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(tunnel oxide passivated contact, TOPCon) &
PH A, e AR A i (a-Si) 3L bkt (poly-Si)
2, TSI 27% W20 SRR, AR IS AR
R BHBE 5T B A HE DN I IE, KRG OGRE 1) 57 T
S T (2740.41) % BYEEERACR T SR, A
i O B P Y s 16 ek A A DR A 1) P T B
TR RO RE AT RL, HA T BRI 230 A
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B SHI Ha, Tt I 75 P ER 5 R 25 8375 W P v RSy
T HABSAS Y 32 G B A3 X P R RS 1WA
O B FR Y P R 9 1 — 2D B T FH AR G 380 PR K

2015 4, Yang % " ¥£ IEEE %f 42 Jg Gk %
FooW EE YO RN S IE 4 Jm A ALY (TiO,) W
T Y gt e R v ) R e R R A 2, SR
T 19.8% HPEHEARSE (power conversion effici-
ency, PCE). Z3 i 4RI A JE, Cai 55112 FI 4
BIAAALEE (AL ZnO, AZO) MEHE B IZZE K FHH
M G HL RSO R T 2 23.17%. 1 E AR i
I AP B I 4 R B A 1 i R R B
Bl e 1 bk P R R BE (300—1200 nm)
AT A . WTEIHLEE B, SRdB e i ik Rtk
i gt TR UL S E B A, S TR
KA | R R AR s L U A
Y SRR RS n B AR S IR IC G, 25(E
BN, THA T 5 b AN T2 (AR BOR Y
REZR 22, 10 A AN MO L B IBCA F1) | Bl s X
FIREAE S AL B3 1T R, A4k RO ASAIE S 4 B A T
A E B, LR SRR AR AR S I,
FAATRON B RIVE ], DTG S T A2 461 2 09,
Wurfel 55 19 $g H, i AaE R BH AR A b 280008 1 4
B AR T A [] X N 23 0 L 1 1) e
PE2E 57, H R M nT 3 5 TR fh X B AN X FR Y
NGRS fiE 2, TR b X
I, LTS L PRI R T A S L RO AT
HL TR R A v, B 2 Uiz 32 SRS ROR 1Y)
Y B SE B, T FEL - U B 5 N ) S I 7%
DM R R . 256 FLSE AR REE , 12253k
PEVERE MRS TH B0 R A R, B 2 R T
AP MSAFE.

AT T, i 4 JE T A IR R TR, &
VT RAIN Ay 2 S B i b, b R A G 8 ) AR
SRR S o vt TP AR AR AT R R AT = T

AR A, TCIR AL GE R TR A AR 2K, v BE S
B SR IGIR AL AR, S e TR BLk (TW) T
Yl & @ AL SA PL2L ORI, R S A B2
AR SRS, AR 22 I B[R RN S 1R R R ) 8%
B, LS PR OR AR TR [B) 1 B A, AR A
P, BH R I7E 2 T R RAR 231, 177 b B A 2 Pl B0 A
4 T ORLRG B, FE R BH R A Y R e, &
HPEREDL . HHT, P ANS KRG LA FER
T IF 76 BF 9 4 FB B 7E SHT H ith B2 TOPCon Hi,
HR N, R T AT, AL kA B R
FL A i PO ) MOt M 4 D S A i)t 1241,

PLAAEER (TIN) st AR (TiON,) 1A
TR, M 2019 4F Yang 55 PDRE TiN
SR /T B PR B OO REJE T A, I 4 T
W22 | (A ZH0R BRAE LATR] BT 45 K B r vt >y Atk (%)
K. 3B X Y L R BRSNS LA SO,
ol L A VR LR, T A2 tr, 1
A e T Al AL AN G T R Yu 45 08]SR w4
BT 20U TiN, 353 T 18.7% ) PCE, {32 T
608 mV [IFFHEELIT (Vi) MELLHE—E T HAERE.
Yang % " 7E a-Si:H(i) 44k 2 2R R F 2 DR
TiO,N,, HAG MR % E (Jso) M 39.5 mA /em?,
HFEHF (FF) N 80.8%, ikEH = PCE A 22.3%.
H % FL T B A 23 7 F b T, [RIEHDTAR
T ORIFLE 250 °C, UL IE LRI — e 5 g
B I RSAG (~698 mV). 33X J2: K A TGI8 R FH i 5
S ZUURR T2, #OR S AR AR S A RS
B s g, ML R SRR RE A Bl AL
P

A TAER FH AU E AR ERX — i B AT BHE R LA
S5 J3 23 A ] L sl ) A G T FR - e M )2,
ik DA 4 R U5 R 1 2 RN 78 R I T SRR AR
AL RE R IR, LIRS SRk T T
2 R R 1 AR, AT A A A LR
. TR, BRI B AR B HR B 1 P A 4 )
HiE T AR R SR B B 2 ik 2027, X
KT A BH PRt 254 D 4 TR B RS I S R AR
W, AN, TiO,N,, iy 5 LM et B A% ( f BT
BV 2 R T RE. T HL TiON, 42456 T R AF i R
FEAbRNIE B T R AR A AL HL s B4 o, A S
PR PERE | ARBUAS 11 TE AR 4 8 AL I T RT . A3
T A A A0 A R B R, SR AR AR IR A B A
v AV AR K B R b 174 7 s 2 BT A B R B A2
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TiO N, F1 Cu FIPIAHES & T, #fFR i W] S i
{5 (transparent conductive oxide free, TCO-free)
BT — DA A FIPERE, L MgF, WilEdE
RIS Z AT A AU AL, AR TARTE G
FIHLA b IEATAT R, AL IRINE 1 R A i
WCFNREAS B4 80 W R A, AT B T IH4R 0 T 57
JREE R FH LM ) S4B 2R bR R L 4 R AL 4 5

2 SLIED A
2.1 Hm5s4HFE

PEAT 2 A 0T LT 21 A1 43 6 R AE B FE i 7
30 mmx30 mm fJ Corning Gorilla Glass Victus
PR L&, BIE RN 0.7 mm. MgF, # )=
JER 118 nm, RATH AR L T2, K #EN
0.5 A/s. HLFREFEIEZMUZERE A 6 nm, RHAIH
TFRFELTZ, ERKECER 0.8 A/s. HEERE
FH 2835 % O 0 JEE A% 3 () INFICON SQC-310 A1
B AR B R S T AN

HEAT IR SCEREF 71 s . e 7 S B
X JGHLFRERE | RAMDE R T REE . P B L KA
I8 i B Y6 3 3K 9 R 287 30 mmix 30 mm ARFE
POCH S EE A FITR 50 nm, DABRIR RS B oE 4
oK FURE SR I T SR S AR R U 1
FEACBH FL A IS B VTR, AR SR AR 2%
KT, LLTi i (FEEET 99.995%) FiA [
AR A AR (PEEE T 99.9995%) FEAS IR 25
F 3x104 Pa FNE%.

i L 8 R P s T T R HEASE ROG) AR: it 2 T
HEAT DR ACAL 3, Ko SR R ra B X 3. ra g rl
UM CH1660 E HLAb % TAER, SR AR AL,
P& TAEHL B N 20 mA /em?, YURL [A]
3 min, A VTERE K 3.5—4.0 pm. L T,
I AR YR IRE ATR IR N 2 B i v 14 7 6 7 s
HAL R, 57 4 2 BRI A G2 I B 4l K g V. I
Je, T RN, 1 I S e kb R KRR
TR, £ 150 °C FiET 30 min &S5
IR KRB, FL AN 2 A T AR 20 F B
WHNHAT &R T EM ARG DL, TEKE RIS
IR B E SOl TiO,N,, 78 X 2
BT AL X B 1A T 28 R AF R

K BH HEL 3l A A A U2 S B S e )2 R A
B P ARG 5 Ak 2 SO DU RUR G 5 T S T2 %

TION,, Cu 2k 5 MgF, J2 48 51 5 Jil 73k 3%
% B A A T S

2.2 WX 5RIE

X PR HL FRETE (X-ray photoelectron spe-
ctrometer, XPS) Fl £ 4 HL F RE IS (ultraviolet
photoelectron spectroscopy, UPS) f# | Thermo
Fisher ESCALAB 250 Xi #7703 Al sRECEAE,
Horp UPS BRI Au ARAEEA TR HERS 55 2 K fiE
9, ORI He T (21.22 eV). JFR SCERET 1 8.4
5% (Kelvin probe force microscopy, KPFM) fifi F
Bruker Dimension ICON #4742 fiilt F #4422 I & 11
Ty R B ) AR, 4 F BB (scanning elec-
tron microscope, SEM) fifi i} ZEISS Sigma 360 &
TR S SR S0 N TG 2R 4345 . 106 158 s e D' 3 87 ]
RO AR ME-L 2 8 55 [ 035 A O 13 3 1F v fg
BT SR ANTE L R AL R AT LI 21 A3 6
71 (UV-Vis-NIR spectrophotometer) ffi i Agilent
Cary 5000 A #1325 G AR R . FL g
R A LB 5 738 5 NK-10 B84 P S btk
Ay,

2 fink Fie, BEL 25 3000 5 FH DU 4R £ 1% #20 Keithley
2420 P2, Jr YL B R TN RTS-4 24 P4z
FFIRAS . XU B AR ot R TR S S ki
% Sinton WCT-120 #4701 75 i M o & TF 1l
JER. R DGR WACOM WXS-156S-
L2 78 1 ANKBAMARES AT (100 mW /em?, AM1.5G
spectra, 25 °C) AT, S FR0% (external
quantum efficiency, EQE) ffi[] PV measurements
QEX10 #4713,

3 #X5it%w

3.1 SWEMKBEFEFEEMA IR ERE
RAEK H A It

ETY G PN R R I R R i i 5 4 L e
i 2 [ FSF 7 DRI AP 3 ik L BEL 3 B
33X s PR DAy A TR AR 2 i P42 fih 5 1 AR 7 K BH v Tt
ARG A PRI A 00 T e P i L A 2 [
RIFGTEIN 1, RSB DA 4 B I
A, FECARZNERE R R B 32 2R R VT FC )
L, JEHE A S P AR B K BESR A 07 B R D)) R
IR/
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. 1.06 V (d) Ny flow: 8 sccm (e) Ny flow: 10 sccm (f) Ny flow: 12 sccm
4 WF =4.1 eV WEF =4.27 eV WF =4.5 eV
1 | |
| I |
| | |
! ! I
2 | ; i
= ] !
: ' |
8
-
<
~
>
=
n
£
Vepp: 1.04 V =
Potential | 0.80 V =
0.96 V
17.12 eV 16.95 eV 16.72 eV
| i
1 [ 1 Al 1 1 n
19 18 17 19 18 17 19 18 17

Binding energy/eV

Binding energy/eV Binding energy/eV

(g) Ny flow: 8 sccm

(h) Ng flow: 10 sccm

(i) No flow: 12 scem

Vepp: 0.88 V
£ 1 pm
Potential AL 0.70 V P
g
5
0.86 V 5
o
@
~
>
s
37
o
3]
2
=
Vepp: 0.69 V 1 pm 4
0.60 V

Potential ==

BT R

221 FL T REE B9 UL TR 5 () —(3) o LAY S AR T R I

Binding energy/eV

0
Binding energy/eV

0 4 2 0
Binding energy/eV
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I B i S20RS A0 1%

Fig. 1. The Kelvin probe force microscopy images of titanium oxynitride films deposited at nitrogen gas flows of (a) 8 sccm,
(b) 10 scem, and (c) 12 scem; (d)—(f) the secondary electron cutoff edges from the corresponding UPS spectra; (g)—(i) the refined

valence band spectra.

Kl 1(a)—(c), (d)—(f) st KPFM #1 UPS
TR T AR R TRz TiO,N,
WY T R, BE AR 3G K, N BT
F e R o 3G K, 54 J® Ti Y D eR AR
(~4.33 eV) A EL 281, & N OFE S R B0 B 19 ) R
Hr. % KPFM 55 FIPREE K S B2 o, 45 3%
M #4525 (voltage of contact potential differ-
ence, Vepp) BUELNE & T HLE A 2O {H Bl g 5 A
fEaF UPS 25 5. T2 SRk per #ie, |
TF-RE R4 fih EL A S AR A T R A S A5 0L 5
FE A S A A AR ) T &, RO AR R Y
PEIOURN T 10, PRI e RO R Y N R
AT HE S AN T2 B SR R A 1 H - P f.
AN, 5 8, 10, 12 scem (1 scem = 1 mL/min@
0 C, 1.013x10° Pa) AR FEHET W)

HRZE: — AR EIKT 8 scem W, JIRU WA
oo FEOEIGIE T &R A, FAWWBSEm, &
R PR VERE il ek, R AR E A T 12 scem
BF, UURUE J1 4 EFFE 102 Pa 4%, W FH TR
KT 22005, b s ) AR R ) SR AR AT 22 i i 282
E 1(g)—(i) AN 2Rl i i — 20 Ul B O ety el
N AT TR AR RS, R A e
FEARIAE T SR B AR AL L TR MR RE Y
Y BREEHA .

TEBE AR BRI R i fs g i —
A OGRS b S THD P TIOUR 5 44 . R BH FL e 2 TR 1Y) 4 7
& O8I B G A5 HE 25 B 0 L R B R 4 A2 3R AT
WSE PR T T2k ik, RHEFHRZER
T AAEG A5 1 b ORI R 75 T I Y % 2k
FGERENE, A 2 HL - R E 42 Al J2 1) J5E B
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7E 10 nm PR B % By B 5 B o 1A 2 1T
BOM AN 1 Sl U MR G, BRI S| R4 bk . B
I, ANl E A BETE R IR 2L O, T
)R 4R AR B L 2 O 2 kAR R AR
rn Ak 2. W2 SO AR IT, AL HL AR & k4 fik
Al/a-Si(i)/c-Si(n) 45 4 2= ffi FL 12 i Ak BRa 42
fih 13:15:25] %] 2(a) €78 T AN 2 nm JE/Y TiON,
IR 2l (i, L -V ih & 2R
PERE G Al TR BESE 2 6 nm 5, FLUR
B R 2R A, B 2(D) B bR e R
IR, A I HIER TR R R HLE 2k
B, ARG T AR B . AN, T TiON,,
BT B/, TEAE 261 (transfer length method,
TLM) I i o B AT B0 f Al T B A 2
AR RERDE, a5t E 2(c) s 2m g K
TiO,N, 257 4 Ji HL % / &AL R L T A [ o
T WEr AR A A AL BRI T )2 B A AR ) 422 Al e
B, X FEfin K LM 5 TiO, N, /c-Si 4 fi it BHL
M A BIEFE s A 2k 10,

[l 3 R T 7R S IA S AR IR LR RO RR R B
(2, 4, 6 nm) FARTCR A ZHIEH, ELULHLRAE
TR S T S PRE OL. WKL 3(g)—(1) P,
ik R TAE W T B — 1 &I Fa a1, EIRT

MJE, HTREIEY (energy dispersive spectrometer,

| (a) TiOzN,-2 nm

0.10
0.05 | /
/

<
> 0
=]
g
2 —0.05f
O
—0.10
—0.15 |
—0.2 —0.1 0 0.1 0.2
Voltage/V
()
Al
TiO,N,
a-Si(i)

c-Si(n)

EDS) e FHRAEF BB P a8 [bE, S50
TUAT 58 R AR A T skt e b s 1, 115 5 SR b B
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Ti {5 SHIXF A 3(d)—(f) o N B s %P4 &
FYRT Ti 5 NAHIFE X ke s 225 8: N
Ka (=0.39 keV) J& THAREE X 548 BY, 7EMBAEEL
AR 1 A5 1 5 32 BN JUAATHERY e b Ak B WA iy
WER, 1 Ti Ko (=4.51 keV) H A 35 1 2F
FERE I AR ML B2 R IE, & MR X g N
BRI 59k 0 55, 00 T {5 S PR R AR A

XPS RN RE— 2L b L8 TR R AR
IR B LR E B A S AR e, BT A
TEBUERE &, Ti 2p 2B Ti 2ps 1 Ti 2py s
P, LA, T O TR B AR NTRE
58, TiN Wi — B B2, REREZEE—2
FALBUR AL, O T RAEIZM R TPk
B TGRS AR BE Qi a], W]l A i i S i B s
WEEANE 8 1] L ERATH SR BB VAR [R] 25 F 14 Ti AR
k. WEl 4(a) B, B s A& X Ti-0 254G
IR (458.0—458.33 eV) B33 24 Tj 2p AYLEA
REUGEA [7) B A5 I RS Sl DBH T 4 H 25
AR, Ti B Th . 18 4(b) X 07 ke & 20
3 nm J5 1Y XPS g1, K FEAEER T Ti-N B

30
(b) TiO,N,-6 nm
20
10} /
<
~
El
) 0F R IR
o PR
E
: / —
—10}+ - —
—
IE——
_20 .
30 . . . . .
—0.2 —0.1 0 0.1 0.2
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K2 (a) 2 nm Al (b) 6 nn JEREHE AR B £V T2 S5 () MR 45 MR 1A

Fig. 2. IV curves of contact resistivity for (a) 2 nm and (b) 6 nm thicknesses, and (c) schematic diagram.
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10 pm 10 pm

10 pm 10 pm

10 pm 10 pm

3 2,4,6nm Y TiO,N, Wi 7E & F I S 4544 ERYREIS I (a)—(c) Ti Koy; (d)—(f) N Koy, Koy KX IE SR Y475 1L
TR (9)—(3)

Fig. 3. Energy-dispersive X-ray spectroscopy (EDS) mappings of 2, 4, 6 nm TiO,N, films on pyramid-shaped velvet structures:
(a)—(c) Ti Koy, (d)—(f) N Koy and Koy, with corresponding scanning electron microscopy (SEM) images (g)—(i).
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|
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E E 1 1 1 1 1 1
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:f :1 ! Oxidized peak
Q Q | <~
- -
< L L L L L < '
~ ~
2 | (b) Ti 2p: etching z !
g g !
3] 1 1
E 454.92 eV b=t - - L - .
— —
(e) N 1s: 12 sccm
; ~397.65 eV
) Oxidized peak
o
\ :
1
1
1
1
468 464 460 456 452 402 400 398 396 394
Binding energy/eV Binding energy/eV

Bl 4 RSN 8 scem, 10 scem Fl 12 scem il % 1) 20 A AL B 19 Ti 2p 1 (a) T XPS REIE A (b) ZI0h 5 XPS BEiE;

(c)—(e) 43 3 A 1l F 0 = 8 seem, 10 scem il 12 scem il & A A N 1s (9 XPS BE %

Fig. 4. (a) The surface XPS spectra and (b) the etching XPS spectra of the Ti 2p for titanium oxynitride films prepared using nitro-

gen gas flows of 8 scem, 10 scem, and 12 scem; (c)—(e) the N 1s XPS spectra of films prepared with nitrogen gas flow rates of

8 scem, 10 scem, and 12 scem, respectively.
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Fig. 5. (a) Statistical results of sheet resistance for depos-
ited films at different nitrogen gas flows, and (b) peel force
of TiO,N, films prepared at different nitrogen gas flow rates
with Cu electroplating; (c) contact resistivity of TiO,N,
(prepared under different nitrogen gas flow rates) and
¢-Si/a-Si:H(i), insert image shows the typical I-V curves of
TiO,N, (prepared under a nitrogen flow of 10 sccm) and
a-Si:H(i) contacts.
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Fig. 6. Fabrication process of the solar cells with TiO,N, electron-selective contact and Cu electroplated grid electrodes.
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Fig. 7. (a) Reflection, absorption, and transmittance (RAT) curves of the OPAL 2 simulated, and refractive index & extinction

coefficient of (b) 6 nm TiO,N, and (c) 118 nm MgF, films; (d) transmittance curves of single-layer MgF, films and MgF,/TiO,N

y

film structures; (e) calculated optical bandgap from TiO,N, film absorption, and (f) schematic diagram of contact energy bands.
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Fig. 8. (a) Schematic diagram of the cell structure; (b) J-V curve of the cell along with the corresponding (c) external quantum effi-

ciency curve; (d) statistics of contact resistivity at different flows; (e) statistics of implied open-circuit voltage and (f) statistics of

cell performance parameters at different nitrogen gas flow rates.
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Fig. 9. Statistics of cell performance parameters at different nitrogen gas flow rates: (a) Short-circuit current density (Jgc);

(b) open-circuit voltage (Voc); (c) fill factor (FF); (d) power conversion efficiency (PCE).
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Abstract

The front surface design of crystalline silicon solar cells imposes numerous requirements on the electrical
and optical properties of its materials. Dopant-free materials with wide-bandgaps represent a promising
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approach to reduce parasitic absorption and enhance photocurrent extraction. However, the application of
dopant-free carrier selective contact layers necessitates systematic physical mechanism analysis of their upper
and lower interfaces (passivation layer, metallization electrode, and anti-reflective coating), along with process-
coordinated optical and electrical optimization. Additionally, copper-plated metallization grids are regarded as
the mainstream technological approach for achieving cost reduction and efficiency enhancement in solar cells.
However, wide-bandgap dopant-free materials, primarily oxides and fluorides, exhibit poor solution resistance or
conductivity, rendering them incompatible with copper plating processes. This work employs electron beam
evaporated TiO,N, films as a dopant-free electron-selective contact layer, featuring a wide bandgap (3.59 eV),
low work function (4.27 eV), and low resistivity (1.3 ©-cm). Due to TiO,N,’s low resistivity, copper plating
metallization can be directly applied in a one-step onto the TiO,N, layer. The optimal contact resistance
reached 17.9 mQ-cm?, yielding cell performance with a conversion efficiency of 23.01%, open-circuit voltage of
712.9 mV, current density of 39.36 mA /cm?, and fill factor of 82.02%. Systematic characterization and physical
mechanism analysis demonstrate that the enhanced device efficiency stems from: 1) Replacing n-type
hydrogenated amorphous silicon with a dopant-free, electron-selective contact material effectively reduces
parasitic absorption; 2) Optimizing the copper plating process significantly improves copper grid line contact to
enhance contact resistivity. This provides a novel “silver-free, indium-free” solution for low-cost, high-efficiency

heterojunction crystalline silicon solar cells that combines dopant-free materials with copper plating.
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