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FIH - S48 T ERMEF 5 B A silvaco TCAD (Technology Computer Aided Design), HAUHF T R H
fif: /HE 8 & 42 (silicon /silicon germanium alloy, Si/Si1—»Gey) 5 FHS5 F1E R TR SCZ 1) T8 165 o A ik S5 ol 45
H PR &6 T R, ASEADL 28 RSO, KUk BN A R S B R R G I g 3, T % U U B Siy . Ge J2
BB BT N %, B 5 0 0.25 I, K B PRI S BE A DN RMEE T I R SRR, ROR BRI 0.2%. AL AE
At / AR R (a-Si:H /c-Si) FLTH 25 7% E L Sin— . Gey BT B AR 23 IR TRk BE I 2935 = 7B K RE LI
A7, 3020 2T B R K. BEE 4 S 38 0, a-SicH /c-Si Fi [ i B X6 I Fs RS2 BRI, Sit—»Gey =
T B B A S50 8 o T s D 5 T DR 238 0. 7 RO B Siy o Gy BT B &5 #4011 1 5 R 465 R BH i 3th, 140 ) % 7 22
a-Si:H/c-Si ST BB 1) R 4F AL DL = i & Sin— 2 Gep ETBFIIAK.

KHEIA: Si/Sii_,Ge, BT HF, RBIGKH M, FHE A, a-Si:H/c-Si

PACS: 88.40.hj, 88.40.jj, 88.40.H-, 61.72.uf

15 =

T8 B 5 AR A 7 5T 45 (heterojunction with in-
trinsic thin layer, HIT) X FH H it 5 H JF 2% HL &
e ] A T IR R AR 4 (crystalline silicon,
10 A c-Si) T ¥4 24 A4t i) R A 2D [ S5 4R 051 52
Bz R AR, D6 NI I E B A
(transparent conducting oxides, TCO) &AL IE i
fif (hydrogenated amorphous silicon, a-Si:H) j# &
BEA R 51 S R 640 T BB I s A BH Rt ) B F
T B A, Ak, T R X a-SicH /e-Si S T 6k
B BE AR RRURR. MG FEdR 2 a-Si:H /e-Si Jt
TR PGSR T 1 x 101 e ™2 I, JFEH K B 2%
B A L AN BB 98 41 FIT O B B b 2 5 2
B AL R P M RE AL H T B TR,

* ERK BRI IS (HHES: 61204005) HEIFTRE.

T #E/E#E. E-mail: zlp_ wan@mail.sim.ac.cn

© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498 /aps.65.138801

For a2 m A A DA L2 S S T sk
fhy F T AR < M A Ak, BRAR T R BHARAE 5
JGEEARRE, 1R S RREJE N 98 pm 1 de A4t B A%
H 4 % LI 39.5 mA /em?. T HLE 750 mV .
FEH R 24.7% 8 HIT K BA it s 2 J5 3@
R Bk 5 A 5 HIT K PH AR S &, KB T 6
ST 4 JE A 2R B R 8 A AR (indium tin
oxides, ITO) - F441% B 5 H 15 L) 2 a-Si:H I 1H)
HeEEAHE, 5 I K R SR TH B T 25.6% ). H AT,
HIT K BH HE 1) = 20 50 7 1) B v T ST Ak L R
Ik FL BEL 9B/« O 2 DL C DA K] 33T 1 i s L 1 £
WL,

o577 I, IR HE RS S A &y PR A R 2
B R R R R A RUST PR ) A%k T R AT e
AT R SR e R R A A O T A
2 N R B 5 K BH Hah D21 e v
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Conibeer £ M 35 ) @ X & 1 2 5 RS B
AT B 7 AR R A AT LR, AR TS
B G LT, AT A i i F IR Y A i 2 22 4%
K BHHL . Luque F1 Marti 19 22 33 3 8 73 M 4 89
B AU A Ty 45 4 1R TR A R T 4 o KU
BOGT R 2, T 52 = R 2% R, Si/Ge &1
B BT R R R RN p-ion B LTt R AR AIE
X 1161 SZI8IF B 7E 1100—1500 nm 3% Bt 156 2 1%
IS b 7. AR, ER T T BRI R T R
T A RO U8 SR A B ) LR B A AN
FHU P (O i B A PR

Si/Ge JZTE i) & 1 B 45 /47 B 5 HIT K FH
HL Y ) D' 2 IR WA, SR T B R R 2 DR B R B, A
P T HAR BRI IR T TR Sty Ge, EE Ge )2,
EIRYS G BUR R K 2 R R B g N e g e
I B I B FEAIC, DS 2 0 H 2 e R AL
R IR B Si/Siy_, Ge, RRGANE R 58T
BF %) 2B K mT DL G R s A S SO DR s
L 1215220 Oy 0 R R R P T DA o R 4 A KR
JEE AR R AR B LG SRS A 1 T

AR E R S T A 7 A
silvaco TCAD (Technology Computer Aided De-
sign) i 1 BUE B0 B 5 118 T 8 4120 HIT
X BH R BE R R W, L £ 35 B 2 R RN
Si/Siy_ . Ge, &7 B HIT ABH HLiB AN R T 30K P
ST FL S B RO R R AN [ B 20 70 I rL
L2 PERE XS a-SiH /c-Si AT R P Siy— Ge, BT B
W53 G U, B AT 45 SRS T HIT 46 2% F R 1Y
P H A RE SR DA K B T s AL AT 7T R
A P E L.

2 MELYESH

A TR M BHIT K BBt 2 % 45 #
W B 1 (a) BT ™, NITO/a-Si:H(p)/a-Si:H(i)/c-
Si(n)/a-Si:H(i)/a-Si:-H(n™) /Ag B 4544, B H 2
FE1 nm & A & T2 AT 5 I BB Y e-Si )z R AR AL
a-Si:H/c-Si Ft /=, c-SiffJERE ¥ N 100 pm. AR
HeR A E SR ARFAZEE &, RENE S
PARERN R BT AR A R U Dy o N R
IR ) A 2 A i e B AR Y. e g R silvaco TCAD
B SRR BT A A Ry 45 DL R R
AR R T R HEHE IR Si/Si . Ge, BT BFR T

WS AT 22 Xof i A1 50 A ASE 400 11 52 ), o-Si 3 THT &5 44 JF:
B AT G AT AT ) Gk Ak B 2 AR R 0 ' THI 1) A
AT HIT K PH . A0 A R A H 2 2
L 1A

5 pm a-Si:H(p) 5 pm
5 pm a-Si:H(i) 5 pm
e =

e ——
11 layers Si/Su;_,Ge, QWs

a-Si:H(p)
a-Si:H(i)

100 pm c-Si(n)

100 pm c-Si(n)

5 nm a-Si:H(i) 5 nm a-Si:H(i)
5 nm a-Si:H(n) 5 nm a-Si:H(n)
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Fig. 1. (color online) Structure of solar cells utilized
in the simulation: (a) HIT; (b) HIT-QW.
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Fig. 2. (color online) n and k of Si;_,Ge, layer with

different germanium fraction: (a) n; (b) k.
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Moy B RS E S pear Bl AL IR
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Table 1. Electrical parameters utilized in the simulation of HIT solar cells.

H2 S8 a-Si:H(p) a-Si:H(i) c-Si(n) a-Si:H(n™)
JE%/ nm 5 5 1.0 x 10° 5
NG 11.9 11.9 11.9 11.9
BT oEARE eV 3.8 3.8 4.05 3.8
B /eV 1.74 1.74 1.12 1.74
SAE S Jem 3 1.0 x 1020 1.0 x 1020 2.84 x 1019 1.0 x 1020
WA UL /em—3 1.0 x 1020 1.0 x 1020 2.68 x 1019 1.0 x 1020
HFIEREE /cm2. V—1ls™1 5 20 1111 10
27 /em?-V~1.s™1 1 2 421.6 1
ZEBF/em3 1.0 x 1019 0 0 0
MEBI/cm—3 0 0 1.5 x 1016 1.0 x 1019
WRAAEE /em—3 eV ! 2.0 x 1021 2.0 x 1021 2.0 x 1021
FAESEE /cm—3 1.0 x 1017 1.0 x 106 8.0 x 107

3 EIER G
3.1 IErELE

N TR AR O RIS R, o A
T T R B LA K Sy G, VB HH A2 S BES 1R 52 M), P
RS LT HIT-QW HLAS [R5 20 73 (1 Ah 7 0%
(EQE) VA K L L -k (J-V) M2k & 3 for,
HIT-QW Hith B 22 M e DL AR BL ) Sy —, Gey, 7 BR
WK 2FrF. FHorh o = 0 X R T2k B i, #HC
S50 5 HIT L MR DL KOs 1 re 45 R AH [, 1
r = 1XMNTHE TR R w2 FRR,
FHEH TN, Siy_ . Ge, I 6 R E0E I,
DA L P 3 AT 7 f HIT-QW HRL b K 9 30 B A 2 12
R EWIN, BRI, AR R
BRI N5, BT A S IS
Siy_,Ge, MEERIBERLIE, #IH7 BRI /N, Wik 2 fr
B, ffr =0z = 0.250F, Siy_,Ge, 15 B
1.08 eV A9 0.94 eV, Siy_,Ge, & T B 05 5t 5
GRS E, FFE HEE A 749 mV FBEA 733 mV,
FF T Bz i /T Sty Ge,, B BRFE; iz > 0.5
i, Siy_,Ge, i BRdE— P F#AK, ML Siy_,Ge, BT
BEh iR E G UL RIRBE & 5%, R TR
BONBE, PR FE LT Siy_, Ge, WA, 242 A
0.75 X I 2 1B, 5 B IR B KA AR, A2

HUUn A7 A7 S R 5 A A5 28 X B K RE 2

A, AT T i R R A ST
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Fig. 3. (color online) EQE and J-V curves of HIT-
QW solar cells with different germanium fractions:
(a) EQE; (b) J-V.
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#2 Sii_,Gey W& HIT-QW Hh MR
Table 2. Energy bandgap of Si;_,Ge, and electrical
performance of HIT-QW solar cells.

x Eg  Jso/mA-cm™2  Voo/mV  FF/% n/%
0.00 1.08 34.3 749 83.8 21.5
0.25 0.94 34.8 733 85.0 21.7
0.50 0.78 35.4 603 84.9 18.1
0.75 0.67 35.8 503 82.5 14.9
1.00 0.67 36.2 516 83.5 15.6
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B R BE16 mV A7 mV; £ Ny = 1x10"2 cm 2 i,
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Fig. 4. (color online) Hole distribution and related en-
ergy band distribution of HIT-QW solar cells at open
circuit condition: (a) Hole distribution; (b) energy
band distribution.
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Fig. 5. (color online) Vi of HIT-QWsolar cells with
interface defects density Ngs at a-Si:H/c-Si interface
and lifetime of carriers T; of Si;_;Gegz quantum wells:
(a) Interface defects density at a-Si:H/c-Si interface;

(b) lifetime of carriers of Sij_;Ge, quantum wells.
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i, Ffis 5 E T, FFEJVEAZ R, MEsE &
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BT BB AR BRIAE L 20 A S . AE AR 1T
BB RAGHRIE B0, R BH Lt 0 40 F I 2 i
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Abstract

Heterojunction with intrinsic thin-layer (HIT) solar cells attract attention due to their high open circuit voltage
and stable performance. However, short circuit current density is difficult to improve due to light losses of transparent
conductive oxide and hydrogenated amorphous silicon passivation (a-Si:H) layer and low absorption coefficient of crys-
talline silicon (c-Si). Silicon germanium alloy (Si/Si1—»Ge;) quantum wells and quantum dots are capable of improving
low light utilization by strong optical absorption in the infrared region. In this article, opto-electrical performances of
the HIT solar cells integrated with Si/Si1_,Ge, quantum wells (HIT-QW) as a surface absorber are investigated by
numerical simulation with Technology Computer Aided Design (TCAD). The influences of germanium content on the
electrical performances of HIT solar cells with long carrier lifetimes of Si;_,Ge, layers (T;) and defect-free a-Si:H/c-
Si interface are investigated at first. The simulation results indicate that optical utilization in the infrared region is
enhanced with the increase of germanium fraction, while open circuit voltage degrades due to the decreasing of the en-
ergy band gap of Sii_,Ge,, radiative recombination and auger recombination mechanism in the Si/Sii—,Ge, quantum
wells. And the conversion efficiency reaches a maximum value at a germanium fraction of 0.25 then drops distinctly.
When the germanium fraction increases from 0 to 0.25, the short circuit current density increases from 34.3 mA/ cm?
to 34.8 mA/cm?, while the open circuit voltage declines from 749 mV to 733 mV. Hence, the conversion efficiency in-
creases from 21.5% to 21.7% due to the fact that the enhancement of short circuit current density compensates for the
reduction of open circuit voltage. When the germanium content increases to more than 50%, a serious open circuit
voltage loss of more than 130 mV associated with the energy band gap loss of Si;_,Ge, arises in the HIT-QW solar
cells, which indicates that the dominating carrier transport mechanism changes from shockley diffusion to recombination
in the Si/Sii—.Ge; quantum wells. Subsequently, the influences of interface defects at a-Si:H/c-Si interface and bulk
recombination centers in the Si/Si;_,Ge, quantum wells are discussed. Both interface holes at a-Si:H/c-Si interface and
bulk holes in Sii—;Ge, quantum wells can be recombined through the interface defects at a-Si:H/c-Si interface and bulk
recombination centers in the Si/Sii—,Ge, quantum wells, respectively, which restricts the position of hole fermi level
in the open circuit condition. When the germanium fraction increases, the influence of interface defects at a-Si:H/c-Si
interface becomes weak on the degradation of open circuit voltage compared with the significant influence of the bulk
trap centers. Moreover, 7, of longer than 5 x 1075 s is necessary for the retention of electrical performance of HIT-QW
solar cells by the simulation. Based on this research, high-efficiency HIT solar cells can be achieved by incorporating

high-quality Si/Sio.75Geo.25 quantum wells, which also requires the impactful passivation of a-Si:H/c-Si interface.

Keywords: Si/Si;_,Ge, quantum wells, heterojunction with intrinsic thin-layer solar cell, interface
recombination, a-Si:H/c-Si
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