand core patents, 1.4 million nodes and
8.5 million arcs. In terms of degree distribution, citations received and citations made are
both right-skewed, with most nodes receiving and/or making few citations and a few nodes

2 Since in Schmoch (2008) there are two sectors which are related to the semiconductor industry, we use
both “Semiconductors" alone (which we refer to as “Schmoch (2008) Narrow") and “Semiconductors" and
“Micro-structure and nano-technology" combined (which we refer to as “Schmoch (2008) Broad").

3 In 2015, the USPTO adopted the Cooperative Patent Classification System (CPC), in partnership with the
European Patent Office (EPO). Patents granted until May 2015 are classified using both the USPC and the
CPC. Patents granted after May 2015 are classified using only the CPC. The IPC and the CPC are equiva-
lent at the subclass level (four-digit level).
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Table 3 Descriptive statistics of
citations received and made

2000

Citations received

Citations made

2500

2000

1500

1000

No. Citations Received

0.5

06 07
Patent No.

(a

Minimum 0 0
25th Percentile 1 0
50th Percentile 2 0
75th Percentile 5 6
95th Percentile 26 23
99th Percentile 74 86
99.9th Percentile 196 333
Maximum 2495 1716
Mean 6.353471 6.353471
Standard Deviation 19.461416 27.733008

2000

o

No. Citations Made

1500

0.4

06
Patent No.

(b)

0.7

Fig.2 Citations received (a) and citations made (b) over time

0.8

@ Springer



6452 Scientometrics (2021) 126:6443-6477

|1
0% I mmm = T T

-

S O EL G E DO DD
O & A DO RV NS b QY
PSP & &S SO

IPCSubclasses

Fig.3 Distribution of core patents among IPC subclasses

receiving and/or making lots of citations. Figure 1 shows the frequency distribution of the
degree, while Table 3 offers some descriptive statistics of the degree. Figure 2, on the other
hand, shows the number of citations received and citations made over time (using the pat-
ent number as a proxy for time), and here it can be noted that the number of citations made
increases over time, whereas there is no clear trend in the number of citations received.

In terms of technology class distribution, Fig. 3 shows the top 20 most popular IPC
subclasses among the core patents of our benchmark network. Subclasses marked with an
asterisk belong to our classes of interest, i.e. to the group of classes that were used to select
these core patents.* It can be clearly seen that subclass HO1L is the most important one,
accounting for 45% of all patents. Finally, in terms of key players, Table 7 in Appendix 2
shows the top 10 assignees in each of the IPC subclasses mentioned in Table 2.

In order to check the robustness of main path analysis, the other six definitions of the
semiconductor industry shown in Table 2 were also tested and yielded similar results.’ Van
Looy et al. (2015) Plus rendered the same main path as our benchmark network and the
main paths generated by the other concordances only diverged from the benchmark main
path from 2006 onwards in the case of Hall et al. (2001), Triulzi (2015) and USPTO (2018)
and from 2008 onwards in the case of Schmoch (2008) Narrow and Schmoch (2008) Broad.
Content-wise, while recent patents in the benchmark main path concern tool design and
specific process technologies, recent patents in these alternative main paths mainly refer to
high-k materials for the dielectric layer.®

4 Fractional counting was used here: if a patent has x technological classes, each class receives a weight of 1/x.

5 Details regarding all alternative main paths discussed in this paper will be provided by the authors upon
request.

6 Although using different sets of technology classes to define the semiconductor industry produced fairly
similar results, it is not possible to state that the method chosen to select the initial nodes is completely
unimportant. A similar work to this was done by Epicoco (2013), who also applied main path analysis to
the semiconductor industry using a dataset extracted from the USPTO (with patents ranging from 1976 to
2008). Nonetheless, she used keywords to select her initial nodes and the main path she obtained is com-
pletely different (i.e. not even a single patent in common) from all the ones showed here.

@ Springer



Scientometrics (2021) 126:6443-6477 6453

Other methods of retrieving citations were also tested. If a closed system is used instead,
i.e. taking into consideration only citations made by core patents to core patents, a smaller
network (with 0.6 million nodes and 5.4 million arcs) is obtained, but only minor changes in
the main path are observed, namely in the beginning of the network. There are not significant
differences content-wise. Alternatively, if we move back to an open system and consider not
only citations made by core patents but also citations received by core patents, we obtain a
larger network (with 1.8 million nodes and 10.5 million arcs) and the main path changes dras-
tically: it diverges from the benchmark main path in 1990 and starts to follow a set of patents
that refer not to semiconductor technology, but to electronic equipment in general.

Transversal weights

The second step in main path analysis is to attribute weights to the arcs of the network.’
This weight, called transversal weight, measures “the extent to which a particular citation
or article is needed for linking articles", since, “if knowledge flows through citations, a
citation that is needed in paths between many articles is more crucial than a citation that is
hardly needed for linking articles" (De Nooy et al., 2005, p. 245).

According to De Nooy et al. (2005), there are three ways to compute transversal weights:

e The Search Path Count (SPC) counts all paths® starting at a source (a patent that is not
citing within the network) and ending at a sink (a patent that is not cited within the net-
work) and determines on how many of these paths each arc, i.e. each citation, is on.

e The Search Path Link Count (SPLC) counts all paths starting at any node and ending at
a sink and determines on how many of these paths each arc is on. The authors warn that
“citations of early articles receive lower weights because they cannot be part of paths
emanating from later articles" (De Nooy et al., 2005, p. 247).

e The Search Path Node Pair (SPNP) counts all paths starting at any node and ending at
any node and determines on how many of these paths each arc is on. In this case, arcs in
the middle of the network “will receive higher traversal weights" (De Nooy et al., 2005,
p. 247).

SPC is the weight preferred by most authors because, besides not introducing biases,
it follows Kirchhoff’s node law, i.e. the sum of the inflow transversal weights is equal to
the sum of the outflow transversal weights (Batagelj, 2003). Nonetheless, using the mes-
senger and tollway analogy,” Liu et al. (2019) argue that SPLC is the best weight from a

" Following the majority of the literature, the software Pajek was used to compute transversal weights and
find main paths.

8 Transversal weights differ from betweenness to the extent that the latter takes into consideration only the
shortest paths.

% Liu et al. (2019) explain that “knowledge flow in a citation network is carried out by an imaginary mes-
senger who takes knowledge from an origin document and sends it to a destination document through cita-
tion chains that connect the documents. For each pair of the specified origin and destination documents,
many alternative paths exist running from the origin to the destination. While traversing the chains, the
messenger is obliged to pay a toll when passing each citation link. For a citation link situated at a structural
position where the messengers are more likely to pass through to complete the mission, it eventually col-
lects more toll than those otherwise" (p. 385).
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Fig.4 Main path for the semiconductor manufacturing industry

knowledge flow perspective, because, in this algorithm, the “messenger takes knowledge
not only from all sources, but also from all the intermediates and sends them to all the
sinks" (p. 385), better representing how knowledge diffusion happens in a science and tech-
nology environment.

In order to, again, check the robustness of main path analysis, the three transversal
weights were tested using our benchmark network. The same main path was obtained for
all of them. Liu et al. (2019) alert, however, that “[...] transversal weights are very sensi-
tive to the network structure. The behaviour in one network structure is not guaranteed in
another one" (p. 385).

Search strategies

The third step is to find the main path, which is “the path from a source vertex to a sink
vertex with the highest traversal weights on its arcs" (De Nooy et al., 2005, p. 246). There
are two main ways to find the main path: local search or global search. The local main path
is found by choosing the source node with the outward arc with the highest weight as the
starting point, picking the node at the head of that arc, then choosing the outward arc with
the highest weight and picking the node at the head of that arc repeatedly until a sink node
is reached. The global main path, on the other hand, is found by computing all paths from
sources to sinks in the weighted network and choosing the one with the highest accumu-
lated weight.'?

10 The global search is also known as the critical path method (CPM), which is the name given in project
planning to an algorithm that identifies the longest stretch of dependent activities in a project and measures
the time required to complete them from start to finish.
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Table 4 Top-10 key-routes

Route Weight In global path  In local path

Normalized by flow  Without normalization

9,132,436 cites 9,017,481  0.22857 3.2704%10'8 X X
9,017,481 cites 8,877,655  0.14500 2.0747x 10" X X
8,071,452 cites 7,405,454  0.10475 1.4988x10'8 X

7,405,454 cites 7,326,980  0.10260 1.4680x10'8 X

5,082,794 cites 4,975,385  0.08444 1.2082x10'8 X X
9,023,734 cites 8,551,891  0.08218 1.1758x 10'8

5,966,597 cites 5,856,225  0.08077 1.1557x10'8

8,877,655 cites 8,071,452 0.07690 1.1003x 10'® X X
9,144,147 cites 8,466,073  0.07439 1.0644x10'8

9,144,147 cites 8,449,942  0.07438 1.0643x10'8

Figure 4'' shows our benchmark main path, which is the main path obtained when the
global search was applied to our benchmark network, i.e. the network which was compiled
using the definition of the semiconductor industry provided by Van Looy et al. (2015) and
by taking all citations made by core nodes into consideration. The transversal weight used
here was the Search Path Count (SPC), although we saw above that the choice of transver-
sal weight would not matter in this case.

If we perform a local search instead of a global one, we obtain a main path that deviates
from our benchmark path in the beginning and in several points in the middle. Content-
wise, while the initial nodes of the benchmark path concern the fabrication of transistors
in general, the initial nodes in the local path refer to specific process technologies involved
in the fabrication of transistor, e.g. etching, manufacture of substrates, and preparation of
masks, and to the fabrication of memories. The divergences in the middles of the main path
are not so significant though, because the patents are fairly similar in content to the patents
in the benchmark path.

Another possible search strategy is the key-route search, either global or local, which
guarantees that the link(s) with the highest transversal weight(s) are part of the main path.
Table 4 shows the 10 arcs with the highest SPC in our benchmark network. If we per-
form a local key-route search with the top-1 key-route, the main path algorithm starts from
the key-route (the link between patents 9,017,481 and 9,132,436) and goes forward in the
direction of the sinks and backward in the direction of the sources, always looking for the
arc with the highest transversal weight. Even though the top-1 key-route was already pre-
sent in the local path, the local key-route path differs from the local path in its bottom
part—precisely because the algorithm is going from top to bottom instead of going from
bottom to top. The local key-route path is now more similar to the benchmark path, deviat-
ing from it in three short sections and having the same group of nodes as sources.

' The proper way to draw citation networks is a matter of debate, especially when it comes to the direction
of the arrows. Some authors argue that the arrow should point in the direction of the citation, i.e. if i cites
J» the arrow starts at i and finishes at j. Others say the arrow should point in the direction of the knowledge
flow, i.e. if i cites j, knowledge is flowing from j to i and, accordingly, the arrow starts at j and finishes at i.
Here, since all nodes have labels that correspond to the patent number, we decided to use lines instead of
arrows to simplify the drawing. When a line connects two nodes, the node with the greater number as label
will always be the one citing the other node.

@ Springer



6456 Scientometrics (2021) 126:6443-6477

If a local key-route search with the top-5 key-routes is performed instead, a network
with more ramifications is obtained, as the algorithm tries to find a path connecting all five
key-routes. If, instead of performing a local key-route search, we perform a global key-
route search (either with the top-1 or the top-5 key-routes), we obtain a path that is equal to
the benchmark path, because all the top-5 key-route are already on it and the global path is
the same going forward or backward. Content-wise, patents included in the main path by
the local key-route search refer to technologies that were already present in the benchmark
main path.

Description of the main path'2

Our benchmark main path begins with several patents that refer to the fabrication of com-
plementary metal-oxide—semiconductor (CMOS) circuits'® and to some of the challenges
of scaling transistors. Patents 3,461,360 (IBM, 1969) and 3,600,647 (General Electric,
1971), for example, describe the essential process steps to make nMOS and pMOS devices
on the same substrate. Patent 3,653,978 (Philips, 1971) refers to ion implantation, which
provided better control of the dopant density and profile, and patents 3,685,140 (General
Electric, 1972), 3,711,940 (Signetics, 1973), 4,007,478 (Sony, 1977) and 4,062,699 (West-
ern Digital, 1977) refer to engineering the dopant control, with the goal of improving the
threshold voltage control, avoiding punch-through and short channel effects, and maximiz-
ing the performance. Patent 4,505,027 (Siemens, 1985) deals with silicides, which were
important to reduce the contact resistance and overall resistance in CMOS circuits; the
technology specifically mentioned on this patent ultimately failed though.

Patent 4,753,898 (Motorola, 1988) described a process for fabricating lightly dopped
drain CMOS structures, which was an essential progress in the technology. Patents
4,975,385 (Applied Materials, 1990), 5,082,794 (Motorola, 1992) and 5,175,119 (Fujitsu,
1992) describe progress in the scaling of CMOS gates by engineering the gate structure,
spacers and lightly doped drain. Patent 5,270,234 (IBM, 1993) refers to a technique to
aggressively scale the gate length of CMOS transistors. Patents 5,472,897 (United Micro-
electronics, 1995) and 5,534,447 (United Microelectronics, 1996) describe a technology
to control punch-through, which was one of the major issues that needed to be solved to
allow scaling of devices. Patent 5,918,132 (Intel, 1999) refers to spacer lithography, which
allowed scaling beyond what was achievable with conventional lithography methods.

Then, beginning with patent 6,200,865 (AMD, 2001), there is a series of patents refer-
ring to materials with high dielectric constants (k) and to high-k/metal gate technology.
Two patents (6,451,641, AMD, 2002 and 6,573,197, IBM, 2003) describe technologies
that combine high-k dielectrics with poly-Si gates and one patent (6,645,882, AMD, 2003)
describes a technology that combines high-k and standard-k dielectrics, both of which ulti-
mately failed. Several patents mention materials with high dielectric constants that were
never adopted commercially, for example patents 6,979,855 (Micron, 2005) and 7,045,430
(Micron, 2006).

Finally, on the last part of the main path, starting with two patents on the deposition of
metal oxides using atomic layer deposition (ALD) (8,071,452, ASM, 2011) and plasma
ALD (8,877,655, ASM, 2014), there are several patents from suppliers of tools for the

12 Table 8 in Appendix 3 presents the number, title, assignee and grant date of all patents in the benchmark
main path.
13 patent 3,445,734 (IBM, 1969) is an exception, as it refers to bipolar transistors.
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Table 5 Panel of experts

# Years of experi- Job title Type of organization
ence
1 34 Fellow Leading Research Institute
Professor University
2 50 (Formerly) Director of Technology Strategy Leading Corporation
(Currently) Chairman Industry-wide Initiative
IEEE Life Fellow
3 45 Professor University
IEEE Life Fellow
20 R&D technical manager Leading Corporation
5 13 Principal Member of Technical Staff Leading Research Institute

semiconductor industry. Most of the patents that follow are specific tool designs or specific
process technologies by Applied Materials.

External validation

The semiconductor industry is a good candidate for the study of technological paradigms
and trajectories because it has a very clear trajectory that spans more than 50 years, sum-
marized by Moore’s Law and the evolution of CMOS technology. Moore’s Law refer to the
prediction made by Gordon Moore in 1965 that the number of components in an integrated
circuit that resulted in the lowest cost per circuit would continue to double every year in the
next ten years. As Moore’s prediction began to prove itself remarkably accurate, semicon-
ductor companies started building their production schedule around it. And so, the predic-
tion became a self-fulfilling prophecy, that still holds after more than 50 years, although
the exact pace of improvement along the trajectory varied from decade to decade, ranging
from 12 to 24 months.

In order to assess if the patents in the main path indeed correspond to this technologi-
cal trajectory, a panel of experts was contacted. This panel, as it can be seen in Table 5, is
composed of five experts from different semiconductor companies, semiconductor research
organisations or universities from around the world. All experts were shown files con-
taining information about the patents from the benchmark path (patent number, title, date
granted, assignee, inventor, and abstract)'* and asked to assess whether or not these patents
were a good representation or summary of the technological trajectory of the semiconduc-
tor industry (i.e. the miniaturization trajectory).

According to the panel, the patents that compose the main path do display a few inter-
esting characteristics and correspond to some of the technologies that were important to
the development of semiconductor technology over time and to its miniaturization trajec-
tory in particular. Expert #1, for example, mentioned three interesting aspects of these pat-
ents. First, their assignees are more varied in the 1970s and 1980s, reflecting the large pool
of players that were active in the semiconductor industry in that period, while more recent
patents are assigned to a more limited number of companies and this is consistent with the

14 Some of this information (patent number, the title, the assignee and the date granted) is available in
Table 8 in "Appendix 3" section.
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overall evolution of the industry, in the opinion of the expert. On this subject, Expert #4
commented that he found it interesting that several of the companies that are present in the
main path “are out of the semiconductor business today". Second, the presence of equip-
ment manufacturers can be clearly seen in recent patents, which reflects the increasing role
played by these companies in the development of semiconductor technology in recent years
(which is now largely embodied in semiconductor equipment and bought from special-
ized suppliers instead of being developed in house). Third, in regard to the technologies
that show up in the main path, notable examples are the lightly doped drain process and
high-x dielectrics, which are technologies that provided solutions for important technologi-
cal problems that were the focus of research and development in the 1980s and in the late
1990s/early 2000s respectively.

Nonetheless, in the experts’ opinions, several factors prevent us from stating that this
collection of patents obtained using main path analysis corresponds to the technological
trajectory of the semiconductor industry. First, several technologies that were crucial for
the miniaturization trajectory are absent. In this regard, Expert #4 provided a list of four-
teen technologies that were crucial for the scaling of transistors and counted how many
patents on the main path corresponded to each technology (see Table 6). He then noted
that several of them are completely absent from the main path. In his words, “especially
missing number 10 is odd; FinFETs are the transistor architecture of choice and there are a
zillion FinFET-related patents".'> Moreover, transistor scaling is the main driving force of
Moore’s law, but is not the only one. Expert #4 noted that other drivers of Moore’s law—
e.g. improvements in interconnect, lithography, circuit design, and memory—also did not
show up in the main path.

Still in regard to important technologies missing from the main path, Expert #1 men-
tioned lithography and the FinFET as examples, as well as innovations in infrastructure
like cleaning techniques and clean room technology in general. Expert #3, in turn, men-
tioned tungsten plugs, Copper metallization for interconnects, low-k dielectric materials for
multilevel metallization, lithography technologies, FinFET, and Silicon on insulator (SOI)
as important technologies that are absent. Finally, Expert #5 stated that “this set of patents
appears to be more process and materials focused, and the trajectory of ‘scaling’ seems to
be incomplete" and cited silicidation, strained channels, enhanced electrostatics (FinFET,
tri-gate) and UV and immersion lithography as missing technologies.

Second, several important players are completely absent (e.g. ASML, TSMC and Sam-
sung) and other important players are under-represented (e.g. Intel and Toshiba). The fact
that there is only one patent assigned to Intel in the main path was particularly striking for
Expert #1 because this company is not only deemed as having patents of very good qual-
ity, but it is also the company where several of the most important technologies were first
developed and adopted (e.g. 300 mm fabs, high-dielectrics and the FinFET). The absence
of TSMC is also striking, since this company has been the leader in the dedicated foundry
segment since the 1990s and has surpassed Intel as the technological leader of the semi-
conductor industry a few year ago, being now the main responsible for driving Moore’s
Law. Expert #5 mentioned Toshiba as an important company that is under-represented in
the main path. He also mentioned that another group that is absent in the list is universities
and cited the invention of the FinFET, which was patented by UC Berkeley.'® Additionally,
it is important to stress that there are plenty of patents from these players in the network.

!5 There are 1.275 patents in our benchmark network and 1.296 patents in the whole USPTO dataset that
mention the word “FinFET” (or the variations “finfet”, “Finfet”, “FinFet”, or “FINFET”) in the abstract.

16 patent 6,413,802 (The Regents of the University of California, 2002).
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Fig.5 Assessment of the relevance of main path patents from a technological point of view—Expert #1.
Notes: 7-Very important, 6-Important, S—Important for tool manufacturers/process technology with broad
applicability, 4-Specific tool design/Specific process technology, 3—Not important, 2—Failed technological
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Fig.6 Assessment of the relevance of main path patents from a technological point of view—Expert #4.
Notes: 5-Key patent, 4—Patent relevant for digital computation, 3—Patent by equipment vendor, 2-Dead
end, 1-Not Moore’s law related

As it is shown in Table 7 in Appendix 2, Samsung is the second most important assignee in
term of number of patents in subclass HOIL, TSMC is the fourth, Toshiba is the fifth and
Intel is the nineth.

The fact that there are so many patents assigned to IBM in the main path is also inter-
esting: according to the Expert #1, although IBM is indeed an important and innova-
tive player in the semiconductor industry, the solutions developed by IBM have limited
impact throughout the industry because they are often not regarded as cost-effective by
other players. Expert #4, on the other hand, believes that “some of the more important
inventions by IBM are missing" from the main path.

Third, Experts #1 and #4 noted that, although several of the recent patents in the
main path try to solve technological problems that were indeed relevant, they represent
technological solutions that ultimately did not work out and could be therefore con-
sidered as failed technologies or dead ends. Both these experts submitted a detailed
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assessment of the importance of each patent in the main path. To simplify visualization,
we created a scale for each expert, trying to remain as truthful as possible to their own
words. Figure 5 shows the classification received by patents in the main path according
to Expert #1 and Fig. 6 show the classification received by patents according to Expert
#4. In both Figures, the patents are organized in a time scale according to the date they
were granted.

In Expert’s #1 detailed assessment, 20 patents were classified in the top three categories,
while 31 were classified in the bottom four categories. It is also interesting to note that
from the 10 patents classified as failed technological solutions, nine are concentrated in a
short time period from 2002 to 2011 and form a sequence in the main path interrupted by
only one patent regarded as important.

Fourth, the experts also alerted that firms’ patenting behaviour may play a role and
that patents may not be the best indicator to study technological trajectories, especially
on their own. In regard to this matter, Expert #1 raised several points. First, he argued that
new technologies are not necessarily protected via patents. To illustrate this, the expert
explained that, in the early 2000s, everyone in the industry already knew that using materi-
als with a high dielectric constant as gate oxide was the solution to the problem of increas-
ing gate capacitance without the associated leakage effects. Nonetheless, researchers were
still looking for the material that would provide the best gate. Intel was the first company
to find out which was the best material for applications in logic chips and instead of patent-
ing their discovery (which would in fact have disclosed it to everyone else), they decided
to keep it as an industrial secret. To do so, they continued buying precursors for all the
possible materials that could be used as gate oxides and managed to successfully protect
their discovery for some years. At the same time, other companies were experimenting a
lot and that can be seen in the many patents on high-k materials present in the main path.
However, the specific solutions for high-x dielectrics displayed in some of these patents
would eventually not be applied and they can be seen, in retrospect, as failed technological
solutions.

There are also other reasons not to patent an innovation. Companies may choose not to
patent process technologies because it is difficult to enforce these patents, since it is diffi-
cult to determine exactly which process was used to produce a semiconductor device with-
out access to the factory. Companies may also not patent important technologies because
they are eco-friendly (e.g. cleaning techniques that save water) or because they want other
players to join the effort of further developing that technology.

Second, the expert pointed out that bad results usually yield more publications (either
in the form of patents or papers) than good results, because researchers can publish several
different incremental results instead of one good result that is final. Additionally, patents
that contain a large volume of references probably refer to very incremental technologies
and the patenting process of these technologies probably involved several rounds with the
patent office in which the company filing the patent had to show additional evidence (in the
form of additional references) of the novelty of the invention being patented.

@ Springer



6462 Scientometrics (2021) 126:6443-6477

2000
2500

2000 1500

1500
1000

1000

No. Citations Received
No. Citations Made

500
500

ses -

[FORTEE MR 3 S 4 S A TR LR B L et P

LR I LT A A T S Y P 0
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 10
Patent No. 1e7 Patent No. 17

(a) (b)

Fig.7 Citations received (a) and citations made (b) by main path patents over

Third, patents are nowadays important for reasons other than protecting intellectual
property and these reasons influence the propensity to patent of individual companies. Pat-
ents serve, for example, as a mechanism for the market to assess the value of companies.
They may also be used by companies to make cross-licensing agreements with or to block
other companies. On this subject, Expert #2 noted that from the 1950s to the mid-1990s
trade secrets and scientific publications marked technological progress more appropriately
than patents. Moreover, he reported that Intel actually discouraged employees from filling
patents and publishing papers until the mid-1990s. In his words, “[Gordon Moore] was bit-
ter for the Fairchild experience in which good publications and key patents did not lead to
the level of economic success that he had in mind. This led to Intel formation with the new
guidelines mentioned above [...]". This policy changed in 1995 because Intel became the
industry leader and it was important to show why and by how much Intel was leading and
because other companies were suing Intel and patents could be used as a defence mecha-
nism. Expert #3, in turn, mentioned the case of a German company, which would either
keep new technologies as secrets or publish them in German in local journals, so that it
would become prior, but not widespread, knowledge.

In order to cast some light on why so many failed technological solutions and unim-
portant technologies are present in the main path, we looked at the number of citations
received and made by all patents in the main path. Figure 7 shows the number of citations
received and the number of citations made by all patents that were mentioned in this paper
as being part of a main path or being a top 10 key-route. Again patents are organized in a
time scale according to the date they were granted using their ID as a proxy for time. While
there is no clear upward or downward trend in the number of citations received, there is a
clear upward trend in the number of citations made, notably from the mid-2000s onwards.
Additionally, if we look at the average number of citations for this collection of 167 pat-
ents, their average number of citations received is only 1.55 standard deviations above the
average of the whole network, while their average number of citations made is 6.43 stand-
ard deviations above the average of the whole network.

One explanation for this is the integrator effect, which “increases the significance of a
document that heavily references others" (Liu et al., 2019, p. 388). The literature on main
path analysis has already pointed out that review papers tend do show up in main paths
often, since the numerous streams of knowledge that flow into them increase the trans-
versal weight of arcs leading out of them. The presence of review papers in main paths is
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usually regarded as a positive aspect though, since review papers are indeed an important
source of information (i.e. a building block) for future work. Nonetheless, there is no such
thing as a review patent. Alternatively, one could think that a patent that references a large
number of other patents refers to a technology that combines several existing technologies
to produce a new application. At least here, this is not the case. All patents in our main
path with a large number of citations made are related to very specific technologies and
represent very incremental innovations. Therefore, the integrator effect appears to produce
an artefact in our main path, where patents that cite many other patents are privileged over
others.

Discussion

The external validation presented above has indicated that the main path cannot be said
to represent the backbone of the technological trajectory of the semiconductor industry.
If we rely only on the trajectory produced by main path analysis, we would be led to con-
clude that the semiconductor industry is limited to a much narrower neighbourhood of the
technology space than it really is, because several important technologies are missing. So,
instead of a reliable recollection of the history of the semiconductor industry, the main path
provided us, at best, with a sample of it.

The presence of so many failed technological solutions in the main path could also point
to the inadequacy of the method in portraying the technological trajectory, since it could
indicate that the main path represents more a sample of the technology space than of the
technological trajectory. Nonetheless, the presence of failed solutions could also indicate
that the trajectory builds up more on failed solutions than previously thought. As long as
the problems being tackled are relevant from the point of view of the technological trajec-
tory, significant learning could be derived even from failed solutions. Here, it is interesting
to note that almost all patents regarded as failed solutions have a high number of citations
received (with only two with less than 30 citations). The number of citations made by these
patents, on the other hand, progressively increases over time, from around 10-20 earlier to
100-500 later on.

We are left, then, with the question of why main path analysis does not produce the
results it arguably would. One possibility is that the method works best with single tech-
nologies instead of clusters of technologies. And semiconductor technology is clearly a
cluster technology: for the dimension of devices to decrease and the density of devices
in integrated circuits to increase (as Moore’s Law states), improvements in several sub-
technologies must occur. Over the years, the wavelength of lithography decreased from
365 to 193 nm and eventually to extreme ultraviolet (EUV) lithography, Silicon dioxide
was replaced by high-x materials in the gate oxide and Polysilicon was replaced by metals
in the gate electrode, the architecture of transistors moved from planar to the FinFET, and
wafers increased from 200 to 300 mm, to name a few examples of improvements. Main
path analysis, on the other hand, assumes connectivity (i.e. citations) between innovations
and it is somewhat not realistic to expect all relevant sub-technologies to show up in the
main path, because there is no reason to expect that there is a citation connecting patents
from different sub-technologies. Nonetheless, it is important to emphasize that although
main path analysis may not be suitable to analyse clusters of technologies, the concepts of
technological paradigms and trajectories certainly are, as Dosi (1982) stated himself.
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To address the issue above, one could argue that a narrower definition of semiconduc-
tors would help. This, however, is not the case. One of the definitions of the semiconduc-
tor industry used here, Schmoch (2008) Narrow, includes one subclass only (HO1L) and it
produced a main path very similar to our benchmark path. And going lower than subclass
(into groups, the six-digit level of the CPC) is not very straightforward, since these groups
do not each match one sub-technology of semiconductor technology, e.g. there is not one
group that corresponds to transistor architecture while another corresponds to gate oxide.

Another option would be to try to find derivate paths, as proposed by Kim and Shin
(2018), i.e. to assemble on network for each subclass that makes up our definition of the
semiconductor industry, find a main path in each one of them and look for connections
between each of these derivative main paths and our benchmark main path. We applied this
strategy to the definition of the semiconductor industry labelled as “Van Looy et al. (2015)
Plus” in Table 2. This strategy does not greatly improve the results though. Most of these
derivate paths are not actually derivate, because they do not cross, at any point, the bench-
mark main path. Only the main paths generated using subclasses C30B and HO1J cross the
benchmark main path at some point.

Subclass C30B refers to Single-crystal-growth and its main path contains patents relat-
ing mostly to Silicon carbide and, after the late 1990s, to nitrides and gallium-based crys-
tals. Companies like IBM, Micron, Philips and Siemens are present in this path. The path
ends on a series of patents by a company that manufactures lighting products called Soraa,
Inc. None of the technologies present in this main path is relevant for the main trajectory
of the semiconductor industry, since Silicon carbide is used in semiconductor devices that
operate at high temperatures or high voltages, or both and Gallium nitride is used in blue
light-emitting diodes. Subclass HO1J refers to Electric discharge tubes or discharge lamps
and its main path contains patents relating to sputtering, plasma deposition and plasma
etching. Two thirds of the patents in this main path belong to Applied Materials or Lam
Research, which are important suppliers for the semiconductor industry.

Two other derivate paths that are worth mentioning are the ones generated by the net-
works corresponding to subclasses C23C and GO3F, although they are not directly con-
nected with the benchmark path. Subclass C23C refers to coating by sputtering, ion
implantation and chemical vapor deposition, which are important processes used in the
fabrication of semiconductor devices, and, as expected, its main path is essentially com-
posed of patents related to film deposition. What is interesting here is that the pattern in
terms of assignees in similar to the one found in the benchmark path: earlier patents belong
to a more varied pool of players who were important semiconductor manufacturers them-
selves (e.g. Bell Labs, Fairchild, Motorola, Philips and Siemens), while later patents mostly
belong to suppliers such as Applied Materials and Lam Research.

Finally, subclass GO3F refers to lithography, which is one of the major technologies
missing from our benchmark main path, so one would expect this derivative main path to
nicely complement it. Nonetheless, the relevance of this derivative main path is question-
able: there are only three patents belonging to ASML, which is the undisputed leader on
this market, and while most patents refer to the photo masks used in lithography, none of
the key suppliers of photo masks (e.g. Dai Nippon Printing, Toppan Photomasks and Pho-
tronics) is present here.

Another explanation for the apparent inadequacy of main path analysis in identifying the
backbone of the technological trajectory of the semiconductor industry is that the structure
of the patent-citation network is being influenced by the patenting behaviour of companies.
In our network, the major problem that appears to be related with the patenting behaviour
of companies is the fact that most of the more recent patents in our main paths make too
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many citations. It could be argued that the high number of citations made is an artefact of
method used to compile the network, since all citations made by core nodes were included.
Appendix 4 shows the degree distribution (Fig. 8) and the descriptive statistics (Table 9) of
the closed network equivalent to our benchmark network, i.e. the network obtained when
we include not all citations made by core nodes (i.e. open) but only the citations made by
core nodes to other core nodes (i.e. closed). Figure 8b shows that the closed network has
almost no patents with more than 700 citations made, which is a remarkable difference
when compared to the benchmark network (see Fig. 1b). Nonetheless, the closed network
still had a significant number of patents that referenced around 500 other patents, which is
still a very large number. Additionally, applying main path analysis to the closed network
produced essentially the same result as applying it to the open network.

Final remarks

Our analysis has shown that main path analysis is a robust method. When the method was
applied to different networks representing the semiconductor industry (either in terms
of core nodes or the method used for collecting citations) and using different specifica-
tions (i.e. different transversal weights and different search strategies), similar results were
obtained, especially if we analyse them in terms of the content of patents and not of the
specific patents present in the main path. The only exception was when both citations made
by and received by core nodes were taken into consideration, which created too much noise
in the network.

In sum, using a network either with all citations made by core nodes or just with the
citations made by core nodes to core nodes, SPC as the transversal weight, and a global
search strategy seems to produce good and concise results. Nevertheless, since Liu et al.
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(2019) alert that “[main path analysis] results are [...] heavily determined on the network
structure and are sensitive to citation data" (p. 382), we would recommend that several pos-
sibilities be explored every time the method is applied to a new set of data.

In terms of external validity, however, our analysis has indicated that the main path can-
not be said to represent the backbone of the technological trajectory of the field in question.
It is important to remember that we are not looking for any trajectory, i.e. any sequence of
cumulative and selective technological developments. We are looking for the main techno-
logical trajectory within a technological paradigm, which corresponds, in this case, to the
evolution of CMOS technology.

Our main findings were that the main path is incomplete in terms of the representation
of the technological trajectory that we were trying to identify, that there are many failed
technological solutions on the main path, and that many patents in the main path have an
impressively high number of citations made, and these findings prompted us, therefore,
to question the appropriateness of the method for identifying technological trajectories
using patent-citation networks. This opens a compelling avenue for future work on the
understanding of the main path analysis algorithm, especially regarding the role played
by patents that make many citations and the suitability of the method for analysing cluster
technologies.

Finally, perhaps it is time to restart the conversation on the use of patents as an indicator
of innovation. Researchers usually acknowledge that working with patents has drawbacks,
the two most important being that (i) not all patents lead to innovations, and (ii) the propen-
sity to patent an innovation may differ not only between sectors but also from company to
company. Nevertheless, researchers also assume that these drawbacks do not compromise
the results of the analysis and this is an assumption that we might have to stop making.

On the one hand, we not only cannot assume that all patents lead to innovations, but
we also must take into consideration that not all innovations have been patented. There are
other mechanisms to protect intellectual property and their use is non negligible, so many
inventions do not become patents and are not captured by studies such as the present one,
that rely only on patent information. On the other hand, the fact that seeking protection
may also not even be the main reason behind patenting may cause the propensity to patent
an invention not only vary, but vary greatly between firms in the same sector, making these
firms score better than they should in innovation indicators that rely on patent information.
This is especially worrisome since many policy recommendations are derived from such
works.

Appendix 1:Technology classes’ titles
Appendix 1.1: USPC classes

e 117: Single-crystal, oriented-crystal, and epitaxial growth processes; non-coating appa-
ratus therefor

257: Active solid-state devices (e.g., transistors, solid-state diodes)

326: Electronic digital logic circuitry

438: Semiconductor device manufacturing: process

505: Superconductor technology: apparatus, material, process

716: Computer-aided design and analysis of circuits and semiconductor masks
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Appendix 1.2: IPC subclasses

B81B: Microstructural devices or systems, e.g. Micromechanical devices
B81C: Processes or apparatus specially adapted for the manufacture or treatment of
microstructural devices or systems

e B82B: Nanostructures formed by manipulation of individual atoms, molecules, or
limited collections of atoms or molecules as discrete units; manufacture or treatment
thereof

e BS82Y: Specific uses or applications of nanostructures; measurement or analysis of
nanostructures; manufacture or treatment of nanostructures

e (C23B: Coating metallic material; coating material with metallic material; Surface
treatment of metallic material by diffusion into the surface, by chemical conversion or
substitution; coating by vacuum evaporation, by sputtering, by ion implantation or by
chemical vapour deposition, in general
C30B: Single-crystal-growth...
GO3F: Photomechanical production of textured or patterned surface, e.g. for printing,
for processing of semiconductor devices; materials there for; originals there for; appa-
ratus specially adapted there for
G11C: Static Stores
HO1C: Resistors
HO1F: Magnets; inductances; transformers; selection of materials for their magnetic
properties

e HO1G: Capacitors; capacitors, rectifiers, detectors, switching devices or light-sensitive
devices, of the electrolytic type
HO1J: Electric discharge tubes or discharge lamps
HO1L: Semiconductor devices; electric solid state devices not otherwise provided for
HOS5K: Printed circuits; casings or constructional details of electric apparatus; manufac-
ture of assemblages of electrical components

Appendix 2: Top assignees by IPC subclass

Table 7 shows the top 10 assignees in each of the IPC subclasses mentioned in this
research. The table was produced by first collecting all the patents that belong to each sub-
class and then obtaining the assignees of each patent using the disambiguated files pro-
vided by the USPTO (namely the “patent assignee.tsv" and the”assignee.tsv" files). No fur-
ther disambiguation was done and the organization’s name is presented here in exactly the
same way as in the file “assignee.tsv". Simple counts were used to estimate how many pat-
ents are owned by each organization in each CPC subclass. The last line of each subclass
shows how many patents can be found in that subclass in total.

Appendix 3: Main path patents

See Table 8.
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Appendix 4: Degree distribution in a closed network

Figure 8 shows the degree distribution of the network compiled using the same core pat-
ents as in our benchmark network (Van Looy et al., 2015), but including only citations
made by core nodes to cores nodes. Table 12 shows the descriptive statistics.
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Fig.8 Frequency distribution of citations received (a) and citations made (b)

Table 9 Descriptive statistics of

citations received and made Citations received Citations made
Minimum 0 0
25th Percentile 0 2
50th Percentile 4
75th Percentile 8 8
95th Percentile 38 30
99th Percentile 100 96
99.9th Percentile 251 315
Maximum 2495 1254
Mean 8.881323 8.881323
Standard deviation 26.352679 22.498583
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