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Abstract

As a driver of innovation, university research plays an important role in the transition to
a more sustainable future. Yet the role of PhD researchers in fostering green innovation
remains underexplored. This study examines how PhD graduates contribute to green tech-
nology transfer by linking their academic and inventive outputs. Focusing on German PhD
recipients in two fields of research (physics, and electrical engineering and computer sci-
ence), we construct a new record linkage connecting PhD theses, scientific publications,
patents, and patent-to-publication citations. To consistently identify research output related
to environmental sustainability across document types, we use SPECTER2.0 embeddings
to construct a semantic similarity—based measure of sustainability in PhD theses and pat-
ents, utilizing a curated corpus of publications. Our findings offer insights into how PhDs
contribute to green innovation, both directly as inventors and indirectly through citations
of their academic research in patents. We find that environmental sustainability-oriented
PhDs are more frequently associated with green patenting, and that indirect contributions
via citations received in patents are much more prevalent than direct contributions via pat-
enting. We discuss and address potential limitations stemming from the absence of a direct
benchmark through comparisons to established classification schemes, robustness checks,
and qualitative analyses.
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Introduction

Universities are central actors in generating and transferring knowledge that drives techno-
logical and social innovation (Mansfield, 1995). Their role has become particularly salient
in the context of sustainability transitions, where addressing challenges such as climate
change requires not only new knowledge but also its effective dissemination across soci-
ety. In this regard, knowledge transfer through commercialization and academic engage-
ment (Perkmann et al., 2021, 2013), based on collaborations with industry, government,
and civil society (Di Maria et al., 2019; Stephens et al., 2008; Trencher et al., 2013), is of
crucial importance.

While the importance of universities for sustainable development and for technologi-
cal and social innovations has long been recognized, the sustainability dimension has not
received much prior attention in the technology transfer literature (Chams et al., 2024;
Yang, 2024). In particular, limited evidence exists on the extent to which PhD training
contributes to the production and dissemination of knowledge relevant to green innova-
tion. PhD programs generate cutting-edge research that can drive technological and soci-
etal transformation (Matthies et al., 2022; Stephens et al., 2008), while also shaping future
experts who contribute to sustainability transitions. Their impact materializes through
both direct and indirect channels: some PhD researchers become inventors who translate
research into new products and processes, whereas others influence innovation indirectly
by producing knowledge that flows to firms and societal actors (Breschi & Lissoni, 2001)
incorporating it into sustainable solutions. These contributions extend across multiple
pathways, including academic publications, industry collaborations, and interdisciplinary
research networks. Yet, despite the recognized importance of academic patenting (Breschi
et al., 2005), academic engagement (Perkmann et al., 2021, 2013), and labor mobility-
driven knowledge transfer (Buenstorf & Heinisch, 2020; Kaiser et al., 2018), the specific
role of PhD recipients in green innovation remains underexplored. We explore this role
utilizing data on PhD graduates’ own patent applications as well as citations their publica-
tions receive in patent documents (Narin et al., 1997).

A further challenge is that research relevant to environmental sustainability is not con-
sistently delineated across datasets. In this paper, we adopt a deliberately focused defi-
nition that centers on environmental sustainability, rather than on broader social or eco-
nomic dimensions of the concept. Specifically, we conceptualize sustainability in terms of
research and innovation activities that contribute to environmental protection and climate-
change mitigation, including the development of environmentally related and low-carbon
technologies.l Building on this definition, we adopt a broad perspective in identifying rel-
evant research outputs: we consider not only work that explicitly addresses sustainability,
but also work that is oriented toward it. This wide view allows us to capture the full range
of contributions PhDs make to green inventions. Throughout the paper, we refer to such
work and to the researchers who engage in it as sustainability-oriented.

Building on a large-scale data linkage, this paper examines the contributions of PhD
recipients to green innovation, focusing on both their academic and inventive outputs.
We address three research questions: (1) How can text-based methods be used to identify
research outputs relevant for environmental sustainability? (2) To what extent, and in what

' Other dimensions of sustainability, such as social sustainability, economic sustainability, or issues related
to equity and inclusion, are beyond the scope of the present analysis.
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ways, do PhD recipients contribute to green inventive activities? (3) Which characteristics
of PhD training and scholarly output are associated with direct and indirect contributions to
green innovation?

We address these questions in the empirical context of Germany, the largest producer of
PhDs in the European Union (Oecd, 2018) and a global leader in patenting activity (Euro-
pean Patent Office, 2024). These characteristics make Germany an ideal setting for ana-
lyzing the role of PhDs in green innovation. Our analysis covers PhD theses, associated
publications, and patents from PhD recipients who obtained their degree between 2000
and 2020 in two STEM fields with both high patenting propensity and strong relevance for
sustainability: physics and electrical engineering/computer science (EECS). We trace PhD
recipients’ research and inventive activity by linking theses to subsequent publications, pat-
ents, and patents citing their work, and assess the sustainability orientation of both their
PhD research and downstream inventions. To this end, we develop an approach that lever-
ages SPECTER2.0 embeddings applied to publications and inventions by PhDs, offering a
valuable complement to traditional expert-based patent classifications commonly used in
the literature.

With this analysis, we bridge two largely separate streams of research: work on sustain-
ability-oriented scholarship and work on knowledge and technology transfer between uni-
versities and other societal actors. Conceptually, the study advances understanding of how
early-career researchers contribute to sustainability-oriented knowledge transfer through
both direct inventorship and indirect channels of research utilization. Methodologically,
it introduces a text-based approach to identifying sustainability-oriented research outputs,
extending and complementing established expert-based classifications such as the Green
Inventory of the International Patent Classification (IPC) by the World Intellectual Prop-
erty Organization (WIPO), and the Y02/Y04 classification scheme developed by the Euro-
pean Patent Office (EPO). Together, these contributions provide descriptive evidence on
the role of PhD recipients in green innovation and offer tools for systematically analyzing
sustainability-oriented knowledge transfer.

The remainder of this paper is structured as follows. Section “Academic and inventive
contributions of PhDs to green innovation” reviews the relevant literature and establishes
the motivation for the research questions. Section “Data and methodology” details the
datasets, explains the linkage between PhD recipients, their publications, and patents, and
outlines the text-based approach used to assess sustainability orientation. Section “Analysis
and findings” presents the empirical findings, offering insights into the contributions of
PhDs to green innovation. Finally, Sect. “Conclusions” summarizes the key findings and
discusses the implications for future research.

Academic and inventive contributions of PhDs to green innovation

Tackling climate change and other global environmental challenges requires a fundamental
shift that transitions established socio-technical systems toward more sustainable modes of
production and consumption (Markard et al., 2012). Such transitions to a greener economy
are inherently tied to technological change (Stern & Valero, 2021). The sustainability tran-
sitions literature emphasizes that these transformations are driven not only by incremental
technological improvements, but by the development and diffusion of new knowledge, skills,
and capabilities that enable novel technological trajectories (Schot & Steinmueller, 2018).
Because scientific advances play a central role in enabling innovation, academic research,
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and higher education; institutions are well-positioned to contribute to addressing the climate
crisis (Di Maria et al., 2019; Stephens et al., 2008; Trencher et al., 2013). Traditionally, uni-
versities have pursued missions encompassing education, research, and—more recently—
knowledge transfer and entrepreneurship (Clark, 1998; Etzkowitz & Leydesdorff, 2000).
Within this framework, universities serve not only as producers of explicit knowledge but
also as training grounds for highly specialized human capital capable of translating scien-
tific advances into practical applications. The knowledge they produce has been shown to
significantly influence industrial innovation and technological change (Cohen et al., 2002;
Jaffe, 1989; Mansfield, 1995). Given the complexity of sustainability challenges, such scien-
tific knowledge is especially critical, as innovation in this domain is typically more depend-
ent on knowledge-intensive competencies than in other fields (De Marchi, 2012; Schot &
Steinmueller, 2018). Green innovation often involves higher uncertainty, stronger regulatory
interaction, and greater interdisciplinarity (De Marchi, 2012; Popp, 2012; Porter & van der
Linde, 1995; Schot & Steinmueller, 2018), increasing the importance of advanced scientific
training and problem-solving capacity (Nooteboom et al., 2007; Spender & Grant, 1996).
Recent research on science-industry relations further emphasizes that such knowledge-inten-
sive innovation processes are increasingly shaped by interactive and collaborative forms of
knowledge production rather than linear models of technology transfer (Cantner et al., 2024;
Ystrom et al., 2025). Therefore, gaining deeper insight into how academic research contrib-
utes to the resolution of environmental challenges through innovation is timely and essential.

A key element of this contribution lies in the knowledge generated through PhD
research. PhD candidates conduct independent research and acquire in-depth knowledge of
their field of research. From a human capital and knowledge-based perspective, PhD grad-
uates represent carriers of both codified and tacit knowledge, enabling the recombination
of scientific insights with applied technological contexts (Auriol et al., 2016; Buenstorf &
Heinisch, 2020; Spender & Grant, 1996). Accordingly, PhDs are frequently conceptual-
ized as key micro-level agents in knowledge transfer processes linking academic research
to technological development (Perkmann et al., 2021, 2013). PhD training has also been
emphasized by national science policies as playing an integral role in shaping early-career
researchers’ knowledge transfer across academic and non-academic domains (Gaughan &
Robin, 2004; Shibayama, 2019). Reflecting these policy expectations, a growing body of
empirical work has begun to examine PhD contributions to innovation beyond academic
settings (Buenstorf & Heinisch, 2020; Kaiser et al., 2018; Toole & Czarnitzki, 2010;
Zucker et al., 2002). While PhD graduates are expected to drive advances in research, sys-
tematic evidence on the nature and scope of their contributions to innovation outside aca-
demia remains limited and uneven (Auriol et al., 2016). Kaiser et al. (2018) find that hir-
ing individuals with university research experience can enhance a firm’s innovative output;
however, their study primarily focuses on the mobility aspect of researchers, with limited
exploration of the specific roles PhD recipients play in the innovation process. Buenstorf
and Heinisch (2020) show that PhD graduates are key contributors to private-sector inno-
vation and that hiring PhDs may enable firms to diversify into new fields of technology.
These studies suggest that PhD recipients influence innovation outcomes beyond academia,
but provide little insight into the substantive orientation of the knowledge being transferred.

More recent studies provide insight into the mechanisms through which PhD research-
ers contribute to knowledge transfer within collaborative research environments. Plantec
et al. (2023) show that early-career researchers engaged in university-industry collaborative
PhD projects act as boundary-spanning agents whose research orientation and engagement
influence project performance. Related work highlights that science-industry collaborations
are characterized by interdependencies between scientific and technological outcomes, with
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research orientations emerging endogenously from collaborative knowledge creation pro-
cesses (Cabanes et al., 2024; Cantner et al., 2024). At the same time, academic engagement
with external partners can feed back into scientific knowledge production itself: Nast et al.
(2025) find a positive association between academic engagement and scientific impact, sug-
gesting that interaction with non-academic contexts can serve as a source for novel insights
for research. While this literature substantially advances our understanding of PhD contribu-
tions to innovation and engagement more broadly, it remains largely technology-neutral. In
particular, there is still little direct empirical evidence on whether, and how, PhD recipients
contribute specifically to sustainability-oriented or green innovation. This points to a gap in
the literature concerning the role of PhDs in shaping green innovation outcomes.
Empirically identifying the contribution of PhDs to green technological change is challeng-
ing. Traditional measures of innovation, such as R&D expenditures or the number of active
researchers, often do not adequately capture the nuances of green innovation, since aggregated
data may overlook specific sustainable practices (Has¢i¢ & Migotto, 2015). Furthermore, even
when data on sustainable activities are available, it can be inconsistent or difficult to com-
pare between different studies (Popp, 2012). Consequently, both patent and bibliometric data
have been identified as potentially useful alternatives for analyzing green innovation (Hasc¢i¢ &
Migotto, 2015; Popp, 2012). Our study aims to take advantage of patent and bibliometric data
by exploiting machine learning techniques to develop record linkage algorithms.
Furthermore, most studies have explored these topics through the lens of sustainable
development, often relying on standardized definitions or alignment with the Sustain-
able Development Goals (SDG) (Adams et al., 2016; Beynaghi et al., 2016; Celone et al.,
2022). While such approaches provide valuable benchmarks, they may obscure emerging
or interdisciplinary forms of sustainability-oriented research that do not neatly align with
predefined taxonomies. Our study differs by adopting an approach that identifies sustain-
ability-oriented content without adhering to preset definitions. Utilizing SPECTER2.0, a
pre-trained language model fine-tuned for scientific texts, presents a promising avenue for
enhancing our understanding of the contributions of academic research to sustainability.
By aggregating sustainability-oriented publications into a unified embedding, we can
compare each thesis individually to an overarching sustainability corpus embedding. This
approach operationalizes thematic proximity and cognitive relatedness (Nooteboom et al.,
2007; Rafols, 2014) between PhD research and sustainability-oriented knowledge, concepts
that capture the extent to which knowledge bases overlap and can be effectively recom-
bined in processes of innovation and technological change (Schot & Steinmueller, 2018).
It not only captures thematic coherence across fields but also mitigates the noise associ-
ated with variances in individual publication topics. The emerging use of SPECTER2.0
in related studies (Caravale et al., 2023; Duede et al., 2024) positions it as a valuable tool
to analyze academic contributions to green innovation. Caravale et al. (2023) leverage this
model to generate embeddings that capture the semantic relationships in digital archae-
ology texts, producing a more nuanced and detailed classification of digital archaeology
research. Duede et al. (2024) use SPECTER2.0 embeddings to calculate the semantic simi-
larity between Al-engaged and non-Al-engaged academic publication titles and abstracts
across different disciplines compared to Al-concentrated research in Computer Science.’
Furthermore, Ji et al. (2024) emphasizes the effectiveness of SPECTER2.0 embeddings

2 At the time of writing, this article is only available as a preprint, and to the best of the authors’ knowl-
edge, no other research using the SPECTER2.0 embedding model in a similar comparative method has yet
been published.
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in managing large datasets, showcasing its utility in investigating the academic and inven-
tive contributions of PhDs to green innovation. Building on this emerging methodological
literature, our study applies SPECTER2.0 with thematic proximity measures to examine
how PhD research aligns with sustainability-oriented knowledge and how such alignment
translates into academic and inventive outputs.

Our study contributes to the literature in two main ways. First, it examines the direct
and indirect contributions of PhD recipients to sustainability-oriented innovation, along
with the determinants of these contributions. By explicitly focusing on PhDs as carriers of
advanced scientific knowledge, the study extends existing research on academic knowledge
transfer and green innovation. Second, it offers a methodological advancement by propos-
ing a approach to linking PhD recipients with their publications and patents, thereby facili-
tating the identification of knowledge transfer activities.

Data and methodology

This section outlines the methodological approach for tracing the contribution of PhDs to
green technology transfer of German universities. Linking theses to the journal articles
and patents that stem from them is complicated by homonymy (different researchers with
identical names) and synonymy (individuals appearing under multiple name variants). Sec-
tion “Record linkage for PhD recipients, publications and patents” therefore introduces an
automated record-linkage methodology that overcomes these obstacles, connecting the-
ses, publications, and patents with minimal reliance on human annotators. The resulting
pipeline scales efficiently to large datasets and can be readily repurposed for other publi-
cation author and inventor matching tasks. Later, in Sect “Identifying the sustainability-
orientation of theses, publications, andpatents”, we specify the criteria and procedures
applied to the linked records to identify theses, publications, and patents that are explicitly
sustainability-oriented.

Record linkage for PhD recipients, publications and patents

This subsection provides a detailed description of the automated record-linkage methodol-
ogy that links PhD recipients to their publications and patents, and its overall workflow is
summarized in Fig. 1.

Identifying PhDs and their theses

We identify PhD recipients from German universities through the German National
Library (DNB) catalog, which archives nearly all German university theses, both physical
and electronic. This librarian-curated collection—Europe’s largest repository of online the-
ses—is considered highly reliable and has been used in previous studies (Buechele et al.,
2026; Buenstorf & Geissler, 2014; Buenstorf et al., 2023, 2025; Konig, 2022). The raw
DNB dataset contains more than 1.9 million records.
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We focus on PhD theses submitted between 2000 and 2020 in two STEM fields with
high patenting propensity and strong sustainability relevance: physics and EECS.? To pin-
point theses in the focal fields, we augmented the DNB subject codes with faculty and
degree titles, improving classification precision as detailed in Appendix A. We ultimately
identify 44,720 relevant theses—29,561 in physics and 15,159 in EECS.

Identifying publications of the PhDs

We apply a four-stage process to link the authors of these PhD theses with their Scopus-
listed publications,* which combines classification based on high-quality matching crite-
ria with machine learning techniques. While our final analysis focuses on physics and on
EECS, the linkage of thesis authors with their Scopus-listed publications was performed
for all subjects. Our approach thus leverages specific characteristics of population-level
data to establish reliable linkages between two databases.

Data Preprocessing

The linkage is based on all publications listed in Scopus between 1996 to 2022 and PhD
theses across all fields submitted between 2000 and 2020. To prepare the data, the names
of thesis authors and Scopus authors were standardized. All names were converted to low-
ercase and stripped of punctuation,’ For each author, tokens were then created from the last
name and the initials of the first name.°

Linking PhD and Publication Databases

After author names were cleaned in Scopus and DNB, both databases were linked using
the initials and last name tokens. The analysis was limited to individuals with fewer than
300 potential matching partners,” and only Scopus authors with publications where at least
one author has a German affiliation were considered. The final linked dataset includes
484,004 PhD recipients matched to 1,096,177 unique Scopus authors.

For the matching process executed by machine learning algorithms, synthetic training
and test datasets were created based on a probabilistic approach. The foundation consisted
of unique matches, defined as cases in which a single PhD author listed in the DNB catalog
(1975-2021) shared a first and last name combination with a single Scopus author. Addi-
tionally, to qualify as a unique match, the Scopus author had to have at least one publication
with a co-author listing an affiliation in Germany. This resulted in approximately 100,000
unique cases (true positives). From this, a sample of exactly 50,000 unique matches was

3 The electrical engineering and computer science discipline is known as Informatik/Elektrotechnik in Ger-
man.

4 We use Scopus data (version 04/2023). The dataset access is provided by the Competence Network for
Bibliometrics (Schmidt et al., 2024). For more information about the center, see: https://bibliometrie.info/
en/.

5> The German language contains several umlauts not represented in the Latin alphabet. A transliteration
was performed, converting umlauts such as o i, and 4 into oe, ue, and ae, and B into ss. Other characters
were converted to their Latin variants.

® The use of first-name initials rather than full first names reflects limitations in the publications metadata:
particularly in the early 2000s, but also in later years; depending on journal policy, only author initials are
recorded. Using initials consistently avoids systematically excluding publications for which full first names
are unavailable and ensures comparability across publication years.

7 An evaluation revealed that only 1.4% of PhD candidates were linked to more than 300 potential Scopus
authors, which accounted for 31.81% of all potential matches.
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Fig. 1 Overview of the data processing and record linkage procedure

drawn. True negatives were assigned based on cases where the last name matched, but the
initials differed. Additionally, careful consideration was given to ensure that the training
dataset maintained the same distribution of multiple linkages as the full original database.?

The advantage of using a synthetic training database lies in its high precision in gen-
erating a sufficiently large training and testing set while avoiding human decision-making
errors. The curated true positives and the artificially generated true negatives should be
highly precise, because both the DNB thesis database and the Scopus publication records
provide near-complete population coverage. Consequently, if a unique name token appears
in both datasets—one linked to a thesis in Germany and the other to a publication with a
German affiliation—it is highly probable that it belongs to the same individual. This meth-
odology also accounts for shifting publication patterns across time and disciplines, as the
algorithm can leverage extensive datasets to detect unique trends. In contrast, manually
curated training sets tend to remain small because record-level verification is highly labor-
intensive. At the same time, such datasets can reflect misclassifications or other inaccura-
cies, which in turn may reinforce existing social biases. The chosen approach mitigates
these biases by assuming that the classification characteristics of true negatives are inde-
pendent of the initial letter of the first name.’

8 Original Database: min=0; median=3; max=300; Training Database: min=0; median=3; max=297.

At the same time, synthetic training approaches may also introduce other potential sources of bias,
although these biases may differ from those arising from manually curated training datasets. In particular,
the constructed true positive and true negative linkages may not fully reflect complex real-world matching
constellations. Systematic distortions could emerge if the distinctive name combinations used to construct
the training data are correlated with individual characteristics such as international mobility. Similarly,
potential bias may arise if characteristics associated with scientific careers systematically correlate with sur-
name and initial combinations used in the linkage procedure. In such cases, the synthetic training data may
not fully represent the underlying population structure. Consequently, linkage results based on synthetic
training data should be critically evaluated for plausibility and complemented by additional robustness
checks such as manual annotation exercises.
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Training the algorithm

In the next step, variables were created to serve as input for the classification task. These
variables are categorized based on whether they provide high precision in linking PhDs to
their corresponding Scopus authors or, when considered alone, exhibit low precision and
thus serve as input for the machine learning algorithm that recognizes relevant patterns in
the training data.'®

High-quality matching variables include:

e DOI/ISSN of the thesis matches the DOI/ISSN of a publication linked to a specific
Scopus author.
ORCID ID of the thesis author matches the ORCID ID in Scopus.
Standardized title of the thesis corresponds to the title of a publication by the linked
Scopus author.

e [nitial name combination is unique among thesis authors in Germany and among Sco-
pus authors having at least one publication with a German affiliation.

Lower-quality matching variables include:

e The first publication in Scopus was released within 4 years prior to and 2 years after
graduation/publication of the thesis.

e The Scopus author has at least one affiliation with the university where the PhD was
granted.

e A co-author from the Scopus author’s affiliation is at the same university as the indi-
vidual’s PhD-granting university.

Year of graduation/publication of the thesis.
A dummy variable that takes the value of 1 if the Scopus author has/had an affiliation at
a German university.

e The Scopus author publishes in the same disciplinary group to which the PhD is classi-
fied (humanities and arts, human sciences, economics, law, and social sciences, natural
sciences with mathematics, engineering sciences, medicine, agricultural, forestry, and
nutritional sciences, and sports).

e A SCOPUS co-author shares the same surname and initial as a committee member of
the PhD audit committee.'!

The artificial training dataset was first split into equal-sized training and evaluation sets.
The training set was further divided, with one half used for training the algorithm and
the other for testing. The model with the highest F1 score was selected for each approach
(Random Forest, AdaBoost). Since algorithm selection also requires validation, the best-
performing model’s tuned parameters (based on the F1 criterion) were re-estimated on the
training dataset and then evaluated on the evaluation dataset.

10 While incorporating additional matching variables could in principle increase precision, our approach is
constrained by the information consistently available in PhD dissertations across universities and over time.
To ensure coverage over two decades and all German universities, we therefore rely on variables that are
available in a standardized form across the full sample.

1" Advisor information was sourced from the full text of online theses or was previously collected by the
DNB.
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For the classification task, Random Forest and AdaBoost algorithms were employed.'?
Prior work indicates that these algorithms yield superior classification performance in sim-
ilar tasks (Heinisch et al., 2020)."

Taking supervisor information into account, the best AdaBoost algorithm—selected
based on the F1 criterion—achieved recall, precision, and F1 scores of 0.8647, 0.9480,
and 0.9045. The best Random Forest algorithm achieved recall, precision, and F1 scores of
0.8690, 0.9559, and 0.9103. When advisor information was not included, recall, precision,
and F1 scores for Random Forest were 0.7460, 0.8986, and 0.8152, and for AdaBoost, they
were 0.7337, 0.9006, and 0.8086.

Filtering true positives

A multi-stage procedure was then chosen for the final classification task. This procedure
accounts for the varying quality of matching variables available for different segments of the
data. Initially, the highest quality matching criteria were applied. For cases that could not be
uniquely identified using these criteria, classification is based on the previously described
machine learning approach. The sequence in which the procedure was followed is as follows:

e DOI/IISSN of the thesis matches the DOI/ISSN of publications in Scopus (44 pairs
linked).
Scopus author shares the same ORCID as the thesis author (239 pairs linked).
The title of the thesis corresponds to a publication by the Scopus author (1844 pairs
linked).
Unique name surname combination (105,111 pairs linked).
Linkage based on Random Forest algorithm first with supervisor information, then
without (107,110 and 108,662 pairs linked).

e Linkage based on AdaBoost for samples with and without supervisor information (3151
and 4127 pairs linked).

For the full dataset covering all disciplines, 330,288 PhD recipients from graduation
cohorts 2000 to 2020 were clearly identified from a total of 484,004 individuals for whom
at least one author shares the same initials and last name as the PhD recipient.

Final evaluation

In a final step, we applied the algorithm to a manually annotated sample for all PhD
recipients in STEM fields. This application provides insights not only into how effectively
the synthetic training and test datasets has functioned, but also into how well the combina-
tion of high-quality matching criteria and machine learning algorithms performs for this
classification task. We exclude the top 5% of individuals with the most matches due to data
handling considerations. Otherwise the dataset would have become too comprehensive for
three rounds of manual annotation.'* To achieve high precision and recall of the manu-
ally annotated sample, the dataset was initially independently classified by two student
assistants. In cases where the two student assistants arrived at different conclusions, a third

12 For AdaBoost, the ada package (Culp et al., 2007) was used, while for Random Forest, the randomForest
package (Liaw, 2002) was applied.

13 Tuning parameters for the Random Forest algorithm include the number of trees to grow, varying
between 20, 50, 100, 200, and 500, and the number of variables randomly sampled as candidates at each
split, varying between 2, 5, 7, 10, and 15. For AdaBoost, the number of boosting iterations (50, 100, 250,
500) and the shrinkage parameter for boosting (0.01, 0.2, 0.5, 0.9, 1) were varied.

4 Our sample contains 1344 PhD thesis authors linked to 8116 Scopus authors.
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manual annotation was conducted by a senior researcher. A comparison of this sample of
STEM graduates with the results from the classification task indicates that our classifica-
tion approach achieved an accuracy of 96.75%, a precision of 91.35%, a recall of 82.39%,
and F1 score of 86.64%. The rest of the analysis is based on 29,053 and 14,992 PhD recipi-
ents in physics and EECS, respectively.

Identifying PhDs’ contribution to inventions

We now turn to the contribution to invention made by PhDs through two key channels: (1)
the extent to which their research influences subsequent innovation, and (2) their direct
participation in the invention process. To assess the first channel, we analyze non-patent
literature (NPL) citations in patent documents, i.e. references that patents make to scien-
tific research (Narin et al., 1997; Roach & Cohen, 2013). By evaluating the frequency and
context in which patents cite these PhDs’ publications, we gain insights into the practical
impact of their academic work on technological progress. This impact may be based on
various pathways through which knowledge "spills over" to firms, allowing them to absorb
it in their innovation processes. For the second channel, we track the direct involvement
of PhDs in patenting activities, which allows us to measure their practical contributions to
innovation. Since both channels rely on patent data, we use the Worldwide Patent Statisti-
cal Database (PATSTAT 2023 Spring Edition) maintained by the European Patent Office."

Identifying patent citations to PhD research

To identify patents that cite the research of the identified PhDs, we use the Patent-to-
Paper Citations dataset by Marx and Fuegi (2020, 2022),'® which captures both front-page
and in-text citations USPTO and EPO patents make to scientific literature. This dataset
covers citations between patents and publications through the end of 2023. Using the list
of PhD publications from the Scopus match (see Sect. “Identifying Publications of the
PhDs”), we search for these publications within the Patent-to-Paper Citations dataset. Since
this dataset indexes papers using OpenAlex IDs, an intermediary step is required. As Ope-
nAlex is an open-source bibliographic database, we use its API—via the openalexR (Aria
et al., 2024) package—to retrieve the corresponding OpenAlex IDs for the PhDs’ publica-
tions, using DOIs provided by Scopus. We successfully matched 77.5% of Scopus publica-
tions with DOIs to OpenAlex records. This matching enables us to identify the patents that
cite the PhDs’ research. Additional patent information is obtained through PATSTAT.

Identifying PhD-invented patents

We investigate all patenting activity PhD recipients may have conducted between 1995
and 2023. The start date precedes the PhD sample period by 5 years, so patents filed before
PhD completion can also be captured. We restrict our search to priority applications to
avoid double-counting patents filed in multiple jurisdictions and to better capture the origi-
nal invention date (de Rassenfosse et al., 2013).

For several reasons, matching researchers with their patents is a challenging task. Among
the issues that must be handled is that patent databases such as PATSTAT do not include reli-
able identifiers for inventors. Researchers with multiple patents therefore need to be matched

15 The PATSTAT 2023 Spring Edition contains information on patents published up to the end of January
(European Patent Office, 2023).

16 The Patent-to-Paper Citations dataset is part of the Reliance on Science project and can be freely
accessed at: https://relianceonscience.org/.
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with each of their patents. In addition, the extent and presentation of information included
in patent documents differs between patent offices. The literature proposes a wide array of
techniques to deal with these challenges (Huberty et al., 2014; Lissoni et al., 2006; Maraut &
Martinez, 2014; Meyer, 2006; Pezzoni et al., 2014; Schmoch et al., 2012). Since our context
is close to that of Schoen et al. (2014) who linked German professors to inventors in PAT-
STAT, we primarily build on their approach, adapting it with minor modifications.

First, we retrieve all priority patent applications filed worldwide between 1995 and
2023, provided at least one inventor or applicant is from Germany, Switzerland, or Austria.
Such geographic restrictions are common practice (Breschi et al., 2005; Meyer, 2006) to
reduce false positives and computational complexity. However, they also limit our ability
to fully capture relevant patenting activity of PhD recipients if it occurred abroad without
co-inventors or applicants from the target countries.

This initial retrieval yields 3,067,351 inventor records linked to 1,298,242 priority pat-
ent applications. Next, we filter out irrelevant inventor records by calculating a similarity
score between the inventor and PhD names using the 2-g algorithm. This score is derived
by breaking names into consecutive pairs of characters (bigrams) and calculating the pro-
portion of shared bigrams between the two names. To improve filtering, inventor names
are cleaned and standardized by removing or replacing corrupted characters and extracting
academic titles, address information, or applicant details, if present. We also generate alter-
native spelling variations for each name, by reversing first and last names, adapting Ger-
man linguistic elements in different ways,'” and abbreviating first or middle names while
keeping the first given name in full. Using these variations, we select the highest similarity
score for each inventor—PhD pair. Applying the 0.9 similarity threshold proposed by Sch-
oen et al. (2014), we reduce the pool to 206,315 inventor records.

To identify cases where multiple inventor records correspond to the same individ-
ual, Schoen et al. (2014) creates validated patterns that determine when different inven-
tor records refer to the same person based on applicant information, technical classifica-
tions related to the invention, and inventor-specific factors like name rarity and address
information. Their approach distinguishes between missing and contradictory information
to improve accuracy and applies transitive logic.'® We examine these patterns across all
filtered inventor-PhD pairs from the previous step. Using this methodology, we identify
101,939 disambiguated inventors.

Finally, to establish a definitive match between PhDs and disambiguated inventors, we
leverage the link between PhDs and Scopus publication data (see Sect. “Identifying pub-
lications of the PhDs”) to identify overlapping information patterns between PhD publi-
cations and inventor patent applications. We restrict this search to cases where publica-
tion and patent application dates fall within a 3-year window of each other. We classify
matching patterns as either strong or weak based on their reliability in identifying a true
match. This approach deviates from Schoen et al. (2014)’s methodology due to differences
in available data on the academics being matched. We investigate the presence of the fol-
lowing patterns:

17 For example, both "a" and "ae" may be suitable adaptations for the umlaut "4".
'8 1f inventor records A&B and B&C match, then A&C must also belong to the same individual.
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e The same name appears as both a co-author in the PhD’s publications and a co-inventor
on the inventor’s patents. To identify these overlaps, we apply the same fuzzy name-
matching methodology used in the initial inventor filtering step.'’

e The same organization appears as both the PhD’s affiliation in their publications and the
applicant on the inventor’s patents. To identify these cases, we manually code instances
where the two entity names share at least one non-generic word.?’ This method outper-
forms fuzzy or edit-distance-based similarity measures, as it better handles the incon-
sistencies in unstructured company and university names across our data sources.’!

e The technological field covered by the PhD’s publications and the inventor’s patent is
identical. For this purpose, we utilize the concordance table developed by Schmoch
et al. (2012), which maps the Scopus research areas to the technological field classifica-
tions of patents. This information is available on the journal level.

e A PhD appears both as an inventor of a patent and as an author of a publication cited by
the patent. We leverage the Patent-to-Paper Citations dataset (see section “Identifying
PhDs’ contribution to inventions™) and apply the previously used fuzzy name matching
methodology, to identify instances where the inventor of a citing patent and the PhDs
who authored cited publications are the same individual.

A PhD-inventor match is accepted only when it meets at least one strong and one weak
criterion. Multiple instances of the same pattern can occur for a single inventor-PhD pair.
For example, if two co-authors of a PhD holder also appear as co-inventors, the presence
of two strong matching criteria would establish a definitive match.?? Of the 101,939 disam-
biguated inventors, we match 8691 (8.53 %) to 4347 PhDs.?

Table 1 reports the total number of thesis authors identified in physics and EECS, as
well as those identified as Scopus authors, recipients of citations in patents, and inventors.

19 To minimize false positives, we exclude co-author information from publications with more than 15
authors, as this exceeds the outlier threshold (the 75th percentile plus 1.5 times the interquartile range).
Additionally, we manually review all non-exact matches and remove false positives.

20" Generic words, such as "university" or "corporation," are excluded. A full list is provided in the Appen-
dix B.

2l During manual coding, we do not distinguish between parent companies and subsidiaries. However,
for large publicly funded German research organizations (e.g., Fraunhofer Society), which employ many
researchers, we use a more detailed approach. Matches at the subdivision level (e.g., Fraunhofer Institute
for Solar Energy Systems) are classified as strong, while broader-level matches are weak. If both entries
provide conflicting subdivision information (e.g., Solar Energy Systems vs. Integrated Circuits), it is not
considered a match.

22 To evaluate our matching criteria, we manually reviewed a random sample of definitive matches (n =
100), barely not matched pairs (n = 50), and all cases where a patent predates PhD completion by over
7 years (n = 147). Using online sources (e.g., LinkedIn, university websites), we found no false positives
among definitive matches. Six false positives emerged in the barely not matched group, and eight in the
time-lagged cases, five of which are caused by incorrect Scopus linkages. All false positives were removed
from the final dataset.

23 Sometimes multiple disambiguated inventors are matched to a single PhD. This occurs because the algo-
rithm by Schoen et al. (2014) does not identify that these disambiguated inventors actually refer to the same
individual, due to algorithm’s conservative nature and or missing patent information.
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Table 1 PhD-publication—patent

) No. of PhDs  No. scopus No. PhDs No. inventors
linkage summary matched cited by
patents
Physics 29,053 22,437 8,006 2,152
EECS 14,992 10,653 5,396 2,195

Identifying the sustainability-orientation of theses, publications, and patents
Identifying sustainability-oriented publications and building reference corpora

The remaining ingredient in our empirical analysis is to identify sustainability-oriented
researchers and green inventors with a PhD in Germany. To this end, we construct sus-
tainability-oriented text corpora for our two focal disciplines using a three-step approach
designed to minimize reliance on domain-specific expert judgment. First, we identify a
small set of journals whose stated aims and scopes are explicitly focused on environmental
sustainability. Second, we analyze the most frequent words and phrases in the keywords
and titles of articles published in these journals. Third, we use these keywords to search
the titles and keyword lists of articles in other high-quality journals within each discipline,
allowing us to capture all relevant sustainability-oriented research outputs.

Crucially, the journals identified in the first step are used solely to derive an initial and
intentionally conservative set of sustainability-oriented keywords, rather than to delimit
the full universe of sustainability-oriented research. To this end, we rely on the explicit
aims and scopes of selected journals rather than on expert-driven assessments of individual
technical terms. In both disciplines, we therefore draw on two highly visible and explicitly
sustainability-focused interdisciplinary journals: Nature Sustainability and Nature Climate
Change. While these journals are classified broadly in standard bibliographic databases,
they are strongly interdisciplinary in practice and regularly publish contributions by engi-
neers and physicists. To ensure disciplinary relevance, we restrict keyword extraction to
articles (co-)authored by researchers affiliated with departments corresponding to our focal
fields. In addition, for EECS we include IEEE Transactions on Sustainable Energy, a disci-
pline-specific journal with an explicit focus on environmental sustainability.* In total, our
database for the first step consists of 1911 articles from EECS, and 378 articles from phys-
ics. In the second step of the process, the 100 most common key phrases (words, bigrams,
and trigrams) are extracted from the titles and keyword lists of the articles identified in
the first step. From these key phrases, we exclude any term that does not explicitly sig-
nal an orientation toward sustainability, thereby adopting a deliberately conservative key-
word selection strategy. While, in principle, even a small set of highly salient seed terms
(e.g., sustainability or climate change) would be sufficient for SPECTER embeddings to
recover a much broader set of semantically related concepts, we deliberately go beyond
this minimum. Our intentionally conservative filtering ensures that, even if some relevant
terms are omitted or excluded due to non-expert judgment, the dominant signal captured by
the embeddings robustly reflects sustainability relevance. The complete lists of keywords
for each discipline are provided in Appendix D. The complete lists for each discipline are

24 No comparable sustainability-focused disciplinary journal was identified for physics. Accordingly, for
physics, the keyword derivation relies exclusively on the two interdisciplinary journals mentioned above,
and we only consider articles co-authored by researchers from Physics departments.
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provided in Appendix D. As the third and last step, we search for the keywords identified
among all high-quality field journals.?

This process yields two discipline-specific corpora of sustainability-oriented publica-
tions. The collection of abstracts of these articles provides the reference frame against
which we evaluate the sustainability orientation of PhD theses and patents. Figure 2 dis-
plays the most frequent keywords in each corpus, with no post-processing or filtering
applied. As expected, terms that mirror our original search strings dominate the word
clouds, yet a rich set of additional sustainability-oriented expressions also emerges. Exam-
ining these clouds not only highlights the leading sustainability themes in each field but
also points to the sub-disciplines and methodological lenses that shape the debate.

Identifying sustainability-oriented theses

Drawing on the record-linkage procedure described in Sect “Identifying sustainability-ori-
ented publications and building reference corpora”, we identify theses whose authors qual-
ify as sustainability-oriented researchers. A sustainability-oriented publication is attributed
to a researcher’s PhD trajectory if it appears during the PhD period or within 3 years of the
defense. Publications emerging after this 3-year window are treated as post-PhD output,
reflecting work conducted later in the researcher’s career rather than during the PhD. For
thesis authors who are not previously identified as sustainability-oriented researchers from
their publications, we assess the thematic similarity between their theses and sustainabil-
ity-oriented publications. The central idea of this step is to compare the textual content of
theses with a reference corpus of sustainability-oriented publications and to identify theses
that are unusually similar to this corpus.

To implement this comparison, we collect the abstracts of the PhD theses identified in
3.1.1. Although the DNB catalogue offers rich thesis metadata, it does not include a sum-
mary or abstract for the theses. We therefore gathered the abstracts in two ways: (1) har-
vesting text from external URLs archived by the DNB and (2) scraping abstracts from the
online PDF versions of the theses. These methods produced abstracts for 12,767 Physics
theses and 4833 theses in EECS.%° Because most thesis titles and abstracts are in German,
we machine-translated them into (American) English using the DeepL API.>’

Representing Theses and Publications in a Common Semantic Space

To quantify thematic similarity in a systematic and scalable way, we represent both the-
ses and publications as numerical vectors that capture their semantic content. Specifically,
we generate document-level embeddings from thesis and publication titles and abstracts

25 We only consider journals in Scimago Journal and Country Rank (ScimagoJR, https:/www.scimagojr.
com) that have a Q1 or Q2 ranking. In both journal lists, we exclude journals that also publish in unrelated
fields, such as humanities. Although the journal sets are field-specific, they also encompass interdiscipli-
nary journals in which the focal field is represented. The full list of journals containing sustainability-ori-
ented articles is reported in Appendix C.

2 Discrepancies between thesis counts and available abstracts reflect collection constraints: incomplete
metadata, OCR and formatting issues hampering PDF scraping, and differences across historical archiving
differences. Comparing year and institution level distributions shows the abstract subset generally mirrors
the full dataset but underrepresents 2000-2005 and displays slight institutional skew, likely tied to early
digital dissemination.

2" DeepL SE is a German company offering a machine translation system that is shown to be more accurate
than other available tools for German-English translations (Avramidis et al., 2020). The DeepL. API pro-
vides programmatic access to DeepL’s machine translation technology. We integrated the DeepL API into R
using the deeplr- package (Zumbach & Bauer, 2021).
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Fig.2 Wordclouds of keywords of the identified publications

using a pre-trained neural language model (LM) designed for scientific documents (Cohan
et al., 2020). Document-level embeddings transform entire documents into fixed-size vec-
tors such that texts with similar semantic meaning are located close to each other in a high-
dimensional semantic space.

We use SPECTER2.0 (Singh et al., 2022), a state-of-the-art transformer-based neural
network algorithm specifically trained on scientific literature. Intuitively, the model learns
which documents are related by observing patterns in citations and textual content, and it
places semantically similar documents closer together in the embedding space. Compared
to its predecessor SPECTER (Cohan et al., 2020), SPECTER2.0 (Singh et al., 2022) is
trained on a larger corpus from the Semantic Scholar (A12, 2024) database, which features
6 million document triplets spanning 23 fields of study.

At a technical level, SPECTER2.0 generates representative embeddings of scientific
documents from the titles and abstracts of papers. These document-level embeddings lever-
age multiple signals of inter-document relatability, including citations, co-authorship infor-
mation, and publisher metadata, ensuring that similar articles are positioned close to each
other in vector space. In other words, the model is trained to reflect similarity based on
citation and content patterns. SPECTER2.0 relies on a triplet margin loss function to opti-
mize the relative distance between documents. This helps ensure that semantically similar
documents are located closer together in the embedding space than dissimilar ones. The
triplet margin loss function is defined as:

L(P?,P*,P7) = max (0,d(P?, P*) — d(P?, P) + margin)
where:

P2 is the query or anchor paper (e.g. a thesis),

P7 is a positive paper (e.g. a related publication),

P~ is a negative paper (semantically dissimilar to the query),

d(x,y) represents the Euclidean norm distance between samples x and y,

margin is a hyperparameter that defines the minimum distance between positive and
negative pairs. The value is 1, based on preliminary experiments by Cohan et al. (2020).
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By minimizing this loss during training, the model learns to embed documents in such a
way that similar pairs are close and dissimilar pairs are farther apart. While this training
procedure is not re-estimated in this study, it ensures that the resulting embeddings provide
a meaningful measure of semantic proximity for downstream similarity analysis.
Measuring similarity to sustainability-oriented research
Following embedding generation, we compute cosine similarity between document vec-
tors, a standard measure of semantic similarity that captures the angle between two vec-
tors in the embedding space (Goémez & Vazquez, 2022). Higher cosine similarity values
indicate stronger thematic alignment between a thesis and sustainability-oriented research.
Rather than comparing individual theses to individual publications, we construct a sin-
gle reference embedding by aggregating the titles and abstracts of all sustainability-ori-
ented publications previously identified. Each thesis embedding is then compared to this
reference corpus. This approach avoids noisy one-to-one comparisons and captures the
overall semantic proximity of a thesis to the sustainability-oriented corpus, by discipline.
To identify theses that are unusually semantically similar to the sustainability-oriented
corpus, we treat the distribution of cosine similarity scores across all theses as an empirical
reference distribution. We compute z-scores for each thesis, measuring how many standard
deviations its similarity score lies from the mean. Using a two-tailed significance level of
0.05, we determine the critical z-value cutoff (~+1.96).?® Theses with z-scores exceeding
+1.96 are considered statistically significantly more similar to the sustainability-oriented
corpus than expected by chance. These theses are classified as exhibiting strong seman-
tic proximity to sustainability-oriented research. For analytical purposes, their authors are
treated as sustainability-oriented PhD researchers alongside those identified via publica-
tion-based matching. These cases are added to the final count of sustainability-oriented
PhD recipients.

Identifying green patents

The process of identifying green patents mirrors the processes described in Sect. “Identify-
ing sustainability-oriented theses”. However, instead of comparing the similarity of each
thesis title and abstract with the sustainability corpus using SPECTER2.0 embeddings,
we use all of the patent titles and abstracts that are matched with a PhD holder (see Sect.
“Identifying green patents”). Similar to before, we select patents whose similarity scores
fall within the upper 5% tail of the empirical reference distribution, corresponding to a
z-score above +1.96, indicating significant semantic alignment with the sustainability-ori-
ented corpus. This identifies patents with pronounced semantic similarity to sustainability-
oriented publications.

28 While theses below this cutoff may also engage with sustainability-oriented topics, the z-score thresh-
old provides a transparent and statistically grounded rule to identify theses that are unusually close to the
sustainability-oriented corpus relative to the full distribution. Alternative thresholds could be adopted in
more or less conservative classification schemes, depending on the research question and analytical context.
Substantively, the z > 1.96 cutoff approach identifies the ~ 2.5% of documents whose semantic content is
most strongly oriented toward the sustainability reference corpus relative to all other theses in the same dis-
cipline. The threshold is therefore a relative one, and the measure is inherently comparative and sensitive to
the composition of the reference corpus and the underlying population. Appendix F shows that our regres-
sion results are robust to alternative thresholds (1 and 10%).
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Table 2 summarizes, for each field, the total number of PhD graduates and the subset
classified as sustainability-oriented on the basis of their publications, theses, and patents,
using the previously described SPECTER-based approach.

Comparing our patent classification approach to existing metrics

Although our methodology is based on an unsupervised approach and utilizes an embed-
ding model specifically trained on publication data, evaluating its performance remains
essential. A key challenge, however, is the absence of a gold standard dataset that reliably
classifies theses and patents as sustainability-oriented. Sustainability is inherently com-
plex and difficult to categorize in binary terms, particularly in technical documents where
expert judgment is required. Given its broad scope and the need for specialized expertise,
constructing such a dataset is beyond our current capabilities.

Recognizing these challenges, to evaluate the success of our approach, we compare
our classification with established sustainability classification schemes such as the Green
Inventory of the International Patent Classification (IPC) by the World Intellectual Property
Organization (WIPO), and the Y02/Y04 classification scheme developed by the European
Patent Office (EPO), which specifically aims to identify technologies that mitigate climate
change (Favot et al., 2023). Each measure has strengths and limitations, as results of pat-
ent analyses may critically depend on the specific measure employed (Bruns & Kalthaus,
2020). Our proposed method positions itself as a complement to the existing green patent
identification techniques and may thus help enhance the robustness of patent analyses.

Figure 3 compares the overlap between SPECTER2.0 and the two established rule-
based classification schemes for both PhD-invented patents and patents citing PhDs. The
figure shows that none of the three approaches fully subsumes the others and that each
method identifies a substantial number of patents not captured by the alternative classifica-
tions. These differences reflect the distinct principles on which the classification schemes
are built. Y02/Y04 and the IPC Green Inventory rely on expert-defined, rule-based taxono-
mies, though they differ in scope and emphasis. Y02/Y04 focuses on a relatively specific
set of climate-mitigation technologies as defined by the European Patent Office, whereas
the IPC Green Inventory aggregates a broader range of IPC classes identified by WIPO as
environmentally relevant. Conceptually, one might expect Y02/Y04 to be largely a subset
of the IPC Green Inventory given its narrower focus, yet in practice this is not the case,
reflecting inconsistencies between the inclusion criteria used by the two classification sys-
tems. SPECTER?2.0, by contrast, identifies patents based on semantic similarity between
patent texts and sustainability-oriented scientific publications. As a result, it captures pat-
ents whose textual content is closely related to sustainability research. At the same time,
although we benchmark our approach against two established expert-based patent classifi-
cation systems, we do not provide the formal gold standard hand-coded validation sample
for our specific set of parents. Therefore, it cannot be conclusively determined whether
all additional patents identified by the semantic approach represent substantively sustaina-
bility-oriented inventions, or whether some reflect more peripheral or ambiguous connec-
tions. To address this limitation, we conduct an exploratory analysis to further assess the
plausibility of the semantic identification strategy. Specifically, we base our SPECTER2.0
classifications on a similarity threshold corresponding to the 95th percentile of similarity
to the sustainability corpus. We compare patents above this threshold with those in the
lowest 5% of similarity scores, examining differences in the most frequently occurring
terms in titles across our two fields (see Figs. 5-8 and Table 12 in Appendix E.). We argue
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Table 2 Breakdown of identified

Physics EECS
sustainability-oriented PhDs, by ysies

discipline Total number of PhDs 29053 14,992
Identified as sustainable author 780 702

Via Publication Data 302 600

Via SPECTER2.0 478 102

Identified as green inventor 161 187

Identified as being cited by green invention 3710 2648

that the observed discrepancies in frequently used terms between patents in the 95th and
Sth percentiles are consistent with the notion that the SPECTER?2.0 classification predomi-
nantly captures patents that are more closely related to sustainability-oriented concepts.
While this evidence does not constitute definitive validation, it provides indicative support
for the plausibility of the semantic classification approach.

Analysis and findings

Building on the linkage framework introduced in Sect. “Data and methodology”, we assess
the extent to which PhD recipients are linked to sustainability-oriented inventive activity
through direct and indirect channels, as well as the characteristics of their PhD training
environments and research portfolios. As our methodology relies on multiple record-link-
age procedures with imperfect recall, the reported figures should be interpreted as lower
bound estimates of the overall contribution of PhDs to sustainability-oriented innovation.

Tables 3 and 4 present the patent-level findings on PhD recipients’ contributions to
inventive activity, directly via their own patents and indirectly via patent citations to their
publications, respectively. Alongside our text-based sustainability assessment, we report
results based on the two alternative sustainability-relevance metrics, IPC Green Inventory
and Y02/Y04, introduced in Sect. “Comparing our patent classification approach to exist-
ing metrics”.?’ The first finding is that indirect contributions via patent citations are about
four times more common than direct inventorship: while around 2100 PhDs in each field
appear as inventors (corresponding to roughly 10% of physics PhDs and 20% of EECS
PhDs), more than 8000 physics PhDs (36%) and over 5000 EECS PhDs (51%) are cited
in patents. On a per-capita basis, physics PhDs are associated with an average of 1.6 pat-
ent citations, compared to 4.5 for EECS PhDs, which is consistent with stronger spillover
effects in more applied fields.

Moreover, in both channels, sustainability-oriented patents comprise a noteworthy share
of inventive activity linked to PhD research, though the composition and magnitude of
this share varies across classification approaches. In both physics and EECS, rule-based
schemes (Y02/Y04 and IPC Green Inventory) identify larger absolute numbers of green
patents than the SPECTER2.0-based measure, both among citing patents and among pat-
ents invented by PhD recipients. At the same time, the semantic approach consistently
flags a distinct subset of patents that are not captured by expert-based classifications. This

29" All patent counts reflect unique simple patent families.
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PhD Invented Patents Patents Citing PhDs

Y02/Y04S SPECTER2.0 Y02/Y04S SPECTER2.0

50
(1.0%)

2546
(50.0%)

5827
(41.3%)

IPC Green Inventory IPC Green Inventory

Fig.3 Greenness classification of patents using SPECTER?2.0 vs. other classification

pattern is evident both in patent citations to PhD publications and in PhD-invented patents,
where each classifier highlights partially overlapping but non-identical sets of sustainabil-
ity-oriented inventions (see Fig. 3 in Sect. “Comparing our patent classification approach
to existing metrics” for a visualization of this pattern). Among all PhDs, between 0.8 and
5.8% hold at least one green patent depending on the classification scheme used, high-
lighting the sensitivity of descriptive conclusions to how sustainability is operationalized.
Taken together, these results suggest that PhD-trained researchers appear more prominently
connected to green innovation through the spillovers of their scientific work than through
their own patents, while also highlighting the importance of using multiple, complemen-
tary classification strategies to avoid overlooking sustainability-relevant inventive activity
that falls outside established expert-based taxonomies.

We next examine descriptive associations between PhDs’ direct and indirect contribu-
tions to green invention using regression models. The key explanatory variables in these
models indicate whether a scholar engaged in sustainability-oriented research during the
PhD period (Sus. PhD) and in the post-PhD period (Sus. Post PhD).* In addition, we
include an indicator for whether a PhD had at least one publication with an industry affili-
ation prior to PhD completion (Ind. Affil. pre PhD), capturing early exposure to industry-
linked research environments. Our baseline specification includes a field dummy coded
1 for PhDs in electrical engineering and computer science (EECS) and O for physics. To
account for institutional differences within the German higher education landscape, we add

3 We consider a PhD to engage in sustainability-oriented research during their PhD if they either have a
thesis which was classified by SPECTER2.0 as sustainability-oriented (see Sect. “Identifying sustainability-
oriented theses”) or if they publish sustainability-oriented publications (see Sect. “Identifying sustainabil-
ity-oriented publications and building reference corpora”) during their PhD or within 3 years after having
completed their PhD. Likewise, a PhD is considered to be engaging in sustainability-oriented research after
their PhD if they publish a sustainability-oriented publication more than 3 years after their PhD completion.
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Table 3 Patent citations of PhD publications

Physics EECS Physics EECS
Absolute No. Per PhD
Citing patents 36,095 48,186 1.609 4.531
Of those SPECTER Green 991 1668 0.044 0.157
Of those Y02/Y04 4552 2651 0.203 0.249
Of those Green Inv 3020 4292 0.135 0.404
Absolute No. Share of PhDs
Cited PhDs 8006 5396 0.357 0.507
Cited by SPECTER Green Patent 1001 1017 0.045 0.096
Cited by Y02/Y04 Patent 2056 1193 0.092 0.112
Cted by Green Inv. Patent 1765 1868 0.079 0.176
Table 4 PhD invented Patents
Physics EECS Physics EECS
Absolute No. Per PhD
Patents 9535 13,064 0.425 1.228
Of those SPECTER Green 257 431 0.011 0.041
Of those Y02/Y04 1025 1171 0.046 0.110
Of those Green Inv 1963 1795 0.087 0.169
Absolute No. Share of PhDs
Patenting PhDs 2152 2195 0.096 0.206
With a SPECTER Green Patent 169 165 0.008 0.016
wWth a Y02/Y04 Patent 394 413 0.018 0.039
With Green Inv. Patent 664 612 0.030 0.058

dummy variables for membership in the TU9 (Germany’s long-established technical uni-
versities with a strong engineering focus) and the U15 group (research-intensive compre-
hensive universities that host medical schools). Depending on the specification, we also
control for a scholar’s cumulative publication output (Log. No. of Publ.),?! direct inventive
output (No. of Patents), and the volume of knowledge spillovers their publications gener-
ate for patents (No. of citing Patents). In all models we include fixed effects for the PhD-
completion year to capture time trends and account for the shorter citation and patenting
windows available to more recent cohorts. Table 5 presents summary descriptive statistics
for all variables used across the regression specifications, based on the full non-subsetted
dataset.

In the first set of regressions, reported in Table 6, we focus on the indirect contribu-
tion of PhDs to inventive activity, exploring factors associated with the likelihood that
PhDs’ publications are cited by patents. We begin by investigating how engagement with

31 We log-transformed the number of publications due to its highly skewed distribution, as some PhDs have
an exceptionally high number of publications exceeding 1000.
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sustainability-oriented research during and after a PhD is associated with the general trans-
ferability of PhDs’ research to an inventive context (Column 1 and 2). Columns 3-8 nar-
row the analysis to PhDs’ whose publications are cited at least once and test whether those
citations originate from green patents. To ensure robustness, we apply all three alterna-
tive greenness classifications; for the SPECTER-based classification, we provide further
robustness checks by rerunning the regression models utilizing different threshold levels (1
and 10%) in Appendix Section F.*2 Across all specifications, we first focus on sustainabil-
ity engagement during the PhD period alone (Columns 1, 3, 5, 7), since this stage is central
to shaping a researcher’s long-term focus in terms of both methods and topics. We then add
an indicator for post-PhD sustainability engagement, but only for cohorts with sufficient
observation time after graduation; this necessitates a reduced sample in Columns 2, 4, 6,
8. This stepwise approach allows us to distinguish patterns associated with PhD work from
subsequent career developments while maintaining comparability across alternative meas-
ures of green invention.

The findings suggest that engagement in sustainability-oriented research during the PhD
is negatively associated with the odds of a graduate’s work being cited by patents overall
(Columns 1-2), but is positively associated with the odds of being cited by a sustainability-
oriented patent among those with at least one citation (Columns 3-8). The estimated coef-
ficients are sizable and consistently significant at the 1% level. Engagement with sustain-
ability-oriented research after the PhD is not associated with the likelihood of being cited
by a patent (Column 2) at a statistically significant level, but increases the odds of being
cited by a sustainability-oriented patent among those PhDs whose work is cited in a patent
(Column 4, 6, 8), with a statistical significance of at least 5% across all specifications. Con-
ditional on controlling for other factors, gender does not appear to have a statistically dis-
cernible association with the likelihood of a PhD’s research being cited by patents. EECS
PhDs are more likely than physics PhDs to have their research cited by patents, reflecting
the more applied focus of the field. However, among those with patent citations, field dif-
ferences vary with the classification scheme: the EECS field either has a statistically nega-
tive (Y02/YO4), or positive relationship (Specter Green & Green Inv.) on being cited by
a sustainability-oriented patent. One might be tempted to attribute these patterns to the
relevance of specific underlying technologies, with physics research playing a greater role
in climate change mitigation technologies, while EECS research contributes more broadly
to general environmental technologies. However, results differ across both outcomes (see
Tables 6 vs. 7). PhDs who had at least one industry-affiliated publication prior to complet-
ing their degree are more likely to be cited by a patent, highlighting the role of early expo-
sure to industry-linked research. However for those PhDs who get cited having a indus-
try-affiliated publication prior to completing their degree does not predict having a green
sustainability-oriented patent citation.

In Table 7 we investigate how PhDs’ involvement with sustainability-oriented research
during and after their PhD is associated with their likelihood of patenting (Columns 1 & 2).
We then restrict our analysis to the PhDs who patent and investigate how a PhD’s involve-
ment with sustainability-oriented research during and after their PhD is associated with the
likelihood of having a sustainability-oriented patent (Column 3-8). As in Table 6, we esti-
mate specifications that include only the indicator for sustainability engagement during the

2 Among the regression models with different threshold levels, our variables of interest remain robust,
while the other control variables remain mostly stable.
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Table 5 Descriptive statistics (N

= 32.043) Variable Mean SD Min Max

Has Citing Patent 0.405 0491 0 1.000
Has Citing Specter Green Patent  0.061 0239 0 1.000
Has Citing Y02/Y04 Patent 0.098 0297 0 1.000
Has Citing Green Inv. Patent 0.110 0312 0 1.000
Has Patent 0.131 0337 0 1.000
Has Specter Green Patent 0.010 0.099 0 1.000
Has Y02/Y04 Patent 0.024 0.153 0 1.000
Has Green Inv. Patent 0.038 0.191 0 1.000
Sus. PhD 0.038 0.191 0 1.000
Sus. Post PhD 0.009 0.095 0 1.000
Gender 0.841 0.366 0 1.000
EECS 0.324 0.468 0 1.000
Log No. of Publ 2.456 1.311 0 7.434
No. of Patents 0.750 5.029 0 495.000
Ind. Affil. pre PhD 0.058 0235 0 1.000
TU9 0.302 0459 0 1.000
German U15 0.318 0.466 0 1.000
PhD completion year 2010.844 6.386 2000 2021.000

PhD (Columns 1, 3, 5, 7), as well as specifications that also include the indicator denoting
post-PhD sustainability-oriented research (Columns 2, 4, 6, 8).

The estimates do not suggest that involvement in sustainability-related research during
the PhD is associated with the likelihood of holding a patent (Columns 1-2). However,
among PhDs who do have a patent, a sustainability orientation in research significantly
increases the probability that at least one of their patents is sustainability-oriented (Col-
umns 3-8); the corresponding coefficients are all statistically significant at the 1% level.
Sustainability-oriented research after the PhD predicts both the likelihood of having a pat-
ent (Column 2) and the likelihood of having a sustainability-oriented patent among pat-
ent holders (Column 4, 6, 8) with a statistical significance of 1%. Gender also predicts
patenting activity: male PhDs are more likely to hold a patent (Columns 1-2), with coef-
ficients significant at the 1% level. These findings are based on regressions controlling for
academic productivity differences. However, gender is not significantly associated with the
likelihood of holding a sustainability-oriented patent among those with patents (Columns
3-8), controlling for the overall number of patents. EECS PhDs are more likely than phys-
ics PhDs to hold a patent, again reflecting the more applied orientation of the field. Simi-
larly, PhDs who had at least one industry-affiliated publication prior to completing their
degree are more likely to hold a patent, reinforcing the role of early exposure to industry-
linked research. Among those who do hold patents, however, prior industry affiliation does
not increase the likelihood of having a sustainability-oriented patent. The statistically sig-
nificant and positive relationship between the number of publications and the likelihood
of having a patent should be interpreted in light of our patent-matching methodology, as it
relies on identifying overlaps between publication and patent information (see Sect. “Iden-
tifying PhDs’ contribution to inventions™).
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Conclusions

This study examined how PhD recipients contribute to sustainability-oriented innovation
and which individual and organizational factors are associated with these contributions by
using data on two decades of PhD graduates in physics and EECS from German universi-
ties. Our paper addressed three research questions: (1) How can text-based methods be
used to identify research outputs relevant for environmental sustainability? (2) To what
extent, and in what ways, do PhD recipients contribute to green inventive activities? (3)
Which characteristics of PhD training and scholarly output are associated with direct and
indirect contributions to green innovation?

Methodologically, our contribution lies primarily in the large-scale record-linkage pro-
cedures that connect PhD theses, publications, and patents across heterogeneous databases.
While this approach inevitably entails some uncertainty, especially in cases of incomplete
metadata, the combination of high-quality identifiers with machine-learning-based disam-
biguation techniques provides a consistent framework for tracing PhD contributions across
academic and inventive domains. Building on these linkages, we use SPECTER2.0 seman-
tic embeddings to identify sustainability-oriented research and green inventions. Rather
than uniformly expanding the set of green inventions, the embedding-based approach
applies a content-driven classification that partially overlaps with, but does not fully
coincide with, Y02/Y04 classes or the IPC Green Inventory. These patterns suggest that
semantic embeddings offer a complementary perspective on sustainability-oriented inven-
tive activity, consistent with recent bibliometric work employing transformer-based rep-
resentations (Beltagy et al., 2019). We do not propose the embedding-based measure as a
replacement for expert-curated classifications, which carry the legitimacy of domain exper-
tise and codified rules. Rather, the value of the semantic approach lies in providing a flex-
ible, complementary tool that seems to flag sustainability-oriented inventive activity falling
outside established taxonomies. Our study contributes to ongoing methodological debates
on the use of semantic embeddings for large-scale classification and the development of
science—technology linkage procedures, while providing a basis for further methodological
refinement.

PhD graduates contribute to green inventive activities both directly through patenting
and indirectly through producing knowledge that informs innovation through various path-
ways in innovation systems, often associated with knowledge spillovers(Breschi & Lissoni,
2001). As indicated by patents citing PhD graduates’ scholarly work, indirect contributions
clearly dominate. While roughly 10% of physics PhDs and 20% of EECS PhDs appear as
inventors, more than one-third of physics PhDs and one-half of EECS PhDs are cited in
patents. On average, physics PhDs are linked to 1.6 patent citations and EECS PhDs to
4.5, a pattern consistent with stronger spillover effects in more applied fields and with the
broader literature emphasizing the role of academic science as an upstream input to innova-
tion (Jaffe, 1989; Mansfield, 1995). Moreover, in both channels, a substantial share of all
patents is sustainability-oriented, though the extent and composition of this share strongly
depends on the classification approach employed. A small share of citing patents—around
3% in physics and 3.5% in EECS—-are classified as green under the SPECTER2.0 measure,
and only a small fraction of patenting PhDs hold at least one SPECTER2.0-classified green
patent. These findings underscore the dual role of PhD research as both a source of inven-
tions, and even more strongly, as a source for knowledge linked to further inventive activity
in green technologies (Perkmann et al., 2013).
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With respect to the characteristics of PhD training and scholarly output, our findings
suggest that sustainability engagement during the PhD does not increase the overall likeli-
hood of contributing to patents, but is associated with a different direction of knowledge
transfer. While a focus on sustainability-oriented topics during the PhD program is nega-
tively associated with the probability of receiving patent citations in our analysis, it is posi-
tively associated with the likelihood that the citing patents are sustainability-oriented. On
the inventive side, sustainability-oriented PhD research is not significantly associated with
the likelihood of patenting in general; however, among those who patent, sustainability-ori-
ented PhD research is positively associated with patenting in green technologies. Post-PhD
engagement is associated with a similar pattern. Other factors, such as field differences,
gender, industry-affiliated research, and institutional environment, are associated with the
volume of inventive activity, but the sustainability focus of PhD research appears relevant
for whether observed contributions are aligned with green innovation. The positive asso-
ciation between prior industry-affiliated publications and subsequent patenting is consistent
with the view that early exposure to applied research environments shapes PhDs’ capacity
to act as boundary spanners between academic and industrial knowledge bases (Buenstorf
& Heinisch, 2020; Plantec et al., 2023). This reinforces the role of doctoral training not
only as a means towards an academic credential, but also as a structural element of innova-
tion systems.

Our results highlight PhD research as a key channel through which academic sustain-
ability research is connected to practical applications. Encouraging PhD students to engage
with sustainability issues in their research, and supporting them through mentoring, topic
selection, and collaboration opportunities with industry and applied research groups, may
be associated with greater sustainability-oriented knowledge transfer, although our descrip-
tive design does not allow causal conclusions on this point. Our findings moreover indi-
cate that the observed spillovers of sustainability-oriented PhD research are noteworthy:
while only 0.8-5.8% of PhDs in our sample hold at least one green patent (depending on
the classification scheme), between 4.5 and 17.6% are cited in at least one green patent.
Exclusively focusing on PhDs’ direct transfer activities, e.g., through patents, misses an
important part of the overall role PhDs appear to play in these observed knowledge flows.
Accordingly, conventional indicator systems of transfer outcomes may need to be expanded
in order to provide a full account. At the same time, university managers and policymakers
will often be interested in transfer activities that entail benefits to the respective institution
or jurisdiction. Citations that sustainability-oriented research receives from the "outside"
may inform them about under-utilized "inside" transfer potential. Our results, in addition,
highlight that university managers and policymakers seeking to maximize the sustainabil-
ity impact of research need to differentiate the rate of transfer activities from their direc-
tion. As shown by the above findings on patent citations to PhD research, a reduced overall
citation rate of sustainability-focused research may be compensated by an increased cita-
tion rate in green patents. Finally, the differences between the various types of universities
in our sample suggest that institutional environments matter. Targeted support in patent-
prone fields, as well as organizational cultures that value sustainability-oriented research,
may be associated with stronger links between fundamental research and technologies. In
this sense, universities and policymakers have scope to change the conditions under which
PhD research is more closely aligned with climate and environmental objectives.

This study sheds new light on how sustainability-oriented PhDs contribute to technology
transfer, but several limitations remain. First, our sustainability classification relies on doc-
ument-level embeddings constructed from titles and abstracts rather than full texts, which
may miss additional nuances or hidden sustainability links. Moreover, the identification of
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sustainability-oriented research through semantic similarity depends on the composition of
the reference corpus as well as threshold choices and embedding aggregation strategies. In
addition, the performance of SPECTER2.0 embeddings may vary across disciplines, pub-
lication types, and time periods due to differences in language use and training data. While
we assess robustness by comparing our classification to existing schemes (IPC and Y02/
YO04) and by examining the frequency of sustainability-related terms (see Sect. “Compar-
ing our patent classification approach to existing metrics” and Appendix E), we are unable
to directly benchmark its performance. The absence of a gold-standard annotation-based
validation sample remains a key limitation of this approach; however, it would require
domain-specific expertise across a wide range of technical fields that lies beyond the scope
of this study. Second, our findings should be interpreted as lower-bound estimates of the
contribution of PhDs to sustainability-oriented innovation and technology transfer. The
analysis relies on multiple matching and linkage procedures across theses, publications,
patents, and citations, each of which is characterized by imperfect recall. As a result, some
relevant linkages are likely to remain undetected, implying that the observed contribution
of PhDs may understate their true role. Third, the scope of the paper is restricted in several
ways. Our study focuses on German PhDs in physics and electrical engineering and com-
puter science (EECS), and our patent sample is limited to inventors and applicants based
in the DACH (Germany, Austria, and Switzerland) region. While Germany provides a par-
ticularly informative case given the strong movement of doctoral graduates into private-
sector R&D (Eurostat, 2024), extending the framework to other countries, disciplines, and
research systems would provide valuable evidence on the broader generalizability of the
findings. Finally, we observe PhD inventiveness only when publication and patent records
overlap, leaving out individuals who neither patented nor published during their PhD stud-
ies and later patented in areas disconnected from their earlier academic work. Addressing
these limitations in future research would further refine the methodology and provide a
more comprehensive understanding of how PhDs contribute to the transfer of sustainabil-
ity-oriented knowledge and technologies from universities.

Appendices
A: Classification of thesis subjects

To address potential inconsistencies in the DNB’s subject classifications, we utilize data
extracted from the cover pages of thesis PDFs, including degree titles, faculty and depart-
ment names, and keywords, to refine the classifications.®? For instance, when a thesis is
classified in DDC under multiple focus fields (e.g., physics and electrical engineering), we
use additional collected information to determine its primary classification. If the cover
page indicates that the awarded degree is Dr.-Ing. (granted to engineers in Germany), the
thesis is categorized under engineering. Conversely, if the degree is Dr. rer. nat. (awarded
in the natural sciences), it is classified under physics. See Fig. 4 for further details.

3 The DNB catalog is organized using the Dewey Decimal Classification (DDC) subject categories.
Between 2003 and 2004, the library altered these categories, which resulted in inconsistencies in some the-
sis classifications that potentially affect our fields of interest.
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D: List of search terms

See Tables 10 and 11.

Table 10 List of keywords,
EECS

Table 11 List of keywords,
physics

@ Springer

Trigram Bigram Word
Closed-loop supply chain  Energy efficien*® Sustainab*
Life cycle assessment Climate change Renewable

Green supply chain

Carbon dioxide emission*

Climate impact Energy-aware
Environmental impact
Environmental damage
Green energy

Green software

Wave energy

Wind energy

Wind power

Solar energy

Geothermal energy
Greenhouse gas

Emission reduction
Carbon footprint
Evironmental remediation

Trigram Bigram Word
Carbon dioxide emission ~ Climate change Sustainab*
Sea surface temperature Global warming Renewable
Sea ice loss Ocean warming Greenhouse

Sea level rise

Life cycle assessment

Climate sensitivity

CO, emission*

Climate extremes
Temperature variability
Environmentally friendly
Environmentally benign
Environmental impact
Green energy

Carbon footprint
Greenhouse gas

Energy efficien*
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E: Top and bottom 5% of patent title distribution

The following Figs. 5, 6, 7, and 8 show which words are relatively more common in patent
titles from the bottom 5% vs the top 5% similarity score distributions (by field), using a
log-odds style ratio. Table 12 show a random selection of patent titles from the bottom 5%
vs the top 5% similarity score distributions (by field).
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Fig.5 EECS: Terms more common in top 5% vs bottom 5%
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Fig.6 EECS: Terms more common in bottom 5% vs top 5%
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F: Alternative thresholds for SPECTER based classification

See Tables 13 and 14.

Table 13 Specter Threshold Robustness: Likelihood of Publishing PhDs being Cited by Patents

Dependent variable

Specter 95th (Baseline) Specter 90th Specter 99th
@ @ 3 (C) ) (6)
Sus. PhD 1.613%%* 1.528%#%* 1.675%%* 1.593 %% 2.126%** 1.993 %%
(0.110) (0.124) (0.106) (0.118) (0.131) (0.144)
Sus. Post PhD 1.178%** 1.124%%* 1.137%%*
0.167) (0.167) (0.202)
Gender 0.054 0.021 —0.035 —0.073 0.169 0.114
(0.082) (0.085) (0.067) (0.070) (0.149) (0.151)
EECS 0.422%%* 0.404%** 0.258%** 0.245%** 1.090%** 0.9927%**
(0.059) (0.060) (0.050) (0.052) (0.101) (0.103)
No. of patents 0.008 0.007 0.008 0.008 0.006 0.006
(0.006) (0.006) (0.006) (0.006) (0.004) (0.004)
No. of citing patents ~ 0.024*** 0.024%#%%* 0.040%** 0.040%%** 0.001 0.001
(0.002) (0.002) (0.003) (0.003) (0.001) (0.001)
Log no. of Publ 0.196%** 0.173%%* 0.198%** 0.179%** 0.346%** 0.307%***
(0.022) (0.023) 0.019) (0.020) (0.037) (0.037)
Pre PhD Ind. Affil 0.027 0.073 0.010 0.023 0.110 0.157
(0.094) (0.097) (0.083) (0.087) (0.134) (0.137)
TU9 0.136%* 0.140* 0.057 0.042 0.218%* 0.195
(0.060) (0.062) (0.051) (0.053) (0.097) (0.100)
German U15 0.014 0.025 0.069 0.055 0.074 0.078
(0.068) (0.070) (0.057) (0.058) (0.124) (0.125)
Constant —2.770%%%  — 2,687 —2.190%kk 2 109%**  — 5021%** —482]%H*
(0.142) (0.144) (0.123) (0.125) (0.268) (0.265)
Year fixed effects Yes Yes Yes Yes Yes Yes
Pseudo R? 0.109 0.115 0.123 0.128 0.114 0.113
Observations 12,961 11,968 12,961 11,968 12,961 11,968

Note:*p<0.05; ##p<0.01; ##%p<0.001
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Table 14 Specter Threshold Robustness: Likelihood of Publishing PhDs Inventing Patents

Dependent variable:

Specter 95th (Baseline) Specter 90th Specter 99th
1) @) (3) C)) (5) (6)
Sus. PhD 1.774%%% 1.722%%%* 0.931%%%* 0.958%** 1.471%%* 1.423%%%
(0.200) (0.216) (0.173) (0.191) (0.227) (0.243)
Sus. Post PhD 0.788%#* 0.612%%* 0.786%**
(0.298) (0.224) (0.283)
Gender 0.361 0.349 0.071 0.041 0.189 0.206
(0.280) (0.286) (0.162) (0.166) (0.315) (0.321)
EECS 0.031 —0.030 0.7007%** 0.667%#* 1.063 % 1.014%#%*
(0.136) (0.139) (0.088) (0.089) (0.163) (0.165)
No. of Patents 0.037##* 0.0387%** 0.006 0.006 0.002 0.002
(0.006) (0.006) (0.006) (0.006) (0.003) (0.003)
Log No. of Publ 0.087 0.048 0.866%%** 0.846%** 0.758%** 0.705%%*%*
(0.052) (0.055) (0.041) (0.042) (0.067) (0.068)
Pre PhD Ind. Affil - 0.144 -0.116 0.231* 0.237* 0.318 0.331
(0.170) (0.174) (0.104) (0.107) (0.169) (0.172)
TU9 - 0.256 —0.244 -0.114 —0.137 —0.134 -0.173
(0.143) (0.147) (0.087) (0.089) (0.153) (0.158)
German U15 0.152 0.145 0.185 0.169 —0.066 —0.030
(0.164) (0.168) (0.104) (0.105) (0.202) (0.205)
Constant —3.253%k% 3 127*¥*%  —4.076%FF - 3.970%F*F  —6218%**F  — 6.054%**
(0.390) (0.394) (0.254) (0.258) 0.471) 0.471)
Year fixed effects Yes Yes Yes Yes Yes Yes
Pseudo R? 0.089 0.091 0.159 0.157 0.15 0.151
Observations 4,241 3,961 4,241 3,961 4,241 3,961

Note: ¥p<0.05; **p<0.01; **¥p<0.001
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