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Fig. 1. (a), (b) PERC solar cell structurel”’ and manufacturing process diagram!; (c), (d) TOPCon solar cell structure and manufac-

turing process diagram!’; (e), (f) SHJ solar cell structure diagram and manufacturing process diagram!'6l.
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Fig. 2. (a) Schematic diagram of c-Si material atomic structure, (110) crystal orientation®; (b) schematic diagram of a-Si materi-

al atomic structure®; (c) schematic diagram of a-Si:H material atomic structurel®’; (d) schematic diagram of a-Si:H passivated c-Si

structure.
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Fig. 3. (a) Changes of microstructural factor (R") and hydrogen content (Cy) of the film with hydrogen dilution ratio
(Ru = fu,/fsin,) » where the gray area represents the amorphous-microcrystalline transition region®”; (b) HR-TEM images of the
interface between i-a-Si and c-Si in the transition zone before and after HPT, as well as Fourier transform infrared spectra of low-
density intrinsic amorphous silicon before and after HPTP; (c) the average effective 7.4 and iV, of various a-Si:H passivation films
using continuous thermal annealing process (An =10 ¢cm?)?; (d) TEM images of single-layer and double-layer i-a-Si:H structures
at various T and Ry levels; (e) structure diagram of SHJ solar cell with single-layer passivation®; (f) structure diagram of SHJ
solar cell with double-layer passivation®.
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Table 1.  Characteristic parameters of i-a-Si:H thin
films with different Ry[*.

SiH, flow/ H, flow/

Ry scem ecem R Ty/ps 1Vo/mV
afi c-Si — — — 0.98 520
Ry=1 40 40 0.970 8.2 538
Ry =10 40 400 0.143 148.1 668
Ry =25 40 1000 0.076 127.1 661

# 2  HANRE Ry WA HEMHEGER i-a-Si:H
MUZBEALPERES B B9

Table 2.  Performance parameters of i-a-Si:H double-
layer passivation with interface and cover layers with
different Ryl*l.

MR (c-Si/ P H 2 /B R)Z)  Ten/bs iV,,/mV
c-Si/i-a-Si:H(Ry = 1)/
i-a-Si:H(Ry = 10) 339 606
c-Si/i-a-Si:H(Ry = 25)/
i-a-Si:H(Ry = 10) 138.9 665
c-Si/i-a-Si:-H(Ry = 10)/ 1976 683

i-a-SitH(Ry = 25)

AN, 4 i-a-Si:H i Ry (B4, X2 Eifk
AR AR AR B3 B 3(c) TAT ARk
IREE#RE 250 °C, H. i-a-Si:H B Ry M 25 i, W2
BRI S8 1Y o RN 1V, B T B2 Bl T ok s
MME, HFEFREEX ST, B2 i-a-Si:H
W Dy 4500, by AN K AR SUZ R4
FH R FEIA T a2, BRI AT LA i A g ok
R E[EE) | NTTE 1K A ST HE 5

25 BITIR, i-a-Si:H #lifb A 19 & J 02
B A5 ] BUZ ZE R AR, AnlEl 3(e), (f) P, 4G
T B FSUZ B G5 R AL SR ] PR AE
Ty I AR AT B AR AR, (B KA AP
AR BRI T Rl PERE. T RUZ SR S K T R R
B, HE S AR TR T X —BRBE. L, R
FHXUZ G5 AT LA 0 e 0 Ak e A e e vk, i
MEETE SHY K PH AL A 3508 38 3 31 T 3 i 48
B FIRUZ ZE R B 2R RE XS L.

%3 BATERRUZE LA SHI g8 1HERE

Table 3. Performance of SHJ devices with single- and

double-layer passivation structures.

@K Jo/(mA-em?)  V,./mV  FF/% n/% Year Ref.

LA 39.02 735.1 7757 2223 2022 [30]
L= 36.50 7180 7750 20.30 2023 [37]
LA 39.60 735.0  79.00 23.00 2024 [34]
W 38.90 741.0  80.60 2320 2019 [38]
R 39.50 7470 8498 2511 2020 [39]
B 40.27 749.7  85.90 25.92 2024 [35]

2.1.3  ia-SiH £ K F A4 A8 89 %56

FEM & i-a-StH MRt B, PUAREE |
JEJERE | Ry SR B (flow rate, FR) DL
U B AT O A K SR X LA R R R 2 G
BLVER. 24k, KERHE A IR ARG T ixss
PR 28 X ARt L RS A EL A S i), 30 3 200 A 55X
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SE SRR, B R AR LA F5 4, DA il
PR OE R i-a-Si:H L. 2011 4, Liu & 10
WEFE T AN FEUUR R 1 i-a-Si:H 2 19 45 fhd 4h
T e FOF SR A A AR sZ R, ] 4(a) ELULE
N T BETTAGE R AR, i-a-Si:H 3 f R S A 1 A
B A A A I A T ) A G T B R W R
BH, $ETHUTRUH R AE A AIE i 1 J2 RME 7 M AR
TR T IRRE AR AR SR aS M R e vk, I T
ghimad B &AL ] 4(b) dE— R T A K GE R
HREE 1 J2TE ERIAEE T IR 52 m. 198 £,
1o 1R R AT G TR EE X T LA 518 R AR 1 2 T
FIRES & RFRIMERETE B, X — I A RE A A i
JE I 2 BE BB A, T R T A A R A AR
S, PR IE M REIR AL 1O ML Z R, 2 1R
BT TR R A i, W 2 A i EL AR B
25, T, HE KA S AR TR A ] 45 1Y
FEMA BERTE, R BSRA T R T SRR
RF i 2R ERE R, Hak, X —F
e B A P B UG L HE 7 B o P e IR TR B 2R T
2 B[R T = DURR B SR AR SR T R AR M AN
BEALPERE D T RV . 7R S R i-a-Si:H
il g R, LA CEE R R Z [ A BRI . 24
TR SR s, AR OR RS = B DT R R BB A A e i
T AR e I 25 BE 1Y) i-a-Si:H VAR SR, 7 S Frfi
YErp 2l PkaR, BI7E PECVD W RS H, T8
A B s R A ORR R B) GERE A LD,
XA DL UK 441 5 nm JEAY i-a-Si:H
JESAS 15 XY R . A, i-a-Si:H WY 2 Fh e
FLHEE S aE AL A7 B DL S e 5 R, HR 2
B} IR A0 . AR, 3 Y R AT
T (KRZE 200 C) 2A 251, B geE ik
IHIRE, 7 B SiH, FENHERUE WA &, A FTIE
AR BB 255 1Y i-a-Si:H JHERE. SR, 32 ket IS T
FE R BEREIF AR A BRI, o & A ISR S A 5
fifi -Si KAAMEA K. I, ELPRIRE R, FE
AU : P — AT s AR KR IR R AT g
R RS TR EE T 4% i-a-SicH MR, [ IAf fiix s
R SRR

2011 4%, Page % MUY T i-a-Si:H R B
XF SHI K BH H b P BE B 52 . an &l 4(c) WY -V
PEREIT /N, Y i-a-Si:H J#EAY R EE CRFFAE 12 nm L)
TR, i-a-SicH AR EEXT SHY K FH HL it A e
HF (FF) . MBI E (J,) . PR (V) fl
B (n) R A BR. SR, — H i-a-Si:H 1

JES B JEE B8 3 12 nm B, J RN FF JF 4R 32 31 3%
B, R T IR X — LT E R, Page 45 1Y
T e, W 4(d) PR, BE# i-a-Si:H
TR JEL FEE A3 R, SHL R FH FL Jth 7 5 €063 X kA
Wi 17 2% 7 AR, LA, 24 i-a-Si:H AR F3 R 3 )5
A, SHJ K BH H 7 2168 5 35 DX sl i 1ot HH 3T
B TR, S22 J, M S (R 1E B 80
T 1 )2 P90 H 2 A i P e B L JEE ) i 44
KIMRILAIELE, X T FF #KIR TR

2015 4F, He W 518 T Ry Xt i-a-Si:H
BEALPERERYSE . ANE 4(e) iR, RSE (fy) ¥
TR R ek TR B T, X IH N T E R
RO 3G R, B SorFA SR T St R
R, DN T AR, NITHRT TR (7o)
I H BB EE 7o IR S Oy I KM, £
B Sl B T 1S R O FE R R R 5 1
YER. SR, MG SRR — 2K, He 5
ELR TG Y 4. BRI S, MR
s R AR, A Oy TR TR, 0 7 2
sk BTt X — IR AR N i-a-SicH T 45
AP R 1) A (ne-SicH) Al I . 78 I ik I X ek
N, c-Si/a-Si:H FHifi i BB A AN 138 B ik
e, SRR TR AR A T A A S, T
— AT TR B ERE. (BRI Sy
KIFAEESRA 25, WA 4(f) FiR T, MR T
i, c-Si Gt B A AME A KBS X S
KEEFESRTIA. XEEEESE N E &b, 2
AR T I Bl A B

2022 4, Pandey 55 [ 5347 T FR X} i-a-Si:H
PE BT ¢-Si/i-a-Si:H F 1 46 A6 1 g 19 52 e, 4
K 4(g) Ui7n, 4 FR AL FRALKT-6F, R4 SiH,
SRR 7000 o0, (R A B TG MRS A SiH, 19
B A E N R X B M -SRI 1 A
KB R AZ R, SEMSEm T i-a-Si:H AR
c-Si FR T 1) /5 e DUV &b, A, M4
K FR B}, SiHy 95003 5O R B, RS
H MR SiH, HEAAE. XA R BIR
il T AR B A 0 T R AR, AN F TR R e
Y i-a-SicH B, HE R T 5 0B AR B
I, A —A < A i X )7, RIS H i AR
T, REWS A PR SiH, 1Y 7T 4 o0 i AR B TR 3R
B R IR AT, AR X AR, 5 ) )
TR B AE K 3 A B0 8 A X A B RS, AT
FE ¢-Si/i-a-Si:H Gt Sl TR B AL ASCR . X
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FREAEARNUESE T i-a-St:H MR A K, 14 TR AR, HTURE B i-a-Si:H B47E 111
RO T c-Si RS R BURE, AR T 80k S

g 200 (a) ® Epitaxy growth (©) SiH il
3 O Amorphous growth a_TI};ickl;x:syser Voo/mV Jso/ (mA-cm—2) FF/% Efficiency/%
3 Epitaxial
- pita:
g . 0.8xi [3.2 nm] 672 31.9 74.8 (78) 16 (16.7)
g 150 | L3 .-
g LT 1xi [4 nm] 681 32.4 78 17.2
+ . sz
Q ,7 2xi [8 nm)] 671 31.6 78.4 16.6
s
100 | e/
2 g 3xi [12 nm] 680 32.0 71 (78.4) 16.6
= b
a s s s 6xi [24 nm] 673 31.9 59.1 (78) 12.7 (16.7)
0 1 2 3 4 5
Growth rate/(A-s—1) 24xi [96 nm| 680 12.5 18.5 (78) 1.6 (6.6)
(b) Depositi . (d) 100 rrermpr 1 (8) i
. eposition rate . ! 1200 [ . !
g —o0- 42 A/s iyl VA 7 i
> 103 F —A— 1.2 A/s 80 ) 'S 1050 L % !
= ’ = @ & :
k3] X 60 il 1€ 900t i
< A ~ [ |
= = i IEQ 0.8 1750 i
7 - TE! .8xi i + i
. g aopf T e 2 I
g 107 T TiEg 1T 600F @ ;
20 7 — IEQ 6xi
g i@ ZIBQ 2axi 1E asof |
N NESERT RN W I e B B |
100 120 140 160 350 550 750 950 1150 E 30 40 50 60 70 80 i
Substrate temperature/C Wavelength/nm E Total flow rate/sccm E
1 1
(e) 240 18 ) 14F ! !
! —— Ru=5 ' . » 15 !
" 12l Ru=2 ! a SiH Lot !
200 F 115 —— Ry=0.5 V2104 F 2300l i
~ 10} —&— Ry =02 (=] Lo A |
| z —e— Ry=0 [ LEOSE !
ZI 12 2 |2 7 03f. I
£ 160 X ox o8t g TN
= > = NG 30 40 50 60 70 80 | 1
& 19 © = 6} =) Total flow rate/sccm| |
120 ¢ 5 4 1 H, !
16 = r - '
o I 3 I
2t
80 + 3 PE |
L L L L L L L ] 0k 44— | N L L L |
0 2 4 6 8 10 12 14 16 0 50 100 150 200 250 300 i 300 400 500 600 700 SOOE
fu/sccm Annealing temperature/°C H Wavelength/nm H
(h) () Wide-B, i c-Si i Narrow-Ej! c-Si
108 F o ---@----@ ¢ a-Si:tH ¢ o :
1200 —_— Eo Eo
T, -kl i
5 o 7 0 >E Gi: o (i)— 4
T Voe < 4 e Er i Er
t [ 2 D’ : - : Bending E == /\ iBending B
1600 P v —~ i v
10t 7 :
m Large 4 {Small
. . . H ¢ band offset : iband offset
100 150 200 250 300 : H i
T/C

B 4 (a) AFEVTEE A i-a-Si:H FHAE S c-Si A9 I ST BE 10 (b) R I AR 6 T R 6] 4 JiC I B B 31 7™ () AR 12 TR
ST FVAERE LY (d) ANE 2R B Y SHI K BH HL g N i 1308 (IQE) K, Hh 2% b p B Hs s ib 1Y; (e) ANRIE
ST (fr) T 7o M1 Cy, R R T 8L 25 4 2 (£) AN Ry F i-a-SiH 44k o-Si M7 80 7oy, HL g BEIR JCTRLEE B AL T (g) -
E A AE FR T i-a-St:H Z4i1E ¢-Si B 7o, F BN 30 cm/min (FRAEARGL) B9 FR L 1962 & J16 1S (OES). 4 B 8 76 [F] <44k
FR T Y SIH I F3 58 3 430 (h) R REIFRHEIREE T F 8 7o M1V, (i) c-Si/a-Si:H 51 8845 B M3k i T 3h h22n B, &2 B A
P43 B B BE A BR (E,) 19 a-Si:H FZE 47 PRI a-Si:HIY

Fig. 4. (a) Critical temperatures for the phase transition from i-a-Si:H to c-Si at different deposition rates*; (b) effective 7.4 at
various substrate temperatures for two deposition rates*l; (c) I-V performance under different i-layer thicknesses!*!; (d) internal
quantum efficiency (IQE) maps of SHJ solar cells with various i-layer thicknesses, with a reference cell being a p-type diffused junc-
tion cell*!); (e) 7.4 and C; under different hydrogen flow rates (f;), inset showing the passivation structurel*?; (f) effective 7.¢ for i-
a-Si:H passivating c-Si under different Ry, with 7.4 varying with annealing temperature?; (g) 7. of c-Si passivated by i-a-Si:H lay-
ers at different FR (up), optical emission spectrum (OES) spectrum of FR discharge at 30 cm/min under standard temperature and
pressure (down), the inset shows the integrated intensity of SiH" under different FRM; (h) 7.4 and iV, at various substrate temper-
atures Tt*¥; (i) energy band diagram and carrier dynamics schematic at the c-Si/a-Si:H interface, with the left and right figures cor-

responding to wide bandgap (E,) a-Si:H and narrow bandgap a-Si:H, respectively™.
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2023 4F, Nunomura 35 U4 2381 T % JiE 78 B X6t
i-a-Si:H #lifk 1 68 1952w B s R Gn (&l 4(h) B,
i-a-Si:H PRI EE A TEGIE M E DS RN A A
A EIEPERE. MR IR EE AL (T < 200 °C)
B, AR a-SicH AR & iR A b
2B TE o-Si i, Bl c-Si/a-Si:H Aimkl, T3
F TR 2 B 5, B AT IR 10" em 2 FEULAIR
AT, REHRD S HEENE, Bh AR
PRz IR H R i SR A 2 2, R 2B 0E
FERAGEAREL. AP BOmSs 4 E AU
AR OCHE. MR RTIRIREE (0 T = 200 <C)
AR a-Si:H MR, AR 1S B B ek
A, BT AR R AL, TR -Si/a-Si:H
T T A 1 R 2 R R AR 1010 em 2 82, LLAIR
TAE LT /N— B0 SR, 476 T = BT TR
BETR (T > 200 °C) A=K a-Si:H WBES, FHEE1L
BRI, T (LA, HEBRR AT RE R T c-Si/a-
Si:H S AL B T AMNIE 2 A s 55 2 T Al Ak
W AN, MRE (%) BE AT L X Fh R4,
B A(1) B, Yl IR BUIRET, BT i-a-Si:H /Y
WK, I A RE R 5K, LR 200 T T
AT REHE N JE LABS T ¢-Si/a-Si:H i R &
TR PR HITE e-Si IFTE -SRI E A, M
INT o™ SR BB S BT, BT i-a-SitH 9
BN, DR B BB IR A 2/, ) c-Si i) —
O T RN -Si/a-Si:H By S, M
MY 82 a-Si:H JZ2, JF-7E a-Si:H PHBHI R M ik
MERFEE A, IR T 7y

BEAR, 7 i-a-Si:H MR A K fe v, AR KA
ZX Bl AL T RE RO RE R 5T L 22 S B — 2R 51 I
HABIRIE A . X SR I #E 7R T i At
TR AR | TR R A 28R K R Z o] 54
M T MR A Ak PR RE. BEE B8 TR A, KR
WG HE— PR R A R N R Z M M RIVE R, DA
308 2o s ) 45 A TR R B K, DA R B BE A% S
M i-a-Si:H AR R RER AE KA. X
— W R PR ] 28 T2 A T it
HATFREE Y.

2.1.4 & SHI KfawisbfUr etz ik

PR AT T 2 B AT T 2 Fh s
ST K BH e Al £k 1 E A0 A B 3 A0 653 k kb
P H 2585 TR AL B (HPT) . ik b B 45 187.34.45]

TR i-a-StH ARHARE RN SHT K FH A
B bt RE LB T R RROR. MR T
I B 4b By i A0l B0 i-a-Si:H AR PERE L) K&
SHJ K FH At R (Rt g o, ol iz R A
Ab PR R AR, 7EIR KA EL R T £
Pl BEAN AL A AR A0 T L) st A R Ih 4 T A A 3k
— R a-SicH LA PN I T A A0 AR Al R — T
5 2R E AT 55, 2017 4F, Macco %5 W fF 5% T
Bt R a-Si:H SR HORAE 6 S a-Si:H/
c-Si R Z IR, nEl 5(a) s, #
Bt PR I [ RUBE 53R 3 4> 22 BB

1) JE IR REE (1), X — B BELARD A 2y,
BT FR AR IR D AR R . RSB B, a-Si:H
SR SRS ST LRI, T B AL X LR
2o, —# s E R F a-Si:H/c-Si Fifiktb,
5L LB A DT R T T A Y
TSR, (145 a-Si:H /c-Si F 1l A 75 21 3 ek e 3% .
[, o — 30 43 B A U SR AR FE a-Si:H FEAR I N
TR B AL, A R i A T X Se AR B S EUb R
Top SBEHER, 3% T SHY K FHE b AL PERE.

2) R A ] R (). I 25 38 KIS ) ) B K
HEA LA BT L/ NI ) e S5 ] ROBEBY B 23X A
B, Z BT E MM T a-SicH /c-Si it I B 4 Al
a-Si:H MRELFE I Z T IR AR A FRE , B4 2 PR
Wi, B i g A Xl B A, — &R a-
SiH Bk, o) — s W E B 2 5 3 A
ARSI R P RIS R . 33k 79 4 1 R A — B s [ Py
RERSE -, H i T2 SR e, DB T
M A AR 218 T 4%

3) Kb RUBE (IO0). 3R kit R ik A BT/ if
ol K AR A RS B B 7R X — B B, a-Si:H
WIS KRR, FETCETE A a-Si:H/c-Si
SR B, MR R T A 2R T
R, X —AR Ak Xt SHY K BH A8 H il i Ak 1 B =k
TR

R, R 1 R HTR K Egaife rERe, FEGiE
43R KT BE AR SR ), AT fe KAk i AR T -
Si/a-Si:H F 1B HEE, s SHI K BH AL it 1 B Ak
BORE. 2023 4, Soman 45 BT WESE T —FpFR A [E]
B TRAF (I-HPT) #)5k, B i-a-Si:H PR
WIE #EF T HPT, 4nl& 5(b) FizR, 1% 3 K IE R &
TRMEESCR. )AN, THPT J5ik 5 THEE
PR L, BT Tk B FHAME. 2024 4, Zeng 45 B4
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(a) 7E1B JGF FE Y a-Si:H FER P SO AS 1L 9 3 AN B B (1, 1L, TID) /R 35 &, &S Br B2y o 3 AS3843, 40 5 c-Sifa-Si:H

T\ a-Si:H JE 3 A A 78 A a-Si:H R TATAL , H. o-Si/a-Si:H 4T b i 4 5 0K Fe7m R B0 AL Y B H B 195 (b) RIRIEAKET, A -
HPT TG HPT A 3UFF A Toge B9 FLBLET; () 28 KON GBAL BRAY TS o HOZB AL, A RN U — 1 7oge 5 TG0 b BRI B0 DG 22 B4

Fig. 5. (a) Schematic illustration of three stages (I, II, IIT) of microstructural changes within the a-Si:H matrix during annealing,

each stage divided into three parts: ¢-Si/a-Si:H interface, interior of the a-Si:H film, and a-Si:H surface, ellipsoids at the c-Si/a-Si:H

interface represent unpasswated dangling bonds*”); (b) comparison of effective lifetimes (7.) between I-HPT and No-HPT at differ-

ent injection levels?”

the number of microwave treatment cycles®!.

VLA T 40 5 s kAL BRS  i/c-Si/i 57 45 H )
BlAL AR B e 2 PRUR S b B Al AL
ARG TRE, WA 5(c) B,

Bifi %t SHJ K FH A A AL ) 3L () TR A
S FRELAR B AW RET, Aok SHY K FH i i B 4k

PEREA Bt — PR TE. — 7, MFTEE PR AR SR
AN N B A AL BT 3%, WG Z2 M Ak B4

Ry B—, bE AL AR &, X b B
TR BN ZS 5 M A R 3 SHY A FH B b At A F= 4k
b, SEPOAR R AAS Y A 7
2.1.5 #Z4 & n-a-Si:H #= p-a-Si:H 2t 464k
AP R 69 % o
TEHR B B R R i-a-Si:H WS, B i

I: (c) left: changes in 7. before and after microwave treatment; right: relationship between normalized 7.4 and

s R B AR RE, B TR PR SR R
BERAYTHL, B LAAB A AR A R 0 B 55 BB K S I i-a-
Si:H A9 M5t DL S c-Si/a-Si AL i L08R . X1
n BB ARE, WK 6(a) TTULE H, B R i-a-Si:H
(Frich 1160) BYEEALRICR LR R i-a-Si:H (b
108 1120) 4 WO HAEDUR T n RIBRZE, WA
n-a-Si:H Z R G £ 10 nm, K% EF HAMER
FnE AL c-Si 1Y T BEEHI R, H R E T EE T
i-a-Si:H £ LI Y 7o BLAD, TCIB RANE Y i-a-
Si:H i 22 1Y i-a-Si:H, ¥ KB E R EHRS
B A, XWEH T n-a-StH ZEiES T
A ek R REATT 10 25, AATTHE R 257K, EF@UUE/'\

a-Si/c-Si FHAL I L FF2s N A, X2 AL
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Fig. 6. (a) Relationship between the 7. value of c-Si(n) passivated with i-a-Si:H/n-a-Si:H and the thickness of n-a-Si:H!; (b) en-
ergy band diagram of an n-type SHJ solar cell®; (c) Fourier transform infrared spectroscopy (FTIR) spectra of 10 nm thick dense i-
a-Si:H deposited with 0, 6, and 10 nm thick n-a-Si:H, respectively (left), FTIR spectra of 10 nm thick low-density i-a-Si:H depos-
ited with 0, 6, and 10 nm thick n-a-Si:H, respectively (right); (d) intensity of the imaginary part of the dielectric function of two
densities of i-a-Si:H during n-a-Si:H deposition at various thicknesses (up), changes in Raman intensity (down)i; (e) impact of
stepwise annealing temperatures on passivation quality, represented by the effective surface recombination velocity (S.) and 7 of
intrinsic and doped a-Si:H films deposited on Fz-Si(n) surfaces; (f) influence of linear gradient annealing on the H, evolution rate in
a-Si:H films, with upper panel showing H, evolution rate data on c¢-Si surfaces, middle panel for single-layer a-Si:H films, and lower

panel for stacked films; (g) depth profile of boron concentration in the tested structure shown, with the inset illustrating the tested

structure used and the annealing conditions identical to those in Fig. (e)P.
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Fig. 7. (a) Schematic illustration of the atomic structure of i-a-SiO,:H material®}; (b) schematic diagram of the microstructure of c-
Si passivated by i-a-SiOH; (c) device structure diagram of the i-a-SiOH passivated SHJ solar cell®); (d) I-V performance of
SHJ solar cells under different CO,/SiH, ratios!’; (e) the left figure illustrates the band diagram of the SHJ solar cell with an a-
Si:H(i) layer featuring various E,, where the deviation of the valence band (AEy) is zoomed in and presented as an inset (indicated
by dashed lines), the right figure demonstrates the simulated impact of different E, values on the Ji, V., and FF of the SHJ solar
cell%); (f) comparison of the I-V performance between optimized triple-layer a-SiO:H (i0, i1, i2) and unoptimized a-Si:H (i0, i1, i2)
passivated SHJ solar cells®; (g) effective 7. of c-Si after continuous annealing for 20 min. the passivation structures are described
as follows, the left figure shows a-SiC,:H films with different Rcn, (Rcun, = fony/(fony + fsing) ) deposited on both sides, with a
thickness of 50 nm for the a-SiC,:H films. the right figure depicts a 50 nm thick a-Si:H film deposited on the back and a two-layer
stack of 10 nm thick intrinsic a-SiC,:H films on the front, with Rcp, set at 0% or 75%, the bottom figure illustrates the schematic
of hydrogen movement within this stacked layer during the first stage of annealing at a moderate temperature (from left to right
was 0%/0%, 0%/75%, 75%/0%, and 75%,/75%)!62.
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Fig. 8. (a) IV curve of the champion SHJ cell from the experiment batch, and relative changes in PCE, J,, V., FF, and R, as a
function of DH85 duration for each groupl®; (b) percentage degradation of parameters for exposed SHJ solar cells during sodium
ion aging tests, along with Photoluminescence (PL) images of the exposed SHJ solar cells before and after the sodium ion aging testsi’;
(c) percentage degradation of parameters for SHJ solar cells with an 80-nm-thick SiO, layer during sodium ion aging tests, along
with PL images of the SHJ solar cells with an 80-nm-thick SiO, layer before and after the sodium ion aging tests%; (d) normalized

performance changes of SHJ solar cells during UV irradiation and LS treatment cycles(™.
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ZIRERINI, LI s AaoR S il As e
MK 3) AREEIRAB B PRI AR, ATC R
AR RBRYE. R, S BRE SRR
FAEL A FIALA] A TR A B, RSB ZORE BN o i
AL AR T ZRER KR RAR m AR, T
PE— B4R Tt SHI K FH A i AR PERE. JX 2855 )
AAAT By T4l SHY A BH A i 9 Tolk bt A, ik
K A R e A P P b ) RTHRR 8 K e DTk E 2 )

3 TOPCon H. 34t 5 A

2014 4, Feldmann 55 ™ JEB] n &Y c-Si %
£TF poly-Si AR Si0, J2 MBI LML T 23%
1R 3550 23, 3k A 4 ik B Bk Sy R 2 A Ak ) B Ak 2 fi
(TOPCon). TOPCon K FHBE HL it {57 1) R T i Ak
R IA N T # Si0, FIEIB 2% poly-Si J2, 43 HI%F
N FAE SRR F B AR MR Bl 34
i ERE TOP Con 114 R il 4% 51 BT it A B SiO,
FE B2 poly-SilVl. 2023 4F fmFHA E #Y TOPCon
FM AR T 23k 3] 26.89% 11 /K 191,

TOPCon K FH fi HL th 19 7~ 2 [ A 18] 9(a) Fr
TN, REER T DL S 4 T B A AR Y
TERE 7. s Ak 22 A 5 2 EL A RS B 1 =
it Si0, 2, I i R REEH. -Si/Sio,/
poly-Si AEHF AN 9(b) FizR, B T2 /Xl k
TR, PR Sio, )2, Mg 7 bHE
S5 1, R TR R Si0, )2, Padi 27 417K
HIW2R, ZIE 4 FAELE ARk A K1Y Sio,
EAE SRS, B#E L. PECVD &k, L%
SRR SR, O B R AR K SiO, )2
PR AR R ARAREE 53 %ME (10 cm/s); PECVD
AALHE AR T UL — W PETE Z R Ak B A K Si0, )2,
JE— PP AR £ 3 R I BB R HNO3:H, SO, b
AL B AR T IAERE 60 °C B9 A4 Kl
SiO, J2; RAAIHE A BA BT A, R K
R E R R Si0, 2. i Si0, J2 B iy H:

by B PN 2R AR KR AR TR 7E 4 FhAEAL
AT, E AL E A M PECVD S b R4 K1y
SiO, 2RI H L 5 Al AR AR 3 B Dby ax 2 )2
o HEARDRARSENE, JF A4k Sio,.
4 P AL AR R AR SR 4 B 77

K 9(c) R T4 SiO, Al G SiO, B AE (1)
1V, [, 1T LA s 3 A AR 0T AR AR HE 5 = Al
i e H 2, RO AUNTTAR Si R IR 2
AAEEARA 1V, (8, HAERKIEM 1V, ARIBIRAE.
XIF TOPCon T.ZH 42152, MK 9(d) 7]
DI, BEE B 240 B 42 T, KIH AL By A
Voo BHEHEKG T REA G 58 A BB 22 R
[ 25 min B, KA M By Fl V, m, X2
R IERT BB 24 1 2 db ik AR AT S5 0 A 35500
BEALARLCR, T ELLRTIE T 3800 i) RICHH fuh 1K 1) 2
A (B 2S48 20 B 3 KB, K FH R g A
Voo 52 FREREE, OZH R S HE A c-Si#f I i
JR it 2], SR BRI R E &, RS
TRIARSCR, ELIET s B Y 25 A SRR AR T T, 0F
MR T By

X TOPCon A FH L (1) = S 4540 54T Fu A 4y
B 1791 4 Fp2ERE 53312 n-TOPCon 254, p-TOPCon
ZEFY AP TOPCoRE 4544 50831 3% 5 fiiR, n-
TOPCon Z5#4 F p-TOPCon 254 AR B = AR
%, XAl Bt T2 00 poly-Si /2 MY 45 24 43 4 X LA
eI T E. Ak, p 8 -Si S AR Y 207 T 1T
B L MU IRRICR W R R 2 —. SR, 24 p A c-
Si %t & )i FHZE TOPCORE HL &5 # I, SR &4
TRRHHET, Femil®] T 26%5.

VAR, g A i —242+ TOPCon
R EEIEPEREHE T THRER, 14D, 2024 4 Ma 5510
SIATIERMLIZNIFA i-a-Si:H 20454, T8 H
2 BELLE B B STt b, anf&l 9(e) R, X
FhESFA oA 7850040, Wiz T BB 20
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Table 4.  Application of devices with different SiO, growth methods.

Rk Jyo/ (mA-cm2) V,o/mV FF/% n/% Year Ref.

P 40.0 689.4 81.35 22.43 2020 [74]
PECVD 41.43 713.2 84.55 25.06 2023 [75]
o =xia 41.38 730.8 81.9 24.8 2023 [76]
REFM 41.03 702.0 83.35 24.08 2024 [77]
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Fig. 9. (a) Schematic diagram of the TOPCon solar cell structurel™; (b) energy band diagram illustrating carrier transport through
the tunnel oxide in a TOPCon solar cell™]; (c) the iV,, of TOPCon interface passivation as a function of annealing temperature, the
sample without a tunneling oxide layer (red circles) clearly emphasizes the importance of the tunneling oxide layer for surface pas-
sivation™; (d) the Ey and V,, of TOPCon solar cells prepared under different exposure times to the dopant sourcel™; (e) illustra-
tion of phosphorus diffusion into the Si substrate during the annealing process for various thicknesses of i-a-Si:H. the thicknesses of
i-a-Si:H are 0, 10, 20, 30, and 40 nm, corresponding to the control group, Group G1, Group G2, Group G3, and Group G4, respect-
ivelyl'l; (f) schematic of a TOPCon solar cell employing p-a-Si:H®¥; (g) effective 7. curves as a function of An for TOPCon solar
cells with and without p-a-Si:H®Y; (h) J-V characteristic curves®!; (i) EQE curves®!.

# 5  ETERE TOPCon KFHHLMLAS 4 HHK 1)

Table 5. Comparison of high performance TOPCon solar cells structures.

c-Si Cell structure V,o/mV Jyo/ (mA-cm2) FF/% n/% Ref.

Metal/SiN,+MgF,/Al,04/p*-Siemitter /n-c-Si/SiO,/n*-poly Si
n leyer/Miotal(n TOPCon) 724.9 425 833 257 [80]

Metal/SiN,/P-doped emitter /p-c-Si/SiO,/B-doped p-poly Si

P layer /Metal(p-TOPCon) 7oL 41 799 23 [81]

P Metal /SiN -MgF,/Al,03/p*-Si/p-c-Si/Si0O,/ 714.2 424 80.8 24.3 (82]
P-doped n-poly Si layer/Metal(TOPCoRE)Metal/SiN,/Al,O3/

p B-diffusion FSF/p-c-Si/SiO,/P-doped n-poly Si layer/ 732.3 42.05 84.3 26 [83]

Metal (TOPCoRE)
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# 6 T TOPCon K FHHL M PERER 7k

Table 6. Methods for improving TOPCon solar cells performance.
BT Jyo/ (mA-cm?) V,o/mV FF/% n/% Year Refs.
RPN 41.80 707.0 83.0 24.60 2022 [85]
E AT 45 8 FRUBCRI B & S A =2 (BT C AR Ry B p-a-SicH 42.03 696.0 83.76 24.50 2024 [84]
AL E H Il AAAE R i (i-a-Si:H) J2 40.60 715.0 82.30 23.83 2024 [10]
FIHEXPECVDHI#4£C poly-Si(n+) 40.81 700.4 82.70 23.64 2024 [86]
RS- ALD &l # wi BT i Al O3 I — 736.3 84.05 25.78 2024 [87]
DGR T 42.10 729.0 84.0 25.80 2024 88]
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Fig. 10. (a) Schematic diagrams of structure of p-type PERC solar cell®”); (b) mechanism of passivation correlated with Al,O5 and

p-Si substratel®”; (c) efficiency comparison for the solar cells with five-layer and single layer SiN:H films. the thickness of the single-
layer SiN,:H film is 150 nm, and the thicknesses for the five-layer films are 20/10/10/10/100 nm!*4.
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#* 7 o PERC KA IERER Tk

Table 7. Methods for improving passivation performance of PERC solar cells.

e Joo/(mA-cm2) V,o/mV FF/% n/% Year Ref.

FIHREEAH 52 37.89 590 75.70 16.92 2020 [95]

52 SiN:H i 10.273 681.63 81.19 22.56 2021 [94]

Wi LA HO, YEN B RN 39.67 662.9 79.26 20.84 2022 (93]
BFIHEASIO, NH 40.80 686 81.54 22.80 2022 [96]

RS 2 T s B A S (HLS ) A S i Ak 40.03 649 76.79 19.93 2023 [97]
FIHSI0,/ AL O XUZ4liMk 38.73 649 79.00 19.90 2024 [98]
Z£JZSiN,/SiO,N, /SiN filifk 41.70 682 80.57 22.91 2024 [99]

A2 BRG], H AT, At iy AL Os A1 SIN,:H &
EEB A AL, Ak, s it —
52 T PERC ifth, Dok b MERE AR, i
4n, 2021 4 Tong ¢ P #HH T 5 2 SiNH #ARAY
Bt Wil 10(c) Fran, XA B TR AR
AL BE J1, i flf PERC LML V. 42 T
0.04 mV. % 7 FEAFIZE T ZFE % PERC KFHfAE
Lt i 7R P A A P RE A AR P 7 =X XSy k)
FEARFFREE X PERC BRI RCR AT T
R 93991,

5 REEREZE

1) SHJ K FH L E AR v ot it A b 2
S PR R A B 4 R ) G B SHU K BH H b R
PECVD J7 U i-a-Si:H MAE W EifL 2, A
BOE AT e-Sifa-Si:H A E Ak JESMEAL
KA c-Si Ft 12 50 I e T AT B AR AR G,
I 435 AR 3 U IX Y i-a-SicH J2 RSS2 IR S A 4l
s sE AR R EEESERR (i-a-Si:H, i-a-Si0 :H
M i-a-SiC:H) BT S HL, i fRGE AR | =
& Ry, FR Al IR LSS, T AR FHlifb B i it
Ah, BRI H SEE T ARAN B | SR A b
PRAEAb T AT i — AP e Ak R LR FHAE
W AUE R -a-SiH WERRAE Rt 2, 456 80%
o) T 1 5 N A S R TE) 8 ) SESRUT AC U i
MAMEA K, TSI 5 1Y -Si/a-Si A i1k
A1 SHI K FHAEH bt RE.

2) TOPCon A BH ALl DAL B 88CR A L 49 T
AR, ORGP B R AR
W SR U — 2 R A2,
—JZ poly-Si JZERE LI fl)Z, ST mai i £k
T UCE AR AR R T E A =g TOPCon K

BH Fi it P9 DG B R TG 0 s o) B 1 Ak )23 7 B
poly-Si JZ B o DR, 1 T 425 1 ) L b ()
ORI E M. ARk, IR E A Il AR TR
T2 B bR R L 254, AT+ TOPCon
F A AR PR RE D F e sl

3) PERC A YRRk b i )iz
MR AR 22—, BARACR T A, (AR
o, WEFE AT i e A A R R A 2 A it — 2
277 PERC HL i Ay EEfb M RE ISR,

BEAh, X e R BH F b Al LB AR Rk J 2
HLUF 3 45,

1) SHJ KBHH M & R R E T ILA 0
M) BAE, X i-a- SiOH fil i-a- SiC,:H 5 %y Bikf
BHOHI R T 23Rt fe, B et —B 4t ek
FEPERE R IR M. X EEM bR 2 )2 2540 P 1) g
PR BT B s, DA — AR Tl i e
BCRAN R AR M. LR, Bl AT BRI AR 45
R FFEEIA T, ISTIREUAE ARG R, JF ] AEHS
e H Ak I PERESR T, R, XHB 42 5 AR Z A
AR HIALE AR AR 48 T8 TR K5
PERRAL, I E— 254 T AR

2) TOPCon K B .l H (%) 43 Si0, )22 Al E
% poly-Si 2, ¥ 4kLk BN 5T Y ALl A
WrE Tl 5 T 25, Wk S S i S AL B R (s
HALF A AR PECVD S4k) AL 22 001
i — L HEF Si0, )2 By JiT it A poly-Si JZ2 HY PR HE.
HK, FtiZ X TOPCon Hi #h 45 /i 52 B IR A, n-
TOPCon Z5H R RLECAS 2] 3Z N AT . SR1, p-
TOPCon Z5 BT [RIFE R AR 2. Ak, Kadkst
PRE XS LE R FE AR RN 50 T ARk mg, LA
SEERH i R AR )3 i S L e e
Xt p Y c-Si AT, Wl B A T2 R TR
FiERR, AL 4ETt p-TOPCon Z5HIHERE.
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AN, A3 TOPCon H A RS L2 5 45
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(At T J2 R A sk 85 K S A SRR 118 2 J Ty ).
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Abstract

With the rapid development of photovoltaic technology, crystalline silicon (c-Si) solar cells, as the
mainstream photovoltaic devices, have received significant attention due to their excellent performances. In
particular, silicon heterojunction (SHJ) solar cells, tunnel oxide passivated contact (TOPCon), and passivated
emitter and rear cell (PERC) represent the cutting-edge technologies in c-Si solar cells. The surface passivation
layer of crystalline silicon solar cells, as one of the key factors to improve cell performances, has been closely
linked to the development of crystalline silicon solar cells. Due to the complex mechanism of passivation layer
and the high requirements of experimental research, achieving high quality surface passivation is challenging. In
this paper, the key issues and research progress of interface passivation technologies for SHJ, TOPCon, and
PERC solar cells are comprehensively reviewed. Firstly, the research progress of key technological breakthrough
in SHJ solar cell is reviewed systematically, and the influences of growth conditions and doping layer on the
passivation performances of SHJ solar cell are discussed in detail. Secondly, the important strategies and
research achievements for improving the passivation performances of TOPCon and PERC solar cells in the past
five years are systematically described. Finally, the development trend of passivation layer technology is
prospected. This review provides valuable insights for improving future technology and enhancing performance
of ¢-Si solar cells.

Keywords: crystalline silicon solar cell, passivation layer, heterojunction, amorphous silicon
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