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MR T B IF L, AH EG T i R LA A S R A A
WORMERr bt AL R T S LI . R,
ER AL ORI E O YGRS 2 e i i 4R Ak
. SRR RIS 1.0—7.0 pm FIERE, HE
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R (Cu@Ag)(~2.5—4.5 pm). R H}
(Ag-1) (~0.5—1.5 pm). R # (Ag-T) (~200—
800 nm). 49Kk ATO #; (~10—50 nm, £h5 7%t
% 10%) #ATHREIR G & RV, Kb, Cu@
Ag B 70% (FiasrEh), Ag- 1 kb 20% (s
), ATO ¥ 5 FUAE 0—2% 284k, R4 h Ag- T #5.
AR B ER B TR (Jbatis Uk T,
Iy A al); BRAM IR E-06 B (R E RS 1L ); [ Ak )
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PLUS 5 I e i fi 22 70) (v B B 4853 ) 2R, b3
h66:12:18:4. TEREM 4% LL BN AR ARG A
MU b8, IR 90 °C HEATHEHE 20 min,
VST TG (B I R RSt PRI 2 50, PR AL
FIFRE AW, BiPE 20 min 515 . ZJ5HIR
AR S5 AT LA A 937 /Y L ] L AL R
50 g MY KL, SER A 800 r/min 9 1 & B O R &
1.5 min, ZJ5 {8 FH = SRAF B ALAF B, B 2 40 3 5k
2| 7 pm.

2.2 FRIEMR

AR AR B 2 h R SRR R 58
(TGA/DSC 3+, Mettler Toledo) #47# 12,
FHEHE K 10 °C /min, FHEEE 35—400 C, K
PSR 925K (10 mL/min), 15 FHATE (TG) Mz
4 (DSC) 12k, H1 DSC e ilrtude ik s 48 1%
FLL AUy, Xt B A —Ak, AT AR RSOk [ 1R
PIE (AH,ye). AT ASY (Discovery HR-10, TA
Instruments) 7 17 fil 22 ¥ 11X (3ITT: 3Intervy
Thixotropic Test), & H & M (H& DN
40 mm, i 1.00472°, [ FE K 30 pm), 3 B 5
Yl R /)5 E 5 38 0.1 s71/60 s, 100 s1/5 s,
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Fig. 1. Thermal analysis of the pastes with different ATO contents: (a) TG curves; (b) 1-st derivative of TG curves; (¢) DSC

curves; (d) AH,

cure*
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L ORI AL R i 23 SR LIEH, ATO
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SR R AEFORE RS SN T T KB AR 17
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T A 2P B B XY ), S RN &l 2(b) B, Bl
& ATO #3243 B0 38, ORI R AR 5
JM 15.71x10° Pa ! BEIRE 2.41x107° Pa!, Uil
TS T RO T AR R BERRAIS, AR T BRI 4 e
AefE; AN JIERE, IKE % (Recovery = J,/J,
J, R AR ) DA 5.60% 14 68.88%, Ui B
MO I 25 Hh By T 3K A2 235 H) A BB . X A K
LG, KBTS 2SR Burger 5
R A A R 24
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Fig. 2. Rheological properties of the pastes with different ATO contents: (a) Shear stress scanning curves; (b) creep-recovery curves;

(c) shear thixotropic curves.
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HET 7 B T 4, OB S5 R A8 s i [l isp ) PR
HEBH 7 S i RARR, {5 AR BRI S AT LA A 35
A ATO T ECN 2.0% 19 3 14 gt s ] 25 1
TR AR TR, A PN S i HEREL g A 4 T, R
ATO e A T Esma i FoK-F. Bl 2(c) &4
[d] ATO 3 5t 2t 73 B5CER G S RO B U0 fish 22 it 2k,
SRR S AR e Re. DA As Iy 1, 1B
TLAE 1, ATO B AR K T35 Y15 T
FHEE, XT i By DI R EEVE AN 3, (45 fik
ARFREL (thixotropic index) H4HK; M B FE AT
TG RE BRI ]SS ZEAR Y U R T 22 AR
DL b S A A TR e Y D) S A A T A5 A EE A
FIVECT], A A5 AR 0 28 HEAT BT 5K %5, ATO My it i
ST, DUV R Il ek B B S R R
RS OISR T WA, U2 = sy bl e e
B S5 70 75 2 TE BN FRF B2V ES 1A, (HR ATO 3
i et AR A B DR A B R R B, 4RRi4h
PR E V. AR R Z5H 5 ATO ¥ o & 4040
KRAME A PR, /LA, BiE ATO i /4
0BT 8% T5: N L g 0 = 8 S DU K DN ) e
1) ATO FURLE B3 K, 2R34T, IR AR

1 MRS TEREI S5 R
Table 1.  Rheological test results of the samples.

ATO contents/%
0 0.5 1.0 1.5 2.0

Properties

7,/Pa 197 213 230 266 311
Thixotropic index 51.91 53.39 56.86 65.97 68.23
J/(10°Pal) 1571 527 3.08 323 241
J/(10°Pal) 088 1.77 162 173  1.66
Recovery/%  5.60 3359 5256 53.56 68.88
Gy/(10°Pa) 183 7.75 1440 932 11.65
G,/(10°Pa) 036 090 090 083 1.08
Gy/(10°Pa) 020 093 118 125 1.73
Gs/(10°Pa) 015 0.67 158 135 1.64

()3 2k B I 2 I A B A 788 B 1 0K ] et
YER D, JRRZ S B0 “[EA (O REAE.
G Go Gs
Gy o

mn T2 UE

B 3 =AY Burger B 45 4 7R 7 K
Fig. 3. Schematic diagram of the three-modal Burger model.

3.3  ATO #>J5REEE B R F RN

K 5(a) MG ATO 5 40 B 1 R4
B RHE LSS R AR F B S, [P Ref Rl —
T AR SR X B, Bl ATO #3043 50
R, FAR A HL BH SR RN S 3K, 72 ATO #
JEHEECN 1% BB IME 6.42 pQ-em. X F 2
ST ATO M 3 80< 1% B, mT DAkt ok
3 AR %) 5 R D) 5% DA T 82 T R R 1 A 1 S 1
{H ATO B3 B 70 80> 1% S F i i A v BH % s T
B, XA S YK ATO BYREASIE Tk
PR B SR FLIE, B 210 25 1y i s BEL ) F LB
HIVER, IR R AR, [FRS49K ATO
W ELAT = LR T AR R R RE 1R AR, AR BB A
55 R 22 T 42 ik S 1 AR R A AR TR T 9
B, AT HE— 25 R A AR I AR R BH . {H2 ATO
W s B =, STE L ATO By 22 (8] A AH B2
LR TTINE:  by N o e : Nel [1 | S EX - R 32 2R L
W1 SR TR, 18 5(b) ZARSK ATO By
A0 R A SRR S E A R )
HLBH R, B ATO #3J5t i o3 B 34 A, il i) 42
fik P, BEL 238 2 W RAEALG, O 7E LA R 422 il B B R e &2
0.250 mQ-cm? JF & THE. A ATO MR EA&N
KRR 0 2 A i ek, DR VS INGE =AY ATO #

/s 0.070 0.011 0.0015 0.0011 0.0018 AT DAHE A AT Al i R T B 7 A5 2B R, AT R
T/ 038 025 011 011 015 AR AR RE, IR B —E BRI, B a5 S R
/e 347 428 249 201 35 VLT, 75 i BEL AR i 2 A

1.5% —2%

0 ATO 0.5% — 1% ATO

Resin molecules

K4 AR ATO B A B ik 43 B0 R A0 A 5B 45 40 75 22 1]
Fig. 4. Schematic diagram of structure of Cu@Ag pastes with different ATO contents.
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3.4 ATO ¥t SHI EithtrEEHRiERERIEm

ANl ATO #3550 K S 223k B R L 14k
J& FPAS SHT F L L 22 e 5] 6 . Bl
ATO ¥y Bt /- B r 34, WA 6(a) Bz, SHT A
MR TF S LR (Vo) SRS K AR A0 78 T R
1% s I & 47 ok 9 T 2 T AH X T Ref. Ry
9.8 mV, MRS 1% Z 5, FF RS

12
(a) 10.03
10 b %“o
— 8.19 8.09
g T = 7.88
S s =Y EIXY
=2 6.42
= 2
< sl et
4.77
R
4 L
Ref. 0 0.5 1.0 1.5 2.0
ATO content/%
Kl 5 A ATO J&i

2 B SORE 5 8 107 F A F) L 2 i

WAL, 2l THE S ATO By e BVE T, 2%
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Abstract

Against the backdrop of persistently high silver price, silver paste further intensifies cost pressure on
crystalline silicon and tandem solar cells. There is an urgent need to develop low-silver or silver-free conductive
pastes with reduced cost to achieve the dual objectives of cost reduction and efficiency enhancement in solar
cells. Among the available strategies, replacing silver powder with silver-coated copper powder currently
represents one of the most effective cost-reduction approaches for conductive pastes. Silver-coated copper paste
not only delivers electrical performance comparable to that of conventional silver paste but also substantially
lowers material cost due to its reduced silver content. Moreover, it demonstrates superior resistance to
continuous oxidation and enhanced long-term reliability. Consequently, it has emerged as a key material for the
metallization of both crystalline silicon and tandem solar cells.

Silver-coated copper powder typically comprises spherical microparticles with the particle size ranging
from 1.0 to 7.0 pm and exhibits high packing porosity. Therefore, achieving optimal conductivity requires the
incorporation of submicron silver powder to improve particle packing density and nano-silver powder to
facilitate low-temperature sintering. However, driven by the industry-wide trend toward silver reduction,
identifying viable alternatives to nano-silver powder is critically important for further cost-effective optimization
of paste performance. Conductive nano-oxide powders possess high surface energy, high electrical conductivity,
high melting and boiling points, and low shrinkage, rendering them promising candidates to replace the nano-
silver powder. Nano-antimony tin oxide (ATO) powder, as a representative n-type semiconductor material,
shares the same semiconductor type as the window layer in SHJ (silicon heterojunction) or tandem solar cells. It
readily forms ohmic contacts when interfaced with either silver-coated copper powder or silver powder and
exhibits low resistivity. Compared with costly nano-silver powder, its cost-effectiveness is particularly
pronounced.

This study aims to enhance the sintering behavior and conductivity of low-temperature silver-coated copper
paste through the addition of high-surface-energy nano-ATO powder. Using SHJ solar cells as the test platform,

the application effects and underlying mechanisms are systematically investigated. The impact of nano-ATO is
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evaluated with respect to the paste’s thermodynamic properties, rheological behavior, electrical performance,
and corresponding solar cell performance. The main findings are as follows:

1) When the ATO content is < 1.5%, it effectively lowers the volatilization temperature of solvents during
the curing process, minimizes solvent residue, and thereby promotes both powder sintering and resin curing.

2) As the ATO content increases, key rheological properties of the paste-including thixotropy, yield stress,
and elastic modulus are enhanced. The static paste structure is reinforced, which helps suppress sagging and
enables the printing of narrower, more stable line widths.

3) The bulk resistivity of the paste initially decreases and subsequently increases with rising ATO content,
whereas the contact resistivity between the electrode and the substrate continues to decline as ATO content
increases.

4) ATO powder reduces the accumulation of organic resin at the contact interface, thereby improving the
open-circuit voltage. Additionally, it facilitates the formation of finer grid lines, which enhances the short-circuit
current. The series resistance of the solar cell first decreases and then increases with increasing ATO content.

Driven by the synergistic effects of these factors, the efficiency of the SHJ solar cell peaks at an ATO
addition of 1% (mass fraction), achieving a relative improvement of 0.485% compared with that of the
conventional solar cell prepared with silver paste. This demonstrates that an optimal amount of nano-ATO
powder can effectively enhance the overall conductivity of the paste, thereby significantly improving the
comprehensive performance of the solar cell.
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