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Abstract The purpose of this research was to introduce a network analysis method for analyzing the recent trend
of the flexible solar cell using a scholarly database. Based on the five years from 2013 to 2017, we used centrality
analysis of research papers via measurement of degree centrality, closeness centrality, and betweenness centrality. The
results of network analysis show that cell has a centrality value above 0.8, which means that cell is connected with
80% of the total keywords, so it is recognized as the center of flexible solar cell research. The analysis results also
indicate that perovskite and copper indium gallium diselenide (CulnGaSe2, or CIGS) are the center of the subgroup
for cell. We recognize that the result refers to recent new technology called the CIGS/perovskite tandem solar cell.
We hope that the network analysis method will be the appropriate and precise tool for technology and research

planning via elaboration and optimization.

Keywords : Betweenness Centrality, Closeness Centrality, Degree Centrality, Flexible Solar Cell, Network Analysis
1. M2 A g AApgE L A EE FeAE R gzt 9l

= AAoltk olglgt T4l B MR} AgnlE J-se] Sl

vl Aol thujskel AHIARS] g A= AR o o)E/Fulg Aol e A&HQ FFeRE o
Aeks), wjets), @ojsEol Ahn A1) olel, 2HE B me] # Rsae] glojd By BAAT asw o

*Corresponding Author : Kisik Byun (Defense Agency for Technology and Quality, DTaQ)
Tel: +82-2-961-1524 email: bks@dtaq.re.kr

Received April 6, 2018
Accepted June 1, 2018

Revised May 4, 2018
Published June 30, 2018

600



T
o

HA Ao

3]

B

=2 2=
= T

A}

ol

A} 3

%

xr
]

o

o

)

wir

3}

=

9

S

7} 917] wjEol, 23} AR 7} Qo] A} whelbA

o

il

]

KSR -]
A |

J

A
A

B
i Lokl A A

3}
<]

] o4

FATE 71915 7]ake] YIES A

o

Fag

0

&

]
A

Table 13} o] &5

L

T

9 4]

&
!

%

Bl

]

-
il

83}

A
Table 1. Category of Solar Cell
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Characteristics
Very Cheap Production Cost
Very Cheap Production Cost
Low efficiency

Limited Material Markdown
Uncertain durability

Stable Production Process
Expensive Process Cost
Expensive Material Cost
Cheap Production Cost
Cheap Production Cost
Expensive Material

Cheap Production Cost
Toxic Material

Secure Reliability
High efficiency
Low Efficiency
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Single crystalline Si
poly crystalline Si
1-v
Amorphous Si
CdTe
CIGS
Dye-sensitized
Organic

Category

Crystalline
Thin Film
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Journal Counting.
308
380
446
415
426
1,975

Year
2013
2014
2015
2016
2017
Total

Table 2. Collected Journals from "Scopus" DB
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A B R Aol e ARSEE "NetMiner”
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Table 3. Top 20 Word Frequency Rank from 2013 to 2017

Rank Word Counting
1 cell 1,212
2 film 319
3 electrode 302
4 layer 223
5 polymer 206
6 substrate 189
7 Solar 184
8 performance 169
9 efficiency 168
10 application 119
11 Perovskite 114
12 Flexible 105
13 TiO, / fabrication 91
15 device / silicon 90
17 nanowire 88
18 Cu / carbon 87
20 counter 86

Table 4. Trends of Most
20 Words from

Frequently Mentioned Top
2013 to 2017

Word 2013 2014 2015 2016 2017
cell 191 244 275 241 262
film 49 59 65 66 79
electrode 43 57 69 64 68
layer 35 31 56 37 64
polymer 29 40 52 41 42
substrate 34 39 46 39 31
Solar 4 9 39 66 67
performance 19 27 38 44 41
efficiency 23 30 40 34 41
application 21 27 19 27 25
Perovskite 1 5 22 34 52
Flexible 2 4 20 41 38
TiO, 20 25 14 14 18
fabrication 17 24 15 17 18
device 10 10 26 22 22
silicon 11 27 20 13 19
nanowire 10 16 24 16 22
Cu 16 14 28 17 12
carbon 14 19 19 14 21
counter 13 22 16 23 12
A7 53 A g o A 7)9s 2
= AT Aol tig ANAY 55 sebe 4 Qo
HF 2HA B UENT B4 AR Bol
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Table 5. Top 20 Word Frequency Rank from 2013 to 2017

A 7]%5'% A= Ao Annd, 719
H A ZE FAE ZQ1 8 9t (Table 5)ol& &
“AA(cell)”, “THfilm)”, “H=F(electrode)”2] 75l
e Amniet A9 57 7191 el 2o 9lo

, “U=F-H (nanotube) 2] 7-¢-oll+= 2013%1374- 20143
A 20F0M s THE 7]9=90, o]Fd

91 205 AdHE 4 —% Atk Hhdo]

(Each year)

Rank 2013 2014 2015 2016 2017
1 cell cell cell cell cell
Sol
2 film film electrode ot film
film
3 electrode electrode film - electrode
4 layer polymer layer electrode Solar
5 substrate substrate polymer performance layer
Flexible .
6 polymer layer substrate Perovskite
polymer
7 efficiency efficiency efficiency - polymer
application efficiency
8 property performance Solar substrate
- performance
silicon
9 application - performance layer -
P Kit
10 TiO; - Cu vt Flexible
efficiency
. device
11 performance TiO, - substrate
effect
ZnO
12 fabrication fabrication - application electron
process
13 - counter nanowire counter application
aray Perovskite device device
14 _ carbon temperature
nanotube X
oxide thinfilm nanowire
property
Cu
15 nanotube - - - -
oxide
Flexible carbon
16 - - electron - .
o thinfilm
silicon
17 - - - system -
In
18 armay In - stability array
carbon
energy
application In process
19 ) Highly carbon Zr?O silicon
N oxide
heterojunction temperature
process
method
nanoparticles
20 - . - -
nanowire -
temperature
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Table 6. Top 20 Degree Centrality Result from 2013
to 2017
Rank Word nDegree Centrality
1 cell 0.823961
2 film 0.330073
3 Solar 0.264059
4 polymer 0.246944
5 electrode 0.242054
6 layer 0.237164
7 substrate 0.210269
8 performance 0.200489
9 efficiency 0.180929
10 Perovskite 0.146699
1 application 0.144254
Flexible 0.144254
13 process 0.122249
silicon 0.110024
14 TiO;, 0.110024
Cu 0.110024
17 fabrication 0.107579
In 0.107579
19 nanowire 0.105134
20 temperature 0.102689
oxide 0.102689
Table 62 511 A4 3k DB H|[EQ A =2 F
N 2= 2039 A9EE et #4725 o
AARE FAA0] = Y 57 NYEE “HA(cell)”,
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Degree Centrality Analysis

—=&— Perovskite
—&— Flexible

nDegree Centrality

2014 2015 2016 2017

Year

Fig. 1. Degree Centrality Trends about 6 key-words from
2013 to 2017.
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Table 7. Top 20 Degree Centrality Result from 2013 to 2017 (Each Year)

2013 2014 2015 2016 2017
Rank Word nDegre.e Word nDegre?e Word nDegre?e Word nDegreg Word nDegrefe
Centrality Centrality Centrality Centrality Centrality
1 cell 0.855670 cell 0.944444 cell 0.840909 cell 0.860465 cell 0.818841
2 film 0.268041 film 0.277778 film 0.287879 Solar 0.317829 film 0.304348
3 | clectrode | 0206186 | clectrode | 0.212963 layer 0.265152 film 0271318 Solar | 0297101
electrode
4 layer 0.195876 p‘;;yy‘::r 0.148148 ; . clectrode | 0255814 layer 0.282609
5 substrate 0.154639 - - substrate 0.196970 Flexible 0.201550 electrode 0.224638
6 Cu 0.134021 substrate 0.138889 polymer 0.189394 layer 0.155039 Perovskite 0.217391
7 property 0.123711 efficiency 0.111111 Solar 0.151515 substrate 0.147287 Flexible 0.181159
polymer oxide
8 0.103093 TiO, 0.101852 efficiency 0.113636 | performance | 0.139535 polymer 0.152174
In Cu
polymer substrate
9 - - In 0.092593 - - . 0.131783 | performance | 0.130435
Perovskite officioncy
temperature
10 | GaSe: | 0002784 S| g 083333 - - - - - -
nanotube
fabrication
nanotube
efficiency
11 diffusion 0.072165 - - performance | 0.106061 efficiency 0.100775 - -
barrier
TiO,
thinfilm
12 - - - - device 0.083333 | temperature | 0.093023 electron 0.123188
counter
13 - - - - Perovskite 0.075758 - - Planar 0.094203
temperature .
- thinfilm
performance fanowire
metal
14 - ; 0074074 |1 060606 ; i Zn0 0.079710
effect
L application
application - i
Organic TiO,
In
15 - - - - - In 0.085271 - -
Cu
steel
performance property
16 oxide 0.061856 0.064815 - - - - -
effect nanoparticles
ZnO
oxide transport
17 - - - - - - device | ogo767 | mamowire | 47071
deposition o
GaSe application
silver
18 - - network |- ossss6 - - - - - -
conductive
carbon
19 - - - - - - - -
temperature
20 - - - - - - - silver 0.072464
carbon
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Table 8> 511 FA] 3 DB HIES] =LA =
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Table 8. Top 20 Closeness Centrality Result from

2013 to 2017

Rank Word nCloseness Centrality
1 cell 0.843770
2 film 0.585274
3 Solar 0.560180
4 electrode 0.554049
5 layer 0.550285
6 polymer 0.549538
7 substrate 0.541457
8 performance 0.537148
9 efficiency 0.528733
10 application 0.519910
11 Perovskite 0.517254
12 Flexible 0.514625
13 process 0.508168
14 fabrication 0.506262
15 nanowire 0.505630
16 device 0.502494
17 silicon 0.501871

oxide 0.501250

18 ZnO 0.501250
deposition 0.500630

20 TiO, 0.500630
In 0.500630
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Table 9. Top 20 Closeness Centrality Result from 2013 to 2017 (Each Year)

2013 2014 2015 2016 2017
Rank
Word nClosen.ess Word nClosengss Word nClosen‘ess Word nClosengss Word nClosengss
Centrality Centrality Centrality Centrality Centrality
1 cell 0.866071 cell 0.939130 cell 0.856008 cell 0.868271 cell 0.821429
2 film 0.551136 film 0.568421 film 0.561634 Solar 0.576180 Solar 0.560976
layer
3 layer 0.535912 electrode 0.551020 0.551650 film 0.560677 film 0.556452
electrode
4 electrode 0.530055 polymer 0.526829 - - electrode 0.558174 layer 0.554217
substrate
5 substrate 0.521505 | 0.524272 substrate 0.523718 Flexible 0.532047 electrode 0.532819
ayer
6 Cu 0.510526 - - polymer 0.521518 substrate 0.520963 Perovskite | 0.528736
7 polymer 0.507853 efficiency 0.519231 Solar 0.510787 | performance | 0.516657 Flexible 0.518797
polymer
8 property 0.505208 In 0.514286 efficiency 0.504558 polymer 0.508256 0.505495
performance
performance
9 nanotube 0.494898 | fabrication | 0.511848 oxide 0.502515 layer 0.506198 - -
TiO,
oxide
icati electron
fabrication .
10 oot 0.489899 - - Cu 0.500489 Perovskite 0.504157 0.501818
effect
efficiency
In
11 - - - - performance | 0.496485 thinfilm 0.500124 - -
12 - - temperature | 0.509343 device 0.494507 counter 0.498132 substrate 0.498195
silicon
13 - - 0.507042 effect 0.488666 | efficiency 0.496155 TiO, 0.492857
nanotube
performance
energy
deposition .
14 0.487437 - - In 0.486750 | temperature | 0.494194 thinfilm 0.489362
carbon
application
GaSe
property
15 - - power 0.504673 | heterojunction| 0.484848 control 0.492248 Planar 0.487633
application
temperature deposition
16 - - - - growth 0.481090 In 0.488402 ZnO 0.484211
application Cu
application
17 - - - - - - - - 0.480836
Organic
nanoparticles
18 - - 0.502326 - - - - - -
conductive
thinfilm . .
nanowire silver
metal
19 - - - 0.479232 0.486502 0.479167
ZnO .
- device carbon
Perovskite
diffusion conversion
20 0.485000 carbon 0.500000 - - - - - -
Transparent
Cu
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Table 10. Top 20 Betweenness Centrality Result
from 2013 to 2017
Rank Word nBetweenness Centrality
1 cell 0.697607
2 film 0.070887
3 electrode 0.041046
4 polymer 0.037792
5 Solar 0.027609
6 layer 0.026487
7 array 0.020748
8 performance 0.019611
9 control 0.018014
10 substrate 0.016641
11 Perovskite 0.015521
12 Flexible 0.014411
13 structure 0.010009
14 model 0.009803
15 power 0.009364
16 counter 0.007611
17 efficiency 0.007360
18 energy 0.007185
19 In 0.006925
20 metal 0.006855

Adg vESAY] Fa

E4 FollA 201395-H

20161744 “T-2)(Cu)”, “915H(In)”, “GaSe,”] 349 1
ol AEE

2013139 E4L& “HA(electrode)’S TAH LR “A)
Ul(counter)”, “A|Z(fabrication)”, “Z&}2~El(plastic)”,
“aLi A polymer)”7} 15 FAskar Ao, 2014
Lol “¥(film)"S SA O 2 “7]F(substrate)”, “ZA-&
(application)”, 2] (silicon)”, “#|Z(fabrication)”,
“EX(property)”?] LFo] AEEItl 2015 %=
o B2 skl aEel AHEE, Ao Tl «d
F(electrode)”, “ZF(layer)”°] 2= =T} 201611 7
o= “ElY(solar)”, “H=(electrode)”7} 3] 159
FAYE G T e 53], “H(solar)”, “fr
A (flexible)”, “¥| = H ~7}0] E(perovskite)’ 7} #-2©.
2 I2%S dsta ik

2017\ %E e b & o B o9 1Ee] 9
AEQE, 2 FAlde 71Ed AEEAY <HY
(solar)”, “Z=(electrode)”, “Z(layer)” <] ol & “H ZH
7} E(perovskite)”, “H(film)”o] 3F9 1EF2] TAHOE

ched

Table 11, Top 20 Betweenness Centrality Result from 2013 to 2017 (Each Year)

2013 2014 2015 2016 2017
R e R e B e B e Bl e
1 cell 0.845870 cell 0.869875 cell 0.713335 cell 0.735998 cell 0.720568
2 film 0.100988 film 0.040257 film 0.086181 film 0.070752 array 0.072895
3 energy 0.070232 | performance | 0.020712 layer 0.075804 electrode 0.049028 film 0.062856
4 electrode 0.048450 electrode 0.020596 substrate 0.040604 Solar 0.04648 Solar 0.059176
5 property 0.023450 system 0.019701 electrode 0.033155 control 0.035138 Perovskite 0.055995
6 ZnO 0.021299 | temperature | 0.019404 array 0.029503 Flexible 0.034096 layer 0.047005
7 In 0.021105 conductive | 0.018619 polymer 0.027839 polymer 0.018417 electrode 0.042643
8 conversion | 0.020619 novel 0.017076 | heterojunction| 0.01518 In 0.01604 polymer 0.032756
9 layer 0.018278 power 0.016527 growth 0.014824 | deposition 0.015838 system 0.032379
10 substrate 0.017795 efficiency 0.010199 graphene 0.014702 Ti 0.015551 device 0.030608
11| module | 0.010939 layer 0.006704 Charaztfrizaﬁ 0.008231 | power | 0015262 | quantum | 0.028986
12 nanorod 0.010095 polymer 0.006493 Solar 0.000749 | Perovskite | 0.013157 substrate 0.020359
13 roll to roll 0.009572 substrate 0.005048 TiO, 0.00692 system 0.010677 electron 0.017763
14 highly 0.006569 In 0.002741 oxide 0.005665 layer 0.009451 Flexible 0.016113
15 Cu 0.005344 TiO, 0.00238 silicon 0.004532 Cu 0.008341 |nanoparticles| 0.014553
16 polymer 0.005259 fabrication | 0.002266 efficiency 0.004462 substrate 0.007788 panel 0.014493
17 nanotube 0.002237 silicon 0.001736 | performance | 0.004159 GaSe» 0.006885 energy 0.014493
18 | application | 0.001611 nanotube 0.001357 Cu 0.003741 | performance | 0.006691 Hybrid 0.010941
19 TiO, 0.001432 property 0.001067 device 0.001716 device 0.006032 | performance | 0.007101
20 | efficiency | 0.000859 | application | 0.000603 Zno 0.001677 Hybrid 0.00594 TiO, 0.006297
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Fig. 2. Network Diagram for major central key-words via NetDraw from 2013
to 2017.

Fig. 4. Network Diagram for major central key-words via NetDraw at 2014.
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Fig. 7. Network Diagram for major central key-words via NetDraw at 2017.
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HEYD B4L ol8d TUNE HYHA AT ATEF 84
3. A= 14 (flexible) 2] Al ©Hei7} 2015 %€ 28] F-
ste] Ag7h s MEE I e wokds g9l
e 24 W2 29 ARAEY 240 @ 5 adrk 23 FA4 24 Aol A= 20133 HE
SNA(Social Network Analysis)E ?l5t] 4-88= WY 20173714 A== “TF2)(Cu)”, “Q1E(In)”, “B}Ksolar)”,
EollA EHaAANH14], H tlFE 2 JE el “FAA(flexible)”, “3|ZH7}o]E(perovskite)” 7} 2}
AE 93 G4 Ve AR Aeowd 158 zho) Ao A AFEAel dxdE AL ol @
o] Y& AX I QJTH15]. 53, 712 AR FE} Roptk 5 gilet w4 lolAE “of| ] (energy)”,
oblet Akt &8 g, dE o oh Wl A «Ms(performance)”’, “Z(layer)”, “El%(solar)”, “#j <
788 99S A wslzka 7lel, BAELAl sl (array)?7) 2013\ RE] 2017974 AR wj) 4]
el Tdad tig AT oEE Festal ols Aol wo 719=9S 9l 3 5 Y3tk
ZIgro g FAaAtte] g9 BPAS AST F e o|F 3 719= A% Nwe} FAA B4 AE upgt
T8 ETEA 28Ha 9k o2 7|19 YEYAE 4519 v, mE EYA
53], Aehrlsiofl Slold HESA 242 S8 o] Fald= “A(cell)’0] UATE 1T 39 1E
ATEF gef2 Ve A 24 ol S8 71 FAd “HlKsolan)’E  FAOR  “FEHATLOE
=7]goze] AAE A TR VEAREA 1 EEY (perovskite)”, “E-S(efficiency)”, “H (electrode)”, “F
o] ¥& daj7kar Uk A4 (flexible)”, “TE-AH(polymer)”7} dFLte] 18-S &
ofo] & AgllME, “EHAE HFAE e Aetm don, “FE(Cu)”, “Q1E(In)”, “GaSe,” 7}
2 v Al digh 5718 o dgde]l g2 aEs PAstm Ik
ek g ANE A% 7124 52 Slske] YE olelg VEY A EANATE Fs) nwl, THAE
AA(FAE) A4S KT Bk A At Hofol| A «H| 7B A7}bo] E(perovskite)”
ATEA L AT B FAAP el g AT 5 Rop} sbg @kl A JdEa Rokeba & 5
o] AEFE etatr] flate] 20133 5E 2017\ AF - 9o «Fa)(Cu)?, “F(In)”, “GaSe,”= 7HY di)
ole] I FAZ ¢ t=DBE &8st Uy T Aol AFRE= Amela st = gl
o ek aA 719= Nk M EY= 84S 8813tk AAZ B FHA ol QoA CIGS(CuInGaSez)—E 1970
WA, 7195 AFE NEF 7k BA0E = BAY JdRE 2B Bl E AY FolA =L oux A
A 717F 533 Fet) 03_?91 THo] HE 719EsE “HA BE8(223%)S M BAY dheto g xﬂ§7} s
(cell)”, “2H(film)”, “(electrode)”, “F(layer)”, “IL  dlo] A Q= AL FAu e AFRH 1 Q) &=
ZKpolymer)” _,_0]041:} SHAIRE ZF 1 ¥ 2 B 1 gb i 2 B ~7}0] E(perovskite)“= 2015WFE] A%
™, “ElHK(solar)”, “¥ZH TF}o]E(perovskite)”, “-< Hd S o) Fa1 9l kAR vuk V&R, HE =
d(flexible)”®] Al @017} 20155 H FASH st & oux] AEL(22.1%)S HolFT ArHle6).
I e AT FoFds el @ 4 AT 71 e Ao CIGSS 7P Al Hl2E
SAA A A, o 717 51 wetell A HIES 2F}0|E7} ZEAE glokAA] Hoto] glojA] 714 gk
29 AAFAe] HE 719EE “AA(cell)”, “HH(film)”,  aHA] ATEE Hokr Aol © AL thh o9l A}
“H H(solar)”, “3LiEAK(polymer)”, “H=(electrode)” = o}, w#l AF FIES Avny ol AT
ojgith. of7lolA F1f= A Adtete A “Bd o sukd sl yleS gl 8 4 gk RS niE
(solar)”#} “ILF2K(polymer)” 7} “H=(electrode)” W H&ZBH ~vlo]E 7|wke] eldejokd = olt17]. By
719 e e 57 SR well AR T g A A/ REATI0lE, CIGS/H 2B A
Aol Eoked, ole AT vIES A uw g7t glolE, slZBavlolE/s|REATLlE HY E A
AR e dedoe] o Avke s 91 & 4 Uk wom sdE=y) ofr)oA] CIGS/HZE. ATl E
T3 7t dx "R EAARAE 79 E fi A3l o] §914S ZhE BRI RA Y] S YA
A7 AR <Bl9Ksolar)”, “FIEEATL0] E(perovskite)”,  wh] oAE| I 9lt).
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