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Abstract

The mismatch between the bandgap of crystalline silicon and the energy of short-wavelength pho-
tons affects the improvement of its photoelectric conversion efficiency. As a wide-bandgap semicon-
ductor, ZnO has high transmittance and a refractive index close to that of SiNx, making it promising
to replace SiN« for efficient antireflection, and at the same time expanding the absorption spectrum
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of silicon solar cells. In this paper, the optical properties of ZnO and SiNx on silicon wafers were
compared using the Wafer Ray Trace software. The results show that due to the high absorption of
ultraviolet photons by ZnO, the ZnO/Si tandem structure can broaden the optical response range of
silicon solar cells to the ultraviolet band. Based on this, the Silvaco software was used to stack 80
nm of ZnO on the substrate of a PERC solar cell, and a ZnO/Si tandemsolar cell was designed, and in-
depth numerical simulations and theoretical analyses were carried out. A p-type PERC solar cell
with an 80 nm SiNx layer was used for performance comparison. The results show that the ZnO/Si
tandemsolar cell has excellent ultraviolet photoelectric conversion efficiency. By adjusting the key
parameters of ZnO, the performance changes of the Zn0/Si tandem solar cell were studied, the fac-
tors affecting the utilization of photogenerated carriers in the ZnO layer and the transmission mech-
anism of photogenerated carriers in ZnO were discussed in depth, and the Zn0/Si tandemsolar cell
was optimized.

Keywords
Si-Based Solar Cell, ZnO, Tandem Solar Cell, UV PCE

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 5|8

BT K FH A HE B PR ' FRLFE 32508 (Power Conversion Efficiency, PCE)H SR A 29.4% [1]. FEFZE
5 5 R BH G AN 56 4 VT IC 2 PR HE K FH B8 PCE HIREEIR 2R . S ey BRPE L0 112 eV, ik
a0y R e & T HBR T BE R AN BOG T, 2 RIReE DLIARERTE Ak . 78 B T Je it 1 K FH g
WEoR Y, SR KBH e IE AN R B SRR HES , RERSHE Mt KFDGIS A 2. H,
H B 2 K BH B8 H A2 8 Ik PR AR K BH R Ha 2 IS b 2B A () B 5 B R kL, AT 9™ i ik O B e rL Tt R
Wk, $&& PCE[2]. HET, KT 1E N —Fas BT R mdhkl, X ok B+ e Jooe, Sk
()77 B T BE T B ELAR , SEES = R R AT 34.6%. (H A2, 5 ERA 4 22 B ARS8 M5 K I AR s JEE 119 35 ) 42 i)
sz T AR AR P2 SR R [3]-[5]. ik, FHEREREMZSEMEL, SRR AR Btk T 25k %,
TE3E Rt H AL 400 ORI R PR FF AR I AR P2 AS, AR U N EE . A4 (Zine Oxide, ZnO)J& —FII-VIiE
A B R AA Y AR, WEARENE TR, BRI & BOR TR AR AN 2 MRS 9K S5k [6]. HWIR T,
ZnO T RTEELIN 3.37 eV, BT HB W T, MBI EIHERBCEN S, 2 n B AR
P BB EE TR SRR IR, G A AEERR (7] (8], DAL, EAERA BN — R E
{929 SN R = A = = o

EA WA ZnO 72K BH B8 At i R DR B 2 AP RH BT EAT T #83 « Dinesh 55 AR i} ZnO/CdS/CdTe
RGN, K n B ZnO 1ERNE HZR T 90K n-CdS/p-CdTe ABHAE AL [9]. RIS T4 154
ML B T AR (Technology Computer-Aided Design, TCAD) i F Silvaco W70 T #1HFIVERE L. 1) 45
REIR, ZnO JZD T CdS XFERAMEBOGIR UK, AR 7TEINEBRPDCERR T, =TT
CdS/CdTe KFHREHMMIMERE. CdS/CdTe AFHAEHIBAE 300~500 nm 5 3% Bt Y K N & T 2% (Internal
Quantum Efficiency, IQE)5 M & T XU (External Quantum Efficiency, EQE)JH B # e, Tk, % ZnO
G RE R PH RS b L ZALE A, @i —FF ZnO/Si B2 KBHAEH M, 75 329 6 i A FH A FEath AT 0O
i, REOLHRE AR,
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2. IRipEAL
2.1. ZnO By 5 514 RE

X ZnO/S AEABIRENT#, WHOEH ZnO @ CUZ G T T, KRV Z00 BT AR
(P SRR R N IR e, B THRH IR O . JUREAE T A 0T 405
SFTRICRL. St AT H AR 5 — N SAE BT IR 10 PR A
PSR TS noe NI my 8 TR, ABEARIDERIT, 5
AR R 2 R T LA A

R:(—”O_”'J (1)
}’lo +I’l]

KBHIE NS BN G BRI 2724 30%4A 4 I EF[10], &R T BRIk A T I/ R
S, ATUAE NS R IEI— EHr R A TR B8 BN d R IR NS B
BRSO AT, PR R DR R AR T . 2 R RO R IR BT HARALAR S, R AR AR

T, RTRERBARN, SECEN FRAem, AU RS Z ORI B T 3N no
ISR RIS R0 o, BRI RN nsi, RAEZC 1, PIASFHIAL I S R0 s 2 5303 s

&=Vﬁﬂj )
n, +I’lo
Rz :(nsi_nlj (3)
ng + 1,
MRS R PR I T, R 4 R
R=R +R,-2RR, cos(5) Q)
oo 2 RAHERIANLZ, AP S:
o :zfnld cosd ®)

Horb, AR, 0 -RAS A N TR SN, MOz R RIDERAEME T, W o=n; RN RHEH
PRIEAHZE, BRI =Ry, ML EATHEL A

n, = \/nyhg; (6)

X R BRI 2 B A AT S 2R S PR R AT S A O s N ST no = 1 5T 2 nsi =
3.5, fi#1% ni = 1.87. ZnO HIFTHTEL) 1.9~2.0 [7], BAVE 9 dh e K RH B8 Hl i s SO I T /7. s
S)FTH1, HZO IR d T AL d = Mdn, A REETS 6 = mo KFEOGIFAE N PR AOLIR, Bl
W d TR, PR DGR 6241 8 Wafer Ray Trace B WX fe R d BT EAFF[11].
AR A AAULE AML.S SR AE T, ZnO 1 Si A E 1SR 5 Si AR AR ISCIE L, LA HT e FiFE «
FE S8 11 it ek K O e FL T 93 S S )25 AT (SING ) F SRAE AT EE o 23 JIAE 150 pumy ik el JER 118 I 382 1T 28 A
A B ) ZnO 5 SiNy, IR HHEEELE 40~120 nm 2 [H]A54L, ZR{LIAIBE A 20 nm. A S35 AR E A RH
il AM1.5, HETHEBLEHIR, K ITEE 300~1200 nm, AF4L[EIBE Y 20 nm. FikhE 0 T A FEARHG
FERF RSN 1 Fos. 1 2 JBOR T HA IR R IR Z E Jsco PTLAEH], SiNy 5 ZnO ¥TEEE
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Figure 1. Schematic diagram of Si substrate with ZnO AR layer; (b) Schematic diagram of Si substrate with SiNx AR layer
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Figure 2. The effect of AR layers thickness on the Jsc of Si substrates
2. BR SRR E X KRR E A

2.2. ZnO BYEIM IR IERE

1t Wafer Ray Trace #4FH1, 43 AIE 150 pm b FERT A HTZR T 2 0 80 nm 1) SiNy 5 ZnO, - [)45
S EE 1 AR A AR TR BT R P e A IR S R ORI R R A L, A R
K 3 Bivne Bl 3(a)n TIERFE OAMENT, BTR BRI 25 S A JRTE 300~1200 nm K78
B ORI . ATRAE H, BAT SiNg B 12 IR R BT S m IR, 78 300~400 nm 158 AN
B PO A 45%, 7E 600~1000 nm [ 7] WL-JT 20 AN B WO oA 91%. #HELLZ F, BHBEH
ZnO PR S Z ) Si A JEEAE 300~400 nm #)58 S0 ik B (1)1 34063 33%, £ 600~1000 nm FRJAT I, - JT 4L
AN KR B PO R 88%
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Figure 3. (a) Light absorption of the AR layer and Si substrate; (b) Light reflect of the AR layer
B 3. (a) BRSTBESENRRIY; (b) BRHEHERST

MNP 3 () 9 b il B i J2 BRI G W ST 5 00 T LA B, ZnO A EE T SiNg #E 300~600 nm fRI48 4h - A 0L ik Bt
HAFEEMBOLE, 1£ 300~400 nm [RELIME BB ZRIAF] T 30%, SiNy FEIZIGHE NP0k %
R 4% B 4(b)JBIR T Wi T 2 10 S S, 7E 300~400 nm ¥4 75 BE ZnO HI G R AL, 7E
600~1000 nm FKJ AT W, - T ZLAMR B SIN (R St 2 BEAIG . 456 P AT RIR DG IS 3 A SR 3R 15 8, WTTEA
IWHEE ZnO WU 2 R RAE S AN BU ISR Z N ZnO JZAE TG 9 R SR s, 7]
WL = JE LT A1 BE P R B e A KA ZnO 7R 136 P I SO % L SiNx /. 6 1 R T A3
R Ao} T R 2 IR0 AT 2 R T R B SO IR R G T R B . AN 2 O A R S R A R
EHK, BINEA ZnO JZMRERT R A LA % FERG IR, ZnO BRI EE SiNk i1, fH 2 ZnO/Si H11
LI 5 2 R L SiN/ST [ FLIL 2 FRE iy B EE ) SiNy & — A Ziidk, L7 AR % 2% 2R B 7 3 LA
PRI, FTLLACH ZnO/Si & 245 M RIS LU AL Gt SiNW/Si 4544 B i (1 B R s FL e 3 303638 )

Table 1. Jsc of the AR layer and Si substrate
F 1. BRHESENKDHEREE

Si substrate Absorbed-Si (mA-cm™2)  Absorbed-AR laryer (mA-cm™?)  Reflected (mA-cm™)  Total (mA-cm2)

Si with ZnO 34.82 0.61 5.17 40.60
Si with SiNx 35.17 0.28 4.83 40.28

3.Zn3.Zn0/Si BE K PARER M E
3.1. ZnO/Si B E KFAgER IR EY

it Wafer Ray Trace B4 THE R I ZnO/Si 8 J7= 450 B T i (1R i 32 7% 77, HL ZnO 1
BAEEEN 80 nm. VAL AR, FFIC SiNg ZH) PERC (Passivated Emitter and Rear Contact) A BHAE F,
M, BT ZnO/Si B2 KBHAEHIM, AN 4(a) . 2RS4k TCAD At Silvaco ST 1A BH fi it
FIPEREREAT I B FT[12], 1440 SiNg/ENE ZE/) PERC A PH 8 FEI R BEAT XS B, Wi 4(b) B
HLI TR 1Y) SiNg 5 ZnO JZ B FER E N 80 nm, p B S ARRERT A EE 9 150 pm, R n B AR S
790.3 pm, AR RIERE 100 nm, T840 K FH B S 10 5 RO B R G . IR TR FAR AL T
HBIEF A, BEFEN 4 pm, 5 n BURSIAR E L. Dy T AT ARSNGB I I BR AR Ak, S T FRLR
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U EA p BB IK A NI IR E S, 159K 1 10% em™. (720 BT £ MR 2 800 4 2 o
FR[13] [14]0 74 SR APH A HURY A P AR AR IR AP T BIOFE 25°C 0 AMILS A it
FHA. AT KA ISR A SR, R PCE. BT FF. SHE I Jscn
FEHIIE Voe LI AMRE ALK EQE,
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Figure 4. (a) Schematic diagram of solar cell with ZnO layer; (b) Schematic diagram of solar cell with SiNx layer

4.(2) £H 7n0 BHIKMREERMTEE; (b) £ SiNcERRIARRERTEE

Table 2. Main material parameters of ZnO/Si solar cell simulation

= 2. ZnO/Si KPHEERIMMRIN EEM B S H

Parameters ZnO ¢-Si (p) ¢-Si (n)
Bandgap (eV) 33 1.12 1.12
Electron Affinity (eV) Varying 4.1 4.1
Permittivity 9.0 11.9 11.9
Acceptor Concentration (cm™) / 5.0 x 101 /
Donor Concentration (cm™) Varying / 1.0 x 102
Electron Mobility (cm?-Vs™) 100 800 800
Hole Mobility (cm?-Vs™) 25 400 400
Carrier Lifetime (s) 1 %1077 1x1073 1x1073
Thickness (nm) 80 nm 1.5 x10° 3 x 102

3.2. ZnO/Si BB KPARERE M 1 BERA ST

3 R VA Silvaco (1) Atlas BEHUHFLAS 3 B P AR ORBABE FL il PCE FF. Jsc 5 Voc {H. AT LLE
F, ZnO/Si & JZHEKBHEE HLIAYT PCE t SiNy/Si APHBE B T 0.02%, Jsc BEIK T 0.32mA-cm ™2, Voc
BT 215mV, FFN T 0.46%. &5 &R 7 R HIRE EQE X, TLAEH|, SiN/Si AKBHREHEIhIE
Al LS K BB A A EQE,  AABINAE 600~1000 nm 714 EQE tt ZnO/Si & ZREAKFHAE B & H T
2%, ZnO/Si & ZHiE K PBH e B AE Z BACTE Bl A EQE AU, M 4(b)ATEAE H, X2 T ZnO 7E123%
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K B P I ST 2 15 T SiNge ZnO/Si & 2k KB BE LI 7E 300~400 nm 84N BL A B 1) EQE, 1
B EQE mith T 0.05, &A1 4(a)f5 1, AT LAy AR BH o B8 22 1) 58 A1 ik BE 1B 12K BH R FELI IR IS
AL yrRe, AN 7RI W SRR B I, Aok T & Voc 5 FF, ZnO 57K BH A Bl 45 6 3R
w1 TR AN B EQE.

Table 3. Performance parameters of the ZnO/Si tandem solar cells

3. ZnO/Si BRE K FREERMAIMRES ]

Solar Cell PCE (%) FF (%) Jsc (mA-¢cm™?) Voc (mV)
ZnO/Sisolar cell 17.98 83.90 33.69 662.92
SiNx/Sisolar cell 18.00 83.44 34.01 660.34
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Figure 5. The EQE of ZnO/Si solar cell and SiNx/Si solar cell
[ 5. ZnO/Si KPREERRM S SiNy/Si KPABER A EQE

4. ZnO/Si BE XK FHRER M REMR L
4.1. ZnO KEZE TR %1 A PAREEE ith 4 BERO SN

TEREPENRST % ZnO S FEF, ZnO M FIRE & — N EESH, 5% Rk ThaE, AR
BESHMREW[15]. 14 6 JBR T Atlas BT RSB KFHAE R PCE. 7K F FF. A%l
MEE Jsc 5 Voc B ZnO i FIRFE AL . E 6(a)f@7r T PCE Al FF (AL, 1 6(b)ER T Jsc
Al Voc BIAZRAEAEIL. 24 ZnO BIMEEIRE N 1 x 10" em> i, PCE N 17.83%, FF N 83.89%, Jsc A 33.41
mA-cm2, Voc N 662.9mV. FEHE IR ZE 1 x102°cm™, PCE 714 18.05%, FFWZ 83.91%, Jsc
W% 33.80mA-em?, Voc M & 663 mV. HLAIW, 2 EMREAN 1 x 102 em™ I, BHAE HL i R B iR
fEMERE. 5N 1 x 10" em ™ BHAHEL, PCE #2FF 1 0.22%, FF 87+ 1 0.02%, Jsc #&7F 1 0.39
mA-cm2. ¥ 7 /R T KPHAEH N EQE AL &Nl . ATLLEH, EQE K4k = B K AETE 300~400 nm [f]
SHNE B, B ZnO it E IR B B m i . 7E LB B, EQE [P IME 4 N 0.503, 0.622, 0.672,
0.727, 0.728. 4jiti FIREEEIT 5% 10 em3 J5, KAMNEE M EQE FIHE /N XK, B it IR
0, ZnO/Si B 2K FHRE FI 1 M RE AR BIFE T, AR I E AN BN &= 7 80% EQE Mg hn, it
WREILT] 5 x 10" em 3 I, MEREIR A RIMIAN,
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Figure 6. Effect of ZnO donor concentration on the performance of ZnO/Si solar cell (a) PCE and FF; (b) Jsc and Voc
B 6. FWSERERET Zn0/Si KPARERMMERERIFIN (a) SEBIEMBESERRERTF; (b) EERBRSHEBE
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Figure 7. The effect of ZnO donor concentration on the EQE of ZnO/Si solar cell
7. S EIRERT Zn0/Si KBAAER I EQE RISZIY

Kl 8(a) s TOKFHBEHI ZnO &5 Si ST AR &l ATRAE R, M5 FIREMLT 5 x 1019 cm™ B,
ZnO Wit m T Si M. BT ZnO MIFKBERAR T Si FIZoKAESL, 7 A Si 7] ZnO IEFEFHAE IH
bR, ST HKIT A E R X . ZnO 5 5k AL 1 #3777 17 s REFR 1] ZnO, G ]
8(b)AT7R. Bl ZnO HEEIREEMHE N, HI KGN T 54 BT, ZnO 5 Si I 9KRER Zh, T3
LR E) ZnO 1 FHE >, M ZnO R R I T HCE A SR b, AR S AR BE B AIR . XA AR AT
IR EIR N 1 8(c)FIE 8(d)rABZR T ZnO/Si FII ALK 2 /IR & S PR . nTLLE H,
It 5 ot AR P v, T AR P 2 R 2 P AR B 2 1, A B 22 () ZnO HR I e AR A R O N i
i EIR L E 5 % 1019 em ™ J5, /A AR, X 5K 7 RSN B EQE LRI B o

EAFERRE, EE 8, Bid ZnO ik B HE T, FimAb it i 2 BRI IN, 75 i 39Kk
ILF) 1 x 100 em™ J5 AT AURAE TR, BB HFH ZnO [ Si sl N Si [ ZnO Hish. X2&H T K
FHAE LI Z ZDERRET, ZnO H A BT 2R i, REUCAE TG AE R TFRAET BE R
FH g FL It P 5 T PR B 34 o FLIETAR ZnO 7 1) N 45 2 RO F P PELR AR 3R, X 2 BAAT ZnO e T 1Y)
B, BEEMEEIRERSETE, ZnO — AR I FIREEFRL, ST XHORA T Bz s M BRAS IR 5T ,
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PRI IR FE M 1 x 10" e P #9003 5 x 10" em™ K2, FEARFEFHEREE EA, i 8(d)pr
No BEEH EIRESE T, ZnO SWRERMLT Si S RES, M Re AR T Si h RKERE
TR ZnO Wiz, R S AL AR BRI S, BT REM Si IF ZnO SN,

(a) (b)
0.0 5.0x10°
0.6 4
_ = 0.0
> 12+ f,
ot 2
2 1.7+ =
) L 5
= = -5.0x10°
£5-2.3 5
%”' : 1x10'8 em| -2 1x10™ em
; 2.9 = Zn0O Si 5)(1018 cm':' § 6 5)(1018 cm-3
1x10" em 3| = -1:0x1077 1x10" em
R —— 5x10" em 5x10"° em™
1x10% ¢m? ZnO (Si 1x10%° em™
T T 1 -1.5x10° T T
0.08 0.09 0.10 0.11 0.12 0.08 0.09 0.10 0.11 0.12
(o) Depth (um) (d) Depth (um)
1.5
fp 's 0.8 4
£ b
S 1.2+ <
E T 045
209 Z
£ 0.9 z
o _ 0.0 1
[=) A =
E 0'6./ 1x10% em™| £ 1x10'% em™
= / 5x10% em®| 5 0.4 5x10'* em™
Cosd__——— 1x10° em?| £ 1x10" em”?
= Zno| Si $x10%em”| B 8. ZnO [Si §x10” em
0.0 1x10%° em = 1x10*° em™
0.08 0.10 0.12 0.08 0.10 0.12
Depth (um) Depth (upm)

Figure 8. (a) Band diagram at the ZnO/Siinterface; (b) Electric field distribution at the ZnO/Siinterface; (c) Hole current
density at the ZnO/Siinterface; (d) Electron current density at the ZnO/Siinterface

8.(a) EMWHEAEFEAMEEFE; (b) EXFEFELHNFTEERATHE; () EXFEFELHZERERE;
(d) SN ERELHEFERER

4.2. ZnO BBFFEMEExTKPARER A M sERO RN

ThFE IS A K 1) ZnO T HEATIR K AR HE, 2 U I PR MR, JE I S M RN 2R B R BE [ 16] [17].
AN, B IRE R E N S x 10 em >, ZnO HIHFERIBELE 4.5~4.0 eV YU NARML, M Atlas £
Pt 53 21K PHRE LI PCE. FF. Jse Ml Voc AL E L. 14 9(a) 7R T KPFHEE FEIL Y PCE Al FF 1)
BAAEDL, o) B T R PHAE I Jse F1 Voc BIZRALTENL . 4 ZnO TSR FIGEN 4.5 eV I, PCE
N 17.99%, FF A 83.90%, Jsc N 33.71 mA-cm2, Voc N 662.9 mV. B HTFEMAEM 4.5 eV (% 4.3
eV, KRR EREA B AE, U TR MBS KR, TR TR, ST RN 4.5V BAH
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tt, PCE 27t 1 0.053%, FF&TF 1 0.01%, Jsc#2Tt 1 0.094 mA-cm™2. [ 10 J@/x 7 KFHAE I AME T
R EQE A8k, ATLLE H, EQE MRk 3 2 HHLTE 300~400 nm (R4 B, Bl ZnO HL-TSEFIREMN
WO TIIER . AR S Joo fREF—E, £ 4.5~4.4 eV XA, BHEAPEE, 7F 300~400 nm (1)
SAHNE BT EQE #2711 0.05, 7E 4.4~4.0eV WX AN, AN/ . IX R AR 1SR R RE 1 BE
i, ZnO/Si B JZ K FHRE HM T B A3 BT+, HARR IR SN B AN & T 280% EQE M3, 7%
FIREILF] 4.3 eV I, PEREFRTHE BIMAL,

(@) (b)
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Figure 9. Effect of ZnO electronic affinity on the performance of ZnO/Si solar cell (a) PCE and FF; (b) Jsc and Voc
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Table 4. Performance parameters of the optimized ZnO/Si solar cells

= 4. LB ZnO/Si KPRBEE I RES

Solar Cell PCE (%) FF (%) Jsc (mA-cm?) Voc (mV)
ZnO/Si solar cell 18.05 83.91 33.81 662.99
SiNx/Si solar cell 18.00 83.44 34.01 660.84

5. B4

A CiEIE Wafer Ray Trace AL, XL T ZnO 5 SiNg fERE v B FOE5REE, 455 EIR ZnO 13k
SCMERELE 80 nm Bk B FfE: . [FIFF, ZnO 7F 300~400 nm {48 &M BEW R B 57, ZnO/Si B2 £5 IR ZnO
(5 SNSRI T OGS BLAh, REREID TR BOG TR, I B s B R  F A e 7
P, ik T B s S EQE [ ZnO/Si & )2 KBHRE M, Silvaco M H AR K, ZnO/Si BEX
FH A B ith BAG T8 s 584 B EQE 5 PCE. 4R 7T T 1EHiI % ZnO WERE IR 2 b 1) B S B ER TR,
HLF 364 A8 X ZnO/Si & )2 K FH e R PERE SN, #7R 1 4841 EQE $&FHIHLE]. 24 ZnO 1t I FE
1 x 10" em > 303 1 x 102 cm > i, PCE #2717 0.22%, FF 3T+ T 0.02%, Jsc 32T+ 7T 0.39 mA-cm 2.
KRR B il R8I0, ZnO M S AN T BESR T A S A F N 7, XA T ZnO H 1484
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