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How to detect and identify the future trends of emerging technologies as early as possible is crucial for gov-
ernment R&D strategic planning and enterprises' practices. To avoid the weakness of using only scientific papers
or patents to study the development trends of emerging technologies, this paper proposes a framework that uses
scientific papers and patents as data resources and integrates the text mining and expert judgment approaches to
identify technology evolution paths and forecast technology development trends within the short term. The

perovskite solar cell technology is selected as a case study. In this case, the text mining and expert judgment
methods are applied to analyze the technology evolution path, and gaps analysis between science and tech-
nology is used to forecast the technology development trend. This paper will contribute to the technology
forecasting and foresight methodology, and will be of interest to solar photovoltaic technology R&D experts.

1. Introduction

In recent years, we have witnessed the emergence of major ad-
vancements in new technologies that have disruptive characteristics,
such as information technology, nanotechnology, biotechnology, and
new material technology. The emergence and development of these
new technologies not only changed the global competitive structure,
but also created new industries, changed the lives of people, and
changed the socio-economic production mode (Rifkin, 2011). Identi-
fying the future trends of these new technologies as early as possible is
crucial for governments' and enterprises' research and development (R&
D) strategic planning to gain a first-mover advantage in future global
competition. Many decision makers are aware of the significance of
understanding of the emergence path, and identifying the future de-
velopment trends of these new technologies for an organization's
competitiveness and sustainable development when facing the wave of
revolutionary technological changes (Li et al., 2015). Therefore, it be-
comes a strategic concern for public sectors and enterprises to identify
and grasp the opportunity to develop their new technologies, which will
ultimately contribute to their international competitiveness and sus-
tainable development. This strategic issue raises one question: How can
one detect and forecast the future development trend of these emerging
technologies given the better understanding of their emergence? In

response to this question, this paper develops a framework for detecting
and forecasting the future development trend of these emerging tech-
nologies, based on an understanding of their existing evolution path
and the identification of the gaps between science and technology.

A technology trend is considered as a continuously growing tech-
nology area with a certain pattern, and the pattern as a trend should
have existed for a certain period of time (Ena et al., 2016). Many
methods have been developed to identify and forecast the pattern. The
traditional method to identify and forecast technology trends is usually
based on the experience of experts, along with a long and costly pro-
cedure affected by subjective factors (Wang et al., 2015b). However,
with the advancements in information and computer technology, the
body of public technical literature including scientific papers and pa-
tents has grown, and researchers have begun to use this information to
analyze and study technology trends. Thus, scientific papers (Daim
et al., 2006; Dotsika and Watkins, 2017; Jaewoo and Woonsun, 2014;
Kajikawa et al., 2008; Kostoff and Schaller, 2001; Rezaeian et al., 2017;
Tsai, 2012) and patents (Chen et al., 2017; Golembiewski et al., 2015;
Noh et al., 2016; Yoon and Kim, 2012) are applied as data resources for
technology trends analysis. The amount of this technical information
makes it more difficult to forecast technology trends solely based on
expert knowledge (Kostoff, 1998). Therefore, based on public technical
literature, technology trends forecasting activities usually use
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quantitative approaches to explore trends and provide early indications
of potential changes and developments for anticipatory policy and
strategy making. These approaches include bibliometric analysis (Daim
et al., 2012; Dereli and Durmusoglu, 2009; Kajikawa et al., 2008; Lee
et al., 2010), and text mining method (Chen et al., 2017; Choi and
Hwang, 2014; Hao et al., 2014; Kostoff et al., 2008; Yoon and Kim,
2012). These quantitative methods can process massive raw data, re-
duce the size of data for further manual process, and mining the in-
telligence information of technology from technical literature. While
experts' knowledge can provide powerful creditability to take respon-
sibility for analyzing the intelligence information when we forecasting
technology trends, so integrating the quantitative methods with experts'
knowledge to study the development trends of technology and the po-
tential changes of technology has gradually become a focus of re-
searchers' attention.

The relationships between science and technology have long been
debated in academia. Much of the empirical evidence since the mid-
1980s supports the idea that science and technology co-evolve and
interact in complex ways, and has replaced the old linear model in
which the progress of science was essentially exogenous and techno-
logical advances were the outcomes of applied R&D efforts (Breschi and
Catalini, 2010). Many researchers have noted in different empirical
studies that the interdependencies and interactions between science
and technology have been increasing. Despite this interdependence,
gaps also exist between them (Wang et al., 2015a). Through the ana-
lysis and comparison of scientific papers and patents can be used to
determine the gaps and identify technological opportunities (Shibata
et al., 2010; Wang et al., 2015a). Many empirical studies have shown
that an enormous amount of scientific information is organized and
codified in patents, which shows that the development of an increasing
number of technologies depends on science (Breschi and Catalini, 2010;
McMillan et al., 2000; Narin and Noma, 1985; Tijssen, 2001). In
knowledge-intensive science technology, basic research in science
provides a fundamental basis for technology development, and the
science is considered as seeds of technology and innovation in the linear
innovation model (Shibata et al., 2010). Much information of techno-
logical development can be obtained from analysis of the development
of science. Scientific papers and patents record modern and advanced
knowledge in scientific discovery and technological development
(Wang et al., 2015a). Therefore, how to discover the gaps between them
through the mining of technical information contained in scientific
papers and patents, and to combine experts' knowledge to predict the
future development trend of technology is an important issue that
scholars need to pay attention to. Some previous studies exploring
technology trends are based on scientific papers or patents alone,
whereas few scholars have combined information from both scientific
papers and patents to study technology trends. Some scholars noted
that different types of information sources provide diverse knowledge
about the evolution path of technological development, and integrated
use of the data sources will certainly give a more complete picture of
the technology trends (Ena et al., 2016). Thus, the analysis of only
scientific papers or patents is not sufficient to fully understand the
evolution path of technological development and forecast technology
trends.

To avoid the weakness of using only scientific papers or patents to
study the development trends of emerging technologies, therefore, this
paper proposes a framework that integrates scientific papers and pa-
tents as data resources. In the framework, topics-based text mining and
experts' knowledge approaches are applied to mining the technical
knowledge and information contained in scientific papers and patents
respectively, and to identify the technology evolution path, and a gaps
analysis between science and technology is used to forecast the tech-
nology future development trend within the short term. It takes the
perovskite solar cell technology as a case study against the background
of the rapid development of the photovoltaic technology field.

The rest of this paper is organized as follows. Section 2 briefly
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presents the literature review. Section 3 provides the proposed meth-
odology. Section 4 analyzes the case study of perovskite solar cell
technology. Section 5 discusses the paper, and Section 6 concludes the
paper.

2. Literature review

Scientific papers represent a branch of literature on the research and
description of scientific results in various academic fields, and offer not
only a means of exploring the problems of academic research but also
an instrument of academic exchange. As the latest technological in-
formation is frequently discussed and shared in scientific papers, the
scientific paper is an important carrier of information about technology
and an important data resource to study the development and change of
technology (Behkami and Daim, 2012; Watts and Porter, 1997).
Meanwhile, patents provide an up-to-date and reliable information
source for reflecting technological development. Thus, patent docu-
ments are considered as a fruitful source of data for understanding
technological trends (Noh et al., 2015). Thus, scientific papers (Daim
et al., 2006; Dotsika and Watkins, 2017; Jaewoo and Woonsun, 2014;
Kajikawa et al., 2008; Kostoff and Schaller, 2001; Rezaeian et al., 2017;
Tsai, 2012) and patents (Chen et al., 2017; Golembiewski et al., 2015;
Noh et al., 2016; Yoon and Kim, 2012) are applied as data resources for
technology trends analysis. With the rapid increase in the number of
scientific papers and patents, relying only on expert knowledge to
quickly analyze technological trends is not effective (Kostoff, 1998). As
the advancement of computing technologies, various quantitative and
qualitative methods are developed to study technology development
trends, such as citation analysis, co-word analysis, topic analysis, and
technology roadmapping.

2.1. Citation analysis

Citation illustrates the exchange of key ideas within specific science
field (Garcialillo et al., 2016), it provides insight into the relationship
between scientific papers or patents, the transfer, and interplay of
knowledge (Teufel et al., 2006). Therefore, citation analysis is widely
used for understanding the technological development trends.

Citation relations between scientific papers represent the knowl-
edge-related relationships between them, and citation clustering can be
used to cluster papers that share knowledge-related relationships.
Through the analysis of citation clustering with time changes, the
evolution path of technology and technology development trend can be
clearly identified. Therefore, many scholars use citation analysis to
study the evolution path of technology and technology development
trend (Kajikawa and Takeda, 2008; Kajikawa and Takeda, 2009; Marzi
et al., 2017; Shibata et al., 2008). Patent citation analysis assumes that
patents cited by many later patents have a strong possibility of con-
taining important ideas that later inventors build on (Yoon and Kim,
2011). A patent citation provides general relationships among patents
that are related to each other, and it is suited to tracing the historical
development of the main path in a given technology field (Chang et al.,
2010). By analyzing the citation links among various patents over time,
we can discover the similar and related technological topics in the
cited-citing patents. Therefore, patent citation analysis has been widely
used not only to track the history of technology development (Chen
et al., 2012; Choi and Park, 2009; Gibson et al., 2017), but also to
identify and monitor the new trends of technological development
(Chang et al., 2010; Lee et al., 2010; Wu and Leu, 2013).

Scientific papers and patents contain much technical knowledge and
information, such that solely relying on citation analysis to carry out
technology trend analysis is not comprehensive (Madani and Weber,
2016). With the development of text mining methods and computer
technology, scholars apply the text mining method to extract valuable
knowledge and information from the textual content of the scientific
papers for technology trend analysis (Callon et al., 1991; Dotsika and
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Watkins, 2017; Jaewoo and Woonsun, 2014; Lee et al., 2008; Liu et al.,
2013; Wu and Leu, 2014).

2.2. Co-word analysis

Text mining can give researchers access to technical information in
patent documents (Madani and Weber, 2016), and offer a more com-
plete picture of the technological development trend by integrating
experts' knowledge. Co-word analysis is a text mining method that can
extract technical information from the textual content, and reveal the
deep meaning of documents (Dotsika and Watkins, 2017). The high-
frequency keywords in the patent documents can reflect the documents'
technical themes. The co-word analysis method can be used to explore
themes and relations among these keywords (Ravikumar et al., 2015).
Analyzing the characteristics of these themes over time is helpful to
detect and forecast technological development trends. With the devel-
opment of text mining methods and computer technology, many
scholars used text mining method to extract the keywords in the pub-
lications, and the co-word analysis method was used to predict tech-
nological trends by analyzing the evolution of technical themes over
time (Callon et al., 1991; Dotsika and Watkins, 2017; Jaewoo and
Woonsun, 2014; Ravikumar et al., 2015).

Although co-word analysis has been widely applied to analyze the
technology trends, keywords are usually too ambiguous to indicate a
concept (Tseng et al., 2007), and co-word analysis cannot handle sy-
nonym and polysemy terms very well (Ding and Chen, 2014). Thus, the
use of co-word analysis may not be sufficient to reveal the changes of
the technical topics and technology trends. With the development of
information and computer technology, topic analysis based text mining
has rapidly developed. Compared with co-word analysis, topic analysis
based text mining enables to handle synonym and polysemy terms,
which can consider more textual information, thus it could significantly
improve the performance of text mining.

2.3. Topic analysis

Topic analysis is an interesting text mining method that based on
semantic clusters. Topic modeling method has become a popular ap-
proach for topic analysis, as it can handle synonym and polysemy terms
very well, and identity hidden topics from documents. So many topic
modeling methods have been developed for topic analysis. Latent
Dirichlet Allocation (LDA) is one of topic analysis model for detecting
latent topics from large size dataset (Wang et al., 2014). Chen et al.
(2017) applied LDA to uncover the latent topics underlying massive
patent claims, and identified the future trends of technology. While
using LDA topic model, number of topics is usually given by researchers
according to their subjective judgment (Wang et al., 2014), and it is
hard to determine the number of topics without understanding the
input data. Therefore, Teh et al. (2006) proposed the Hierarchical Di-
richlet process (HDP) to address these problems. Ding and Chen (2014)
compared the performance of HDP, co-citation analysis and co-word
analysis, shows that HDP is more sensitive and reliable than other two
methods in Topic Detection and Tracking. Furthermore, they demon-
strated the topic evolution trends in the literature of terrorism research
with the HDP method.

Technological topic analysis is one of the most important tasks for
technology competitive intelligence analysis, since detecting tech-
nology trends, hot spots, and core technology are all based on it (Wang
et al., 2014). Topic analysis plays an important role in exploring the
development trend of technology. Some scholars began to use topic
analysis based text mining to uncover the technical topics that are
implicit in the documents to study technology trends (Wang et al.,
2015b; Zhang et al., 2016). Lingo algorithm, a type of topics clustering
algorithm, combines common phrase discovery and latent semantic
indexing techniques to separate search results into meaningful groups,
and it can identify topic labels automatically (Osinski and Weiss, 2005).
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Therefore, in this paper, we used the Lingo algorithm to generate
technical topics from scientific papers and patents, and to identify the
path of technological evolution of emerging technology.

2.4. Technology roadmapping

Technology roadmapping (TRM) provides a structured approach to
map the evolution and development of technology (Phaal et al., 2004),
and is recognized as an effective, comprehensive tool for planning the
future development of technology (Phaal et al., 2011). Roadmapping
provides a mechanism to help experts understand the emergence of
science and technology, and forecast science and technology develop-
ments trend within targeted areas (Li et al., 2015). TRM has been em-
ployed to map historical technological evolution and emergence, and
thus improve our understanding of its dynamics characteristics and gain
insight into its future development trends (Zhang et al., 2015). The
majority of traditional TRM studies applied qualitative approaches as
research methods (Carvalho et al., 2013). With the development of text
mining and informatics techniques, quantitative approaches are in-
creasingly applied to TRM. Quantitative approaches are viewed as more
valid and less biased as they are supported by objective data, and they
can augment and amplify the capabilities of the expert by providing
insights to the database structure and contents (Kostoff and Schaller,
2001). Therefore, researchers blend qualitative and quantitative
methods to TRM (Hussain et al., 2017; Lee et al., 2009; Zhang et al.,
2013; Zhang et al., 2015; Zhang et al., 2017), which can reduce
knowledge gaps and improve strategic decision. The hybrid TRM that
blends qualitative and quantitative methodologies is a trend in terms of
Science, Technology & Innovation studies (Zhang et al.,, 2015). To
better understand the detailed evolution path of emerging technology,
in this paper, we applied roadmapping approach and domain experts'
knowledge to construct a map of its evolution based on the topic
clustering results obtained from scientific papers and patents.

2.5. Comparative analysis of related work

Through the above literature analysis, scholars usually take scien-
tific papers or patents as a data source and apply citation analysis, co-
word analysis, topic analysis and TRM to analyze the technology trends.
However, these analysis methods have some shortcomings and limita-
tions in the analysis of technology trends. Citation analysis uses only
the structural information but do not involve textual content informa-
tion. In addition, the use of citation analysis to analyze technology
trends has other shortcomings, such as a degree of time delay. Although
the co-word analysis method involves the textual content information,
the co-word analysis method cannot handle synonym and polysemy
terms very well thus it isn't an ideal tool for subsequent clustering tasks
(Ding and Chen, 2014). Therefore, the co-word analysis method cannot
effectively reflect the technical topics of documents. The topic analysis
overcomes the limitation, and the topic analysis method has been used
by scholars to analyze technology trends. Though quantitative ap-
proaches can automatically process massive raw data, experts' knowl-
edge plays important roles in understanding of technology process. The
proper use of quantitative method is to augment and amplify the cap-
abilities of experts not to replace the experts (Kostoff and Schaller,
2001). So many researchers are working to combine quantitative
methods with experts' knowledge to study technology trends. The
combination of topics-based text mining and expert judgment has been
considered a good way to predict technology trends. Although some
scholars have combined information from both scientific papers and
patents to determine the gap and identify technological opportunities
(Shibata et al., 2010; Wang et al., 2015a), few scholars integrate text
mining and expert judgment approach to forecast technology trends by
identifying the gaps between science and technology. Therefore, this
paper, taking scientific papers and patents as data sources, will use the
topics-based text mining and expert judgment approaches to analyze
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the detailed evolution path of technology, and predict the technology
trends by identifying the gaps between science and technology.

3. Methodology

Text mining can find implicit, previously unknown, and potentially
useful patterns from large text documents, and such patterns can be-
come important intelligence for decision-making after being supple-
mented with additional information and interpreted by experts'
knowledge (Tseng et al., 2007). Thus, text mining has been considered
as a practical technique to help the forecaster detects early signs of
technological change. Many researchers have developed text mining
approaches to mine technology intelligence in scientific papers and
patents, and to catch weak signs of technology trends. Although ex-
isting approaches can reveal rough technology trends in the technical
area, the detailed contents of the trends remain hidden (Chen et al.,
2017). Topic-based clustering is an interesting text mining method that
has been applied to analyze technology trends. Topics can be generated
from scientific papers and patents using a clustering algorithm; how-
ever, most of the clustering algorithms used to generate topics are too
broad to identify the refined technology trends. Thus, there is a need to
adapt improved clustering algorithms that may go deeper into the text
and generate more refined technological topics. Lingo algorithm, a type
of clustering algorithm, combines common phrase discovery and latent
semantic indexing techniques to separate search results into meaningful
groups, and it has been shown to generate more refined topics com-
pared with other clustering algorithms (Ena et al., 2016) and can
identify topic labels automatically (Osinski and Weiss, 2005). There-
fore, in this paper, we will use the Lingo algorithm to generate technical
topics from scientific papers and patents.

This paper proposes a framework that uses scientific papers and
patents as data resources and integrates topic-based text mining and
expert judgment approaches to forecast technology trends by identi-
fying the gaps between science and technology. The overall process of
the framework is illustrated in Fig. 1. The detailed analysis steps of the
framework are as follows:

Step 1. Retrieving and collecting the data. We take the Web of
Science (WOS) and Derwent Innovations Index (DII) databases as the
data sources for collecting data, and use different search queries related
to the subject of the study (namely, perovskite solar cell technology) to
download the relevant scientific papers and patents. The purpose of this
step is to obtain a collection of scientific papers and patents related to
perovskite solar cell technology.

Step 2. Preprocessing the obtained data. The scientific papers and
patents obtained from Step 1 need to be divided by year, and the noise
data needs to be removed. The cleaned scientific papers and patents are
converted into text format compatible for text mining, and then the
scientific papers dataset and the patents dataset related to perovskite
solar cell technology are obtained.

Step 3. Clustering topics with the Lingo algorithm. In this step, we
use the Lingo algorithm to generate technology topics from scientific
papers and patents. Lingo algorithm uses the vector space model (VSM)
and singular value decomposition (SVD) to find conceptually varied
cluster labels and then assigns documents to the labels to form groups
(Osinski and Weiss, 2005). The step is conducted using four specific
tasks which are applied one after the other. The four detailed tasks are
as follows:

(1) Preprocessing input data. We cleaned the preprocessed data ob-
tained from step 2 by using a combination of three common text-
preprocessing methods. These methods involve tokenization,
stemming and marking stop words.

(2) Phrase extraction. The preprocessed data is used as an input for a
phrase-extraction algorithm. A modified version of semantic hier-
archical clustering algorithm was employed to discover phrases and
single terms that could explain the verbal meaning of abstract
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concepts.

(3) Cluster-label induction. The phrases and single terms are utilized to
construct term-document matrices which are able to show the
conjoint appearance relationships between phrases and documents.
To eliminate bias towards the query words, the logarithm term
frequency-inverse document frequency (log TF-IDF) term-weighting
scheme was used to calculate values in term-document matrix and
then normalized each column vector to obtain matrix A. Then the
SVD was utilized to decompose the matrix A to discover abstract
concepts. Finally, the classic cosine distance was applied to calcu-
late the cosine similarity between every abstract concept and
phrase or term, and the maximum value indicates the term that best
approximate the corresponding abstract concept (Osinski and
Weiss, 2005). The maximum term was treated as cluster label.

(4) Cluster-content allocation. From what has been discussed above,
the contents and cluster-labels have been determined, then we
matched the input contents against cluster-labels. The classic cosine
distance was applied to calculate the cosine similarity of the clus-
tering label and the term-document matrix. If the similarity exceeds
a predefined threshold, the corresponding documents are allocated
to the corresponding clusters sets to generate the topics based on
scientific papers and patents. The threshold ranges from 0 to 1,
higher threshold values would result in more documents being put
in one cluster, lowering threshold value leads to few documents in
one group. In this paper, the threshold is 0.2 which verified by
empirically exercise. The clustering results are sensitive to the
parameter setting of the clustering algorithm. To get better clus-
tering results, the selection of the control parameters for clustering
algorithms was carried out by variation and subsequent expert
validation of the results in relation to the following control para-
meters (Ena et al., 2016): Cluster size, cluster merging threshold,
and size-score sorting ratio.

Step 4. Generating the hierarchical structure of the technology.
After we obtained the clustering results from Step 3, we treated the
clustering results as objective evidence for decision-making, and com-
bined these results and domain experts' knowledge for topic analysis
and the construction of the hierarchical structure of perovskite solar
cell technology. The detailed steps are as follows. Firstly, perovskite
solar cell technology domain experts who at least have focused on
perovskite solar cell technology studies for more than 5 years were in-
vited to screen the clustering results, and they divided the technical
topics into three categories: material, structure and fabrication. The
three categories form the first level of the hierarchical structure of the
technology. Secondly, based on domain experts' knowledge, we found
that there are interconnections between some topics in the clustering
results. In order to refine the interconnections of the topics, the topics
were rendered with a visualization tool which integrates into the Carrot
2 workbench. The visualization tool shows the connections among to-
pics, and the topics were clustered based on their connections and
harmonized by domain experts. The domain experts, comprising one
senior researcher and two research assistants who has focused on solar
cell studies, were invited to serve as our panel to construct the hier-
archical structure of perovskite solar cell technology. The results of the
topic harmonization form the second level and the third level of the
hierarchical structure of the technology respectively. Finally, the hier-
archical structure of technology was generated.

Step 5. Constructing the maps of the technological evolution based
on scientific papers and patents. We invited the domain experts and one
associated professor who has focused on TRM studies for more than
10 years to organize our TRM panel to construct the map of the evo-
lution of perovskite solar cell technology. The vertical structure of the
map is directly obtained from the first level of the hierarchical structure
of the technology. The horizontal axis of the map indicates time. The
detailed steps to construct the map are as follows. Firstly, based on the
results of topics clustering obtained from Step 3, we obtained the
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Fig. 1. Framework for forecasting the technology trends based on scientific papers and patents.

annual technical topics. Secondly, based on the hierarchical structure of
the perovskite solar cell technology, we classified topics into appro-
priate layers and phases of TRM, and located them on the map. For
example, we placed the annual topics representing different materials
into the annual material layer, and the annual topics representing dif-
ferent structure into the annual structural layer. At the same time, the
topics having the same attribute feature are merged in each layer

according to the hierarchical structure of the perovskite solar cell
technology. Finally, we constructed the evolution maps of perovskite
solar cell technology based on the scientific papers and patents.

Step 6. Forecasting the technology trends. After we obtained the
technical topics from scientific papers and patents, we carried out the
differences analysis of the first appearance of the technical topics and
the differences analysis of the technical topics with high growth rates
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between scientific papers and patents. We compared these two gaps and
combined them with the detailed path of the technology evolution
based on scientific papers and patents to forecast the future develop-
ment trend of the technology.

4. Case study

To illustrate the proposed methodology, we take perovskite solar
cell technology as a case study. Perovskite solar cell technology is one
type of emerging solar cell technology in the solar photovoltaic tech-
nology field. With the rapid increase of photoelectric conversion effi-
ciency, perovskite solar cell technology was selected as one of the ten
most important scientific and technological advances in 2013 by the
journal Science, and was assessed as one of the most anticipated
breakthroughs in science and technology in 2014 by Nature magazine.
In 2016, the World Economic Forum (WEF) listed the top ten emerging
technologies that will change human life and included perovskite solar
cell technology. The WEF believes that these emerging technologies are
not out of reach and that they will have a significant impact on our lives
in the near future." Therefore, forecasting the future development of
perovskite solar cell technology is of great significance for managers
and policy makers' R&D strategic planning.

4.1. Data collection

In this paper, we take the Web of Science (WOS) and Derwent
Innovations Index (DII) databases as the data sources for collecting
data. This paper used the term “(Perovskite solar cell*) or (Perovskite
based solar cell*) or (Perovskite* AND solar cell*) or (Perovskite* AND
photovoltaic cell*)” as the query to search the scientific papers from
WOS, and 3908 papers were retrieved from the database from 2009 to
2016. The term “((perovskite*) and ((solar cell*) or (solar cells*) or
(photovoltaic cell*) or (photovoltaic cells*)))” was used as the query to
search the patent data from DII, and 634 issued patents were retrieved
from the database from 2009 to 2016. The search was done on March
20th, 2017. The annual numbers of scientific papers and patents related
to perovskite solar cell technology are shown in Fig. 2.

As shown in Fig. 2, scientific papers and patents related to per-
ovskite solar technology first appeared in 2009, and the number of
scientific papers and patents grew rapidly each year as the technology's
development entered a phase of sharp increment. In particular, the
number of scientific papers and patents increased exponentially in the
period from 2014 to 2016 (352% increase for papers and 487% increase
for patents). These high rates show that the research and development
of perovskite solar cell technology has been very active in the last three
years. Furthermore, Fig. 2 indicates that the growth rate of patents has
been higher than the growth rate of papers since 2015. This shows that
the process of transforming scientific results into technological appli-
cations has been accelerating in the last two years.

4.2. Data analysis

This data analysis consists of four parts: topic clustering, construc-
tion of the hierarchical structure of the technology, analysis of the map
of the technology's evolution based on scientific papers and patents, and
forecasting of technology development trends.

4.2.1. Topic clustering

The annual data of the scientific papers and patents was processed
individually, excluding the keywords “research progress”, “develop-
ment history” and “development status” contained in titles, and the
reprocessed data were converted into XML format compatible with

! The World Economic Forum's Meta-Council on Emerging Technologies. Top
10 emerging technologies of 2016. World Economic Forum, 2016.
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Carrot2 software. It is important to set the control parameters of the
Lingo algorithm in the Carrot2 software to get better clustering results.
The parameters were set to Minimum cluster size = 2, cluster merging
threshold = 0.7, size-score sorting ratio = 1.0. The selection of the
control parameters for clustering algorithms was carried out by ex-
perimental variation and subsequent expert validation of the results.
After we got the clustering results, we selected the top 50% of topics
according to the number of documents treating the topic, and removed
multi meaning topics and meaningless topics, such as method and used,
Layer for high, improvement of the power conversion. Then two do-
main experts, one of them who has focused on perovskite solar cell
technology studies for more than 5 years from the School of Materials
Science and Engineering, Tsinghua University, China, and the other one
who has focused on perovskite solar cell technology studies for more
than 7 years from College of Materials Science and Engineering, Beijing
University of Technology, China, were invited to screen the rest topics
in the clustering results based on their domain knowledge. Finally, we
obtained annual topics based on scientific papers and patents with the
help of two domain experts. Fig. 3 shows a part of the clustering results
in 2015; the red circle indicates the candidate topics. Because the re-
lated data in the papers from 2009 to 2011 is too little, we only made
extraction results from 2012 to 2016. The annual extraction results are
shown in Tables 1 and 2. In Tables 1 and 2, the values in the brackets
represent the number of documents treating the topic.

4.2.2. Hierarchical structure of the technology generation

A technology tree is a branching diagram that represents relation-
ships among technologies (Choi et al., 2012). It provides a picture of the
technology (Bildosola et al., 2017) to represent the relationships among
product components, technologies, or functions of a technology in a
specific technology area (Choi et al., 2012). The technology hierarchy
can be utilized in selecting an interested technology area for in-depth
analysis (Yoon and Park, 2005). Thus, it is important to construct the
hierarchical structure of the technology to more fully understand the
technology. In this paper, the purpose of constructing a hierarchical
structure of perovskite solar cell technology is to provide the grounds
for the classification of the topic clustering results, and to gain a more
systematic and comprehensive understanding of the evolution path of
perovskite solar cell technology. As mentioned in the Methodology
section, we treated our cluster topics as objective evidence for decision-
making, and combined quantitative and qualitative methods for topic
analysis and the construction of the hierarchical structure of perovskite
solar cell. Hence, we engaged experts on perovskite solar cell-related
subjects for topic confirmation and classification, and we constructed
the hierarchical structure of perovskite solar cell based on the cluster
topics obtained from Section 4.2.1 with the help of domain experts. The
two domain experts, comprising one senior researcher who has focused
on solar cells studies for more than 10 years and two research assistants,
from the College of Economics and Management, Beijing University of
Technology, China, were invited to serve as our panel to construct the
hierarchical structure of perovskite solar cell. First, the two domain
experts previewed the topic clustering results, and based on their re-
search experience and domain knowledge, they divided the technology
topics into three categories, and named them. The three categories also
fully reflect the current R&D directions of the perovskite solar cell
technology. The three categories of the technology are considered:
“Material”, “Structure”, and “Fabrication”. The “Material” category
addresses the material used in the technology; “Structure” addresses the
technical structure; and “Fabrication” is related to the key technology
used to solve challenges in producing the technology. This information
makes it possible to identify the topic clustering results belonging to
which category, and is useful for generating the roadmap, as it directly
defines the vertical structure of the map of technology evolution. Then,
on the basis of the three categories that have been divided, the two
domain experts consolidated interrelated topics and named them by
means of the most representative elements, and subdivided them to the
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Fig. 2. Statistical results of scientific papers and patents related to perovskite solar cell technology.

corresponding categories and layers. Finally, the hierarchical structure
of the perovskite solar cell technology (technology tree) was generated,
as shown in Fig. 4.

In Fig. 4, the short name of the topic clustering is shown in Table 1
of Appendix I. Fig. 4 shows the hierarchical structure of perovskite solar
cell technology. It can be observed that the first layer is made of ma-
terial, structure, and fabrication. The second layer is a further detailed
description of the first layer: The materials layer includes perovskite
material, ETM, HTM, and perovskite layer material; the structural layer
mainly includes perovskite crystals structure, mesoporous structure,
perovskite heterojunction structure, and hole-conductor-free structure;
the fabrication layer includes the film fabrication, crystal fabrication,
and material fabrication. The third layer is a further description of the
second layer, which includes the results of the topic clustering analysis
and domain experts' naming process.

4.2.3. Analysis of the path of the technology evolution based on scientific
papers and patents

Forecasting technology development trends usually depend on fully
understanding the path of the technology evolution. To understand the
evolution path of perovskite solar cell technology and forecast its de-
velopment trends for the short term based on the results of topic clus-
tering, this paper constructed one map of the technology evolution
based on the scientific papers and another based on patents. The clus-
tering tools used in this paper can produce more refined clustering re-
sults than other clustering tools, and the selection of clustering topics
has been assessed by experts' knowledge. In the case study, the topic
clustering results obtained from scientific papers and patents are better
able to respond to the technical topic, which we may use to build the
map of the technology evolution. First, we invited the two domain
experts to classify the topics in Tables 1 and 2 according to the hier-
archical structure of the technology. The classification results are
shown in Table 2 of Appendix I. Then, the maps of the technology
evolution are constructed based on topic clustering results obtained
from scientific papers and from patents. Finally, we explore the de-
velopment trend of perovskite solar cell technology by analyzing the
gaps between the map of the technology evolution based on scientific
papers and the map based on patents.

4.2.3.1. Analysis of the path of the technology evolution based on scientific
papers. With the help of the two domain experts and the one senior
researcher of our expert panel, we extracted the candidate topics of the
scientific papers based on the classification results (as shown in Table 2
in the Appendix I), and obtained the technical topics from the period
2012-2016, as shown in Table 3. In Table 3, the blue five-pointed star
(%) represents the technical topics' first appearance. The number in the

first brackets represents the number of documents containing the topic,
and the number in the second brackets represents the percentage
increase of the topic with respect to the previous year. The numbers
in the second brackets are obtained by calculating the documents
increment compared with the previous year in the first brackets.

As shown in Table 3, the technical topics in the scientific papers
related to perovskite solar cell technology are perovskite materials and
mesoporous structure in 2012. In 2013, many new technical topics
appeared for the first time, such as ETM, HTM, perovskite layer mate-
rial, absorbent layer structure, HTL structure, ETL structure, and film
fabrication. In 2014, the technical topics which appeared for the first
time are perovskite crystal structure, perovskite heterojunction struc-
ture, hole-conductor-free structure, crystal fabrication, and material
fabrication. The emergence of the new technical topics show that the
basic research of perovskite solar cells is no longer limited to study the
perovskite material level but is also related to the structural and fab-
rication levels. It also shows that the basic research development and
complexity of the technology are increasing. There are no new technical
topics appeared in 2015 and 2016.

The percentage increase of the technical topics represents a strong
growth potential. As shown in Table 3, the basic research related to
perovskite solar cell technology at the material, structural, and fabri-
cation levels is increasing from 2012 to 2016. Among them, at the
material level, perovskite material showed a high growth percentage in
2013 and in 2014; ETM showed a high growth percentage in both 2014
and 2015; HTM showed a high growth percentage in 2014 and 2016,
and perovskite layer material showed a high growth percentage in both
2014 and 2016. At the structural level, perovskite crystals structure
showed a high growth percentage in both 2015 and 2016, and hole-
conductor-free structure showed a high growth percentage in 2016. At
the fabrication level, the film fabrication showed a high growth per-
centage in 2014, and the crystal fabrication showed a high growth
percentage in 2015. A higher growth rate of technology topics is an
important indicator for forecasting the future development potential of
the technology (Bildosola et al., 2017). Their higher growth rates in-
dicate that ETM, HTM, perovskite crystal structure, hole-conductor-free
structure, film fabrication, and crystal fabrication have great develop-
ment potential. They will be future research focuses of perovskite solar
cell technology.

To better understand the detailed evolution path of perovskite solar
cell technology, we constructed a map of its evolution based on the
topic clustering results obtained from scientific papers and domain
experts' knowledge. The two domain experts, comprising one associated
professor who has focused on TRM studies for more than 10 years, from
the School of Public Policy and Management, Tsinghua University,
China, were invited to serve as our TRM panel to construct the map of
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Fig. 3. Lingo algorithm clustering results (a part of clustering results of the scientific papers in 2015).

Table 1

Obtained results of the topics extracted from scientific papers.

2012

2013

2014

2015

2016

Mesoscopic TiO2 film

Hole transport materials (9)

Deposited perovskite (76)

Perovskite Tio2 (205)

CH3NH3PbI3 perovskite films (269)

2)
Oxides (2) Absorber layers (8) Perovskite crystal (67) Holes in perovskite (199) Perovskite Tio2 (267)
PbI3(2) Mesoporous Tio2 (7) Organic-inorganic perovskites (66)  Deposited perovskite (181) Electron transport in perovskite (252)
CH3NH3PbI; (4) Perovskite planar (64) Resulting CH3NH3PbI; (141) Halide perovskite films (252)
Electrode (3) CH3NH3PbI; perovskite films (52)  Tio2 layer (138) Crystal perovskite films (238)
Flexible (3) Perovskite heterojunction (59) Perovskite hole transport (134) Effective electron (237)
Nanowires (3) Methylammonium lead (53) Fabrication process (125) Transport material in perovskite solar
cells (231)
Solid-state mesoscopic solar Inorganic organic (37) Heterojunction solar cells (125) Charge transport (213)
cells (3)
Atomic layer deposition (2) Mesoporous Tio2 (32) Crystal structure (110) Crystal structure (211)
Fullerene (2) Halide perovskites (33) Hybrid organic-inorganic (99) Films prepared (210)
Organolead halide perovskites Light harvester (30) Resulting in crystals (96) Hybrid structure (210)
)
Spirobifluorene spiro-OMeTAD Room temperature (24) Organic-inorganic halide perovskites  Halide perovskite photovoltaic (203)
2) (83)
Two-step deposition technique Inorganic hybrid perovskites (23)  Room temperature (83) Crystallization leads (191)
)
ZnO nanorod (2) ZnO nanoparticles (5) Crystallization process (72) Material CH3NH3PbI3 (188)
Mesoporous scaffold (15) Lead iodide perovskite (123) Processing temperature (160)
Hole transport materials (50) Devices based on methylammonium Halide CH3NH3PbI3 (153)
(60)
Perovskite hole transport (100) Tio2 as electron (150)
Single crystals (15)
CH3NH3PbI3 perovskite (213)
Table 2

Obtained results of the topics extracted from patents.

2012

2013

2014

2015

2016

Metal oxides (2)

Porous dielectric scaffold material
2
Solid (2)

Organic inorganic (8)

Light absorption material (7)

Solid junction-type photoelectric (7)
Titanium oxide (7)

Precursor solution (6)

Carbon nanotube (5)

Scaffold (3)

Hybrid solar cell electronic (7)

Film of solution (20)

Hole or electron transport (20)
Hybrid solar cell (20)
Organic-inorganic perovskite (16)
Zinc oxide (13)

Titanium dioxide (12)

Active material (11)

Light absorber of solar cell (19)
Derivative used (8)

P-type semiconductor (8)

Solid state (7)

Organic hole-transporting material (6)
Planar heterojunction (6)
Photoactive layer (14)

Coating perovskite (75)

Perovskite absorber (61)

Metal oxide (59)

Inorganic solar cell (58)
Depositing perovskite (52)

Halide perovskite (50)

Perovskite crystal (46)

Titanium dioxide (45)

Comprises hole transport material (41)
Hybrid perovskite (40)

Perovskite solar cells (32)
Photoelectric conversion element (30)
Comprising organic-inorganic (28)
Aode and cathode (26)

Precursor solution (26)
Heterojunction solar cell (21)
Zinc (21)

Derivative used (17)

Removing solvent (14)

P-type Semiconductor (10)
Light-absorbing agent (5)
Sputtering gas (2)

Cation of formula (28)

Charge mobility (7)

Carrier unit (5)

the evolution of perovskite solar cell technology. Based on the hier-
archical structure of the perovskite solar cell technology and the annual
technical topics shown in Table 3, we classified topics into appropriate
phases of TRM and located them on the map, and we finished the map
of the evolution of perovskite solar cell technology based on scientific
papers in Fig. 5. In Fig. 5, the vertical axis represents the material layer,
the structural layer, and the fabrication layer of the perovskite solar cell
technology obtained from the hierarchical structure's first level. The
horizontal axis represents time. The different colors represent different

technical topics. The hexagon represents the technical topics' names.
The key elements in each layer, each year, and the different key com-
ponents are located on the map with different colors. From these ele-
ments we are able to understand the development process of perovskite
solar cell technology by analyzing the variation of elements in each
layer over time.

As shown in Fig. 5, in the material level, there are four types of
materials related to perovskite solar cell technology: perovskite mate-
rial, ETM, HTM, and perovskite layer material. Technical topics such as
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Fig. 4. Hierarchical structure of perovskite solar cell technology based on text mining and expert knowledge.

CH3NH3PbI3, organic-inorganic perovskites, halide perovskites, in-
organic organic, hybrid organic-inorganic, halide perovskite materials,
and inorganic hybrid perovskites have appeared with changes over
time, which shows that perovskite material gradually changes from the
initial organic materials in 2012 to organic-inorganic hybrid perovskite
materials and inorganic perovskite materials after 2014. Organic-in-
organic hybrid materials have better heat resistance than the corre-
sponding organic semiconductor materials, which endows the per-
ovskite solar cell with better device stability and longer life. Technical
topics such as fullerene, ZnO, nanoparticles, and mesoporous TiO2 have
appeared with changes over time, which shows that ETM application
has changed from the fullerene application in 2013 to the insulating
material applications such as A1203 and ZnO in 2014. Compared to
fullerene, the photocurrent of the perovskite battery with ZnO as the
electron transporting material can reach saturation more quickly and
fully. Changing the ETM can improve the conductivity of ETM, thereby
improving the power conversion efficiency of the perovskite solar cells.
Technical topics such as spirobifluorene spiroOMeTAD, hole transport
material, and transport material in perovskite solar cells appeared with
changes over time, showing that the HTM of the perovskite solar cell
changes from liquid electrolyte to solid organic hole transport material.
The shifting of technical topics shows the details of the development
process of perovskite solar cell technology material. We can see that
researchers focused on perovskite materials in 2012 and began to study
ETM, HTM, and perovskite layer materials after 2013. The high power
conversion efficiency is not only determined by the properties of the
perovskite material but also by ETM and HTM. Researchers try to im-
prove the perovskite solar cells' performance and efficiency by devel-
oping different materials. We can see that ETM, HTM, and perovskite
layer materials will receive more attention from researchers in the fu-
ture, and the application of inorganic materials may be the future di-
rection of materials research related to perovskite solar cell technology.

In the structure level, there are seven types of structures related to
perovskite solar cell technology. The mesoporous structure appeared in
2012, and perovskite heterojunction and hole-conductor-free structure
appeared in 2014. These results show that the structure of the per-
ovskite solar cell has changed from the mesoporous structure in 2012 to
the hole-conductor-free structure and the perovskite heterojunction
structure in 2014. Currently, there are a variety of perovskite solar cell
structures, and the coexistence of multiple structures will continue to be
a trend of the technology in the short term. Compared to the meso-
porous structure, the perovskite heterojunction structure and hole-
conductor-free structure receive more researchers' attention, and the
development of the new structure of perovskite solar cells would be a
future research direction. The perovskite crystal appeared in 2014;
crystal structure appeared in 2015; and crystal perovskite films and
single crystals appeared in 2016, which show that researchers have
committed to research of the perovskite crystal structure. The research
trend gradually transitions from the three-dimensional perovskite
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structure to the two-dimensional perovskite structure. We predict that
the two-dimensional perovskite structure may be the future research
trend concerning perovskite crystals, and the perovskite solar cells'
structure will be simplified and made more economical. The perovskite
heterojunction structure, hole-conductor-free structure, and two-di-
mensional structure of the perovskite crystal will receive more research
attention in the future.

In the fabrication level, there are three types of fabrication related
to perovskite solar cell technology. The atomic layer deposition, two-
step deposition technique appeared in 2013, which show that the film
fabrication gradually develops from one-step solution preparation to
two-step solution preparation to obtain perovskite films with uniform
surface morphology, high film coverage, and strong crystallinity.
Technical topics such as room temperature, crystallization process, and
processing temperature have appeared with changes over time, which
show that the crystal fabrication tends towards simplicity and ease of
control.

4.2.3.2. Analysis of the path of the technology evolution based on
patents. With the help of the two domain experts and the one senior
researcher of our expert panel, we extracted the technical topics from
the patents based on the classification results (as shown in Table 2 in
Appendix I), and obtained the technical topics in the period 2012-2016,
as shown in Table 4. In Table 4, the blue five-pointed star (%) represents
the first time the technical topics appeared. The number in the first
brackets represents the number of documents containing the topic, and
the number in the second brackets represents the percentage increase of
the topic with respect to the previous year. The numbers in the second
brackets are obtained by calculating the documents increment
compared with the previous year in the first brackets.

As shown in Table 4, the main technical topic in the patents related
to perovskite solar cell technology is perovskite material in 2012. In
2013, two new technical topic appeared for the first time, namely, ETM
and HTL structure. In 2014, many new technical topics appeared for the
first time, including perovskite layer material, mesoporous structure,
ETL structure, material fabrication, and film fabrication. In 2015, three
new technical topics appeared for the first time, namely, HTM, absor-
bent layer structure, and perovskite heterojunction structure. In 2016,
only one new technical topic appeared for the first time: perovskite
crystal structure. From the emergence of the new technical topics in
different years, we can see that the applied research moves from ma-
terial to structure and then to fabrication, which shows that the re-
search on the application of perovskite solar cell technology is accel-
erating. In addition to the research on all aspects of the technology,
perovskite solar cell technology has the potential for commercialization
in the future.

As shown in Table 4, the applied research related to perovskite solar
cell technology at the material, structural, and fabrication levels is in-
creasing from 2012 to 2016. Among them, perovskite materials have
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Table 3

Technical topics of scientific papers in the period 2012-2016.

2016

2015

2014

2013

2012

ETM (343)(827) ETM (498) (45)

ETM (37)(1750)
HTM (50)(355)

*HTM (11)

“Perovskite material (2)

HTM (231)(362)

Perovskite material (506)(92)

Perovskite material (6)(200)
*Perovskite layer material (4)

*Mesoporous structure (2)

Perovskite material (1026)(103)

Perovskite crystal structure (206)(207)
Perovskite layer material (141)(31)

HTL structure (199)(99)

Perovskite material (264)(4300)

Perovskite layer material (823)(484)
Perovskite crystal structure (659)(220)

Perovskite layer material (108)(2600)

Mesoporous structure (52)(478)

Mesoporous structure (9) (350)
*Absorbent layer structure (8)

*HTL structure (7)

Hole-conductor-free structure (823)(484)

HTL structure (296)(49)

Hole-conductor-free structure (141)(26)

*Hole-conductor-free structure (112)
Absorbent layer structure (81)(913)

HTL structure (100)(1329)

Perovskite heterojunction structure (125)(2)

ETL structure (528)(205)

*ETL structure (8)

ETL structure (1849)(250)
Film fabrication (210)(—31)

*Film fabrication(4)

*ETM (2)

Film fabrication (306)(115)

*Perovskite crystal structure (67)

Crystal fabrication (351)(126)

Crystal fabrication (155)(546)

*Perovskite heterojunction structure (123)
ETL structure (173)(2063)
Film fabrication (142)(3450)

*Crystal fabrication (24)

Material fabrication (405)(123)

Material fabrication (182)(160)

+Material fabrication (70)
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shown a high percentage of growth since 2014; ETM has a high growth
percentage in both 2014 and 2016; HTL structure has a high growth
percentage in 2015; and film fabrication has a high growth percentage
in both 2015 and 2016. The high growth percentage indicates that these
technical topics have great technological growth potential, which also
means that these technical topics may be the applied research focuses
related to perovskite solar cell technology in the future.

To better understand the detailed evolution path of perovskite solar
cell technology, we constructed a map of its evolution based on the
topic clustering results obtained from patents and domain experts'
knowledge. Based on the hierarchical structure of the perovskite solar
cell technology and the annual technical topics shown in Table 4, and
with the help of our TRM panel, we classified topics into appropriate
phases of TRM and located them on the map, and we finished the map
of the evolution of perovskite solar cell technology based on patents in
Fig. 6. In Fig. 6, the vertical axis represents the material, structural, and
fabrication layers of the perovskite solar cell technology. The horizontal
axis represents time. Different colors represent different technical to-
pics. The hexagon represents the technical topics' name. The key ele-
ments in each layer, each year, and the key components are located in
the map with different colors. From this we are able to understand the
development process of perovskite solar cell technology by analyzing
the variation of elements in each layer over time.

As shown in Fig. 6, in the material level, there are four types of
materials related to perovskite solar cell technology. Technical topics
such as organic-inorganic perovskite, inorganic solar cell, and com-
prising organic-inorganic have appeared with changes over time, which
shows that the research of perovskite materials related to perovskite
solar cell technology gradually developed from organic materials in
2012 to organic-inorganic hybrid materials in 2014 and then to in-
organic materials in 2016. The performance of organic-inorganic hybrid
materials is more stable than that of organic materials, and inorganic
material is more economical than organic materials. From the shifting
of the technical topics, we can see that the design and development of
cheap, stable and environmentally friendly perovskite materials is the
future research trend, and the inorganic materials will get more re-
searchers' attention. Technical topics such as organic hole-transporting
material, P-type semiconductor and P-type semiconductor comprises
hole transport material have appeared with changes over time, which
shows that HTM changes from organic material to comprised material.
The technical topic titanium oxide appeared in 2014, and zinc oxide,
derivative used appeared in 2015, which shows that ETM application
has changed from the commonly used Tio2 material to ZnO and full-
erene derivative application. This can improve the power conversion
efficiency of the perovskite solar cells. The shifting of the technical
topics concerning perovskite materials, ETM, and HTM indicates that
materials that are cheap, stable, environmentally friendly, easy to
prepare, and of improved performance represent future development
trends of perovskite solar cells technology, and inorganic materials are
a direction for future development.

In the structure level, there are six types of structures related to
perovskite solar cell technology. The scaffold appeared in 2014, and
perovskite heterojunction appeared in 2015. These results show that
the structure of perovskite solar cells has transitioned from the meso-
porous structure to the planar heterojunction structure. The planar
heterojunction structure simplifies the structure and interface of the
perovskite solar cell, which is to improve the power conversion effi-
ciency. Perovskite crystal appeared in 2016, which indicates that re-
searchers are beginning to focus on the perovskite crystal structure. A
variety of perovskite solar cell structures indicates that the coexistence
of multiple structures will continue to be the trend of the technology in
the short term.

In the fabrication level, there are two types of fabrication related to
perovskite solar cell technology. Precursor solution appeared in 2014,
and coating perovskite, depositing perovskite, and sputtering gas ap-
peared in 2016, which shows that the film fabrication develops from



X. Lietal Technological Forecasting & Social Change xxx (xxxX) XXX—XXX
. . . Resulting CH3NH3PbI3
Organic-inorganic Perovskites
. . Lead Iodide Perovskite P
s CH;NH,PbI. Inorganic Organic o CH3NH3PbI3 Perovskite Films
Oxides @ J ;inlul Halide Perovskites Orgam;:l:zzgl:.n': glaliis Material CH3NH3PbI3
Pbl; r Halide I ic Hybrid Per ) o ; Halide CH3NH3PbI3
Perovskites CH3NH3PbI3 Perovskite Films Hyb'l’)‘:vﬁ“::;':‘;’f"“” Halide Perovskite Materials
RLcthyiammoniunyCead Methylammonium lead ¢
P —————
Material
Mesoscopic Tio, Mesoporous Tio2 Mesoporous Tio2 .
Eilm O Nanorod Mesoporous —
Sl € ot e —
Structure //—
Perovskite Planar q .
W Heterojunction Solar Cells
/—_\
. . Charge Transport Electronic Structure
Charge Separation glec:]rgmc Properties Charge Recombination at the | High Electron
Electrode C:: :{’ binati Perovskite Electrons from the Perovskite Film
Electron-hole Diffusion| E rge Leecn;n jnatoen Effective Electron Electron Transport in Perovskite
Lengths mergy Level Band Gap Effective Electron
Carrier Transport Charge Transport
ole!
conductor ) CH3NH3PbI3 Perovskite films
free CH3NH3PbI3 Perovskite films Resulting Resulting CH3NH3PbI3 perovskite
structure CH3NH3PbI3 CH3NH3PbI3 Halide CH3NH3PbI3
Fabrication
Room Temperature Crystallization Leads
Room Temperature Crystallization Processing
Process Temperature
q q Hybrid Organic-inorganic Halide Perovskite q
grE:m;Inorgl?ir:lc Organic-inorganic Halide Materials Naterial
alide Ferovsiates Perovskites Halide CH3NH3PbI3
2012 2013 2014 2015 2016
Fig. 5. Evolution map of perovskite solar cell technology based on scientific papers text mining.
the solution method to the coating method and the vapor deposition and simple, and are more conducive to the commercialization of the
method. The coating method and vapor deposition method are designed perovskite solar cell. Therefore, the fabrication development trend will
to obtain perovskite films with high coverage, uniform surface, and involve a simple and economic preparation process for perovskite solar

strong crystallinity. Compared to the solution method, vapor deposition cell technology.
method and coating method have the advantages of being economic

Table 4
Technical topics of patents in the period 2012-2016.
2012 2013 2014 2015 2016
YPerovskite material (2) *ETM (2) ETM (12)(500) ETM (33)(175) ETM (111)(236)
#HTL structure (2) *Perovskite layer material (7) *HTM (14) HTM (10)(—29)
Perovskite material (8)(300) Perovskite layer material (30)(329) Perovskite layer material (66)(120)
Mesoporous structure (3)% Perovskite material (36)(350) Perovskite material (176)(388)
*ETL structure (7) ETL structure (20)(186) *Perovskite crystal structure (46)
*Film fabrication (6) HTL structure (27)(286) ETL structure (38)(90)
+Material fabrication (8) *Absorbent layer structure (14) Absorbent layer structure (58)(314)
HTL structure (7)(250) Film fabrication (20)(233) HTL structure (27)(0)
Material fabrication (16)(100) Perovskite heterojunction structure (21)(250)

*Perovskite heterojunction structure (6) Film fabrication (169)(745)
Material fabrication (159)(894)

12
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Fig. 6. Map of the evolution of perovskite solar cell technology based on patent text mining.

4.2.4. Gaps between science and technology analysis for forecasting
technology trends

As shown in Fig. 5 and Fig. 6, the different evolution paths of per-
ovskite solar cell technology based on scientific papers and patents text
mining are evident. This shows that the description and research of the
perovskite solar cell technology in scientific papers and patents on
technology differ. Scientific papers have tended to focus on basic re-
search, while patents have focused on the application of technology
research (Shibata et al., 2010). Understanding the relationship between
science and technology has become a key task for R&D managers and
policy makers focusing on future technology (Shibata et al., 2010).
Therefore, Shibata et al. (2010) extracted the commercialization gap
between science and technology, and proposed that in the active

technical research field, topics that exist in papers but not in patents are
considered as technological opportunities. Technological opportunities
can determine technological development (Olsson, 2005); thus, it is
critical to identify technological opportunities for forecasting tech-
nology development trends. Based on the definition of technological
opportunity proposed by Shibata et al. (2010), this paper makes a
comparative analysis of the first appearance of the technical topics in
scientific papers and in patents, as shown in Table 5. By comparing the
time difference between the first appearance of the technical topics in
scientific papers and in patents, we can effectively identify the tech-
nological opportunities in the field of perovskite solar cell technology,
which is significant for better understanding the technology's devel-
opment trends.
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Table 5
Comparison of technology trends analysis based on scientific papers and pa-
tents.

Topics Time of topics' Time of topics' Time lag
appearance in the appearance in the
papers patents

Perovskite material 2012 2012 0
Mesoporous structure 2012 2014 2
ETM 2013 2013 0
HTL structure 2013 2013 0
Film fabrication 2013 2014 1
Perovskite layer material 2013 2014 1
ETL structure 2013 2014 1
Absorbent layer structure 2013 2015 2
HTM 2013 2015 2
Material fabrication 2014 2014 0
Perovskite heterojunction 2014 2015 1

structure
Perovskite crystal 2014 2016 2

structure
Hole-conductor-free 2014 -

structure
Crystal fabrication 2014 -

In addition to technological opportunities, the high growth rate of
technical topics is also valuable when it comes to forecasting potential
development trends of technology. The high growth rate of certain
technical topics indicates that they have a higher growth potential and
they will be able to catch the researchers' attention after a few years
(Bildosola et al., 2017). Therefore, in this paper, we compared the
growth rates of technical topics obtained from scientific papers and
patents and tried to find the potential growth trends of these technical
topics. We treated the top five topics as the technical topics with high
growth rate based on the percentage increase of the topics in Tables 3
and 4. Due to there are too many new topics first appeared in 2013,
therefore, we only considered the topics with high growth rate during
the period from 2014 to 2016. The annual five technical topics with the
highest growth rate obtained in scientific papers and patents are shown
in Table 6. In Table 6, the number in brackets represents the growth
rate of the topic with respect to the previous year.

To better understand the gaps between science and technology, and
forecasting technology trends based on the gaps analysis, we in-
corporated the results of the first appearance of the technical topics in
scientific papers and in patents and rapidly growth rates of technical
topics obtained from scientific papers and patents, and the results are
shown in Fig. 7. In Fig. 7, five-pointed star in different colors represents
different topics, the correspondence relationships of the technical topics
are connected by dotted lines, such as, red dotted line connects corre-
sponding topics which the time lag between them is 2 years, and green
dotted line connects corresponding topics which the time lag between
them is 1 years. The topics in red circle mean technological opportunity
which exists in scientific papers but not in patents. The annual numbers
of topics with high growth rates are shown in combination chart.

Table 6
Rapidly growing topics in scientific papers and patents from 2014 to 2016.

Technological Forecasting & Social Change xxx (xxxX) XXX—XXX

As shown in Fig. 7, in 2012 , new technical topics such as per-
ovskite material, and mesoporous structure appeared in the scientific
papers, while only perovskite material appeared in that year's patents.
Therefore, the mesoporous structure can be considered as technological
opportunity after 2012. In the patents, the mesoporous structure ap-
peared in 2014. The result validated the predicted technological op-
portunity.

As shown in Table 5 and Fig. 7, in 2013, new technical topics such
as ETM, HTL structure, film fabrication, perovskite layer material, ETL
structure, absorbent layer structure, and HTM appeared in the scientific
papers, but only ETM and HTL structure appeared in that year's patents.
Therefore, the film fabrication, perovskite layer material, ETL structure,
absorbent layer structure, and HTM can be considered as technological
opportunities after 2013. In the patents, the film fabrication, perovskite
layer materials, and ETL structure appeared in 2014, and absorbent
layer structure and HTM appeared in 2015. These results also validated
the predicted technological opportunities. Therefore, it is possible to
identify technological opportunities according to the time lag between
the technical topics' first appearance in scientific papers and in patents.
In 2014, new technical topics appeared in scientific papers, such as
material fabrication, perovskite crystals structure, perovskite hetero-
junction structure, crystal fabrication, and hole-conductor-free struc-
ture, while there is only the material fabrication in patents. Therefore,
other new technical topics can also be considered as technological op-
portunities after 2014. In 2015, the perovskite heterojunction structure
appeared in the patents, and the perovskite crystal structure appeared
in the patents in 2016. As there are no patents corresponding to the
hole-conductor-free structure and the crystal fabrication before 2016,
these two technical topics could be regarded as technological oppor-
tunities after 2016.

As shown in Table 6 and Fig.7, the perovskite layer material in the
scientific papers has a high growth rate in 2014 and in 2016, while it
has a high growth rate in patents in 2015; the ETM in the scientific
papers has a high growth rate both in 2014 and in 2015, while in the
patents it has a high growth rate both in 2014 and in 2016. The ETL
structure in the scientific papers has a higher growth rate in the period
of 2014 to 2016, while in the patents it has a higher growth rate in
2015. The film fabrication in the scientific papers has a high growth
rate in 2014, while in the patents it has a high growth rate in 2015 and
in 2016. Based on these results, we can see that the corresponding to-
pics in the scientific papers and patents follow the same trends. The
technical topics with high growth rates first appeared in scientific pa-
pers, and then they followed the same growth trends in the patents.
Therefore, we may predict the technical topics' growth trends in patents
according to their development trends in scientific papers.

Based on above analysis, we can predict the technology develop-
ment trends by combining the analysis of corresponding relationships
between the technical topics in the scientific papers and patents, and
the analysis of rapidly growing technical topics in the scientific papers
and patents. Therefore, as shown in Tables 5, 6 and Fig. 7, we can
obtain the technology development trends by analyzing the gaps

2014 2015

2016

Scientific papers Perovskite material (4300)

Film fabrication (3450)

ETM (827) Hole-conductor-free structure (484)

Crystal fabrication (546)
Perovskite crystal structure (207)
ETL structure (205)
Material fabrication(160)
Perovskite material (350)
Perovskite layer material (329)
HTL structure (286)

Film fabrication (233)

ETL structure (186)

Perovskite layer material (2600)
ETL structure (2063)
ETM (1750)
Patents ETM (500)
Perovskite material (300)

Perovskite layer material (484)
HTM (362)
ETL structure (250)
Perovskite crystal structure (220)
Material fabrication (894)

Film fabrication (745)
Perovskite material (388)
Perovskite heterojunction structure ((250)
ETM (236)
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Fig. 7. Gaps between science and technology analysis for forecasting technology trends.

between science and technology, and the results are as follows:

(1) The crystal fabrication first appeared in scientific papers in 2014,
and showed a higher growth rate in 2015. Meanwhile, the number
of scientific papers containing this topic has increased in 2015 and
in 2016. While it didn't appear in patents before 2016, we can
predict that it will appeared in patents after 2016 with high growth
potential.

(2) The hole-conductor-free structure first appeared in scientific papers

in 2014, and showed a higher growth rate in 2016. Meanwhile, the

number of scientific papers containing this topic has increased in

2015 and in 2016. While it didn't appear in patents before 2016, we

can predict that it will appeared in patents after 2016 with high

growth potential.

The perovskite crystal structure first appeared in scientific papers in

2014, and showed a higher growth rate in 2015 and in 2016. While

it appeared in patents in 2016, we can predict that it will have high

growth potential in patents after 2016.

(4) The ETL structure first appeared in scientific papers in 2013, and

showed a higher growth rate in the period of 2014 to 2016. While it

appeared in patents in 2014, and showed a higher growth rate in

2015. We can predict that it will have high growth potential in

patents after 2016.

The perovskite layer material first appeared in scientific papers in

2013, and showed a high growth rate in 2014 and in 2016.

3

—

5

-

(6)

Meanwhile, the number of scientific papers containing this topic
has increased in 2015 and in 2016. While it appeared in patents in
2014, and showed a higher growth rate in 2015. We can predict
that it will have high growth potential in patents after 2016.

The ETM first appeared in scientific papers in 2013, and showed a
higher growth rate in 2014 and in 2015. Meanwhile, the number of
scientific papers containing this topic has increased in the period of
2014 to 2016. While it also appeared in patents in 2013, and
showed a higher growth rate in 2014 and in 2016. The number of
patents containing this topic also has increased in the period of
2014 to 2016. We can predict that it will continue have high growth
potential in patents after 2016.

From the results of analyzing the gaps between science and tech-

nology, we can predict that the crystal fabrication, hole-conductor-free
structure, perovskite crystal structure, ETL structure, perovskite layer
material, and ETM will be future development trends of perovskite solar
cell technology.

5. Discussion

Science provides a fundamental basis for technology development,

and the science is considered as seeds of technology and innovation in

the

linear innovation model (Shibata et al., 2010). Much information of

technological development can be obtained from analysis of the
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development of science. Many empirical studies show that the inter-
dependencies and interactions between science and technology have
been increasing. Despite this interdependence, gaps also exist between
them (Wang et al., 2015a). Thus, how to discover the gaps between
science and technology through the mining of technical information
contained in scientific papers and patents, and to study technology
development trends is an important issue that scholars need to pay
attention. Therefore, this paper proposes a framework that integrates
scientific papers and patents as data resources to study technology
trends. In the framework, topics-based text mining and experts'
knowledge approaches are applied to mining the technical knowledge
and information contained in scientific papers and patents respectively,
and to identify the technology evolution path, and a gaps analysis be-
tween science and technology is used to forecast technology trends
within the short term. The perovskite solar cell technology is selected as
a case study. Through the analysis of the case, the evolution path and
development trends of perovskite solar cell technology have been de-
veloped, and the proposed framework has also been proven to be valid
and robust.

The framework provides a tool for understanding the evolution path
of technology and forecasting technology development trends by ana-
lyzing the gaps between science and technology. For the gaps analysis,
we mainly analyzed two different gaps: One gap shows the difference
between technical topics' first appearance in scientific papers and in
patents, and the other is the differences analysis between the technical
topics with high growth rates extracted from scientific papers and pa-
tents. For the gaps analysis of technical topics' first appearance in sci-
entific papers and in patents, we found that the technical topics that
appeared in patents generally can be found the corresponding knowl-
edge base and the same technical topics in scientific papers, but
sometimes only the first appearance time is different. Therefore, it is
possible to predict technology development trends according to the
time lag between the technical topics' first appearance in scientific
papers and in patents. For the gaps analysis of the technical topics with
high growth rates extracted from scientific papers and patents, we
found that the technical topics with high growth rates first appeared in
scientific papers, and then they followed the same growth trends in the
patents. Based on these results, we can see that the corresponding topics
in the scientific papers and patents follow the same trends. Therefore,
we may predict the technical topics' growth trends in patents according
to their development trends in scientific papers.

In the analysis of gaps between science and technology, we found
that the technical topics extracted from patents verify the development
trends raised in the scientific papers, which indicates that the frame-
work is valid and flexible to predict the development trend of tech-
nology. Therefore, when we study technology development trends, we
can apply topics-based text mining and experts' knowledge approaches
to mine the technical knowledge and information contained in scientific
papers and patents respectively, and construct technological evolution
path maps based on scientific papers and patents with the help of do-
main experts. Based on understanding the different characteristics of
the two technological evolution paths over time, we can predict tech-
nology development trends by analyzing the differences between the
two technological evolution paths and comparing the gaps (e.g. One
gap is the difference between technical topics' first appearance in sci-
entific papers and in patents, and the other is the differences analysis
between the technical topics with high growth rates extracted from
scientific papers and patents) between science and technology. This is
the key contribution of this paper and the difference between this paper
and previous studies, and the framework also provides a new per-
spective for forecasting technology trends.

We constructed the evolution path of the perovskite solar cell
technology by the use of text mining method and expert judgment
approach, which offers a better understanding of the emergence and
future trends of this technology. We found three significant technology
trends of perovskite solar cell technology by combining the gaps
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analysis results with the detailed evolution paths of perovskite solar cell
technology based on scientific papers and patents, which may be in-
terest to solar photovoltaic technology R&D experts, supporting R&D
strategy, and decision-making. The technology trends are as follows: (1)
For the material level, ETM and perovskite layer material are the future
development trend of materials related to perovskite solar cell tech-
nology. The design and development of materials related to perovskite
solar cell technology tend to be cheap, stable, environmentally friendly
and of higher performance. (2) For the structural level, the hole-con-
ductor-free structure, ETL structure, and perovskite crystal structure are
future trends of structural development related to perovskite solar cell
technology, and the perovskite solar cells' structure tends towards be-
coming simple and economical. (3) For the fabrication level, the crystal
fabrication that is economic, easy to control, and simple represent the
future trend of fabrication development related to perovskite solar cell
technology.

6. Conclusions and future study

This paper proposes a framework that uses scientific papers and
patents as data resources, and integrates text mining and expert judg-
ment approach to forecast technology trends by identifying the gaps
between science and technology. The text mining and expert judgment
approaches were applied to analyze the technical topics appearing in
scientific papers and patents, and gaps analysis between science and
technology was used to forecast technology development trends.
Perovskite solar cell technology was selected as a case study, through
which the proposed framework was proven to be valid and flexible.
This paper contributes to the technology forecasting methodology and
sheds light on the emergence and future trends of technology studies
and R&D policy analysis.

There are some limitations and issues regarding our method that
need to be considered. First, for the clustering method of text mining, in
this paper, we used only the Lingo algorithm to cluster technical topics.
In the future, clustering algorithm based on semantic analysis may be
applied to cluster technical topics, which may improve the effectiveness
and accuracy of clustering results. Second, in the analysis of gaps be-
tween science and technology, we found that the first appearance of the
technical topics extracted from patents has a time lag compared with
their first appearance in the scientific papers. In the future, more case
studies might reveal and summarize the time lag of the technical topics'
appearances in scientific papers and patents, which may be useful for
forecasting technology trends. Third, the methodology of this paper is
based on the existing research on the relationship between science and
technology; that is, the development of technology depends on the
science and technological information that can be captured from the
scientific literature. This relationship may be applicable for forecasting
trends in knowledge-intensive science technology, while it may not be
suitable for less knowledge-intensive technology. Therefore, the ap-
plicable scope of the proposed methodology may be limited to knowl-
edge-intensive science technology. In addition, we note that the use of
scientific papers and patents to predict technology trends also suffers
from several limitations, which may be listed as follows: (1) not all
science and technology developments are published, and not all records
are valuable (Porter and Detampel, 1995), and (2) timely and important
information may also be missing because of publishing lag times
(Huang et al., 2014). Therefore, expert judgment and scenario-planning
method combined with text mining may be useful in further research if
we wish to predict technology trends and possible events that shape the
future development of technology.
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Table 1

Short name of the topic clustering.
Clustering theme Short name
Electronic transport material ETM
Hole transport material HTM
Zinc oxide Zn0O
Titanium dioxide TiO2
Lead iodide PbI3
Perovskite solar cell PSC
Hole transport layer HTL
Electronic transport layer ETL
Fluorine-doped tin oxide layer FTO
3 Dimension 3D
2 Dimension 2D

Table 2
Classification of the topic clustering.
The name of the Elements
layer
Material Perovskite material Oxides, Pbl; CH3NH3Pbl; Organolead halide perovskites, Organic-inorganic perovskites, Inorganic organic, Halide perovskites,
Inorganic hybrid perovskites, Perovskite films, Methylammonium lead, Organic-inorganic halide perovskites Hybrid organic-
inorganic, Halide perovskite materials, Metal oxides, Hybrid solar cell, Inorganic solar cell, Comprising organic-inorganic,
CH3NH3PbI; perovskite films, Resulting CH3NH3PbI3, Devices based on methylummonium lead, Material CH;NH3Pbl, Halide
CH3NH3Pbl;, CH3NH3Pbl; perovskite
ETM Tio,, Fullerene, Tio2 CH3NH3PbI3 Mesoporous Tio2, ZnO nanoparticles, Perovskite Tio2, Tio2 layer, Perovskite Tio2, Transport
material in perovskite solar cells, Tio2 as electron, Tin oxide perovskite, Porous dielectric scaffold material, Titanium oxide, Zinc
oxide, Titanium dioxide, Derivative used, Titanium dioxide, Cation of formula, Zinc derivative used, Carbon nanotube
HTM Spirobifluorene spiro-OMeTAD, Hole transport material, Transport material in perovskite solar cells, Organic hole-transporting
material, P-type semiconductor, Comprises hole transport material
Perovskite layer material ~ Absorber layers, Light harvester, Perovskite absorber, Light absorption material, Active material, Light-absorbing agent, Light-
absorbing layer, CH;NH3Pbl3, Absorption material, Resulting CH3NH3Pbl;, Performance of CH3NH3Pbl;, CH3NH3PbI; perovskite,
Material CHsNH;3Pbl;
Structure Perovskite crystals struc-  Perovskite crystal, Crystal structure, Resulting in crystals, Crystal perovskite films, Hybrid structure, Single crystals
ture
Mesoporous structure Mesoscopic Tio, film, Mesoporous Tio2, ZnO nanorod, Mesoporous scaffold, Scaffold
Perovskite heterojunction  Perovskite planar, Perovskite heterojunction, Heterojunction solar cells, Planar heterojunction, Heterojunction solar cell
structure
Hole-transport-free struc-  Performance of CH;NH3PbI; CH3NH3PbI; perovskite films, Resulting CH;NH3PbIs, CH3NH3Pbls, Halide CHsNH3PbI3
ture
HTL structure Holes in perovskite, Perovskite hole transport, Transport in the device, Hole-transporting, Solid, Solid junction-type photoelectric,
Hole or electron transport, Solid state, Hole transportability, Solid-state mesoscopic solar cells, P-type semiconductor
ETL structure Electron transport in perovskite, Effective electron, Charge transport, Charge separation, Electrode, Electron-hole diffusion lengths,
Electronic properties, Band gap, Charge recombination, Energy level, Charge recombination at the perovskite, Carrier transport,
Electronic structure, High electron, Electron from the perovskite film, Hybrid solar cell electronic, Hole or electron transport, Charge
mobility, Carrier Unit, Anode and cathode
Absorbent layer structure  Absorber layers, Light harvester, Photoactive layer, Light absorber of solar cell, Photoelectric conversion element, Perovskite
photoactive, Optical properties
Fabrication Film fabrication Atomic layer deposition, Two-step deposition technique, Deposited perovskite, Perovskite solution, Fabrication process, Films
prepared, Precursor solution, Film of solution, Coating perovskite, Removing solvent, Sputtering gas
Crystal fabrication Room temperature, Crystallization process, Crystallization leads, Processing temperature
Material fabrication Organic inorganic, Halide perovskites, Hybrid organic-inorganic, Halide perovskite materials, Halide CH3NH3PbI3, Organic-
inorganic perovskite, Comprises hole transport material, Comprising organic-inorganic, Halide perovskite
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