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Fig. 1 Schematic diagram of thin film Si/PEDOT : PSS HSCs
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Fig. 2 Optical absorption of Si/PEDOT : PSS HSCs with top

1D triangular gratings
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Fig. 3 Optical absorption of Si/PEDOT : PSS HSCs with

rear 1D triangular gratings
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300 40

e 1 BT TS S ES AU 1D = fATE
MG 4 1 38 5 R /PEDOT : PSS HSCs 14 J,, 5&T
2 um B B0 OF i HSC Y g, B R (H 2
19.34 mA/em®s NF 1 R F ), BHAYEMEE5H HSCs
FRY HL, 7 2 BB K T HSC A L 5 3, R T T

P TR
— AL
. BLeti]

WS AT ET 43 e

[

800 1000
P /nm
LTI JIEHEFUSL 1D = I G s r/
PEDOT : PSS HSCs F4 Y% Wi 38 fii1 -2

Fig. 5 Increment of optical absorption of Si/PEDOT:PSS HSCs

200 600

&5

with different grating structures (top, rear and double-side)



7] XIWATRAE . FET = AT OIS A i 5 A /PEDOT « PSS S0 245 A BH Ha vt 1 3 6 BT 1877

JiEHR AR 1D = FJE G ) 3 5 ik /PEDOT : PSS
HSCs 1Y J,, ( CTE+TM ) /2) 43 %] A 25.73 | 24.66
M 26.95 mA/em®, [bF T HSC 1 J 4 5l 42 &
33.04% .27.51%H1 39.35% . AT %0, = AT G
SERREAT SO HE T A B, 2 mOG R A R 1
JnHE R /PEDOT : PSS HSCs #8419 Jo

1 ETFE.RE.EIFNE 1D =AM E 1N
HIEFE/PEDOT: PSS HSCs B TE. TM AN (TE+TM)/ 28X T,
Table 1  Photocurrent densities of Si/PEDOT : PSS HSCs with

different structures in TE, TM and (TE+TM )/2 modes

o Ju/mA «ecm™
5z
T e JIGHR B
TE 19.34 24.75 25.41 26.65
™ 19.34 26.72 23.72 27.24

(TE+TM)/2 19.34 25.73 24.66 26.95

24 IS RIS

FE BB SE b SR A BRIT 40 B3 20 B 1D
= HMIESCM B BEOEALED , 5 4 Fh R OF 1 25
My, THER R HBABLA 1D = T CHIEES ) 76 41>
W WA 8 e A2 P W AR A P i A S s B i U2 ) R
W A3, 18 6 STE TE FITM AR, -1 4544, Th
BB RHFACA 1D = I8 SIS #4 1) R A 11 F
Yoy A, - 11 4589 T8 B 2 LR Fabry-Perot 3
I, AR [R) ORISR R R — B, FLX Y
W55 . 7 1D =B 45 E T, ek
AR R A TR B OB R B ROBE L, il
oo, i B B D, A AR 10 SR U . DAL 6b ] 6c
&l 6e F1E 6f ] B A H , 5 G 25 4 B i
WO )R TE TE BEAOG R ROURUR T ™™ 01
BRI 2%, AT, 1D = A G M A H 1)
B B AR R 55 T 3 005 ) B REEAE . B 6d
ST XTS5 A SR A Y TE AR 2 Y IRl 5
JE B 2 K B T A 2 A 1 A5 B R Bl ) b
e 2 T B 1 B AR ARAT R /N T TM B
B HL 70 B Eh T, S A R R RO 2
F4) R AT 5 JBE A A 25 SR 5 R 4 B IR R BORT R 1
B o 85 53—, S — 2L B00E T 1D = M4
FA 1 Y R o 448 i sk R, B EL A R S Ol 2 A B

PERE

c. JIEHSTE
A =818

a. “F-1
A=818

b. T TE

A =826 A =822

o

£ JEHT™
A =820
El6 BT P (a) TOUER IS &R AN 25 H) (1 iR 1 Ha 3%
A (TEAL R b e Fld; TMAE A e fHlg)

Fig. 6 Electric field distribution of ¢-Si thin film with different

e. I TM
A =820

g. XA T™
A =842

structure: planar(a), top, rear and double-sided 1D triangle

grating in TE mode (b,c,d) and TM mode (e,f,g)

25 EBMSHEHS T

Sy iE— 25 R = AT G AR B, AR SR
HSCs W HL2ASHEET TS . 32 R A In A Jr
FEE I T iz 7 A4S 21 it AR S 9 e B R B T
FE—FRINMHBFESE . Hrh iS4y 5x
10" em™, PEDOT : PSS WL sRi°h 5.0 V., &l 7 Al
8 4330 h 4 Fhv 2 4 7 e A S B0 1 A1 it 350%
W (EQE) MHL i -FL B (J-V)RRE 28, 3 2 A i
SR O B B L TSR V. SR A
FF RV 380%n) () BAREUE . A3 L TP 1 HSC,
TR ZE R HSC 1 LM T 5.98 mA/em®, X & H T
T0U S 45 ) . 4 ke B (R 51 2 76 28 S Fa] D ik B2 ) xof
SR AE L 3G 0T 3R A X2 0 B O 1 TR L
11 H T RS 38 245 #4 2 x 35 GO (3 R 4T AR Dk
B AT RO, FEXF . 09 BT R A T 45 4 1 B
W, WA 4.6 mAlem’s XU Z5F9 HSC 1 J. AT ik 5
25.52 mA/em?, AHEC TR HSC AY 18.19 mA/em? B 1
7.33 mA/em®, A I T OUL T ' A 45 KA A S 1) B DG AR
o XF LU I P 2% 43 BT AT R, AN [R] S5 74 % XoF
HLHL ) J B L B BTRR A S TR



1878 xOMH B o 404
PSR A — AR B, 2 S 80 B 5L = e f
0§ 05 BV BRI 9 48 449K 4 2X10° em ™, PEDOT: PSS )
£ 06 e R DIeREEINZE 5.05 eV, RME S HAFERE 100 em/s,
5 o HLE YV, BESAE 693 mV, Al Mt 15%. A, 3%
= F M 25 ¥4 B fE/PEDOT : PSS HSCs HAG i K 1 A&
0.2} JEW T o
00l ‘ ‘ R2 ETFE.UEDEEDUE 1D = ARSI R
400600, S00 100 BB IHEAEE/PEDOT : PSS HSCs ISR S8
BT TP O R AR 1D = f s i Table 2 Summary of photovoltaic parameters of

WEBRRE/PEDOT : PSS HSCs S Mt F250%
Fig. 7 External quantum efficiency of Si/PEDOT : PSS

HSCs with different structures

&2 R FFOFE CTER JKH OB 1D =P
S5 8 LA B e A S H0 T R W RE/PEDOT : PSS
HSCs WG HL S50, F1f HSC B V.. o4 584 mV, 1fij I
BRFNIEE R = I 6HE HSCs B WA 578 H1 577 mV,
F T O 5 A 1% 3 1 B R, MG T 2R 1 2 A
Je, TS BR TR G H HSCs 14 V. A T REAR . T WUTE
4546 HSCs 1) V., 0] 35 584 mV, p1 T B4 6 F %t
HL VI A 2 JEDRD 1SR TET B A I PR AE BT Ve 5
ST HSC AH HESEAPRFEANAE . 28, LT 4 P2t
[ iE/PEDOT : PSS HSCs Him43 5~ 8.65% (SF-1ii )
11.02% (TR EB G ) | 10.46% (i 3R GHE ) F1 11.82%
R YA ) , A EE 1 1 45 44, XU e HSC »n 2
T 36%.

8 FETFih TR JEHR XA 1D = TG a A4 LI
AES BT AE/PEDOT . PSSHSCs fY J-V 2
Fig. 8 J-V curves of Si/PEDOT: PSS HSCs with

different structures

T 1 R A BRADL TSR HP 9 08 B9 2 B S AR Al

Si/PEDOT : PSS HSCs with different structures

Wi Jo/mA-cm® V.V FF/% 1%
RIS 18.19 0.584  81.42 8.65
TG 24.17 0.578  79.02 11.04
it 22.79 0.577  79.54 10.46
XLED G 25.52 0.584 7930 11.82
HAESH 26.30 0.693  82.50 15.03
3 4 it

AR SCAF X R R REOG 2, B T OB 1D
AL, X OEIR M |, R b
ST RS . WA BRI T, AN TR
RSETN = A8 G RE A R0k X 56 E 70
ASFHER , NTXEHEAT S 28 HE, A 500 nm
FIRE 710 nm TS 1D =M G4 OGRE#E
A BT W U B VR 5 A 38 1000 nm AR
170 nm YJIEHF 1D = FMAIEEMHHE 550~900 nm i 2L
AU B B S i RO o 2 T OB G A 25 44
%) JHE S B4 FE/PEDOT : PSS HSCs 3815 1T 48 K1Y
Jon, 353 26.95 mA/em?®, JEIR T K15 5 802 E HSCs
A BE

(5% 30k ]

Bullock J, Hettick M, Geissbiihler J, et al. Efficient

silicon solar cells with dopant-free asymmetric

heterocontacts[ ] ]. Nature Energy, 2016, 1: 15031.
Zielke D, Niehaves C, Lovenich W, et al. Organic-
silicon solar cells exceeding 20% efficiency [J]. Energy
Procedia, 2015, 77: 331—339.

(3]

Sheng Jiang, Fan Ke, Wang Dan, et al. Improvement of
the SiO, passivation layer for high-efficiency Si/PEDOT :



7

XIMHIRAR . HET = AR OIS 4 i AR i/ PEDOT : PSS S Bt 45 K FH i b B e i

1879

[4]

[10]

[11]

PSS heterojunction cells [J]. ACS Applied
Materials & Interfaces, 2014, 6(18): 16027—16034.

solar

Wang Dan, Sheng Jiang, Wu Sudong, et al. Tuning
back contact property via artificial interface dipoles in Si/
organic hybrid solar cells [J]. Applied Physics Letters,
2016, 109(4): 043901.

Sheng Jiang, Wang Dan, Wu Sudong, et al. Ideal rear
contact formed via employing a conjugated polymer for
SI/PEDOT: PSS hybrid solar cells [J]. RSC Advances,
2016, 6(19): 16010—16017.

He Jian, Gao Pingqi, Yang Zhenhai, et al. Silicon/
organic hybrid solar cells with 16.2% efficiency and
improved  stability by formation of  comformal
heterojunction coating and moisture-resistant capping
layer[J . Advanced Materials, 2017, 1606321.

P, ST, EEE, AR R A AR AP E 1)
WAL ). KPHRE I, 2006, 27(5) : 444—450.

Lu Jingxiao, Zhang Yuxiang, Wang Haiyan, et al. The
trend of changing silicon wafer- based solar cells
gradually into thin films[J]. Acta Energiae Solaris
Sinica, 2006, 27(5) : 444—450.

Chowdhury F I, Alnuaimi A, El-Atab N, et al
Enhanced performance of thin- film amorphous silicon
with a top film of 2.85 nm silicon
nanoparticles[ﬂ. Solar Energy, 2016, 125: 332—338.

Cariou R, Chen W, Cosme-Bolanos I, et al. Ultrathin

solar cells

PECVD epitaxial Si solar cells on glass via low-
temperature transfer process[J]. Progress in Photovoltaics:
Research and Applications, 2016, 24: 1075—1084.
Wang Shuang, Weil B D, Li Yanbin, et al. Large-area
free-standing ultrathin  single-crystal — silicon as
processable materials[J]. Nano Letters, 2013, 13(9) :
4393—4398.

He Jian, Gao Pingqi, Liao Mngdun, et al. Realization

of 13.6% efficiency on 20 pm thick Si/organic hybrid

[12]

[12]

[13]

[14]

[15]

[15]

[16]

[17]

[18]

heterojunction solar cells via advanced nanotexturing
and surface recombination suppression [J]. ACS Nano,
2015, 9(6) : 6522—6531.

WO REAUORZ A A B AR AR FHRE L Y
JEHILD]. dbst: ARduH ke, 2015.

Huang Rui. Fabrication of Si nanowires and their
application in novel solar cells[D]. Beijing: North
China Electric Power University, 2015.

He Jian, Yang Zhenhai, Liu Peipei, et al. Enhanced
electro-optical properties of nanocone/nanopillar dual-
structured arrays for ultrathin silicon/organic hybrid
solar cell applications [J]. Advanced Energy Materials,
2016, 6(8): 1501793—1501801.

Guo Xiaowei, Liu Jia, Zhang Shougiang. Design of light
trapping cells [J].
Photonics and Optoelectronics, 2014, 3: 66—69.

ik AN A HL-REGOR SR G AR R B L R i S A
TRTFELD ] 250 2 FRMIR2, 2014,

Zhang Jie. Charge transport properties of organic/

structures  for ultrathin  solar

inorganic Si hybrid solar cells[D]. Soochow: Soochow
University, 2014.

Shen Hongjun, Lu Huidong, Cheng Xuezhen. Back
reflectors of thin-film silicon solar cells consisting of one-
dimensional diffraction gratings and one-dimensional
photonic crystal[,]]. Chinese Journal of Luminescence,
2012, 33(6): 633—639.

Wu Sudong, Kambara Makoto, Yoshida Toyonobu.
Superhigh- rate epitaxial silicon thick film deposition
from trichlorosilane by mesoplasma chemical vapor
deposition [J]. Plasma Chemistry and  Plasma
Processing, 2013, 33(2): 433—451.

Cui Yi, Fan Shanhui.

Brongersma M L, Light

management for  photovoltaics high- index
nanostructures [ J ]. Nature Materials, 2014, 13(5):

451—460.

using



1880 X OM Eird 4045

o>
i

DESIGN OF TRIANGULAR GRATINGS FOR THIN FILM SI/PEDOT : PSS
HETEROJUNCTION SOLAR CELLS

Liu Zhaolang'?, Wang Ying’, Xia Lei', Sheng Jiang’, Gao Pingqgi’, Ye Jichun’
(1. School of Materials Science and Engineering , Shanghai University, Shanghai 200072, China;

2. Ningbo Institute of Material Technology and Engineering , Chinese Academy of Sciences, Ningbo 315201, China;
3. Ningbo High School, Ningbo 315100, China)

Abstract: Flexible thin-film crystalline silicon/poly (3, 4-ethylenedioxythiophene) : poly (styrene sulfonate) (PEDOT:
PSS) heterojunction solar cells (HSCs) have attracted much attention, due to presenting the both merits of organic
semiconductor (i.e. easy- manufacture and low- cost) and inorganic semiconductor with the excellent photoelectric
properties. The indirect semiconductor ¢-Si has a low optical absorption coefficient, so the light-trapping structures on
the silicon surface are need to improve the photocurrent density (J,.) of HSCs. In this paper, for improving the optical
adsorption of c-Si thin film (2 wm) , solving the Maxwell’ s basic equations by finite element method, the influence of
one-dimensional (1-D) triangular gratings on the optical absorption, photocurrent density and electric field distribution
of SI/PEDOT : PSS HSCs are investigated systematically. Double-sided 1-D triangular grating is designed to improve the
light harvesting in the thin film Si/PEDOT: PSS HSCs, receiving a high power conversion efficiency of over 15%.
Therefore, 1-D triangular gratings is used to effectively manage the optical absorption of c¢-Si thin- film,
furthermore, the conformal heterojunction of SI/PEDOT: PSS is easily formed as a basis for the high efficiency flexible
HSCs.

Keywords: Si/PEDOT: PSS HSCs; triangular gratings; light absorption; structural design; numerical analysis



