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e, T AR ES. Wang 25 20 i 35 7628 /UL i 2
— A5 STV R R v A RS, A R R T
TSSO ERSE Ak, LT
Voc it 25 A 0.43 V F1 % B 5% 3 308 (PCE) N
17.84% ) ST-PSCs. Chen %5 21 3 3 7R 1 % 5 7
Bl 28 I T SR B A MR R [RD BRI
B2 2 pm, MIEFE 1.63 eV H PR ST-PSCs 1Y
PCE #id 19%. Ying %5 22 @ 18 2, 9- —H 3t 4,
7-ORIE-1, 10-3EK MR (BCP) 4R (Ag) 454, [#
KT T RIS &2 B ALY T 5 8 (Ce0) A1
FEERD 2 G2 SR, #5228 ST-PSCs 1) FF &
F 3 80.1%, #4 PCE i5%) 18.19%. Wang %5 23]
i LS AR R DR B 7 ik, DL = A A
(MoOy) /441K M /MoO, = BHIA L5 1 Ky 175 B
HLA, il 45 1) ST-PSCs 2 A 18.3% [ PCE, 153
T PCE # it 27.0% Hy 4T-TSCs. 23 Aif A Y %%
J7, 3B I BRAESERET B B D Ve 1
& BRTHE DR RE et S RE g VT e A TR WS,
AT-TSCs M2 FRCRAT 2 K Mg 48 T 2427, A% i
T, R L AZ 2 1 e

F T 2T 4-T-TSCs FTERE, A< TAEM
VB S 4 ik M (HLIT fE 3 ) A0 B 4
WFFE T 861 H 5 a0 48 R R U0 F X R H 3t v R 1
M. R AR RO U ENE B A S 5
JUEE, RO E I GARRRS B A, VIS R
Voc FIAFEH T (FF) 23 TR, PCE #iJmEik 3%
Db TR A ER S S 7 0 T ik oI A, ok
o T INGRem, A2 2R 5 o P-4, JEFE ST
SEASE W FE T T UL B A 2
1 Voo M FF 153 52 52 5. 445 309 HIT it
5I1EX ST-PSCs #EATHUMMES, /13 T 8508l it
28% M 4-T-TSCs.

2.1 SEIgdrd

i FHR 2SR RHE B UNTR : B ERE R I F PE %
Rie B fe A E A BR 2 W), AR B ISR W (SnO,,
15%, Alfa Aesar), fllfb 47 (Pbl,, 99.99%, TCI),
TRILET (PbBry, 99.99%, V4% E3RFCHEBHY A
BN, AL 4 (CsI, 99.999%, Sigma-Aldrich)
H Pk LR £F (FAT, 99.99%, GreatcellSolar), Ff
Jie B ER £F (MAL, 98%, TCI), H fie & & R ik

(MACI, 98%, TCI), X — 8 H L0 /e 3 i 2 (Li-
TFSI, 99.95%, Sigma-Aldrich), 4-0 T HENEEE (4-
TBP), Spiro-OMeTAD(99.5%, &Rl 4 A FR A
i), Z I (99.8%, Sigma-Aldrich), — F 3 ¥ i
(DMSO, 99.9%, Sigma-Aldrich)N, N-—- I & Hl
e (DMF, 99.8%, Sigma-Aldrich), 5N & (IPA,
99.8%, Sigma-Aldrich), 7 (CB, 99.8%, Sigma-
Aldrich), =% 4k4H (MoOs, 99.5%, Lumtec), &1k
BE ITO) #A (InyO4:Sn0, = 90:10, Jb 5 H i
IR RRAT]).

2.2 FERASKY KFHRER RIS &

¥ SnO, e i W £ 8 1K (IR
1:2) T35 SnOy 4K AR, A5k R M 25
il £, K 437 mg A9 Pbl,., 348.7 mg K PbBr,
Ml 24.7 mg 1Y CsI % T 1 mL DMF fil DMSO &
AR (RBE R 9:1) K45 PbI, BTSRRI . ¥
67.4 mg FAI, 25.8 mg MAI il 28.5 mg MACI &
F 1 mL IPA A HIERER. 4 72.3 mg Spiro-
OMeTAD 7T 1 mL CB ', JilA 29.0 uL 4-TBP
M1 17.5 uL Li-TFSI(520 mg/mL i) Z 51 T) 15
B2 UL Z .

T 5EAT I HZE IR K TN . SN REA BRI
FAEH T VAL 88 (ITO) 4§ K 20 min, 28
Jo N IS HEAT A B T R AL B 5 min. K A R Y
SnO, 40K S TRAE 1TO 4 i L LA 4000 rad/min
FIEEEELR 20 s, SRIGTEZS ST 150 C A5 iR
k15 min M2 FAEHZE. 76 N, TEMN, RAW
AR 0 AR A A KT W, TR AR 1B
Pbl, i SRR B AE SnO, %) _E L 2000 rad /min
BEVR 30 s, SRJGHE Ny AU 70 C iR K 1 min; 55
228, WA DLER VWO N B Pbl, HOK F BRI
20 s, SRJ5 LA 1700 rad /minfl %5 s e 30 s, 7E25
Ao (FEXHZE R 10%—20%)150 C 3B K 15 min,
13BN ST W B BRI, AR ILSERl K Spiro-
OMeTAD ¥ M AE 455K 8 B | L4 3000 rad/min Y
FEAETR 30 s 43I UG RZ. X T H 2R,
TEREZS (5x10* Pa) THAZEWE 20 nm JEH MoO,
S, TIRSER N 0.5 A/s (1 A = 0.1 nm); SRR
SRR AT R 5 D B R #E 70 °C R YT 200 nm #
ITO JE iz B v il , Herp S Zh 32k 50 W, {0
HHER 0.5 A /s, BEAERFE 0.18—0.22 Pa. fis, i
IS RGEPETE AL GTRRREE Ry 70 nm AR HIAK.
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2.3 /NETR HIT B pH &

KA 1—5 Q& 150 pm ) n K
B E AR AT RS . 2R B B 2 5495 2 A e
P (KOH) 2R 25 1)/ NI L, He Bebnife
(1) RCA A5 TG PEIE HEATIH VE. M9 T 2% iUA,
FERANAE B TSR (b SRV (VHF-PECVD)
ARG, KAk AR )Z a-SiH(i) AiliB A AL
3k ik )Z a-Si:H(p) UURTERE 15 T, 566 B Je
B AR R EEAIE R a-Si:H(1) M#kis e Ak k)2
a-Si:H(n) JURFERE F IE 1. B i i 42 0 S 7
1E ST A3 6 45 90 nm A9 TTO 33 HH S i L b, fix
Ji 2R VARG IR 22 o0 B Rl 325 i s AR A P bl , b ik
HIT A3 % 25 p 4 80 A R UAT PR R SE AR 3
SeUIEME R A IO CRHE A FR 2 " ghFP 2L 51
(1064 nm) JEAFHOGER, Mi%A 850 kHz, JKFEM 2 s,
FEPE 400 mm /s, IR 818 W. 4K A HLAY
RIS A AR A FRZA 7] DS616 K 2 156 5 AL,
K B 53 2 30000 rad /min, HE) 4 5 5 #E
2 mm/s, R 5 0 E 1A Z Bip B A
FR 2> 7] B9 B B8 B D 48 (nickel plating) . Hi 8 10 &
(Cu-Sn) FIHEHIFE (resin).

2.4 FSHFRAE

I 3 4 33 49 4 o B 3 (JEOL JSM-
7610F) FAEVIE 5 HIT b e 5. @i =

(a) Ag
ITO
a-Si:H(n)
a-Si:H(i)

Y5258 AL (ZYGO NewView 9000) W< HIT
F Yt A TED R = 4E R R R R T ML RS BE L 4
CHIG60E Hi Ak 27 TAE i R AR s A A i Ak 27 B B3
(EIS). fifi Jf] Keithley 2400 7F HB I (FR55) R4
5 A5 L2 B - R R (J-V) k. RS eH R AN igE
BOCHLH Zahner AL TARSNAC A BRA HL AL
%8 B 45 3. {6 EnliTech K FH 6L 28 75
AM 1.5G &M T, BLEHUTF IR (Keithley 2400)
WL J- VAR, H AR 250 mV /s(H R R BR
910 mV, ZEHHRHER 40 ms). B4~ ST-PSCs FHiit:
PTG PRI 0.20 em?, SRAARBOEFA 0.12 ¢cm?
{14) 20 AR RRHC A A BT AL i I AM i T 0R
(EQE) M3 & 4t (EnliTech, QER666) I # 14
1 EQE.

3 #X5it®w

HIT B AYZEHI IR 1(a) fs, B4k HIT
LIt A RSl H A G1(158.75 mm x 158.75 mm).
H A 32 56 223 F S 4 20 mm x 20 mm (3
AT & PSCs, K& 4T-TSCs B, 752
¥ HIT f it b1 % il 55 PSCs i AU DT L 1) /R~
fEFEE (40 (19 mm x 19 mm)), @&l 1(b) s,
BRI R OB EN:, BIR) & REHOE A T
TEZRIE R, g RS X3 R i A Ak, AT 2] R
R B RS2 fiE Y T OB U HIT H

/(mA-cm~2)
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Fig. 1. (a) The structure of HIT silicon solar cell; (b) optical image of HIT silicon solar cell before and after cutting; (c¢)—(f) device

performance after laser cutting: (c) Vo, (d) Jsc, (e) FF, (f) PCE.
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TP RE RS e, VIE S S v RE i S8 ge T BT
Bl 1(c)—(f) Bz, 2 180 T HIT H i %] i A
ANFRFOCYIRYIE S PERE, 7TLIE B0 5 AT ae
BORN 23.83%, Voo M 0.731 V, %5 1% L I %
(Jso) 4 39.46 mA /cm?, FF 2y 82.61%; 1M £85I
fRIE TSRO TR 12 W B3RS T VI E 5 1Y B 4%
R 820.88%, Voo 70.701 V, Jye $939.27 mA /cm?,
FF 25 75.83%. SUIFIRIAH I, Voo Ml FF B8]
TR, PCE #1583 3%. M Fioak A i 2k 5|
2y 2355 C B A RRfEREM BF AL, BOGHO X
AV G REART I AN 4 B R % T, DI el fokt X 3
P T HIT H it R 1 A ik )2 A 1 250 <C

K1 RIS AR ROET RGBSR HIT
Y e L BE
Table 1.

cell before and after cutting with different laser

Optimal performance of HIT silicon solar

power.

Las
e Voc/V  Jso/(mA-cm™) FF/% PCE/%
power

Before
. 0.731 39.46 82.61 23.83
cutting

9 W 0.703 38.79 74.36  20.29
12 W 0.701 39.27 75.83  20.88
15 W 0.697 39.62 73.90 2041
18 W 0.699 39.53 74.24  20.52

0.69

Nickel plating Cu-Sn Resin

70

FF/%

.©

N

)

65

E

0 . .
Nickel plating Cu-Sn Resin

SR IR B0 BT LLIH B A 800 1Y) 52 e DA T Dk 2D
Voc FFF (7T B2 2575 et [l .

B T HOCIE R s G 3 LU ™ 5, T
DLt AR R ) R v I T 7 vk %t HIT Ha jt st
TrUrE). e R HLEDEE DI E) T 208 AR S H
F-B, a2 SRR SR I F R S AN A
JI R e, F TR A R S plon T 4 1k
Fraefu, (ERITIAL R4 L™= A= i 2, e G K i sk
YEFR O3 8 7 th B 23 00 223X 0 i B R D 42
Cu-Sn BHFE R AHDEE 3 FOASIRIZE A A iR f
XFHIT s A7 o0, MIEs eS8 gt
Bl 2(a)—(d) R, sUasE B ERES 8Nk 2
Fra). R R RE R LR, HEE BB 25, BRI A
Gy, NS G R E A BT R, UIE S A
1 Voo 1 FF SREK, FBERA PCE 1R% 19%
Zifi. Cu-Sn WHVIRIE#4ER Voo i85 0.715 V
Zity, [Fi FF Wik 3] 75% L b, ffi i) PCE
IRE 21% VUL ARERDEE T RAR, 1T, FLERE
1o, (RIS ERAMEER 25 e i FLE R e (IR 5 # R
Voc A1 FF A Cu-Sn P48 a3 A T TR, %
FIRLEHF PCE /A 20.8% Zifq. 25 EFRR, Cu-
Sn WMAEH THREEIE T, BUE A MR PIE], Cu-
Sn WA YIENE B HIT Mt v LIS 2143 o PERE.

40.0 (b)

39.6

/(mA-cm-2
il

S 39.2 -

Nickel plating Cu-Sn Resin

22} (d)
21+

20 F

PCE/%

19

18

17

Nickel plating Cu-Sn Resin

B 2 BPEREERIMA IR S HIT BRI (a) Voo (b) Jse; (¢) FF; (d) PCE

Fig. 2. The influence of different grinding wheel adhesives on the performance of HIT silicon cells after cutting: (a) Voc; (b) Jsc;

(c) FF; (d) PCE.
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F# 2 RFWERE R IR EE HIT it i

PRy PERE

Table 2.  Optimal performance of HIT silicon solar

cell after cutting with different grinding wheel ad-

hesives.

Adhesives  Jsc /(mA-ecm?) Voo /V FF/% PCE /%

Nickel plating 39.45 0.695 70.64 19.37

Cu-Sn 39.47 0.716 75.98  21.47
resin 38.98 0.709 76.15 21.04

i — Ak Cu-Sn W4 h & WA B i RT
SR/ UIEI. AR RS K, RN
Ak EE /. W 3(a)—(d) Frs, Cu-Sn #400 )
SRR F ok, HAIHIE B AR e D7 %, HAR
T4 Jp KL | 3 Voo M FF BIKIE T B, B
¥4 NIARLEE B30, 81 Voo RIKIR$E T
J& XIFUR T RE, Joo BEARFEAZ, FF WEIER
TRAETHIE XSS TR E 288 T Voo M FF
AR, I AR PCE B L THE T
FEa#, Cu-Sn #2000 3815 T e i PCE. X £ %
SER T NG RGN, fE R IET T 0N, 1)
I T BT 7 DSR2 R 3K B #3000
I, BRI/ N FEORE AR, & 3 #/R T Cu-Sn b
BN [R) 4 WA B X o VD EI S HIT B3 e e
fig, Cu-Sn #2000 X} L #7315 i = 1) PCE H

074} (a)

Voc/V
o
=
(e}

#400 #3800 #2000 #3000

80t (c)

70

FF/%

65

)
ol 3]

#400 #800 #2000 #3000

21.81%, Vo ik3 0.704 V, Jge A 39.52 mA /em?,
FF k8T 78.37%. SHOGYIRIGE (28R REAH L
B, WA R WAL IS 28 F0 Voo A 71N BE 1 42
=, FF RIE4E A, S8 m AW PCE# S T
1% Zedv, AR T OIHEIRCR Rk

23 Cu-Sn JJEA &R A1 L ARLIE X 1 D)

J& HIT AR e fe

Table 3.

rasive in Cu-Sn cutter on the performance of HIT sili-

The influence of the size of diamond ab-

con solar cells after cutting.

Particle size Voc/V  Js¢ /(mA-cm™®) FF/% PCE/%

#400 0.703 39.23 73.48  20.28
#3800 0.716 39.45 75.98  21.47
#2000 0.704 39.52 78.37 21.81
#3000 0.712 39.35 76.21  21.34

TG R R ML R RO O)# 5
REZE 5 19 B I, XHUDRU B4 a8 PF A e S04 T
Br, Z RN E 4 fis. E 4(a),(b) Sl b il A
PURIBEOEYIER B RIS, T LA Hiebde k)
FrHLOIES HIT A it 2 2k T A ] Ay
WA A3 (K D7 1) AR RERE T] 7 1)), H ] DXk
BNV, MROEDIHR B _E 2 Botbe i
F14 DX Sl RS, T 248 0 BIL A T 284 DX 3k O
B (H5 3K T7 10 RO T 1E). 18] 4(c),(d) 238

400}
9
g
2 895}
&)
~
2
= 390}
#400 #800 #2000 #3000
221 (d)
20
& o
& :
g 18F| © /
8 °
w6l o
14}

#400 #800 #2000 #3000

B 3 Cu-Sn JTE-Hv 4 KIS R BREE 4 U1 #1 J5 HIT Lk RERIRZI  (a) Voo (b) Js; (c) FF; (d) PCE

Fig. 3. Influence of diamond particle size in Cu-Sn cutter on the performance of HIT silicon solar cell after cutting: (a) Voc; (b) Jsc;

(c) FF; (d) PCE.
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WX 7 HLATEOE YD HI A R T 30 8 Ry 3 s R
L AT DO E R eb e X0 ALY 55 i A A ) 4
NI R B 25 S ER, TROC YIRS ReE 22
L JC B 14 458 Tk DX IORN A B Bk HEBR 04 ik i k445 2.
Bl 4(e),(f) il bt R i ALV RSO C I HI S 4%
PRI B = 4E R BRI (70 pm x50 wm), AT LG H
A X A HLY) A R RS B2 (S,) oM 21 nmg 1
BOCYIEI R S, 624 nm. VRS R A L T
HIT H 3 ) 52 00 DB /N SR F A7 S /0. [ s
R T RN T V1515 HIT Ha 3 9 i 1) FELREL,
45 R WoR R R LT EE B9 2 F Y 3 MQ
Zifn, TEOCYIENE AR B R A 1.2 MQ 215
g 4 A s HL BEL 1) 920N AT BB 2 F T IO D O R
ITO. 3E & ik AR UKL 23 5 00 TAT A4 Ak el JUS 26 A R
o5 PR G N . bR R HLD R R
TR TAIT RS A R, BAEK s T B
FR e, W T ARSI

H T VIR S S N R T E AR L,
TG AT A A BEAT RS (EIS) A W)
A H P (R R 0.05 V), AT B FH
AR R AL FI ) 2 B R A
(K1 5(a)), FEBARCFRE N 109 77 X80 55 0] LA /D 4%
PR B T2 A R T A RS
A J- VI, El 5(b) Fros, BEES T abER ALY
I FRF LI B R/ DN, X UERA I T 2 3RA5 (1 K FH
ReH A A AR /D) SR AR ) AR AR AT
R FECRREAET, i T PRI EI D SRS AR
PR BE S H & (TPV) fBRSEH IR (TPC) i

v W..--.-n...a,_.ﬂgq;_.._.‘5'.%.‘-: ~ b
- 30 pm

2.l 5(c),(d) Ui, bkl A HLuE e aR A
AR R A A/ N G L I i, SRR
GIOE AP =R g &l il i W= R a3 N =S Sl
B AIFSE T A Joo B Voo RS EER E 4 #51
K, WE 5(e),(f) fias. Hd Jgo BEETRAYAE 1L
ATARR A
Jsc o< I, (1)
(1) X o AIEEIN T, TR E . Rl
F LTI ENG 800 Jgo 5O K R 515 2
a R 0.961, MFEOCTIRIMELE1HE] o 2 0.902, ©F
BRI HLUIES I o B 1, RN E &
PR3N — s WA B3 Sy T2 AR ST AR N 2R
MFEANRED, W TAFEDEE T H Voo, AT#
A
Voc n%ln[, (2)

(2) Sk WBUR G Z R, T NTFIRSCRIE, ¢k
FEICHLAT, n o MEAE N T BIAJE WA A R A AL
YIE 5 B FAR T 1.544, 8OGYIEE By AR
Th 1.860, M2 FRMEE R A ALY 1) n (EHHE
eI FRARE 1, RIRPF R R AL X R A I T
1) 7 T 2 TR R T 0D i G i B 1 7= A B 25
Frik, B AR A HLYIE] HIT H it v DU 3%
e g AR R A

4 HIT H A A i o it 5 T ) ST-PSCs
PEATHUMME R | 45 B AT-TSCs, HAH A 6(a)
fis, Hirf PDMS S5~ H Lk S b i & %1 T

K4 whiekl HLDIEI S RO VIS BT Bl e S AR BEXS L (a), (b) ST (o), (d) #RERF KR (o), (f) =4k

Fig. 4. Comparison of cross-sectional SEM images and roughness of HIT silicon solar cell after grinding wheel and laser cutting: (a),

(b) Cross-sectional morphology; (c), (d) partial magnification of cross-section morphology; (e), (f) 3 D outline of the cross-section.
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& [
51 (a) Grinding wheel IE 10-1L (b) Grinding wheel % 1.0 (c) Grinding wheel
—o— Laser o —o— Laser % —o— Laser
4l < 102 z 081
] = 2 0.6
~ 6F
& 3t z 1073 <
~— 12} —D 4 L
>~ = i, g 0.
N2 L 10 S
- < 021
1 g 10— B
g 1 ZO 0Fr
0 . . . . 5 10-6 ! . . . . . .
0 2 4 6 8 —0.2 0 0.2 0.4 0.6 0.020 0.025 0.030
Z'/(10% Q) Voltage/V Time/s
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Fig. 5. Charge recombination kinetics of silicon solar cells after cutting: (a) Electrochemical impedance spectra of devices measured

in the dark at 0.05 V bias; (b) dark J-V curves of the devices; (¢) TPV; (d) TPC; (e) relationship between Js¢ and light intensity;

(f) relationship between Vg and light intensity.

PVSK

T DRI TO/Sh05: T Wog

Passivation

Spiro-OMePAD 300 nm
MoO

z 30f

Q
= <

g 20
+ \O Voe/V Jsc/(mA-cm=2) FF/% PCE/%
o 2 10l oc, sc, d o

0.704 39.52 78.37 21.81
0 L L L
— 0 0.2 0.4 0.6
Voc/V

EQE/%

Jsc/(mA-cm—2)

100  (d)

80

40

20

19.49 mA /cm?

—— TOP ST-PSC
Bottom Si

Perovskite Silicon

' 16.35 mA/cm?

300 500 700 900 1100
Wavelength/nm
24+ (e) —o— TOP ST-PSC PCE = 19.25%
Filtered Si PCE =9.08%

20

16

12

8 -

4 -

0 . . . .
0 0.2 04 06 08 1.0 1.2

Voc/V

Kl 6 (a) AT-TSCs Z5# 78 B (b) ST-PSCs RY# IR SEMJESL; (c) YIHIfS HIT kit iy J-V £k (d) 4T-TSCs i EQE ik ;

(e) 4T-TSCs K J-V i £k

Fig. 6. (a) Schematic diagram of the structure of 4T-TSCs; (b) cross-sectional SEM image of ST-PSC; (c¢) J-V curve of HIT silicon

solar cell after cutting; (d) EQE curves of 4T-TSCs; (e) J-V curves of 4T-TSCs.

LB BB S R, Passivation Syg{L)E. it i AME TR (EQE) R AEM N 4T-TSCs )
X i B A gE AT SEM R AR (WL 6(b)) Ak BH Sz, aE 6(d) Fras, Tz ST-PSCs #£ 300—

H&

HEEH.  6(c) B a b NS 19 HIT | 400 nm K G R AR, 1FE 500700 nm
Wiy J-V Z MR SH, HaniaeRh 21.81%. AT BB 1 e 7 X7 3R 31 80% LA L, BRI

057302-7



¥ 12 Z R Acta Phys. Sin. Vol.

72, No. 5 (2023) 057302

W 19.49 mA Jem?, J-VIER IS Jgo 1R 251V
Hh 3.6%; I H i T4 AMR] WO I B (300—
700 nm) AP W2 ST-PSCs W W, Ar LU 2
HIT %k B WA AE 7501000 nm 9% K 36 FE N A 428
SR 119 D T RN, HIT e R Yt 1) R 40 P O 8 B S
16.35 mA /em?. ¥l 6(e) i 4T-TSCs 1y J-V il £k,
TEAN SR 4 Fr o, HIT itk 253 )2 ST-
PSCs I/, H Voo TRER] 0.681 V, Jgc FEALH]
16.87 mA /cm?2, FF Jj 79.04%, PCE FF&F] 9.08%;
ST-PSCs Til Hi, 1 i PCE & ik 19.25%, Voo N
1.207 V, Jgc 4 20.22 mA /em?, FF iK% 78.81%.
H 355 T PCE N 28.33% M DUSHESEkH /hkE 2
KBHAEHL .

F 4 4 T-TSCs TELN J-V 251

Table 4.  Detailed J-V parameters of 4 T-TSCs.
Device Voc/V Jsc/ FF/% PCE/%
’ (mA-cm?)
Silicon cell
(filtered by  0.680 16.87 79.04 9.08
ST-PSC)
ST-PSCs 1.207 20.22 78.81 19.25
4 T-TSCs 28.33
4 ‘g V{’}

ARSCR R 5) R ML HIT b 64 700 ]
I 8 20 52 6, 8T T DUm S ek /i S
2R BHAEHL I AR, SEOCUIRIA L, Bkl A
BLYIFN SRR I T 7736 0] LAAS #5068k o HIT H it
NG, 198010 88RO T3, B X
g/ B, BRE R R ALYDEI S B HIT gk
AR AT BN E], #REE Voo M FF 153 3042 5
V3 PCE $ T 1% £ 47 . Bl HI 1) HIT H b
51E5C ST-PSCs AT HULAHES , ARA% T R0CR T
28% Y AT-TSCs.

Sk

[1] Binetti S, Acciarri M, Le Donne A, Morgano M, Jestin Y
2013 Int. J. Photoenergy 2013 249502

[2] Yoshikawa K, Kawasaki H, Yoshida W, Irie T, Konishi K,
Nakano K, Uto T, Adachi D, Kanematsu M, Uzu H,
Yamamoto K 2017 Nat. Energy 2 17032

[3] Andreani L C, Bozzola A, Kowalczewski P, Liscidini M,
Redorici L 2019 Adv. Phys. X. 4 1548305

[4] Kojima A, Teshima K, Shirai Y, Miyasaka T 2009 J. Am.
Chem. Soc. 131 6050

[5] Lee M M, Teuscher J, Miyasaka T, Murakami T N, Snaith H
J 2012 Science 338 643

20]
21]

(22]

23]

[24]

[25]
[26]

27]

28]

29]
(30]

(31]

(32]
33]

34]

057302-8

Yang W S, Noh J H, Jeon N J, Kim Y C, Ryu S, Seo J, Seok
S 12015 Science 348 1234

Jiang Q, Zhao Y, Zhang X, Yang X, Chen Y, Chu Z, Ye Q,
Li X, Yin Z, You J 2019 Nat. Photonics 13 460

National Renewable Energy Laboratory 2022 Research Cell
Efficienc Recordshttps://www.nrel.gov/pv /cell-efficiency. html
(accessed December, 2022)

Wang R, Huang T, Xue J, Tong J, Zhu K, Yang Y 2021 Nat.
Photonics 15 411

Polman A, Knight M, Garnett E C, Ehrler B, Sinke W C
2016 Science 352 aad4424

Jost M, Kegelmann L, Korte L, Albrecht S 2020 Adv. Energy
Mater. 10 1904102

Liu N, Wang L, Xu F, Wu J, Song T, Chen Q 2020 Front.
Chem. 8 603375

Aydin E, Allen T G, De Bastiani M, Xu L, Avila J, Salvador
M, Van Kerschaver E, De Wolf S 2020 Nat. Energy 5 851

Fu F, Li J, Yang T C-J, Liang H, Faes A, Jeangros Q, Ballif
C, Hou Y 2022 Adv. Mater. 34 2106540

Coletti G, Luxembourg S L, Geerligs L J, et al. 2020 ACS
Energy Lett. 5 1676

Kothandaraman R K, Jiang Y, Feurer T, Tiwari A N, Fu F
2020 Small Methods 4 2000395

Leijtens T, Bush K A, Prasanna R, McGehee M D 2018 Nat.
Energy 3 828

Kim C U, Jung E D, Noh Y W, Seo S K, Choi Y, Park H,
Song M H, Choi K J 2021 EcoMat 3 12084

Chen C, Song Z, Xiao C, Awni R A, Yao C, Shrestha N, Li
C, Bista S S, Zhang Y, Chen L, Ellingson R J, Jiang C-S, Al-
Jassim M, Fang G, Yan Y 2020 ACS Energy Lett. 5 2560
Wang D, Guo H, Wu X, Deng X, Li F, Li Z, Lin F, Zhu Z, Zhang
Y, Xu B, Jen A K-Y 2022 Adv. Funct. Mater. 32 2107359
Chen B, Baek S-W, Hou Y, Aydin E, et al. 2020 Nat.
Commun. 11 1257

Ying Z, Yang X, Zheng J, Zhu Y, Xiu J, Chen W, Shou C, Sheng
J, Zeng Y, Yan B, Pan H, Ye J, He Z 2021 J. Mater. Chem.
A9 12009

Wang Z, Zhu X, Zuo S, Chen M, Zhang C, Wang C, Ren X, Yang
Z, Liu Z, Xu X, Chang Q, Yang S, Meng F, Liu Z, Yuan N,
Ding J, Liu S, Yang D 2020 Adv. Funct. Mater. 30 1908298
Tong J, Jiang Q, Zhang F, Kang S B, Kim D H, Zhu K 2020
ACS Energy Lett. 6 232

Anaya M, Lozano G, Calvo M E, Miguez H 2017 Joule 1 769
Chen B, Ren N, Li Y, Yan L, Mazumdar S, Zhao Y, Zhang X
2021 Adv. Energy Mater. 11 2100856

Wang Q, Yan L L, Chen B B, Li R J, Wang S L, Wang P Y,
Hang Q, Xu S Z, Hou G F, Chen X L, Ii Y L, Ding Y, Zhang
D K, Wang G C, Zhao Y, Zhang X D 2021 Acta Phys. Sin.
70 057802 (in Chinese) [T, M4, BRitls, (A, =k,
EMSRH, w6, Pk, BEEA, BRESE, 280, TR, ki,
T, B, SRBEFE 2021 #FEEAR 70 057802

Chen K C, Su Y K, Lin C L, Hsu H C 2011 J. Lightwave
Technol. 29 1907

Rauscher P, Hauptmann J, Beyer E 2013 Phys. Procedia 41 312
Park J, Dao V A, Kim S, Pham D P, Kim S, Le A H T,
Kang J, Yi J 2018 Sci. Rep. 8 15386

Li M, Chen J, Lin Q, Wu Y, Mu D 2019 Diam. Relat. Mater.
97 107440

Gurevich E L, Gurevich S V 2014 Appl. Surf. Sci. 302 118

He Z, Xiong J, Dai Q, Yang B, Zhang J, Xiao S 2020
Nanoscale 12 6767

Lian X, Chen J, Shan S, Wu G, Chen H 2020 ACS Appl.
Mater. Interfaces 12 46340


http://doi.org/10.1155/2013/249502
http://doi.org/10.1155/2013/249502
http://doi.org/10.1155/2013/249502
http://doi.org/10.1038/nenergy.2017.32
http://doi.org/10.1038/nenergy.2017.32
http://doi.org/10.1038/nenergy.2017.32
http://doi.org/10.1080/23746149.2018.1548305
http://doi.org/10.1080/23746149.2018.1548305
http://doi.org/10.1080/23746149.2018.1548305
http://doi.org/10.1021/ja809598r
http://doi.org/10.1021/ja809598r
http://doi.org/10.1021/ja809598r
http://doi.org/10.1126/science.1228604
http://doi.org/10.1126/science.1228604
http://doi.org/10.1126/science.1228604
http://doi.org/10.1126/science.aaa9272
http://doi.org/10.1126/science.aaa9272
http://doi.org/10.1126/science.aaa9272
http://doi.org/10.1038/s41566-019-0398-2
http://doi.org/10.1038/s41566-019-0398-2
http://doi.org/10.1038/s41566-019-0398-2
https://www.nrel.gov/pv/cell-efficiency.html
http://doi.org/10.1038/s41566-021-00809-8
http://doi.org/10.1038/s41566-021-00809-8
http://doi.org/10.1038/s41566-021-00809-8
http://doi.org/10.1126/science.aad4424
http://doi.org/10.1126/science.aad4424
http://doi.org/10.1126/science.aad4424
http://doi.org/10.1002/aenm.201904102
http://doi.org/10.1002/aenm.201904102
http://doi.org/10.1002/aenm.201904102
http://doi.org/10.3389/fchem.2020.603375
http://doi.org/10.3389/fchem.2020.603375
http://doi.org/10.3389/fchem.2020.603375
http://doi.org/10.1038/s41560-020-00687-4
http://doi.org/10.1038/s41560-020-00687-4
http://doi.org/10.1038/s41560-020-00687-4
http://doi.org/10.1002/adma.202106540
http://doi.org/10.1002/adma.202106540
http://doi.org/10.1002/adma.202106540
http://doi.org/10.1021/acsenergylett.0c00682
http://doi.org/10.1021/acsenergylett.0c00682
http://doi.org/10.1021/acsenergylett.0c00682
http://doi.org/10.1002/smtd.202000395
http://doi.org/10.1002/smtd.202000395
http://doi.org/10.1002/smtd.202000395
http://doi.org/10.1038/s41560-018-0190-4
http://doi.org/10.1038/s41560-018-0190-4
http://doi.org/10.1038/s41560-018-0190-4
http://doi.org/10.1002/eom2.12084
http://doi.org/10.1002/eom2.12084
http://doi.org/10.1002/eom2.12084
http://doi.org/10.1021/acsenergylett.0c01350
http://doi.org/10.1021/acsenergylett.0c01350
http://doi.org/10.1021/acsenergylett.0c01350
http://doi.org/10.1002/adfm.202107359
http://doi.org/10.1002/adfm.202107359
http://doi.org/10.1002/adfm.202107359
http://doi.org/10.1038/s41467-020-15077-3
http://doi.org/10.1038/s41467-020-15077-3
http://doi.org/10.1038/s41467-020-15077-3
http://doi.org/10.1039/D1TA01180D
http://doi.org/10.1039/D1TA01180D
http://doi.org/10.1039/D1TA01180D
http://doi.org/10.1002/adfm.201908298
http://doi.org/10.1002/adfm.201908298
http://doi.org/10.1002/adfm.201908298
http://doi.org/10.1021/acsenergylett.0c02105
http://doi.org/10.1021/acsenergylett.0c02105
http://doi.org/10.1021/acsenergylett.0c02105
http://doi.org/10.1016/j.joule.2017.09.017
http://doi.org/10.1016/j.joule.2017.09.017
http://doi.org/10.1016/j.joule.2017.09.017
http://doi.org/10.1002/aenm.202100856
http://doi.org/10.1002/aenm.202100856
http://doi.org/10.1002/aenm.202100856
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.7498/aps.70.20201585
http://doi.org/10.1109/JLT.2011.2140091
http://doi.org/10.1109/JLT.2011.2140091
http://doi.org/10.1109/JLT.2011.2140091
http://doi.org/10.1016/j.phpro.2013.03.083
http://doi.org/10.1016/j.phpro.2013.03.083
http://doi.org/10.1016/j.phpro.2013.03.083
http://doi.org/10.1038/s41598-018-33734-y
http://doi.org/10.1038/s41598-018-33734-y
http://doi.org/10.1038/s41598-018-33734-y
http://doi.org/10.1016/j.diamond.2019.107440
http://doi.org/10.1016/j.diamond.2019.107440
http://doi.org/10.1016/j.diamond.2019.107440
http://doi.org/10.1016/j.apsusc.2013.10.141
http://doi.org/10.1016/j.apsusc.2013.10.141
http://doi.org/10.1016/j.apsusc.2013.10.141
http://doi.org/10.1039/D0NR01142H
http://doi.org/10.1039/D0NR01142H
http://doi.org/10.1039/D0NR01142H
http://doi.org/10.1021/acsami.0c11731
http://doi.org/10.1021/acsami.0c11731
http://doi.org/10.1021/acsami.0c11731

) 32 £ 3R Acta Phys. Sin. Vol. 72, No. 5 (2023) 057302

Four-terminal perovskite/silicon series solar cells with 28%
efficiency achieved by suppressing edge recombination”
Fang Zheng Y23  Zhang Fei®  Qin Xiao-Jun?’ Yang Liu?  Jin Yong-Bin?
Zhou Yang-Ying!  Wang Xing-Tao!  Liu Yun
Xie Li-Qiang?*  Wei Zhan-Hua 21
1) (China Huaneng Clean Energy Research Institute, Beijing 102209, China)

2) (Institute of Luminescent Materials and Information Displays, Huagiao University, Xiamen 361021, China)

3) (Institute of Manufacturing Engineering, Huagiao University, Xiamen 361021, China)

( Received 19 November 2022; revised manuscript received 17 December 2022 )

Abstract

Although the commercial application of solar cells pursues scalable and large-area devices, small-area solar
cells on a scale of several centimeters possess many advantages such as low fabrication cost and facile high-
throughput screening in the research laboratory. Most emerging photovoltaic technology starts from the
studying of small-area devices. Recently, perovskite/silicon tandem solar cells have aroused extensive research
interest because they can break through the radiative efficiency limit of single-junction solar cells. However,
when commercial large-area silicon cells are cut into small pieces with a few squared centimeters in area for
laboratory use, there occurs a significant efficiency loss, limiting the performance of tandem cells. Herein, to
eliminate the thermal damage caused by the traditional laser cutting method and also reduce the non-radiative
recombination of heterojunction silicon cells after being cut, a cold-manufacturing method of grinding wheel
dicing is used to cut heterojunction silicon cells. This method is realized by high-speed mechanical grinding
accompanied by liquid washing, which avoids damaging the edge of solar cell caused by heat. Compared with
the device cut by laser, the heterojunction silicon cells cut by the cold-manufacturing method exhibit less cross-
sectional damage. The measurements by scanning electron microscopy (SEM) and three-dimensional optical
profilometer reveal that the morphology of the device edge is smoother than the counterpart cut by laser.
Device physics measurements including electrochemical impedance spectrum(EIS), dark current-voltage curves,
transient photovoltage (TPV), transient photocurrent (TPC), and the dependence of short-circuit current
density and open-circuit voltage on light intensity reveal that the cold-manufacturing method can significantly
prevent the heterojunction silicon cells from non-radiatively recombining after being cut. These results indicate
that the edge-recombination of the silicon solar cells cut by grinding wheels is reduced compared with that cut
by laser. As a result, statistical analysis of the device performance reveals that both the open-circuit voltage and
fill factor of the device are improved, and the average photoelectric conversion efficiency increases by an
absolute efficiency of ~1%. Stacking the obtained silicon cells with the normal transparent perovskite solar cells,
the obtained four-terminal perovskite/silicon tandem solar cells deliver an efficiency of over 28%. This work
emphasizes the importance of reducing efficiency loss during manufacturing the heterojunction silicon solar cell
in fabricating high-performance silicon-based tandem solar cells.

Keywords: silicon cell cutting, edge recombination, heterojunction silicon cell, perovskite/silicon tandem solar

cells
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