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R1 pe-Sit—oGeg H MRIH 24 ((S+G)C f GC)
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Table 1. Preparation parameters ((S+G)C #1 GC) and
Ge contents of pc-Sii—,Gez:H thin films.

FE GC/% (S+G)C/% Ge & /%
1 0 2.5 0
2 1.5 2.2 9
3 6.0 1.5 27
4 16.0 1.0 53
Si—Si i
= | nc-Sig.arGeo.s3:H
}=1
"2 =
& | pe-Sig.r3Gegor:H
=
=
1c-Sig.91Geg.09:H
[ 11C-Si:I—lI I i i i i
100 200 300 400 500 600 700
PN /cm !
E1 (MTEEA) I Ge & & pc-Sit—y Geg :H WK IFHL
@k
Fig. 1. (color online) Raman spectra of pc-

Si1—.Gez:H thin films with various Ge contents.
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7 24 % 1) Ge 2 54 53% B, pe-Sii—, Ge,:H
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W R E/cm !
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=
=
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B2 (MAEA) AF Ge & pc-Sii— Ge, H HE I
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Fig. 2. (color online) Absorption coefficient spectra of

pc-S8i1 - Geg:H thin films with various Ge contents.
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Fig. 3. (color online) XRD patterns of pc-Sij_,Gey:H
thin films with various Ge contents.
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fiKF 7 19.02 nm. Kim 25 258 310 %28 GO,
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B TF I B R s, IR S R U5 45 O TR AL
I PEACHT R E. M IAVEGERF pe-Siy—, Gey:H
Ve IS o A0 2R ) R A A R B T A R A, B
Ge [F145 N S50 WLt 1) A K P2 7 52l A
EET (111) Shlal, (220) d e R TR 1 75 25 58 & 1) g
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e A KSR TH AT 7% B8 0 B8, A8 SE A A TR
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Fig. 4. I(220)/1(111) of pc-Si1—;Geg:H thin films as a
function of Ge content. The red dotted line refers to

I(220)/1(111) of randomly oriented Si powder.
Bl6 N A A Ge & & pe-Sip—, Ge, :H ¥ 7 1)
FTIR . 7 8@ FTIR ¥ i 513 H A Ge
B uc-Siy_, Ge,: H BRI H &5 B A 45 /4 A 1.

WE 7 Fw, MK H & RS Ge & =T &
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IR ST EE & T Ge, R H Ge J& [ (1 B %
FERF Si, ST BH G SE EH S Ge &
BRI EF. 5 —J7 1, pe-Sii_,Ge, :H
) sk 4 A TR 7 2 38 3 FTIR 3 7 18002250 cm !
Z 1A RS A& B Ge—H, Si—H Al Si—H, 4
GBI R M B EUCE RN EES R —, &
MHAEFERS RN EEMIER. BE Ge g =
0% 18 N £ 53%, 1800—2250 cm~" 2 ] [t W YA 5
(R T A o v 5 H 5 s (1) 8 AR I T B AR 1)
s i SiH SRS B0 N B E T SiH,
PR, AT pe-Sip_, Ge, - H AR SE 4 K7 10 0.251
T2 T 0.505.
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- 201 7
£
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Gefri /%
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(220) FHHI ) Aok R
Fig. 5. (111) grain size and (220) grain size of pc-

Si; . Geg:H thin films as a function of Ge content.

T T 7T T T

— cSi:H

e 11C-S10) 91 G €0 09: H
e 11C-S10.73Ge0.27:H
. 1C-S10 47G € 53: H

BEEE /arb. units

i ; I 3 !
400 600 800 1800 2000 2200

e/ cm !
6 (MTIEMA) A Ge & & pc-Sit— o Geg :H #HE 1)
FTIR &

Fig. 6. (color online) FTIR spectra of pc-Si1—Gez:H

thin films with various Ge contents.
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Fig. 7. H content and microstructure factor of pc-

Si; . Gez:H thin films as a function of Ge content.
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JoREHT R (RLKR) MDEEE (414k)

Fig. 8. (color online) Photo- and dark-conductivities
(black lines) and photosensitivity (red line) of pc-

Si1_Gez:H thin films as a function of Ge content.

Kl 8 9 pe-Siy—, Ge, - H B I L 32 22 A0
JeHEBE Ge & B L. BiE CGe S E 1 0% 5
F53%, VLG SR YERFE 9.63x107°—1.85 %
10™* S/cm 2 [8], T i JIEE (%) 1 PR 5 2 0 3.82 x

1078 S/cm B INF] 7 1.73 x 1076 S/em. HT
I HL T R PR B v, A T R R D B B Gee B 1)
B R, W R R R T A
A B PRI R S S N BT 3 801, 3 L i #mT DA
5 XRD #EF1 FTIR i 438 (AR B2, PR ane] 51\
T2 H KRB e-Siy G, H 385 AR A4 =
IR 45 M 7 PR AN S0 P & 0 pe-Si - Gey i H
VIR LM R 1 DG

3.2 uc-Si;_,Ge,:H KA

¥ FIT 1) 2% 9 we-Siy o, G, :H T 5 S P 51 20 45
RBAE . B9 AR TCO #HE pe-Sii -, Ge,:H
KFHH (2 = 0.09, 0.27) K1 J-V #iZk. %245
TIX — F& 1 pe-Siy o Ge, :H X PH HL 0 17 B A4 14 R
ZH P HIE (Voe), Jse, SHFER T (FF) M
R (). ZKH SnOg 4RI, pie-Sig o1 Geg.oo:H
K BH Ha 9t R pue-Sig 73 Geg o7 H K BH FEL L F % 46 2%
253 5l 2h 5.05% A1 4.87%, 1M 2K F ZnO 4 Ji (1) pe-
Siy— o Geg:H R BH ML U 43 5 3845 T 7.15% (9%Ge
) M7.01% (27%Ge & &) M HBE. N
F2p Al LRI, KM ZnO # I pe-Siy—, Ge,H
O B FEL ) % TR 2 5 A TSR H SnOo AT IR
—J7 1 & BT ZnO 3% W] 5 LR AT DA I R
HH B TR A S B G ), Re g 3G I NS
J6RE, EA NGRSO T, 5 — I 2 BT
# p-pe-Si:H JZ I 77 2R BE H##E, SnO, /£ H
SRR RAE R, FEERRE S, AL
ZF, ZnO &1 W58 Sy fase i 5 o 281, (193
B, 2 uc-Siy_,Ge,:H KA HIRAE A & 2 B
(0 JE FEL LB, A 2% 52X P RN 1 RGN, X SR RN
I pe-Siy -, Ge, :H K FH BB ITARAE BT — 451 Faith
|, AR EHEVTARAE TCO L.

#2 RFETCO M pe-Sit— 5 Gey :H KFHEIM (2 = 0.09, 0.27) KIMERE
Table 2. Detailed performance of fic-Sii—,Gez:H solar cells (z = 0.09, 0.27) with different TCOs.

s TCO Ge & /% Voo /V Jsc/mA-cm—2 FF/% n/%
A SnO3 9 0.442 19.3 59.2 5.05
B SnOq 27 0.396 22.3 55.1 4.87
C ZnO 9 0.494 22.6 64.0 7.15
D ZnO 27 0.482 23.3 62.4 7.01

146801-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 14 (2016) 146801

25 T T T T

20

15

wor —a— pc-Sig.91Gep.g : H/SnO,

—e— pc-Sig.73Gep.27 : H/SnO,
L —A— pnc-Sigo1Gepog : H/ZnO _
—v— nc-Sig.73Geg.or : H/ZnO

U /mA-cm —2

0 I 1 I 1 I 1 I I
0 0.1 0.2 0.3 0.4 0.5
B/ V

B9 (MTIEM) AF TCO MK pe-Sit—y Gex:H KFH
Ml (z = 0.09, 0.27) 1) J-V sk

Fig. 9. (color online) J-V curves of pc-Sij_,Gez:H
solar cells (z = 0.09, 0.27) with different Ge contents
and TCOs.
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Fig. 10. (color online) Quantum efficiency spectra of
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pc-Si1—;Gez:H solar cells with different Ge contents
and TCOs.
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Fig. 11. (color online) Quantum efficiency spectra
of a-Si:H/pc-Si:H tandem solar cell and a-Si:H/uc-

Sip.73Geg.27:H tandem solar cell.
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#3  a-Si:H/pc-Si:H B2 KM a-Si:H/pc-Sig.73Geo.o7:H 2 K BH HLith 11 B S5
Table 3. Detailed performance of tandem solar cells with different bottom sub-cells.

i JC FEh 2 A JEHIBIEE /nm Voe/V FF/% Jsc.top/MmA-cm™2  Jec bottom/mA-cm™2  1/%
E pe-Si:H 1700 1.36 66.4 11.34 11.37 10.24
F pc-Sip.73Geg.27:H 800 1.34 68.0 11.29 12.30 10.28

4 % W

ASCE N F A # GC 5 (S+G)C, il 4 7 A1
LA AR Ge B & 1) pe-Sip— o, Ge, H B, X}
T pe-Siy—, Ge - H ¥ JBE 1) 4 L e e J FG A ik 2k
K BH B 7L B LR T RS RIAIEFT. SRR,
pe-Siy—, Ge - H I RS Z 80 (111) it 7] F9) R KL
S T04s # R 7 A HL 5 26 B Ge 13 52 19 3 0
MG, T pe-Siy—, Ge, :H K H & &L (220)
I P R R ~E R B B Gee 5 5 19 384 0 T &K
pe-Siy—, Gey:H K BH LI AT 21 41 6 i B B & Ge
TR PSRN, K pe-Siy—,Ge,:H KB HL
b S 81 R0 22 28 J2 P D IS P AT DAAE R R
MR O3 2] 2% 1 Jse bottom- B¢ i 1E &b JE
91100 nm & OL T, K13 T ¥4 0% 8 10.28 %
1) a-Si:H/pc-Sig 73 Geg o7 H W45 B JZ A BH Hith.
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Abstract

Hydrogenated microcrystalline silicon germanium (pc-Sii—zGez:H) thin films have been developed as alternative
bottom sub-cell absorbers for multi-junction thin film silicon solar cells due to their narrower band-gaps and higher
absorption coefficients than conventional hydrogenated microcrystalline silicon (pc-Si:H) thin films. However, since
the structure complexity was increased a lot by Ge incorporation, the influences of pc-Sii—.Ge,:H film properties
on Ge composition have not been understood yet. In this work, pc-Sii—.Ge.:H thin films with various Ge content
and similar crystalline volume fraction are fabricated by radio frequency plasma-enhanced chemical vapor deposition
(RF-PECVD). The evolutions of pc-Sii—,Ge,:H material properties by Ge incorporation are characterized by X-ray
fluorescence spectrometry, Raman spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, absorption
coefficient spectrum, and conductivity measurement. The results show that the properties of pic-Si;—,Ge,:H thin films
are strongly determined by Ge content. With the increase of Ge content, the absorption coefficient, (111) grain size,
microstructure factor, and dark conductivity of pc-Siy—,Ges:H thin films increase, while the H content, (220) grain size,
and photosensitivity of pic-Si;—,Gey:H thin film decrease. Then, pc-Si;—.Ge,:H is used as the intrinsic layer in the
single junction solar cells. The performances of ic-Si1—.Ge,:H solar cells with different Ge content and two types of
transparent conductive oxide (SnO2 and ZnO) substrates are systematically studied. The results indicate that although
pc-Si1—»Gez:H thin films become more defective and less compact with Ge incorporation, pc-Sii—.Gez:H solar cells
exhibit a significant improvement in near-infrared response, especially under the circumstances of thin cell thickness and
inefficient light trapping structure. Meanwhile, by using ZnO substrates, initial efficiencies of 7.15% (Jsc = 22.6 mA /cm?,
Voe = 0.494 V, FF=64.0%) and 7.01% (Jsc = 23.3 mA/cmz, Voe = 0.482 V, FF = 62.4%) are achieved by pc-Sip.oGeo.1:H
solar cell and pc-Sio.73Geo.27:H solar cell, respectively. Furthermore, the pic-Sig.73Geg.27:H solar cell is used as the bottom

2 can be obtained with the bottom sub-cell

sub-cell of the double-junction solar cell, and a Jsc.bottom Of 12.30 mA /cm
thickness as thin as 800 nm, which is even higher than that of pc-Si:H bottom sub-cell with 1700 nm thickness. Finally,
an initial efficiency of 10.28% is achieved in an a—Si:H/pc—Sio,73Geo_27:H double junction cell structure. It is demonstrated
that by using the pc-Si;—.Ge,:H solar cell as the bottom sub-cell in multi-junction thin film silicon solar cells, a higher

tandem cell performance can be achieved with a thin thickness, which has a great potential for cost-effective photovoltaics.

Keywords: hydrogenated microcrystalline silicon germanium, near-infrared response, thin film silicon

solar cell, plasma-enhanced chemical vapor deposition

PACS: 68.35.bj, 79.60.Dp, 88.40.hj, 81.15.Gh DOTI: 10.7498/aps.65.146801

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61377031, 51442002, 61404073) and
the ‘Twelfth Five-Year’ Scientific and the Technological Research Project of the Education Department of Jilin Province,
China (Grant No. 2015253).

t Corresponding author. E-mail: jjzhang@nankai.edu.cn

146801-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.146801

	1引 言
	2实 验
	3结果与讨论
	3.1 c-Si1-xGex:H薄膜材料
	Table 1
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8

	3.2 c-Si1-xGex:H太阳电池
	Table 2
	Fig 9
	Fig 10
	Fig 11
	Table 3


	4结 论
	References
	Abstract

