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This paper aims at tracing the evolution and finding the emerging research fronts of organic electronics.
The discovery of electrically conductive polymers has opened a pathway to a new dimension in techno-
logical evolution, which replaces the rigid electronics to organic electronics. Its tremendous potential of
flexibility, strength and minimal weight inspired many physicists, chemists, material scientists, electrical
and electronics engineers to focus their research in this area. Traces over the past forty years made by this
field inspire futurists to investigate and forecast the trajectory of organic electronics technology. Hence,
by tracing the evolution and identifying the emerging research fronts, this paper will be helpful for
researchers and manufacturers to directly concentrate on the upcoming research areas of organic elec-
tronics. The evolving phase of the growth curve fitted to the number of research articles related to ‘‘plas-
tic or organic electronics” published per year shows that the research activities are still in the ascendant
phase and have not reached the maturity level. This ensures that organic electronics is a promising area of
research. Further, we systematically analyse the corpus of research articles related to organic electronics
to trace the trajectory of the global evolution and emerging research fronts as well as the prospects of
organic electronics using tools of social network analysis. We visualize the main path of evolution in
the citation network and investigate the patterns to trace the knowledge diffusion path, major milestones
and the emerging research fronts. Thus, we obtain the origin of third-generation solar cells and found that
the emerging research articles are from articles of organic solar cells. The cluster analysis of the citation
network identifies the major topics of the emerging research domains of organic solar cells.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Photochemistry and Sustainable Energy (ICPSE 2019).
1. Introduction

Since ancient times, predictions always stimulate human inter-
est to know about the future. The futurists are the ones whose
interest is futurology that attempts to systematically explore the
emerging possibilities in the near future that evolved from the cur-
rent scenarios. Organic electronics or Plastic electronics make use
of organic polymers/oligomers for the fabrication of electronic
devices [1]. In its initial stage, researches were focused on develop-
ing new conducting polymers/oligomers with high charge carrier
mobility by various synthetic approaches [2]. Organic molecules
are used to fabricate various electronic devices such as Organic
Photovoltaics (OPVs), Organic Light Emitting Diodes (OLEDs) and
Organic Field Effect Transistors (OFETs) [3]. Introduction of organic
integrated circuits with 1888 transistors, which was developed by
Bell Labs using vacuum evaporation techniques turn its path in
achieving more compatible as well as reliable ICs [4]. In the last
twenty years, advanced electronic devices like a model of radiofre-
quency tags using organic integrated circuits, matrix display arrays
using TFT (thin-film transistor), OFETs, OLEDs and organic solar
cells was introduced [4]. The steady growth in these areas intro-
duced many innovative devices such as, organic thin-film electron-
ics which left a promising impression in technology. From here,
researches routes to develop electronic devices with higher switch-
ing speed, low cost, scaled-down geometry without compromising
on stability and reliability. The wide range of applications of
thin-film transistors includes biosensing, logic circuits, and neuro-
morphic engineering and organic solar cells [5]. The flexibility,
affordability, wearable nature, and low toxicity of thermoelectric
).
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materials and devices seek attention in the energy market too [6].
The integration of electronic devices with fabrics, pushed science
further into a new dimension which creates an unpredictable envi-
ronment in research areas called smart textiles research. As they
are flexible enough to wrap around a person, it takes a wide range
of applications in the medical field [7]. Behind a current processor
or computer occupied world, a better future surrounded by organic
electronics is equally evolving undisturbed [8].

For the last ten years, the field of organic electronics entered the
commercial market leading to the commercial phase. Even though
it is promising, there are many challenges faced when it comes to
commercialization [9]. The enormous diversification into many
areas and challenges in implementation in a real-time scenario
inspire the futurist to explore its trajectory so far traversed and
to predict its future trend. The structure of the research domain
is characterized by the diversified version of numerous multi-
disciplinary sub-domains, which can be analysed with the help of
a research review. A research review gives a glimpse of the knowl-
edge structure of the concerned area which in turn helps research-
ers to extend the existing theories, to develop new theories and
detect areas that need more attention. The evolution of research
fronts can be traced by a citation network, where nodes of the net-
work represent the articles and edges represents the citation. By
using the principles of network theory, the major path of informa-
tion flow on the evolution of research fronts can be identified
through tracing its edges. Social Network analysis tools and Cita-
tion network analysis (CNA) deals with analysing research article
in the concerned area to bring out the evolution and predict its
future trends [10]. It is a good alternative to a conventional
expert-based approach.

In this paper, the dynamics of research activities in organic elec-
tronics are studied by the corpus of research articles using social
network analysis tools. The corpus of research articles is a collec-
tion of a number of words in an electronic form that occurs in aca-
demic journal articles published by Elsevier that become a reliable
source of an early indicator of innovations [11]. In this paper, the
analysis of organic electronics research papers is done in three dif-
ferent ways, fitting growth curve, main path analysis and cluster
analysis.
Fig. 1. The plot of the growth curve given in Eq. (3) fitted to the year-wise
published articles.
2. Methodology

2.1. Main path analysis

We collected citation data related to organic electronics and the
giant component was extracted to carry out the main path and
cluster analysis. Primary inter-related articles and the trajectory
of the development of the new ideas in a particular research
domain were identified using main path analysis. The main paths
are the sequence of edges that connects the most significant nodes
in the acyclic directed networks. Initially, a weight is assigned to
each directed edge connecting two nodes in a citation network.
The major measures suggested by Hummon and Dereian for find-
ing the weights of the edges of the network are Node Pair Projec-
tion Count (NPPC), Search Path Node Pair (SPNP) and Search Path
Link Count (SPLC) [12]. From the tail node to its ancestral nodes
of the acyclic directed network, all possible paths were counted
by SPLC [13]. From a source node, the main path is formed by add-
ing edges with the highest weight one after another until a leaf
node is reached. Each main path edges denotes the diffusion of
knowledge from the previous article to the subsequent publica-
tions at a later period and thus it is widely used to trace the trajec-
tories of the evolution of the research domain where each node
represents a major milestone [14,15]. The first step in tracing the
global main path is finding the edge with the highest traversal
count starting from all sources. Its next edge is obtained starting
from the previous or end node by the same procedure and contin-
ued until a leaf node arrives. If a tie occurs, all edges with the tie
are considered. In this work, the global main path with the emer-
gence and divergence field of organic electronics was constructed
using software package, PAJEK [16].

2.2. Cluster analysis

To identify the giant component of a diversified research
stream, the topological clustering approach was suggested by
Newman [17]. Articles in a particular cluster are related to one
another, and there will be a leading article possessing a high score
and centrally located in the cluster. The clustering algorithm is
based on modularity Q that is given as the difference between
the fraction of links that fall within the cluster and the expected
value of the same quantity, without considering cluster structures:

Q ¼
XNm

1

ls
l
� ds

2l

� �2
" #

where Nm is the number of clusters, ls is the number of edges
between the nodes in cluster S and ds is the total sum of degrees
of the nodes in the cluster [18,19]. If Q value is high, it indicates
good cohesion within the cluster. For research topic detection of
each cluster; Shibata suggested a procedure for the automatic con-
tent analysis of abstracts of the articles in a cluster [20].

3. Results

Optimal keywords are used to retrieve the bibliographic infor-
mation of around 200,000 articles fromWeb of Science (WoS) from
1990 to 2019. A research article alone is considered for analysis
without any restriction on language. The growth curve is predicted
with the logistic equation,

F tð Þ ¼ a
1þ eð�ðt�bÞ=yÞ

that shows whether the research domain is currently in the innova-
tion phase, ascendant phase or maturity stage [10]. The growth
curve fitted to the number of year-wise extracted cited articles
using the equation given above gives the current scenario of organic
electronics, which shows that the research area is still in the ascen-
dant phase, as shown in Fig. 1. It enters the maturity stage beyond
2025.



Table 1
The list of articles in the main path shown in Fig. 2.

Node
no

Node Publication details

77 (Hiramoto et al.,
1990a)

Doping effect on the two-layer organic solar cell.
Chemistry Letters

81 (Hiramoto et al.,
1990b)

Hiramoto and others, 1990b. Effect of thin gold
interstitial layer on the photovoltaic properties
of tandem organic solar cell. Chemistry Letters

69 (Wohrle and
Meissner, 1991)

Organic solar cells. Advanced Materials

105 (Yanagi et al.,
1993)

Epitaxial growth of naphthalocyanine thin films
vacuum deposited on alkali halides.

18 (Ball et al., 2013) Low-temperature processed meso-super
structured to thin-film perovskite solar cells.
Energy and Environmental Science

27 (Sanchez et al.,
2014)

Slow dynamic processes in lead halide
perovskite solar cells. Characteristic times and
hysteresis. The journal of physical chemistry
letters

40 (Juarez-Perez
et al., 2014)

Photoinduced giant dielectric constant in lead
halide perovskite solar cells. The journal of
physical chemistry letters

4 (Kim and Park,
2014)

Parameters affecting iv hysteresis of ch3nh3pbi3
perovskite solar cells. The journal of physical
chemistry letters

44 (Gottesman
et al., 2014)

Extremely slow photoconductivity response of
ch3nh3pbi3 perovskites. The journal of physical
chemistry letters

71 (Wang et al.,
2015)

Flexible thermoelectric materials and
generators: Challenges and innovations.
Advanced Materials

50 (Zhou et al.,
2016)

Dithieno [3, 2-b: 20 , 30-d] pyrrole cored p-type
semiconductors enabling 20percent efficiency.
Angewandte Chemie.

57 (Yu et al., 2017) Synergistic effects of lead thiocyanate additive.
ACS Energy Letters

61 (Liu et al., 2018) All-inorganic cspbi2br perovskite solar cells with
high efficiency exceeding 13 percent. Journal of
the American chemical society 140

101 (Liu et al., 2019) Poly (3-hexylthiophene)/zinc phthalocyanine
composites for advanced interface engineering
of 10.03 percent-efficiency. Journal of Materials
Chemistry

107 (Tang et al.,
2019)

Toward efficient and air-stable carbon-based all-
inorganic perovskite solar cells. Chemical
Engineering Journal

93 (Yin et al., 2019) Dithieno [3, 2-b: 20 , 30-d] pyrrole-cored hole
transport material enabling over 21percent
efficiency. Advanced Functional Materials

108 (Zhou et al.,
2019)

Dithieno [3, 2-b: 20 , 30-d] pyrrole cored p-type
semiconductors enabling 20percent efficiency.
Angewandte Chemie.

109 (Wang et al.,
2019)

Indeno [1, 2-b] carbazole as methoxy-free donor
group to construct efficient and stable hole-
transporting materials. ACI Edition.

110 (Dong et al., A dithieno [3, 2-b: 20 , 30-d] pyrrole-cored four-
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3.1. Tracing the evolution trajectory

The information obtained from WoS is then converted to a cita-
tion network that contains around one lakh nodes. The evolution of
the research activities is traced using the main path analysis as
given by Hummon, Dereian, and Batagelj. Based on SPLC, we have
obtained the global main path in the citation network using the
algorithm described in the methodology. Fig. 2 shows the global
main path extracted from the citation network and the corre-
sponding articles representing nodes of the main path are listed
in Table 1. The analysis of the topics related to each core node in
the main path gives insight into the evolution of research activities
in the divergent areas [21]. The main path consists of a single base
path and traversing further towards four branches representing the
emerging trends.

The main path analysis starts at node 77 with the article ‘‘Dop-
ing effect on the two-layer organic solar cell” by ‘‘Hiramoto and
others” as mentioned in the tabular column [22]. This paper is
about the investigation of organic solar cells formed by two
thin–layer metal-free film of H2Pc and Me-PTC, which results in
a drastic increase of photocurrent density and thus power conver-
sion efficiency (PCE) of about 1% was achieved. The author
extended his studies by fabricating two combined unit organic
cells (Tandem type organic solar cells) where each unit cell had
two-layer metal-free organic solar cells with an ultra-thin Au layer
in between them [23]. The above paper was represented as node
81 in the main path. These studies were the core of motivation
behind subsequent research on organic solar cells by Wohrle
(1991), and Yanagi (1993), etc.

The research evolved by investigating photoelectrochemical
properties of thin-film naphthalocyanines derivatives that are used
as layers of solar cells which are evident at nodes 104, 49 [24,25].
From here, (node 73, 95, 38, 54, 28) research focussed in develop-
ing organic solar cells with substantial increase in power conver-
sion efficiency from 0.43% to 3% [26,27]. Traces continues by
introducing heterojunction hybrid organic photovoltaic cells hav-
ing a maximum current density (node 28 and 78) [28] and then
by designing air-stable polymer photovoltaic cells (node 82 to
98) [29,30]. As discussed in the introduction, the main advantage
of organic electronics is its flexibility. This happens with the fabri-
cation of flexible polymer solar cells module using the roll to roll
method (traces from node 34 to 75) [31,32]. In this way, the
research trend continued until Ball (2013) investigated on low-
temperature processed meso-superstructure thin-film perovskite
solar cells. From here, mainstream perovskite solar cells became
a new era of organic electronics. Subsequently, the research by Ball
(2013) was at the major point of divergence of research that fur-
ther converged on the studies on the slow dynamic processes in
Fig. 2. The global main path of research on organic electronics.

2019) arm hole transporting material for over 19
percent efficiency. Journal of Materials
Chemistry C

92 (Moia et al.,
2019)

Ionic-to-electronic current amplification in
hybrid perovskite solar cells. Energy and
Environmental Science

83 (Gelmetti et al.,
2019)

Energy alignment and recombination in
perovskite solar cells. Energy and Environmental
Science

90 (Stolterfoht et al.,
2019)

The impact of energy alignment and interfacial
recombination on the internal and external
open-circuit voltage of PVS. EES.

91 (Caprioglio et al.,
2019)

On the relation between the open-circuit voltage
and quasi-fermi level splitting in efficient
perovskite solar cells. AEM
lead halide perovskite solar cells made by Sanchez (2014)
[33,34]. The emphasis on the research theme of the evolution of
organic electronics continued sequentially until Juarez (2014)



Table 2
The list of different types of organic solar cells in each generation.
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made a study on the key aspects of the photovoltaic operation of
high-efficiency perovskite solar cells [35]. Again divergence of
the mainstream of research was split into two different paths
where first one by Gottesman (2014) who investigated the slow
photoconductivity response of CH3NH3PbI3 perovskites and the
second one was researched by Kim (2014) who made research on
parameters affecting I–V hysteresis of CH3NH3PbI3 perovskite solar
cells [36,37].

The convergence on research streams was at the research by
Wang (2015), on additive-modulated evolution of HC (NH2) 2PbI3
black polymorph for mesoscopic perovskite solar cells [38]. The
subsequent main path research was on the synergistic effects of
lead thiocyanate additive and solvent annealing on the perfor-
mance of wide-bandgap perovskite solar cells. This study
prompted the mainstream research to diverge to three emerging
research streams, as shown in the truncated main path shown in
Fig. 3. The first stream is on the construction of dopant free per-
ovskite solar cells using different efficient heterojunction materials
for achieving a high-power conversion efficiency together with
high hole mobility [39–41]. The second stream is on the investiga-
tion of key factors like Quasi-fermi level splitting (QFLS), change in
energy level position and non-radiative recombination losses in
perovskite cells that are influencing open-circuit voltage(VOC)
[42–44] and the third stream is on the fabrication of all inorganic
perovskite solar cells (PSCs) [45,46,48]. This helps researchers to
focus their ideas on the above emerging research domains. With
reference to Fig. 3, the three different colour bubbles (green, yel-
low, brown) represent emerging research trends in organic
electronics.

3.2. Different generations of solar cell

First-generation solar cells include single crystal, multi-crystal
solar cells that are produced on wafers. Second-generation solar
Fig 3. The truncated main path of evolution of organic electronics.
cells are silicon (Si) thin-film solar cells, mc-Si solar cells, CdTe
solar cells, CIGS solar cells. Third-generation organic solar cells
generally are focussed on multi-layer(tandem) cells that include
dye-sensitized solar cells, hybrid organic–inorganic (perovskite)
solar cells, quantum dot solar cells, CZTS(copper zinc tin sulphide)
solar cells, Polymer-based solar cells, Nano crystal-based solar cells
(Table 2).

Apart from the emerging research areas, main path analysis also
gives the origin of third-generation organic electronics that starts
in the year 2000 with reference to node 95 shown in Fig. 2, the
node is ‘‘an article about the construction of a new three-layer
organic cell, ITO/MPCI/C 60-doped TiOPc/TiOPc/Au, that exhibited
a higher quantum yield for charge-carrier photogeneration than a
two-layer cell [47], where articles on the third-generation organic
solar cell are denoted in red arrows in the truncated main path
(Fig. 2).

3.3. Cluster analysis

We carried out the cluster analysis of the large component as
per the procedure mentioned in methodology based on the follow-
ing steps.

Step 1. The main topological clusters of the giant component of
the citation network are found.
Step 2. The research topics of the main clusters are found by
analysing the title and abstracts of articles in the cluster.
Step 3. The evolution of clusters is traced by constructing the
main path within each cluster. All nodes of the main path rep-
resent critical papers in a cluster. It gives the following observa-
tions as shown in Fig. 4.
S.
no

Solar cell
Generation

Solar cell types

1 First Gen Single crystal, multi-crystal solar cells (SC).
2 Second Gen Si thin-film solar cells, mc-Si solar cells, CdTe solar

cells, CIGS solar cells.
3 Third Gen Dye-sensitized SC, hybrid perovskite SC, quantum dot

SC, CZTS SC, Polymer-based SC, Nano crystal-based SC.

Fig 4. The clusters: Cluster #1 - Violet colour (42.28%) Cluster #2 - green colour
(29.47%) cluster #3 - Orange colour (28.18%) Cluster #4 - yellow colour (0.07%). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Table 3
The keywords related to clusters.

Clusters Size% Keywords

#1. 42.28 Organometal halide perovskites, mesoscopic
heterojunction solar cells.

#2. 29.47 Polymer heterojunction solar cells, bulk-heterojunction
photovoltaic cells.

#3. 28.18 Efficiency-enhancement, High-throughput, machine-
learning, crystal structures.

#4. 0.07 Transparent electrodes, nanowire, nanotube electrodes,
flexible.

Table 4
The list of top articles in each cluster are listed in Table 4.

Article
No

Clusters Publication details

1 1 Organometal halide perovskites as visible-light
sensitizers for photovoltaic cells, 2009, Kojima and
others, Journal of the American Chemical Society.

2 1 Sequential deposition as a route to high-performance
perovskite-sensitized solar cells, 2013, Burschka and
others, Nature.

3 1 Efficient hybrid solar cells based on meso-
superstructured organometal halide perovskites, 2012,
Lee and others, American Association for the
Advancement of Science.

1 2 High-performance polymer heterojunction solar cells of
a polysilafluorene derivative, wang and others, 2008,
Applied Physics Letters.

2 2 Thermally stable, efficient polymer solar cells with
nanoscale control of the interpenetrating network
morphology, ma, and others, 2005, Advanced Functional
Materials.

3 2 Bulk heterojunction solar cells with internal quantum
efficiency approaching 100%, park and others, 2009,
Nature photonics

1 3 Efficiency enhancement in low-bandgap polymer solar
cells by processing with alkane dithiols, peet and others,
2007, Nature materials

2 3 How to represent crystal structures for machine
learning: Towards fast prediction of electronic
properties, Schutt, 2014, Physical Review B

3 3 High-throughput electronic band structurecalculations:
Challenges and tools, setyawan, 2010, Computational
materials science

1 4 Solution-processed metal nanowire mesh transparent
electrodes, lee and others, 2008, Nano Letters

2 4 Highly conductive PEDOT: PSS electrode with optimized
solvent and thermal post-treatment for ITO-free organic
solar cells, Kim, 2011, Advanced Functional Materials

3 4 Emerging transparent electrodes based on thin films of
carbon nanotubes, graphene, and metallic
nanostructures, Hecht, 2011, Advanced materials
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Cluster 1, covers 42.28% of overall research areas that include
articles related to the fabrication of organic–inorganic hybrid per-
ovskite heterojunction organic solar cells. Cluster 2, Covers 29.47%
of overall research articles; this cluster includes articles that
describe achieving maximum power conversion efficiency from
as low as 5.4% to 7.1%, which is evident from the top 10 articles.
Cluster 3 are articles related to the prediction of band structure,
electronic and molecular properties using machine learning tech-
niques covering 28.18%. Cluster 4 covers articles related to the fab-
rication of flexible, transparent, conductive thin film electrodes in
organic solar cells together with low fabrication cost and maxi-
mum power conversion efficiency occupying a minimal value of
0.07 overall percentage. The size, keywords of corresponding clus-
ters are clearly tabulated in Table 3. The top articles in each cluster
are listed in Table 4.
4. Conclusion

The fitted growth curve indicates the research is advancing in
the growing phase. The main path traces the evolution of research
topics and identifies three emerging research trends. The first
stream is on the construction of dopant free perovskite solar cells
using different efficient hole-transporting materials for achieving
a high-power conversion efficiency with high hole mobility. The
second stream is on the investigation of key factors like Quasi-
fermi level splitting (QFLS), change in energy level position and
non-radiative recombination losses in perovskite cells that are
influencing open-circuit voltage (VOC). The third stream is on the
fabrication of all inorganic perovskite solar cells (PSCs). It also gives
the origin of third-generation organic electronics that starts in the
year 2000. The cluster analysis identifies four clusters with major
topics of research in organic electronics as 1. Perovskites, meso-
scopic solar cells 2. Heterojunction solar cells 3. Computing meth-
ods to achieve high throughput, enhanced efficiency using machine
learning technique. 4. The application of nanotubes, silver nano-
wires and microfilms as transparent, flexible organic solar cells.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] Y. Zhou, S.-T. Han, V. Roy, Nanocomposite dielectric materials for organic
flexible electronics, in: Nanocrystalline Materials, Elsevier, 2014, pp. 195–220.

[2] B. Winther-Jensen, K. West, Vapor-phase polymerization of 3, 4-
ethylenedioxythiophene: a route to highly conducting polymer surface
layers, Macromolecules 37 (12) (2004) 4538–4543.

[3] W. Clemens, W. Fix, J. Ficker, A. Knobloch, A. Ullmann, From polymer
transistors toward printed electronics, J. Mater. Res. 19 (7) (2004) 1963–1973.

[4] B. Crone, A. Dodabalapur, Y.-Y. Lin, R. Filas, Z. Bao, A. LaDuca, R. Sarpeshkar, H.
Katz, W. Li, Large-scale complementary integrated circuits based on organic
transistors, Nature 403 (6769) (2000) 521.

[5] J.T. Friedlein, R.R. McLeod, J. Rivnay, Device physics of organic electrochemical
transistors, Org. Electron. 63 (2018) 398–414.

[6] Y. Wang, L. Yang, X.-L. Shi, X. Shi, L. Chen, M.S. Dargusch, J. Zou, Z.-G. Chen,
Flexible thermoelectric materials, and generators: challenges and innovations,
Adv. Mater. (2019), 1807916.

[7] Kunigunde Cherenack, Liesbeth van Pieterson, Smart textiles: challenges and
opportunities, J. Appl. Phys. 112 (9) (2012) 091301, https://doi.org/10.1063/
1.4742728.

[8] X. Zhang, P. Bauerle, T. Aida, P. Skabara, C. Kagan, Organic electronics for a
better tomorrow: innovation, accessibility, sustainability, in: A White Paper
from the Chemical Sciences and Society Summit (CS3), 2012.

[9] Y.-L. Loo, I. McCulloch, Progress and challenges in the commercialization of
organic electronics, MRS Bull. 33 (7) (2008) 653–662.

[10] N. Bindu, C.P. Sankar, K.S. Kumar, From conventional governance to e-
democracy: tracing the evolution of e-governance research trends using
network analysis tools, Govern. Inform. Quarterly (2019).

[11] D.A. Kwary, A corpus and a concordancer of academic journal articles, Data
Brief 16 (2018) 94–100.

[12] N.P. Hummon, P. Dereian, Connectivity in a citation network: The
development of DNA theory, Social Net. 11 (1) (1989) 39–63.

[13] V. Batagelj, Efficient algorithms for citation network analysis, arXiv preprint
cs/0309023, 2003.

[14] N.P. Hummon, K. Carley, Social networks as normal science, Social Net. 15 (1)
(1993) 71–106.

[15] N.P. Hummon, P. Doreian, L.C. Freeman, Analyzing the structure of the
centrality-productivity literature created between 1948 and 1979, Knowledge
11 (4) (1990) 459–480.

[16] Vladimir Batagelj, Andrej Mrvar, Pajek-program for large network analysis,
Connections (1998) 47–57.

[17] M.E. Newman, Fast algorithm for detecting community structure in networks,
Phys. Rev. E 69 (6) (2004) 066133.

[18] M.E.J. Newman, M. Girvan, Finding and evaluating community structure in
networks, Phys. Rev. E 69 (2) (2004), https://doi.org/10.1103/
PhysRevE.69.026113.

[19] V.D. Blondel, J.-L. Guillaume, R. Lambiotte, E. Lefebvre, Fast unfolding of
communities in large networks, J. Stat. Mech: Theory Exp. 10 (2008) P10008.

[20] N. Shibata, Y. Kajikawa, Y. Takeda, I. Sakata, K. Matsushima, Detecting
emerging research fronts in regenerative medicine by the citation network

http://refhub.elsevier.com/S2214-7853(20)32853-4/h0005
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0005
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0005
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0010
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0010
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0010
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0015
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0015
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0020
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0020
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0020
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0025
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0025
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0030
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0030
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0030
https://doi.org/10.1063/1.4742728
https://doi.org/10.1063/1.4742728
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0045
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0045
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0050
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0050
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0050
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0055
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0055
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0060
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0060
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0070
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0070
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0075
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0075
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0075
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0080
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0080
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0085
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0085
https://doi.org/10.1103/PhysRevE.69.026113
https://doi.org/10.1103/PhysRevE.69.026113
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0095
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0095
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0100
http://refhub.elsevier.com/S2214-7853(20)32853-4/h0100


1350 S. Suriya Prabhaa et al. /Materials Today: Proceedings 33 (2020) 1345–1350
analysis of scientific publications, Technol. Forecast. Soc. Chang. 78 (2) (2011)
274–282.

[21] Yuya Kajikawa, Yoshiyuki Takeda, Citation network analysis of organic LEDs,
Technol. Forecast. Soc. Chang. 76 (8) (2009) 1115–1123.

[22] M. Hiramoto, Y. Kishigami, M. Yokoyama, Doping effect on the two-layer
organic solar cell, Chem. Lett. 19 (1) (1990) 119–122.

[23] M. Hiramoto, M. Suezaki, M. Yokoyama, Effect of thin gold interstitial-layer on
the photovoltaic properties of tandem organic solar cell, Chem. Lett. 19 (3)
(1990) 327–330.

[24] D. Schlettwein, N.R. Armstrong, Correlation of frontier orbital positions and
conduction type of molecular semiconductors as derived from UPS in
combination with electrical and photoelectrochemical experiments, J. Phys.
Chem. 98 (45) (1994) 11771–11779.

[25] Hisao Yanagi, Yoshihiro Kanbayashi, Derck Schlettwein, Dieter Woehrle, Neal
R. Armstrong, Photoelectrochemical investigations on naphthalocyanine
derivatives in thin films, J. Phys. Chem. 98 (17) (1994) 4760–4766.

[26] Dieter Wöhrle, Lutz Kreienhoop, Günter Schnurpfeil, Jörg Elbe, Bernd
Tennigkeit, Stefan Hiller, Investigations of n/p-junction photovoltaic cells of
perylenetetracarboxylic acid diimides and phthalocyanines Derck Schlettwein.

[27] Soichi Uchida, Jiangeng Xue, Barry P. Rand, Stephen R. Forrest, Organic small-
molecule solar cells with a homogeneously mixed copper phthalocyanine: C60
active layer, Appl. Phys. Lett. 84 (2004) 4218.

[28] M. Lira-Cantu, Frederik C. Krebs, Hybrid solar cells based on MEH-PPV and
thin-film semiconductor oxides (TiO2, Nb2O5, ZnO, CeO2 and CeO2–TiO2):
Performance improvement during long-time irradiation, 2006.

[29] Frederik C. Krebs, Air stable polymer photovoltaics based on a process free
from vacuum steps and fullerenes, Sol. Energy Mater. Sol. Cells 92 (2008) 715–
726.

[30] C. Frederik Krebs, Yi Thomann, Ralf Thomann, Jens W. Andreasen, A simple
nanostructured polymer/ZnO hybrid solar cell—preparation and operation in
air, Nanotechnology (2008).

[31] Jens A. Hauch, Pavel Schilinsky, Stelios A. Choulis, Sambatra Rajoelson,
Christoph J. Brabec, The impact of water vapor transmission rate on the
lifetime of flexible polymer solar cells, 2008.

[32] Frederik C. Krebs, Roll-to-roll fabrication of monolithic large-area polymer
solar cells free from indium-tin-oxide, Solar Energy Mater. Solar Cells 93 (9)
(2009) 1636–1641, https://doi.org/10.1016/j.solmat.2009.04.020.

[33] J.M. Ball, M.M. Lee, A. Hey, H.J. Snaith, Low-temperature processed meso-super
structured to thin-film perovskite solar cells, Energy Environ. Sci. 6 (6) (2013)
1739–1743.

[34] R.S. Sanchez, V. Gonzalez-Pedro, J.-W. Lee, N.-G. Park, Y.S. Kang, I. Mora-Sero, J.
Bisquert, Slow dynamic processes in lead halide perovskite solar cells.
Characteristic times and hysteresis, J. Phys. Chem. Lett. 5 (13) (2014) 2357–
2363.

[35] E.J. Juarez-Perez, R.S. Sanchez, L. Badia, G. Garcia-Belmonte, Y.S. Kang, I. Mora-
Sero, J. Bisquert, Photoinduced giant dielectric constant in lead halide
perovskite solar cells, J. Phys. Chem. Lett. 5 (13) (2014) 2390–2394.

[36] R. Gottesman, E. Haltzi, L. Gouda, S. Tirosh, Y. Bouhadana, A. Zaban, E. Mosconi,
F. De Angelis, Extremely slow photoconductivity response of ch3nh3pbi3
perovskites suggesting structural changes under working conditions, J. Phys.
Chem. Lett. 5 (15) (2014) 2662–2669.

[37] H.-S. Kim, N.-G. Park, Parameters affecting i–v hysteresis of ch3nh3pbi3
perovskite solar cells: effects of perovskite crystal size and mesoporous tio2
layer, J. Phys. Chem. Lett. 5 (17) (2014) 2927–2934.

[38] Z. Wang, Y. Zhou, S. Pang, Z. Xiao, J. Zhang, W. Chai, H. Xu, Z. Liu, N.P. Padture,
G. Cui, Additive-modulated evolution of hc (nh2) 2pbi3 black polymorph
for mesoscopic perovskite solar cells, Chem. Mater. 27 (20) (2015)
7149–7155.

[39] J. Zhou, X. Yin, Z. Dong, A. Ali, Z. Song, N. Shrestha, S.S. Bista, Q. Bao, R.J.
Ellingson, Y. Yan, et al., Dithieno [3, 2-b: 2’, 3’-d] pyrrole cored p-type
semiconductors enabling 20% efficiency dopant-free perovskite solar cells.
Angewandte Chemie.

[40] Z. Dong, X. Yin, A. Ali, J. Zhou, S.S. Bista, C. Chen, Y. Yan, W. Tang, A dithieno [3,
2-b: 2’, 3’-d] pyrrole-cored four-arm hole transporting material for over 19%
efficiency dopant-free perovskite solar cells, J. Mater. Chem. C 7 (31) (2019)
9455–9459.

[41] J. Wang, H. Zhang, B. Wu, Z. Wang, Z. Sun, S. Xue, Y. Wu, A. Hagfeldt, M. Liang,
Indeno [1, 2-b] carbazole as methoxy-free donor group to construct efficient
and stable hole-transporting materials for perovskite solar cells. Angewandte
Chemie International Edition.

[42] M. Stolterfoht, P. Caprioglio, C.M. Wolff, J.A. Marquez, J. Nordmann, S. Zhang, D.
Rothhardt, U. Hormann, Y. Amir, A. Redinger, et al., The impact of energy
alignment and interfacial recombination on the internal and external open-
circuit voltage of perovskite solar cells, Energy Environ. Sci., 2019.

[43] I. Gelmetti, N.F. Montcada, A. Perez-Rodŕıguez, E. Barrena, C. Ocal, I. Garćıa-
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