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Fig. 1. Majority and minority-carrier contact models: (a) Cross-sectional view of the TLM structure; (b) half-cross-sectional view of
the CSM structure.
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Fig. 2. Distribution of defect energy states within the band

gap of p-layer.
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Fig. 3. Influence of E,, on the energy band structure of the majority-carrier contact at a moderate TCO carrier concentration

(Npoo = 1x10% ecm®): (a) E, , = 400 meV; (b) E, ,= 100 meV.

107

& -————
NE Range extension
o
< 1 6 E
& 10
)
\v 105 e
QU
>) .
T O100F E,, =400 me¥
2
2
g 10%¢
-
Q
£ 10 E,, =100 meV
Q
0
10!

1(;19 1620 1(;21
TCO carrier concentration Nypco/cm™3
Kl 4 KR E,, 51T, Npoo %45 fill o BH 22 1) 5% 1)

Fig. 4. Influence of Npgo on the contact resistivity under
different E, , conditions.

1 i-a-Si:H /c-Si Ft i, 1% B, , 7£ c-Si K (i JP
T SRR A R RN, BEOR T A S HL IR
25, IR T W 224l B i b, 35 0% Bt
5 [ A8 AE i-a-SicH /c-Si A1 T B 1 5 AR L BE
MRE2, P 125Gl AR ZF (DT) 765 gk
H L P SR SR X PR S AR AR SE S [ FT Wang
S5 PR AR B EDIE, 28 0 i ok IR E,
) p RS ALY K i AE (p-ne-Si:H), e & i 7 fin
SEFARAG AR A AL RN FL S B (o) R fi el BHL 32
(po), RIS T 86.59% MR EIEFTH T (FF).

WE 4 7R, 18 B, , I8 ESIAT Npco X
Hefil fL B (p,) ISENA. BEE Npco BIK, 1K E,,
1 pe B/, HAE Npco 2935 2.5%x10" cm 3 i
AT, W p. B TRUE; MITER E, , 5T,
IR pe B Npco 3 RAT BT, HAR {3 i
EARFTRE, , 1§E, p TEFATHIG B Nroo 5K
Fifi 5 E TS hE 4R R E, ), B, B2BT

5y S B, H A% fil i BELAR T 0 AR, X Npoo BEAIR
PSR, AT LA/ INaF AR WO, [F]ES# 5E TCO 4%

HRGERE IR R A, 423X E, ;=100 meV
s, PR Npco fE (110" ¢cm 3, 1x10%! cm3)
S A BEHT I (Anf&l 5 R, 7E p, BT Z
iy, AR 2549 Qi &l 5(a) B s 7E p-layer/
TCO FAL, HLFFNAs 7 XHE S ALl b Tl 45
G g, A 2 BRI N, TR 3
T i iz 32 EAKIS p-layer i al7 B i i TS 52 8
TAT. M Npco HEK, TCO %53 [a] HLfuf X UL ZE I
H R i s/ B AR S B BEUY, 110 p-layer
{22 [ H g DX ] PSS BB () [RI B, BBt 25 il B4 K
IETE A e ml b & — BB M. X —A ik &
H TCO ik ET S B, 5%
Y L 0 5 Y B RE A A W e L HAE S
i p-layer #iriif b, Sk FASR R 2EREUE ), i
DR T 2390 TAT 372, 4248 p, AR,

4 Nrco ¥R 2R — G FHERT, TCO T4 g
HREZ p-layer My LI, 25701 B2BT #5301
ot ST % o FL i 2 RG34 p, HUBRIE.
SR AN 5(b) Fizs, B2BT 51 & (% 5 A £
ToFRIG I, A2 B W R 55—, BZ ok
R — AR BN T, A 2 5 RR2E A 25 Ok B At

BECTRE, B Npoo 4k2esf R, n RS 2828 7O
HAIA FR; 25— p-c-Si/i-a-Si:H FL 4k 123 7%
iy A 2> ] 24 B A AL i 4 R R H IR, T IR
B2BT % % LI IR 2G4

WE—2, HIEFT Ba,p = 400 meV i} p, 5537
HIJE B SR BT R, A58 o o A s 25 4

050702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B R Acta Phys. Sin. Vol. 75, No. 5 (2026) 050702

TCO
2 |
(a) L
|
|
1 |
I
> I
L 0p—— :
5 hTAT ‘ T /hTE E
> ‘ ‘\—‘/lll)l hTE v
%D | |
Lg | |
| |
=37 o
| | |
’/\ Lo
a4l I Lo )
I I I Ntco =1x10" cm—3
I 1 I 1 i I I
—40 —20 0 20 40

Distance r/nm

Bl 5 E,,= 100 meV Ibf, 27 i 5 fih 45 14 ) I 25 i g s 141

Tco  [pHAVE p-c-Si

Energy E/eV
|
-

Nrco =1x10%' cm—3

i

I

I

I

I

I

I

I

I

I

I

L L i
—40 —20 0 20 40

Distance r/nm

(a) Nrco = 1x10" em 3; (b) Npgo = 1x10?! cm ?

Fig. 5. Equilibrium energy band diagram of the majority-carrier contact structure under dark conditions for E,, = 100 meV:

(a) Nrco = 1x10" ecm™®; (b) Npco = 1x10% cm ™.
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Fig. 6. Equilibrium energy band diagram of the majority-carrier contact structure under dark conditions for E,, = 400 meV:

(a) Npco = 1x10¥ em3; (b) Npco = 1x10% cm 3.
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Unraveling carrier transport behavior at hole contact for

high-performance silicon heterojunction solar cells:
A TCAD simulation study”
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Abstract

Modulation of electrical contact properties at the hole-selective contact represents a critical challenge for
enhancing the efficiency of silicon heterojunction (SHJ) solar cells, particularly due to the complex carrier
transport in the induced p-n junction at the p-layer/TCO interface. In this work, we systematically investigate
the carrier transport behavior within the hole contact stack by employing TCAD numerical simulations.
Specifically, both the majority- and minority-carrier analyzing models are built, based on the typical transfer
length method (TLM) and cox and strack method (CSM) architectures. Our findings reveal that the activation
energy (FE,,) of p-layer is a decisive parameter governing the carrier transport dynamics. A lower E, , (e.g.,
100 meV) significantly reduces the hole transport barrier at the p-layer/TCO interface, promoting dominant
band-to-band tunneling (B2BT) or dangling-bond-assisted trap-assisted tunneling (TAT-DBS), while
simultaneously optimizing band bending at the i-a-Si:H/c-Si interface to improve hole collection efficiency.
These synergistic effects not only significantly reduce the contact resistivity but also suppress the parasitic
electron current under high forward bias, thereby maintaining excellent carrier selectivity over a wide voltage
range. From an optical perspective, a lower E, , broadens the selection window for transparent conductive oxide
(TCO) materials, as it enables the use of TCO films with lower carrier concentration, thereby effectively
reducing parasitic absorption. This study clarifies the carrier transport mechanism at the hole-selective contact
and establishes key material design criteria, providing crucial theoretical guidance and practical strategies for
the interface engineering and performance optimization of next-generation high-efficiency SHJ solar cells, as
supported by experimental trends in recent high-efficiency devices.

Keywords: silicon heterojunction solar cells, numerical simulations, contact resistivity, transport mechanisms
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