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Study of Bulk-Heterojunction Perovskite Solar Cell

Pei-Huan Lee, Kuo-Yu Tian and Wei-Fang Su*
Dept. of Materials Science and Engineering, National Taiwan University, Taipeli,
Taiwan

Abstract

In our research plan, we focus on developing high efficiency
perovskite  modules and  prototype  product by  using
large-area-compatible perovskite thin film deposition process and
nanosecond pulse laser with single wavelength. Perovskite solar cell
draws lots of attention due to its outstanding performance. Besides,
perovskite solar cell is believed to have potential to be commercialized
because of its solution processable property which is very suitable for
mass production in a low cost and roll-to-roll manufacture. Up to now,
most of high efficiency perovskite photovoltaics are based on ambient
sensitive deposition process, which may not be compatible with high
throughput large-scale manufacturing. Therefore, developing perovskite
thin film deposition with larger working window may help to bring this
technology into commercialization. Additionally, the construction of
perovskite photovoltaic module needs to be realized. In our work, we
will control the crystallization process during the film deposition by
adopting solvent additive to form complex adduct with perovskite
precursor. We hope this could alleviate the strict requirement of ambient
condition when depositing perovskite thin film. For the second challenge,

we use nanosecond pulse laser with a wavelength of 532nm to scribe P1,



P2 and P3 line on the devices to make solar module. By changing the
inject direction, pulse energy and pulse overlap ratio, we successfully
scribe P1, P2 and P3 line using the single wavelength laser. And then, we
fabricate perovskite solar module with 2 and 8 sub-cells on 4 cm?and 25
cm? substrate, respectively. The performance of each module is 12.82%
and 12.02% calculated under active area. Both are the highest
performance reported for perovskite module scribed with a single
wavelength pulse laser based on our knowledge. Finally, we successfully
use our perovskite solar module to drive beacon and senor which

demonstrate the usage of perovskite solar cell.
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Figure 3-1 (a) Device structure and (b) J-V curves of standard perovskite
solar cell with PEDOT:PSS(AI 4083) and NiO, as HTL.

Table 3-1 Device performance of standard perovskite solar cell with

PEDOT:PSS(AI 4083) or NiO as HTL.

HTL Molar ratio of Voc Jsc FF PCE
Pbl,: DMSO (V) (mA/cm?) (%) (%)
0.872+0.006 13.4+0542 795+1.63 9.31+0.417
11
(0.875) (14.3) (80.6) (10.2)
0.854 £ 0.008 15.3+0.593 76.0+2.14 9.92+ 0.497
PEDOT:PSS 1:2
(0.863) (15.3) (79.6) (10.5)
0.878+0.006 16.1+0.377 77.9+1.18 11.0+0.499
1:3
(0.878) (16.4) (77.9) (11.3)
1.057+0.004 17.0+0.137 705+1.64 12.7+0.298
NiOy 1:3
(1.063) (17.2) (71.0) (12.9)
NiOy
1.060+ 0.007 16.3+0.588 68.7+1.93 11.9+0.827
(Device fabricated 1:3
(1.066) (16.8) (70.2) (12.6)

in glove box)
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Figure 3-2 OM image of laser inject from (a),(b),(c) film side ; (d),(e),()

glass side with pulse energy of 233/150/100pJ.
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Figure 3-3 OM image of P1 lines ablated with 200uJ pulse energy and
scan rate of (a)500mm/s, (b)400mm/s, (c)300mm/s, (d)200mm/s and
(e)100mm/s. The overlap ratio of each scan rate is calculated from

formula (10) and present at upper right corner.
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Figure 3-4 (a) SEM image and (b) EDX analysis of P1 line with pulse
energy 200uJ and 24% overlap ratio.
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Figure 3-5 AFM image of the edge of P1 line.
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Figure 3-6 Single spot ablation threshold measurement of all layer used
in our perovskite solar cell and here all experiments are carried out with
laser injected from film side.

Table 3-2 Values of single spot ablation threshold for each layer obtained
from the experiment and beam waist is 21um.

Layer Ablation threshold(uJ)  Threshold fluence (J/cm?)
FTO 45.4 6.55
NiOx 27.3 3.94
Perovskite/PCBM/PEI 2.42 0.349

# Table 3-2 ¢ 7 rifvif 3 & #-FTO r2 b enif A3 it 4o e ~ 3
$ 2 7 FTO > i b 3 stoifiris £ 3 40 NiOg e 2]/ & 27.3)
(fluence 3.94 plfcm?) 4= FTO e+ 2| & & 45.4ud (fluence 6.55 pl/cm?) -

Figure 3-7 5 & & &3 99% ™ » A Wik fme £ 5 111620~ 25
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Figure 3-7 OM image of P2 line scribed with (a) 11, (b) 16, (c) 20, (d)
25, (e) 30uJ pulse energy and 99% overlap ratio.
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Figure 3-8 TLM measurement of different contact condition: FTO/Ag,
FTO/NIO,/Ag and FTO/P2 line/Ag. P2 lines are scribed with pulse
energy of 11/16/20uJ) under 99% overlap ratio. The black line is linear fit
of each TLM measurement.
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Table 3-3 TLM parameters calculated from formula (2) and (123WQAS3)
for each contact condition.

% (mm) R.(2) p. (@ mm?)
FTO*/Ag 1.66 1.29 20.4
FTO*/NiO/Ag 4.63 3.43 151
110 5.21 3.81 188
160 2.83 2.13 57.1
200 12.6 8.09 970

AT R AR B AP E R THLUER R
ZE T {ad REDAR R g Bk 02 7 R 23 R H P2
KRB %P o Figure3-9 X374 27 2ig B T 5 OM Bl > 2 # 1Y
BRI F 7 A R R o 2 HSOT R AR 2y 2
dRF L AT A § 7 BEAKRS T 300mm/s (66%E B XA T
o rEmaT DB i F AP A kR £

L 16p) T o i e B G & 4 66% -
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Figure 3-9 OM image of P2 lines scribed with 16uJ pulse energy and
scan rate of (a)20mm/s, (b)25mm/s, (c)50mm/s, (d)100mm/s,
(€)200mm/s and (f)300mm/s. The overlap ratio of each scan rate is
calculated from formula (10) and present at lower right corner.
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3 T7%RF > BB R E 2R 5 2000m e ¥ R IIET kT F4E
AL 57 WL ALl M s e AT AR (ARST 0 Tt Q9% E
Wk ARG EHE o FEN A EEAPERY 16 W (fluence

2. 3uJ/cm )~ 99% & & F ke k) S BB F P2 & o
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Figure 3-10 AFM 3D image and height profile of the edge of P2 line
with (a)10mm/s, (b)25mm/s, (c)50mm/s, (d)100mm/s, (¢)200mm/s and

(H)300mm/s scan rate.
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Figure 3-11 Single spot ablation threshold measurement for silver

electrode.

Table 3-4 Values of the single spot ablation threshold obtained from the

experiment and beam waist is 21pum.

Ablation threshold(pJ) Threshold fluence (J/cm?)

Ag 18.3 2.64
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put 921% | = 88% ; 77%

Figure 3-12 OM image of P3 lines scribed with 16uJ pulse energy and
scan rate of (a)210mm/s, (b)25mm/s, (¢)50mm/s, (d)75mm/s, (€)2100mm/s
and (f)200mm/s. The overlap ratio of each scan rate is calculated from

formula (10) and present at lower right corner.
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Figure 3-13 SEM images of P3 line scribed with 16pJ and (a)(d) 99%,
(b)(e) 97%, (c)(f)94% overlap ratio. The P3 line is at lower left corner

and device is at upper right corner in all pictures.
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Figure 3-14 Current loop under different overlap ratio condition.
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Table 3-5 Device performance of standard perovskite solar cell and 4cm?
substrate area module. The J;. and PCE are performed under active area.

The champion performance of standard device is showed in bracket.

Voc (V)  Jsc (MAlcm?)  FF(%)  PCE(%) Active area(cm?)

1.066+0.007 16.29+ 0.232 67.5+2.02 11.73+0.553
standard

0.09
(1.075) (16.58) (69.7)  (12.43)

2.122 8.86 68.1 12.82 0.96

Module 2.106 8.53 69.9 12.56 0.96

2.119 8.47 68.8 12.34 0.96
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Figure 3-15 (a) Photograph and (b) J-V curves of 25cm? substrate area

perovskite solar module.

Table 3-6 Device performance of standard perovskite solar cell and

25cm? substrate area module. The J. and PCE are performed under

active area.
Voc(V) Isc(mA) FF(%0) PCE(%)  Active area (cm?)

Sub-cell 1 1.033 22.20 - -- 1.56
Sub-cell 2 1.031 23.98 -- -- 1.56
Sub-cell 3 1.067 23.56 -- -- 1.56
Sub-cell 4 1.051 23.84 - -- 1.56
Sub-cell 5 1.054 24.72 -- -- 1.56
Sub-cell 6 1.040 25.37 -- - 1.56
Sub-cell 7 1.069 24.23 -- -- 1.56
Sub-cell 8 1.060 24.29 -- -- 1.56

module 8.380 25.98 68.9 12.02 12.48
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Table 3-7 Device performance of standard perovskite solar cell and 64
cm? substrate area module. The J,. and PCE are performed under active

area.

Voc(V) Isc(mA) FF(%0) PCE(%)

Sub-cell 1 0.97 12.64 - -
Sub-cell 2 0.87 8.10 - -
Sub-cell 3 0.84 7.25 - -
Sub-cell 4 0.74 4.86 - -
Sub-cell 5 0.86 6.05 -- -
Sub-cell 6 0.98 8.80 -- -
Sub-cell 7 0.72 7.48 -- -
Sub-cell 8 0.82 7.10 -- -
Sub-cell 9 1.11 15.64 - -
Sub-cell 10 1.08 9.13 - -
Sub-cell 11 -- -- - -
module 8.31 14.94 36.20 1.17
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Figure 3-17 Picture of perovskite module and component of senor.

33



BAFEYAPEAADTFF B RREH & 2-3% 5k E

ETTRS

B e AREOT 2k Phly & DMSO (445 0 Sig i ¥ 38 0
1:1> 2% 7 3 4 DMSO eh3 B e 3 Pblysn= & 0 B (8 { 4 i s 5
1 Jed 143mAlcm® + 2 3 16.4mA/cm® s s d 10.1%3% 2
11.3% < 3 ¥ 2 12 NiO, B~ * PEDOT:PSS i¥ % ~ i* e i B # & >

KEE{ B PA L REAEELRE > RS UG NS

PR EEERF I B ant® S APl ¢ > AP FIRG
£ 532nm 1z ) F ST E KT Rl w o~ Bt 5 E @ laser lift-off o
CHETERES L4 L O TP EINE L RS e

REF &RAGE £ a7 bri 20 - %3 8 | df 5% A

A
-—-«\
o1 4

4 incubation effect » % P E 3 100t | @A) (% feas £iE S

plaig

J °
B2 2R EDX Bl ® 3 Nignmagl, 2 TLM e 472 % A v w4
P A 16pd ek fbric £ 2 99%E & F et 2 S dicT > NIOy & 57 s
% FTO st &2 Ag E 4&4pid o ¥ M AFM Rl ® ¥ arig s ¥ & 5 5 op

T P2 LSBT H B AR o PSR R APRERY £

34



fr S <3 97%ps > B2 IR OM Wl ¥ 7 BLZ D145 Ak e B it i SEM
B v ?%’}Iﬁaé‘iﬁ”fﬂf’iiﬁaﬁﬁJ;@lﬁ—r = gug %?%#E@ﬂjg\'ﬁ
Bod BRAEAER o AP Ag 5 4om’ ¥ 25em” ik b

AT 4T & b i Ho i vk A wlid §) 12,820 12.02%4 153 A i i

w

HerxF 12.9%4p 31T 0 B om AN PR T D) R BcE T (7o b ek A
LRPARBAET &2 LRI eSS GRS RE T B

FEFH B a TP A RBRinhgr Lo 03ng o

35



 300°C TaEHAIL S LAEN AT ARER o FP AP
B 5 MGR AR NIO kB R p v el AR » 7 Feh7 2 A (5
EXBRLBENNO 2 F T EALTEEFRHY RFRF - X

SERBEBBUS R FH T 8 ARES § AP R

\r’;
J\
C
ﬂ
1,\“{

80% » # 7 v 5 20%¢nil £ F15 2 3 a4

4o FR AT R S g S S 0 B0 PL P2 40 P3 &

P G A0Nm i Az o KT 0L E RS e B PL AR SR

C

PRI R O BEER ke L S BB e BtE > AT PR % T ok

FEEHA @D T 4 e AR B A NG EehA Eark o

B o FassHAlRIARPIE S 22 - o

36



B3 1;%

[1] W. S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo, and S. I.
Seok, Science, 2015, 348, 1234-1237.

[2] J. Huang, Y. Shao, and Q. Dong, J. Phys. Chem. Lett., 2015, 6,
3218-3227

[3] S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. P.
Alcocer, T. Leijtens, L. M. Herz, A. Petrozza, H. J. Snaith, Science, 2013,
342, 341-344.

[4] S. J. Moon, J. H. Yun, L. Lofgren, A. Walter, L. Sansonne, M.

Benkhaira, S. Nicolay, J. Bailat and C. Ballif, IEEE J. Photovolt., 2015,
51087.

[5] G. D. Spyropoulos, C. O. R. Quiroz, M. Salvador, Y. Hou, N.
Gasparini, P. Schweizer, J. Adams, P. Kubis, N. Li, E. Spiecker, T. Ameri,
H. J. Egelhaaf and C. J. Brabec, Energy Environ. Sci. 2016

[6] N. Ahn, D. Y. Son, I. H. Jang, S. M. Kang, M. Choi and N. G. Park, J.
Am. Chem. Soc., 2015, 137, 8696.

[7] M. Jergensen, K. Norrman and F. C. Krebs, Sol. Energ. Mat. Sol.
Cells, 2008, 92, 686.

[8] H. Yan, P. Lee, N. R. Armstrong, A. Graham, G. A. Evmenenko, P.
Duttaand  T.J. Marks, J. Am. Chem. Soc.,2005, 127, 3172.

[9] K. C. Wang, J. Y. Jeng, P. S. Shen, Y. C. Chang, E. W. G. Diau, C.
H. Tsai, T. Y. Chao, H. C. Hsu, P. Y. Lin, P. Chen, T. F. Guo and T. C.
Wen, Sci. Rep., 2014, 4, 4756.

[10] W. Chen, Y. Wu, Y. Yue, J. Liu, W. Zhang, X. Yang, H. Chen, E. Bi,
I. Ashraful, M. Grétzel and L Han, Science, 2015, 350, 944.

[11] G. Heise, M. Domke, J. Konrad, S. Sarrach, J. Sotrop and H. P
Huber, J. Phys. D: Appl. Phys. 2012, 45, 315303.

37



[12] D. Cantelia, I. Torresa, J. J. Garcia-Ballesterosb, J. Carabea, C.
Molpeceresb and J. J. Gandiaa, Appl. Surf. Sci. 2013, 271, 223.
[13] B. Turan and S. Haas, J. Laser Micro Nanoeng. 3 (2013) 234.

38



