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Abstract
Document bibliographic coupling analysis was applied to a dataset of 23,953 journal papers in order to provide an overview of the topics that were present in the academic literature on organic solar cells (OSCs) and perovskite solar cells (PvSCs) during the period of 2008 to 2017. Ten yearly networks were constructed by linking documents based on their shared references, and clusters of closely connected papers were identified as the representations of topics in OSC and PvSC research. Next, 1,437 document titles were read in order to label the 80 most relevant clusters, together containing 11,352 papers. The resulting cluster labels show that research focused on bulk heterojunction polymer/fullerene solar cells in the beginning of the studied period, that OSC material development topics became more important in the middle of the decade, and that continued efforts to improve power conversion efficiencies spurred the rise of new concepts like PvSCs, fullerene-free OSCs, and ternary OSCs in the later years. While traditional literature reviews are valuable for in-depth reviews of specific topics, bibliometric reviews based on document bibliographic coupling are better suited for broad research synthesis. By leveraging the relationships present within the body of literature, they can objectively present the topic structure of large research domains.
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1. Introduction
[bookmark: _GoBack]Organic photovoltaics (OPV) is a technology that employs polymer or small molecule type organic semiconductors to convert sunlight into electrical energy [1]. After the first report of an OPV device in 1958 and the achievement of a power conversion efficiency of 1% in 1986 [1], OPV research gained traction in the 1990s and boomed in the second half of the 2000s (figure 1a). According to Web of Science (WoS) records, nearly 20,000 articles on OPV had been published by 2017 – 92% of which was published during the last decade (2008-2017). This extensive research attention for OPV originated from its  potential to be flexible, solution coatable, low cost (low energy pay back times), low weight, semi-transparent, and easily integrateable into different applications, allowing for ample commercialization routes to be conceived [2]. Despite these intensive research efforts, OPV technologies have not yet made their way into the photovoltaics market [3].
In order to achieve commercially viable OPV, research has been geared towards optimizing the efficiency-lifetime-cost triangle. Nowadays, record fullerene-free organic solar cells (OSCs) surpass the 15% efficiency hurdle [4-6], whereas 10% has previously been considered a milestone in the process towards commercialization. For recent publications on mechanisms that cause degradation and strategies to increase OSCs’ lifetime, we refer the reader to [7] for fullerene-based OSCs and [8] for fullerene-free OSCs. Lifetime issues have received less attention than efficiency and most OSCs reach the end of their lifetimes, defined as a selected percentage of the starting performance, during the initial ‘burn-in’ stage. Yet, lifetimes of over 15 years have been predicted based on extrapolation of indoor simulation in the absence of oxygen [9]. However, actual outdoor lifetimes cannot be easily predicted by linear extrapolation of test results that are generated under well‐controlled and well‐defined environmental conditions. While a number of successful long‐term outdoor lifetime testing platforms have been developed, a universal, cost‐efficient setup is still needed. Nevertheless, outdoor lifetimes of up to 10,000 hours have been reported [10]. Regarding the economic viability, typically bottom-up cost models are used to calculate metrics such as the levelized cost of electricity or the minimum selling price. Such analyses show that OPV can emerge as a competitive alternative to established power generation technologies if the remaining issues can be resolved (see for example [11]).
In recent years, attention has partially shifted to the promising class of perovskite solar cells (PvSCs), causing a small drop in the yearly publication rates of purely OPV-related articles from 2015 to 2017 (figure 1a, 1b). The increasing attention for PvSCs can be explained by the rapid improvements in performance that have been achieved and by the wide range of potential applications. In about a decade, PvSCs have surpassed the top efficiency of cadmium telluride and copper indium gallium selenide solar cells by delivering a power conversion efficiency of over 23% for small area cells. Moreover, just like OSCs, they can be produced via simple and inexpensive solution-processing techniques, which brings about the potential of becoming a low-cost alternative to the photovoltaic technologies that are commercially available at present. For a recent, general overview of the history, current status, and commercialization perspectives of halide perovskite solar cells, we refer the reader to [12]. This article summarizes the strategies that have been employed up till now and which have allowed to increase efficiency and intrinsic and external stability with a focus on the perovskite material and the hole transport materials and contacts. It concludes that (1) long-term stability, (2) becoming lead-free, and (3) upscaling production without severe efficiency loss and while maintaining reproducibility, are the main hurdles towards PvSCs commercialization. A recent top-performing cell geared towards tackling obstacles 1 and 3 can be found in [13]. Analogous to OPV, economic feasibility studies provide guidance with respect to the required efficiency and lifetime in order to become competitive given a certain production route [14-16].
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Figure 1: Yearly publication rates of (a) OPV- and (b) PvSC-related journal articles (WoS Core Collection records)
As the amount of publications on organic and perovskite solar cells skyrocketed, large numbers of review papers were published in order to keep track of progress: WoS records show that 964 reviews had been published by 2017, of which 252 in 2017 alone. Most of these papers are traditional literature reviews, written by experts aiming to assess the state-of-the-art regarding a specific topic based on a selection of relevant publications. Such reviews go in-depth, but are time-consuming to produce, limited in scope, and sensitive to researcher bias. However, other types of reviews aim to summarize the literature from a broader perspective. Nakagawa et al. [17] differentiate between two types of broad synthesis: systematic mapping and bibliometric mapping. Systematic mapping deals with tens or hundreds of papers and relies on manual coding to catalog the attributes of the investigated publications, thus shedding light on which scientific approaches are being used to study specific research topics. Bibliometric mapping, on the other hand, typically uses data on hundreds or thousands of papers in order to describe the structure of the scientific literature. In that respect, bibliometric methods provide an objective and quick way to review the literature while maintaining the broadest scope possible.
Bibliometrics comprises multiple quantitative methods that can be used to answer a variety of research questions [18], but has been applied to photovoltaics research only a limited number of times. Dong, Xu, Luo, Cai and Gao [19] used bibliometric statistics to characterize the PV research domain in the period of 1991 to 2010, and investigated, among others, the publication distribution by countries, subject categories, and journals. They also evaluated the evolution of frequently used title words and keywords, finding that dye-sensitized solar cells (DSSCs) and OSCs had become a hot topic by 2010. Cho, Kim, Lee, Lee and Park [20] conducted a bibliometric network analysis on PV-related papers in the Science Citation Index of WoS for the period of 2009 to 2012 and reached a similar conclusion. Additionally, they investigated collaboration networks on the levels of countries and organizations. Sampaio et al. [21] calculated bibliometric statistics based on 22,682 patents on PV technologies published between 2004 and 2013, finding that OSCs are the most prominently represented technology type. More recently, Moro, Boelman, Joanny and Garcia [22] used PV research to test a new horizon scanning tool, which uses text-mining to extract the most relevant keywords in a research domain. They found that DSSCs and OSCs reside in the more mature part of the spectrum of emerging PV technologies.
Focusing on OPV research, Choe et al. [23, 24] have conducted bibliometric network analyses on patent data to investigate the knowledge flows between organizations, countries, and technology fields. In 2014, Prathap [25] published a methodology paper on a new bibliometric indicator for research evaluation, using the OPV research domain as a case study and ranking journals, authors, organizations, and countries. Lastly, Xiao, Li, Sun and Zhang [26] used CiteSpace software to conduct various bibliometric network analyses in order to investigate the knowledge domain of and emerging trends in OPV research between 2006 and 2017. However, the bibliometric network analysis method that is best suited to investigate the topic structure in recent academic literature – document bibliographic coupling analysis – is missing from their study. Section 2.1 contains a discussion of the reasons why document bibliographic coupling analysis is preferred over keyword co-occurrence analysis and document co-citation analysis.
This study uses bibliographic coupling analysis to provide an overview of the topics that were present in academic OPV and PvSC literature during the period of 2008 to 2017 and assesses the evolution of these topics throughout the studied period. We opted to explicitly include PvSCs in the analysis in order to investigate how research on this class of solar cells relates to and influences OPV research.
Given the vast amount of OPV and PvSC research published during the past ten years, a bibliometric review of the literature is a valuable complement to the existing traditional literature reviews, offering insight in the full structure of the research domain based on the relationships present within the body of literature. Conducting a bibliographic coupling analysis is like taking a snapshot of the academic OPV and PvSC literature that has been published, establishing a point of reference while research continues in search of commercially viable OPV applications. It offers an objective representation of the contents of the domain, which is especially useful to junior researchers who are just now getting started on OPV- or PvSC-related research and are confronted with a history spanning thousands of journal articles and hundreds of reviews.
The remainder of this paper is divided into four sections. In section 2, some background on bibliometrics (and more specifically bibliometric network analysis) is provided, as well as a description of the workflow that was adopted to conduct the analysis. The results of the bibliometric literature review are presented in section 3, followed by a discussion of the results in section 4. Finally, section 5 contains the conclusions of this study.
2. Method: Bibliometric network analysis
Bibliometric techniques comprehensively take into account the extensive literature of a research field [27] and provide an objective way to describe, classify, and monitor published research (Zupic & Čater, 2013, in [27]). The output and purpose of various bibliometric techniques differ [27]. Three groups of techniques can be identified: bibliometric indicators (e.g. Waltman [28]), bibliometric statistics (e.g. Dong et al. [19]), and bibliometric network analysis (e.g. Zupic & Čater [18]).
Bibliometric network analysis (BNA) – regularly referred to as science mapping [18, 29] – is the branch of bibliometrics that is most suited for conducting a literature review, as it elicits the links that exist between various kinds of research elements, such as documents, journals, authors, organizations, countries, and even title words or keywords, and allows to evaluate individual elements in relation to the others in the network. Depending on the specific method that is chosen, BNA can be used to track information flows and identify influential research elements, link similar research elements and make thematic maps of the research domain, or outline the collaboration ties within the research community. For an overview of the range of possibilities BNA has to offer and a suggested workflow, we refer to Zupic and Čater [18].
Bibliometric networks can be analyzed both visually and statistically. The visual representation of a bibliometric network is called a science map. Morris and Van der Veer Martens [30, p. 215] define a map as “a representation of the structure and interconnection of known elements of a system”, which can be a verbal description, a mental map, or a visualization in the form of a diagram. According to Cobo et al. [29, p. 1382] science mapping “aims to build bibliometric maps that describe how specific disciplines, scientific domains, or research fields are conceptually, intellectually, and socially structured”. The study by Newell and Cousins [31] on urban metabolism is an example of a purely visual analysis of diagrams depicting bibliometric networks.
While a visual approach is effective when the goal is to get a general sense of the structure of the scientific landscape, quantitative measures allow a more in-depth analysis of the characteristics of specific nodes or the network as a whole. One way of calculating such measures, is by using social network analysis (SNA) techniques to perform statistical analyses over a bibliometric network [29]. For a description of prevalent SNA metrics and an example of their application in network analysis, the interested reader is referred to Choe et al. [23].
The workflow of this study is based on the approaches suggested by Cobo et al. [29] and Zupic and Čater [18]. Figure 2 provides an overview of the steps that were taken.
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Figure 2: Workflow
2.1 Research design
The goal of this study is to provide an overview of the topics that were present in recent academic OPV literature. Three BNA methods can be used to identify topics. All three use the number of co-occurrences of two research elements as a proxy for the similarity between these elements: the more co-occurrences, the higher the likelihood that both elements are similar [29]. This results in networks that reveal a cluster structure in which each cluster is likely to represent a topic within the research domain. However, the contents of each type of network differ. (1) Co-word analysis [32] connects keywords when they appear in the same title, abstract or keywords list [18] and results in a network of word clusters. (2) Document co-citation analysis [33] connects the documents that are cited by the ones in the downloaded dataset based on joint appearances in reference lists [18] and results in a network of reference clusters. (3) Document bibliographic coupling analysis [34] connects the documents in the downloaded dataset based on the number of shared references they have [18] and results in a network of document clusters. The difference between the latter two methods is highlighted in figure 3.
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Figure 3: Difference between co-citation and bibliographic coupling analysis (adapted from Zupic & Čater [18])
The method of bibliographic coupling was chosen for this study for the following reasons. First, the quality of the results was expected to be better compared to the co-word method: a document network allows to use the titles of the documents in the interpretation step, which can provide a better understanding of the context of the investigated clusters than an analysis of out-of-context keywords would. However, a downside is that the analysis of document titles is more complex and time-consuming. Second, bibliographic coupling was chosen over co-citation because it is better suited for the analysis of recent literature: as bibliographic coupling uses reference lists for establishing links between documents, it does not require documents to be cited in order to connect them [18]. Co-citation analysis, on the other hand, can only link documents that have been cited together at least once. Third, bibliographic coupling networks only contain documents that are present in the downloaded dataset, so the analysis is limited to the timespan that was set by the researcher. Contrarily, co-citation networks contain the references of the documents in the original dataset, and therefore cover a timespan that is not controlled by the researcher – such networks will extend further into the past, but will contain few recent publications.
General limitations of citation-based bibliometric methods are that bibliometric data does not reveal the reason why a particular publication was cited and that self-citations can introduce bias into the results [18]. Limitations of bibliographic coupling are that it has to be performed within a limited timeframe because citation habits change, and that it is difficult to separate influential documents from less influential ones as the links in the network indicate a number of shared references, not a number of co-citations [18]. Walsh and Renaud [27] therefore suggest to limit the time span of a bibliographic coupling analysis to the last five to ten years and to keep track of the citation counts of the individual documents during the analysis.
In addition to identifying the topics present in the academic OPV literature of the last decade, the goal is to assess the evolution of the identified topics throughout the studied period. Given that a BNA results in a static representation of the field at a specific point in time, the document set needs to be divided into multiple time periods to capture the development of the field over time [18]. By analyzing the bibliometric data for each time period separately and then comparing the results, changes in the field’s structure can be found [18]. Therefore, the general document set for the period of 2008 to 2017 was split into yearly subsets and for each subset a document network was constructed using the bibliographic coupling method. The ten resulting networks were first analyzed separately and then compared, revealing the important topics in each year and the evolution of the field throughout the decade.
2.2 From data collection to interpretation
The dataset for the period of 2008 to 2017 was downloaded from the online version of the Web of Science Core Collection on the 8th of July, 2018. WoS has received praise for the consistency and quality of its data [35, 36] and was ultimately chosen because of the consistency with which cited references were recorded. Downloading the dataset mid 2018 ensured that nearly all publications of 2017 had been added to the database.
In order to optimize the trade-off between recall and precision [37], a keyword search strategy was adopted to select the documents to be included in the study. The lexical query (Table 1a) was designed in two iterations, following the approach suggested by Madani and Weber [38]. The search terms that were included in the query were verified by an academic active in the field. Only journal articles (n=23,055) and review articles (n=925) were retained for the analysis (Table 1b) and irrelevant research areas were excluded based on an inspection of the documents belonging to these research areas (Table 1c).
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Table 1: Extensive search query and refinement of search results
Time slicing was done by filtering the document set by year and separately downloading the yearly subsets. The downloaded files were imported into Endnote and the built-in ‘Find Duplicates’ functionality was used for de-duplication on the document level. No duplicates were found, but two documents without author names were identified and removed (n=23,951).
Before the network extraction step, de-duplication on the cited-reference level was performed using OpenRefine [39]. Identifying and merging the various representations of a single reference that occur due to spelling variations (mainly differences in punctuation) is a crucial pre-processing step to avoid distortions of the results of the analysis [29]. Then, the bibliographic coupling method was applied to each yearly document set, thus linking articles based on their shared references. In order to have more clearly defined clusters in the interpretation step, it was decided to only retain document pairs with at least ten shared references (n=13,351 or 55.74% of the original number of articles). This was done based on the assumption that a document that does not share at least ten references with any other document in the dataset, can be expected to be only marginally connected to the OPV research domain. Next, the number of shared references was normalized using the association strength similarity measure [40]. Normalized similarity measures are often preferred to raw co-occurrence counts, as these measures compensate for differing occurrence levels among items [18]. For a bibliographic coupling analysis, this means that the number of references of the individual documents should be taken into account when their shared references are being evaluated. BibExcel [41] was used to conduct the bibliographic coupling analyses.
To visualize the bibliographic coupling networks and to perform the first steps of the analysis, the BibExcel files were converted to Pajek files (extension .net) and imported in Gephi [42]. All ten network visualizations were laid out using the OpenOrd layout algorithm, which is specifically aimed at better distinguishing clusters. Gephi’s built-in community detection algorithm – an implementation of the Louvain method [43] – was used to identify clusters of closely connected publications. The results were exported to Excel and the eight largest clusters of each yearly network were investigated more closely (n=11,352 or 85.03% of the nodes represented in the ten networks). Limiting the analysis to 80 clusters in total ensured that only the most meaningful clusters were labeled; 625 clusters, on average consisting of about three publications, were disregarded.
The articles within each cluster were first sorted largest to smallest based on their number of citations. Subsequently, the articles that on average received less than ten yearly citations were deleted (only if more than twenty articles satisfied this constraint), in order to limit the analysis to impactful publications. Then, the articles were sorted largest to smallest based on their weighted degree[footnoteRef:1] to ensure a high local embeddedness in the network. Finally, the titles of the twenty top-ranked nodes were used to label the clusters. Cluster labeling was done independently by both a researcher unfamiliar with the research domain and an academic active in the field, and the resulting cluster labels were harmonized before the interpretation step. [1:  The sum of the weights of a node’s links to its direct neighbors in the network] 

Due to the large number of clusters and the variability in the labels that were assigned, it was difficult to directly interpret the results of the analysis. Therefore, the cluster labels were assigned to four general topic categories and to a limited number of more specific topics within each category. This approach allowed to simultaneously present the importance of the topics per year and the evolution of each topic throughout the decade in table format, enabling a rigorous quantitative comparison of the topics and topic categories.
3. Results
3.1 OSCs, PvSCs and topic categories
The results of the interpretation step can be found in Appendix 1. Table 2 shows the cluster label of the largest cluster in each yearly network and its corresponding topic categories: Perovskite Solar Cells (PvSC), Material Development (MD), Active Layer Morphology (ALM), Device Concepts & Architectures (DC&A), and Performance & Production (P&P). The number of nodes and the amount of nodes receiving more than ten citations per year on average – from this point onwards referred to as ‘highly cited’ nodes (HC) – are mentioned as well. This overview reveals that the active layer morphology of OSCs was an important topic category during the first six years of the studied period, with research focusing on bulk heterojunction active layers in polymer/fullerene systems. The material development topic category gained importance during the middle of the decade (2011-2015). The labels of the largest clusters in the last two years show that research on new device concepts rose to the foreground as time progressed.
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Table 2: Overview of the largest clusters in the yearly networks (nodes represent the documents in the dataset)
Of the 80 clusters that were labeled, 67 were OSC-related[footnoteRef:2] and 13 were PvSC-related. However, the OSC clusters ‘only’ contained 7,602 articles (average of roughly 113 articles/cluster), while the PvSC clusters contained 3,750 articles, nearly one third of the total number of publications (average of roughly 288 articles/cluster). Even though the yearly number of OSC clusters started to decline in 2014, the yearly amount of OSC-related articles kept rising until 2015 (n=1,171). PvSC clusters started to appear from 2014 onwards, but already by 2016 half of the labeled clusters were PvSC-related and the number of articles in the PvSC clusters (n=1,195) surpassed that of the OSC clusters (n=1,089). In 2017, the two largest clusters were PvSC-related. On the moment the dataset was downloaded from WoS, 34.43% of the OSC-related articles published between 2008 and 2016 were highly cited, a number that is remarkably lower than the 73.59% of PvSC-related publications published between 2014 and 2016. [2:  Including 5 clusters on hybrid solar cells other than PvSC, together containing 171 articles (2.25% of all publications in OSC clusters).] 

Focusing on OSCs, the DC&A topic category received most research attention (figure 4a). However, the relative number of highly cited publications was larger for the MD category (figure 4b). The PvSC clusters can largely be assigned to the DC&A and P&P categories (figure 4c). While the P&P category contains the largest number of articles, the DC&A category contains slightly more highly cited articles (figure 4d).
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Figure 4: Comparison of the topic categories Material Development (MD), Active Layer Morphology (ALM), Device Concepts & Architectures (DC&A), and Performance & Production (P&P). (a) Number of OSC publications, (b) Percentage of highly-cited OSC publications, (c) Number of PvSC publications, (d) Percentage of highly-cited PvSC publications
3.2 Topics within topic categories
Tables 3-7 present the number of publications that was assigned to a specific topic within a topic category for each year of the studied period. This allows to determine the evolution within each topic over time and to compare topics to each other. The tables were first sorted chronologically based on the first occurrence of a cluster within each topic, and topics appearing for the first time in the same year were then sorted based on their number of publications during that year. The column on the left therefore shows the topics ‘in order of appearance’. Figures 5-10 highlight the most important topics within each category and relate their size to the total number of articles in the category. Each topic category is discussed separately, but an overview of the tables and figures is provided in Appendix 2 to allow an easy comparison of the categories.
3.2.1 OSC Material Development
Looking at the total amount of MD-related research, this topic category seems to have played an important role from 2008 until 2015, accounting for the majority of OSC publications[footnoteRef:3] in 2013 and culminating in a share of 91.80% of all OSC-related articles in 2015 (table 3). Clusters on the development of polymer materials surface in five years: for the first time in 2008, reaching a peak in 2012, and for the last time in 2016. Clusters on the development of small molecule materials also appeared as early as 2008, but only resurfaced twice, reaching their largest share of total OSC publications in 2013. Clusters on acceptor materials emerged five times, starting in 2010. This topic peaked in 2013 as well, and for the first time specific clusters on fullerene-based and non-fullerene acceptors could be distinguished. While fullerene-based acceptor materials were still more prominent in 2013, the cluster that appeared in 2015 specifically focused on non-fullerene acceptors. [3:  In this section, OSC publications refers to the total amount of publications in all labeled OSC clusters (n=7,602), not to the total amount of OSC-related articles that was published. The same goes for PvSC publications (n=3,750).] 
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Table 3: Yearly representation of OSC MD topics (% of yearly OSC publications)
Other interesting observations from table 3 are the apparent underrepresentation of donor materials research (0.20% of total OSC publications during the decade), the lack of MD clusters in 2014, the lack of clusters on non-fullerene materials in 2016 and 2017, and the relatively strong representation of the development of interfacial layers due to the occurrence of a single cluster in 2017. Donor materials research seems to be underrepresented because only one cluster in 2009 specifically focusses on donor materials. However, most of the MD research in the polymer and small molecule topics was aimed at developing new donor materials, especially in the early years of the studied period. Also, research on donor materials occurred in two other clusters that were ultimately classified as belonging to a different topic or topic category, namely the general MD cluster in 2010 and the small molecule DC&A cluster in 2012. The lack of MD clusters in 2014 can be explained in a similar way: the two largest OSC clusters in 2014 are DC&A clusters on low bandgap polymer solar cells (8.66% of OSC publications) and small molecule organic solar cells (2.83% of OSC publications), both containing research on material development to some degree (as shown by the cluster labels in Appendix 1). The same goes for the lack of clusters on non-fullerene materials in 2016 and 2017, as this type of material development is integrated into the DC&A clusters on fullerene-free solar cells. Research on the development of interfacial layers was already present in the general MD clusters of 2008 and 2015, as well as being the focus of a 2013 P&P cluster on efficiency improvements. By 2017, it had developed into a stand-alone topic, becoming the fourth-largest topic in OSC material development during the studied period.
Together, the topics ‘polymers’, ‘acceptor materials’, and ‘small molecules’ make up 48.60% of the total number of MD publications (figure 5). General MD clusters in which multiple aspects of material development for OSCs appeared together, represent about 80% of the remaining articles.
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Figure 5: Largest OSC MD topics (total amount of publications during studied period)
3.2.2 OSC Active Layer Morphology
Table 4 shows that research on the active layer morphology mostly took place during the first half of the studied decade. While the ALM cluster that appeared in 2008 represented 36.57% of the total amount of OSC publications that year, the relative importance of research on the active layer morphology decreased in the following years. Together, the topics ‘polymer/fullerene’ and ‘bulk heterojunction’ make up 90.02% of the total number of ALM publications (figure 6). The remaining articles belong to two general ALM clusters, one linking the active layer morphology to charge generation processes (2008), and one about self-sorting phenomena in supramolecular systems (2011).
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Table 4: Yearly representation of OSC ALM topics (% of yearly OSC publications)
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Figure 6: Largest OSC ALM topics (total amount of publications during studied period)
3.2.3 OSC Device Concepts & Architectures
Even though clusters on DC&A topics occur in every year of the studied period, the importance of this category clearly increased towards the end of the decade, exceeding a share of 80% of the total number of OSC publications in 2014, 2016 and 2017 (table 5).
Specific device architecture topics are only represented in the beginning of the decade, with a cluster on the multi-junction architecture in 2008 and one on the inverted architecture in 2010. However, they are followed by two general DC&A clusters focusing on device architectures in 2012 and 2013 (accounting for 14.07% and 8.75% of all OSC publications in the respective years).
Device concept topics emerge from 2009 onwards, and become increasingly important as time progresses. Clusters on hybrid (non-perovskite) solar cells appear five times, but are relatively small; the larger ones (2011, 2014, and 2015) deal with quantum dot solar cells using inorganic nanoparticles. Clusters on small molecule solar cells surface for the first time in 2010 and reach a share of nearly 20% of all OSC publications in 2014. Three new device concept topics appear in the last two years of the studied period and immediately establish themselves as important topics within the DC&A category. In 2016, the cluster on fullerene-free solar cells by itself accounts for 85.12% of all OSC publications that year. However, this percentage drops in 2017 as a part of the research on fullerene-free solar cells becomes integrated in the new device concept of ternary solar cells. Also, all-polymer solar cells could be distinguished as a specific kind of fullerene-free device.
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Table 5: Yearly representation of OSC DC&A topics (% of yearly OSC publications)
Together, the topics ‘fullerene-free’, ‘ternary’, and ‘small molecules’ make up 62.20% of the total number of DC&A publications (figure 7). General DC&A clusters represent about 83.97% of the remaining articles. The general DC&A topic is mostly concerned with bulk heterojunction polymer solar cells, although the general clusters in 2012 and 2013 deal with device architectures.
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Figure 7: Largest OSC DC&A topics (total amount of publications during studied period)
3.2.4 OSC Performance & Production
Research on the performance and production of OSCs was mainly important in the first years of the studied period, although some topics within this category kept receiving attention until 2016 (table 6). In 2008, two topics were detected that did not emerge again afterwards: a rather small, general cluster labeled “Overcoming the Shockley-Queisser limit” and a rather large cluster on the stability of OSCs. However, the largest cluster in 2008 was concerned with charge generation. Clusters on charge generation appeared in seven of the ten years, making this topic the most prominently re-occurring one of all OSC-related topics. Until 2012, these clusters were rather large, whereas their relative importance declined in the latter half of the decade.
Clusters on production processes for OSCs surfaced in 2009, 2010 and 2014. While their share of yearly OSC publications declines over time, the cluster labels show some advancement within this topic: the 2010 cluster already contains publications on upscaling and commercialization, and the one in 2014 deals specifically with large-scale roll-to-roll printing of OSC modules.
Clusters on efficiency improvements appeared five times between 2009 and 2016. However, these clusters represented relatively small shares of the total number of yearly OSC publications. Three different approaches to enhance the efficiency were identified throughout the studied decade, of which improved light management (mainly by using plasmonic nanoparticles) was the most important one.
Figure 8 shows that the topics ‘charge generation’, ‘efficiency improvements’, and ‘production processes’ make up no less than 96.65% of the total number of P&P publications.
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Table 6: Yearly representation of OSC P&P topics (% of yearly OSC publications)
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Figure 8: Largest OSC P&P topics (total amount of publications during studied period)
3.2.5 OSC Topic Ranking
As shown by figure 9, fullerene-free and ternary organic solar cells, the development of polymers and acceptor materials, and the study of charge generation in OSCs, were found to be the most important specific topics within OSC research during the studied decade. As three clusters containing 98 articles were assigned to two topic categories, the publications in figure 9 sum to 7,700 instead of 7,602. The five largest topics account for 44.09% of the total amount of publications. The remaining publications are divided over the nineteen other topics, of which the four general topics make up 52.22%. As indicated by the previous tables, recently most attention has gone towards fullerene-free organic solar cells. By reusing the query presented in table 1, yet restricting the document set to review papers published in 2018 and 2019 and sorting by times cited, we learn that the most cited review papers provide the latest advances related to non-fullerene acceptors for organic solar cells [44-49].
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Figure 9: Top 5 OSC topics occurring between 2008 and 2017 (total amount of publications during studied period)
3.2.6 PvSC Topics
Even though the number of PvSC clusters was much smaller than the number of OSC clusters, some re-occurring PvSC topics could be identified (table 7). General clusters on PvSCs were assigned to the DC&A topic category and represent a large share of the total number of PvSC publications: in 2014 and 2017, these general clusters account for the majority of PvSC-related articles. However, in 2015 and 2016, P&P topics attracted most research interest. Surprisingly, a cluster on production processes for PvSCs was identified only in the first year this device concept emerged. In 2015, the focus shifted to improving the efficiency and the stability of PvSCs. Stability and degradation proved to be an important topic in PvSC research, appearing again in 2016 and 2017 with shares of more than 30% of the yearly number of PvSC publications. A cluster on fundamental physics and the hysteresis effect represented the last new P&P topic to emerge, accounting for nearly one fourth of the PvSC publications in 2016. The MD topic on hole transport materials also surfaced for the first time in 2016. In 2017, the relative importance of the topic on fundamental physics and the hysteresis effect dropped below that of the MD topic on hole transport materials, which remained relatively constant at just below 10% of the yearly number of PvSC publications. Over the course of the four years in which PvSC clusters appeared, the topics ‘stability and degradation’, ‘fundamental physics and the hysteresis effect’, and ‘hole transport materials’ were found to be the most important ones, together representing 45.63% of PvSC-related publications (figure 10). By reusing the query presented in table 1, yet restricting the document set to review papers published in 2018 and 2019 and sorting by times cited, we observe that there is more diversity in topics for the most cited papers covering PvSCs compared to those covering OSCs. Recent most cited reviews were found to cover mainly, not solely, stability and degradation [50], production processes [51-53], device concepts and architectures [54, 55], and hole transporting materials [56-58].
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Table 7: Yearly representation of PvSC topics (% of yearly PvSC publications)
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Figure 10: PvSC topics occurring between 2014 and 2017 (total amount of PvSC publications during studied period)
3.3 Connections between topics
Sections 3.1 and 3.2 focus on the way in which the academic literature on OSCs and PvSCs is divided into separate topics belonging to different topic categories. However, the identified clusters are often connected by between-cluster links, indicating that articles belonging to different topics partly rely on the same references and that the topics themselves are to some degree related to each other. Focusing on the relationships between topics not only allows to quantify how OSC topics relate to each other (table 8a) and how PvSC topics relate to each other (table 8b), but also to which extent the OSC and PvSC literatures are interconnected (table 9).
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Table 8: Within- and between-cluster links present in (a) the OPV sub-network, and (b) the PvSC sub-network
From 2008 to 2013, the different OSC topics were generally quite strongly interconnected, with 27.39% in 2008 being the lowest level of relatedness between topics and 40.74% in 2012 being the highest. When PvSC clusters started to appear in 2014, the structure of the OPV sub-network changed drastically. The share of between-cluster links dropped to 12.22%, less than half of the minimum value of the period 2008-2013. In 2015 and 2016, the number of within-cluster links increased, while the number of between-cluster links kept decreasing, resulting in a minimal share of between-cluster links of 1.92% in 2016. However, in 2017 the share of between-cluster links suddenly rose again to 14.08%, more than seven times the value of the previous year.
Turning to the sub-network of PvSC clusters, the high shares of between-cluster links immediately stand out: the 2017 value of 31.16% represents the lowest level of interconnection, indicating that the identified PvSC topics generally are highly related to each other. Note that the between-cluster links outnumbered the within-cluster links in 2015, suggesting that the network was rather one big cluster than three separate ones. The same goes for the network of 2016, in which the between-cluster links also represented almost 50% of the total number of links. Only in 2017 a more clearly defined topic structure appeared in the PvSC sub-network.
As can be seen in table 9, the interconnection between the respective literatures on OSCs and PvSCs is very limited, with links between OSC and PvSC clusters accounting for only 0.20% to 2.21% of the total number of between-cluster links in the yearly networks.
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Table 9: Within- and between-cluster links present in the total network of labeled clusters, with a focus on links between OPV and PvSC topics
4. Discussion
4.1 Discussion of the results
Starting with a dataset containing 23,953 journal articles and review papers on OSCs and PvSCs published between 2008 and 2017, we applied the bibliometric method of bibliographic coupling analysis in order to investigate the topic structure that was present within the literature. Ten yearly networks were generated, together containing 13,351 documents that shared ten or more references with at least one other paper in their respective networks. Ultimately, 1,437 document titles were read in order to label 80 clusters, together representing 11,352 documents. All results reported in section 3 are based on the labels and the composition of the labeled clusters.
Even though no specific articles or reviews were studied in detail, a number of interesting observations can be made from the results in section 3. Firstly, looking at table 4 containing the results of the topic category on the active layer morphology, the lack of clusters in the last four years of the studied period stands out. Given that the ALM was studied specifically for bulk heterojunction polymer/fullerene solar cells in the beginning of the decade, the distinction between the topics “bulk heterojunction” and “polymer/fullerene” might seem to not really make sense. However, both topics evolved in separate ways during the later years of the period: while interest shifted away from polymer/fullerene solar cells in favor of fullerene-free OSCs, the bulk heterojunction active layer became the standard type of active layer for OSCs. What is observed, is that these opposite evolutions had the same result in the bibliometric networks: clusters specifically dedicated to either topic stopped appearing.
Turning to the performance and production topic category (table 6), it is interesting to note that only one cluster on the stability and degradation of OSCs appeared during the studied decade, while this is perceived to be an important topic in OPV research. An explanation could be that stability is studied in relation to a specific device concept, and that this type of research became a part of the topics in the DC&A topic category. Another observation from the P&P category is the prolonged interest in charge generation and efficiency improvements, combined with the decline of importance of the production processes topic. This suggests that continued research was needed to improve the performance in terms of power conversion efficiency, before additional investments in research on production methods would be warranted. The need for efficiency improvements in turn explains the importance of new device concepts that emerged in the later years (table 5), with fullerene-free solar cells and ternary solar cells making their way into the top five biggest specific OSC topics during the past ten years (figure 9) and research on PvSC starting to boom (figure 1b). Therefore, it is not surprising that within PvSC research, four out of six topics (covering 46.75% of PvSC-related articles) belong to the performance & production topic category (table 7 and figure 10). Note that a cluster on production processes for PvSCs was already found in the first year in which PvSC clusters started to appear. Together with the declining importance of production processes as an OSC topic, it can be assumed that a number of researchers working on production processes switched from OSC research to PvSC research as a result of the high efficiencies achieved by the latter class of solar cells.
By investigating the connections between specific OSC clusters for the period of 2014 to 2016, a pattern can be distinguished: the OPV sub-network is dominated by one large cluster that is mostly focused on material development, and apart from that contains a number of small clusters dealing with very specific topics. Among the small clusters, charge generation and the use of nanoparticles for improved light management are recurring topics. Apparently, these topics have their own knowledge bases that are rather detached from those of the more general material development topics. The connections between specific PvSC clusters in turn reveal that the development of hole transport materials is the first topic to develop a more distinct knowledge base, creating a clearer cluster structure in the PvSC sub-networks. Lastly, the low levels of interconnection between the OSC and PvSC clusters (table 9) are surprising: they suggest that PvSC research did not really take advantage of the knowledge that was already developed in the context of OSC research in order to support its rapid development. However, as OSC- and PvSC-related articles were only connected in the studied networks when they shared at least 10 references, the percentages we found might be an underrepresentation of the actual linkages between OSC and PvSC reseach.
4.2 Comparison to other BNA methods
As Xiao et al. [26] recently published a study of the knowledge domain and emerging trends in OPV technology for the period of 2006 to 2017 using different BNA methods (keyword co-occurrence analysis and document co-citation analysis), a comparison of the results is valuable as an empirical test of the differences discussed in section 2.1.
Based on the keyword co-occurrence analysis, Xiao et al. [26] listed the most frequently occurring keywords, the keywords with the highest betweenness centralities, and the keywords with the strongest frequency bursts, indicating emerging trends in the OPV field. The most important keywords in the network were rather general ones (“solar cell”, “performance”, “efficiency”, “conjugated polymer” etc.), while the keywords with the strongest frequency burst were rather specific (“polythiophene”, “deposition”, and “network” – “polymer photovoltaic cell” being an exception). The interpretation of the results is limited to noting that conjugated polymers were widely studied in the research field and that deposition refers to a processing method for perovskite solar cells. As we pointed out in section 2.1, the results of a keyword co-occurrence analysis can be hard to interpret due to the lack of context, which might explain the limited attempt at interpretation. Nonetheless, the remark that conjugated polymers were widely studied is in line with our finding that the polymers topic was the most important one in the material development category. An interesting difference is that polythiophene was found to be an emerging trend, while in our results it only occurs as a stand-alone cluster label in 2008.
Moving to the document co-citation analysis, Xiao et al. [26] identified ten clusters, which were automatically labeled by CiteSpace based on noun phrases from the titles of the articles that cited the documents belonging to each cluster. A first thing to note is that the mean year in which the documents constituting the clusters were published, lies before 2006 for six out of the ten clusters. The latest mean publication year is 2013 and belongs to a cluster labeled “solution-processed organic solar cell”. This clearly shows the drawback of using document co-citation analysis instead of document bibliographic coupling analysis for reviews of recent literature: the timespan of the cited references is not controlled by the researcher and the results will describe the past of the research field rather than its present state. Xiao et al. [26] discuss the three largest clusters, labeled “pcbm-71 bulk heterojunction”, “quasi-solid-state dye-sensitized solar cell”, and “zinc-rich vapor phase transport” (mean publication years: 2004, 2002, and 2003, respectively). As described above, in our study clusters on polymer/fullerene bulk heterojunction solar cells only appeared in the first half of the studied period and probably contain the documents that referred to the ones in the cluster found by Xiao et al. [26]. Dye-sensitized solar cells were deliberately excluded from the document set in our study, and no clusters on zinc-rich vapor phase transport were found. By looking at the three articles with the strongest citation bursts, Xiao et al. [26] identified the emerging trends in the OPV research field to be the inverted and tandem device architectures and perovskite-sensitized solar cells. While PvSCs have already evolved past being an emerging trend into a separate field of research, specific clusters on inverted and tandem architectures were only found in the early years of the period considered in our study. Moreover, our results show that the tandem architecture is now being rivalled by the emerging device concept of ternary solar cells.
As a last part of their study, Xiao et al. [26] conducted a document co-citation analysis based on the references of a document set that was limited to 2017 only (documents published up to July 11th, 2017). The largest cluster was labeled “low energy loss” and was found to be related to fullerene-free solar cells, while the second largest cluster was labeled “organic-inorganic perovskite” and was found to be related to hole transport materials for PvSCs. Again, these results are lagged by relying on cited references, albeit in a subtler way. In our study, clusters on both topics were already found in 2016, and the documents in these clusters probably are the cited references of the documents contained in the 2017 dataset of Xiao et al. [26]. Finally, Xiao et al. [26] briefly noted that the clusters on OSCs and PvSCs were not linked to each other, a result that we can now nuance as we have shown that some level of interconnection does exist.
An advantage of the study by Xiao et al. [26] is that CiteSpace can apply time slicing to a document set and still produce a single network visualization, in which the time dimension is visualized as the color of the links in the network. Together with the option to investigate frequency bursts, CiteSpace provides two efficient ways to assess the evolution in the literature. That being said, analyzing the contents of separate yearly networks will provide a more detailed picture of the research landscape and its evolution, simply because larger numbers of clusters can be investigated. Also, using tables with numerical results instead of network visualizations allows to take full advantage of the information contained in the quantitatively-derived results and enables a more rigorous interpretation.
For all the reasons above, we believe to have demonstrated that bibliographic coupling is the preferred BNA method for a review of recent OPV literature.
4.3 Critical choices affecting the results
Apart from the choice of which BNA method to use, some other choices had a fundamental impact on the results of the analysis. Firstly, it was decided to only study the academic literature published between 2008 and 2017 based on the observation that more than 90% of all OPV literature had been published in this period. By limiting the studied time period to ten years, it was feasible to investigate sub-periods with a length of one year, which resulted in a detailed year-by-year overview of the structure of the research field. On the other hand, not incorporating the early years of OPV research led to the exclusion of some basic topics from the early development phase of OPV research from the analysis; for example, a cluster on the multi-junction architecture was found in 2008, but the pre-existing standard device architecture did not occur as a topic between 2008 and 2017. Incorporating years prior to 2008 in the analysis would have been possible, but would have necessitated using longer sub-periods of two or even five years in order to keep the amount of results manageable. However, lumping together data of multiple years would put smaller, emerging topics at risk of going unnoticed. As recently emerging trends could be deemed more relevant to the research community than general observations about a time period extending further into the past, the use of one-year sub-periods for a study period limited to recent years is preferable.
Secondly, a choice had to be made between two ways of studying the evolution in a research field: a year-by-year type of analysis as was used for this study, or a cumulative approach in which the bibliographic data of additional years is added to the data of the first year until finally a bibliometric network is constructed based on data spanning the whole study period. The latter approach is well-suited to study the growth and diversification of the topics that occur in the first year, as the documents that make up these topics continue to be a part of the network as it is gradually expanded with new articles. That way, the cumulative approach allows to relate the topics that were found in later years to the topics that were already present in the first years. Two drawbacks of this approach are the loss of detail due to lumping together data from multiple years (as described above) and the computational burden for the software: in this study, bibliographic coupling links would have had to be generated by checking the cited references of all 23,951 documents in the full 2008-2017 dataset. As with the decision to limit the studied time period to ten years, the year-by-year approach of studying the evolution in the research field was chosen in order to avoid losing information on the smaller trends in OPV research.
Thirdly, the decision to explicitly include PvSCs as a part of the study has affected the results. The reason to explicitly include PvSCs was to get a sense of the important topics within that field and to investigate the relation between academic literature on OSCs and PvSCs, and both worked out fine. However, an unanticipated effect of including PvSC research was that once PvSC clusters started to become important within the networks, less OSC clusters made their way into the top eight and thus, less OSC clusters were being labeled. Therefore, including PvSCs into the study ultimately created a trade-off in which more information about the PvSC literature could be revealed at the cost of some level of detail regarding the OSC literature.
Objectivity is often mentioned as one of the main advantages of bibliometric analyses: the analysis is based on the literature as a whole, not on the part of the literature that is known to a specific researcher. However, researchers conducting bibliometric analyses should try to maintain this objectivity when implementing the analysis: the design of the search query (when a keyword search strategy is used), merging duplicates, and limiting the dataset to elements that satisfy specific criteria, can all influence the final results of the analysis. When the analysis is implemented with care, the results will be an objective representation of the literature. However, as researchers need to interpret the results, a part of this objectivity will inevitably be lost – be it by labeling the clusters that were found or by re-arranging information in order to facilitate drawing conclusions from it, like we did by defining topics and topic categories. As the results before the interpretation step are the most unbiased, we added these as supplementary material.
5. Conclusions
It is common practice in OPV and PvSC research to use traditional, qualitative approaches to conduct literature reviews. Studying the contents of a limited number of papers in-depth makes sense when a very specific topic in a research field is being investigated, but is an unfit method for studying the evolution of the topics within a research domain over multiple years. Even senior researchers, who can review the literature based on their experience, might produce results that are biased towards the research topics they are most familiar with. Thanks to the development of specialized software and the availability of large amounts of bibliographic data, bibliometric approaches now provide a more objective and quick way to review the literature while maintaining a broad scope. Although a limited number of bibliometric studies on OSCs and PvSCs does exist, previous bibliometric literature reviews did not use the most appropriate method – bibliographic coupling analysis – to sketch an evolution of the recent research landscape.
This study showcased the method of document bibliographic coupling analysis and as such provided an overview of the topics that were present in academic OPV and PvSC literature during the period of 2008 to 2017, and assessed the evolution of the identified topics throughout the studied period. We found that the active layer morphology of OSCs was an important topic category during the first six years of the studied period, that material development topics gained importance during the middle of the decade (2011-2015), and that research on new device concepts rose to the foreground as time progressed further.
Other interesting applications of this method could be aimed at more detailed characterizations of topics in the OSC and PvSC literature that are big enough to warrant the use of a quantitative approach (e.g., fullerene-free solar cells) or at a comparison of the research domains within the larger field of organic electronics (e.g., OLED, OPV, OFET). Lastly, the development a generalized model of the development stages of a research domain based on network topology measures could be an interesting research avenue for the future.
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Appendix A: Cluster labels of the eight largest yearly clusters
This Appendix presents the cluster labels that resulted from the interpretation step. Within each of the ten studied years (2008-2017), the clusters are listed largest to smallest based on their number of articles (nodes). Column 3 presents the number of articles achieving the threshold of ten yearly citations on average (TC = ‘times cited’), which is expressed as a percentage of the total number of articles in the cluster in column 4 (HC = ‘highly cited’). The five last columns show to which topic categories each cluster belongs: Perovskite Solar Cells (PvSC), Material Development (MD), Active Layer Morphology (ALM), Device Concepts & Architectures (DC&A), and Performance & Production (P&P).
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Appendix B: Overview of tables and figures from section 3.2, Topics within topic categories
Yearly representation of OSC topics (% of yearly OSC publications)
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Yearly representation of PvSC topics (% of yearly PvSC publications)
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Largest specific OSC topics by topic category
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Largest specific OSC and PvSC topics between 2008 and 2017
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Table notes
Table 1: Extensive search query and refinement of search results
Table 2: Overview of the largest clusters in the yearly networks (nodes represent the documents in the dataset)
Table 3: Yearly representation of OSC MD topics (% of yearly OSC publications)
Table 4: Yearly representation of OSC ALM topics (% of yearly OSC publications)
Table 5: Yearly representation of OSC DC&A topics (% of yearly OSC publications)
Table 6: Yearly representation of OSC P&P topics (% of yearly OSC publications)
Table 7: Yearly representation of PvSC topics (% of yearly PvSC publications)
Table 8: Within- and between-cluster links present in (a) the OPV sub-network, and (b) the PvSC sub-network
Table 9: Within- and between-cluster links present in the total network of labeled clusters, with a focus on links between OPV and PvSC topics
Figure Captions
Figure 1: Yearly publication rates of (a) OPV and (b) PvSC related journal articles (WoS Core Collection records)
Figure 2: Workflow
Figure 3: Difference between co-citation and bibliographic coupling analysis (adapted from Zupic & Čater [18])
Figure 4: Comparison of the topic categories Material Development (MD), Active Layer Morphology (ALM), Device Concepts & Architectures (DC&A), and Performance & Production (P&P). (a) Number of OSC publications, (b) Percentage of highly-cited OSC publications, (c) Number of PvSC publications, (d) Percentage of highly-cited PvSC publications
Figure 5: Largest OSC MD topics (total amount of publications during studied period)
Figure 6: Largest OSC ALM topics (total amount of publications during studied period)
Figure 7: Largest OSC DC&A topics (total amount of publications during studied period)
Figure 8: Largest OSC P&P topics (total amount of publications during studied period)
Figure 9: Top 5 OSC topics occurring between 2008 and 2017 (total amount of publications during studied period)
Figure 10: PvSC topics occurring between 2014 and 2017 (total amount of PvSC publications during studied period)
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