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Abstract: The transparent electrode characteristics of the SnO2/AgNi/SnO2 (OMO) multilayer structures prepared by sputtering

were investigated according to the annealing temperature. Ni-doped Ag of various compositions was selected as the metal layer
and heat treatment was performed at 100~300°C to evaluate the thermal stability of the metals. The manufactured OMO

multilayer structures were heat treated for 6 hours at 400~600°C in an N2 atmosphere. The structural, electrical, and optical

properties of the OMO structures before and after annealing were evaluated and analyzed using a UV-VIS spectrophotometer,
4-point probe, XPS, FE-SEM, etc. OMO with Ni-doped Ag shows improved performance due to the reduction of structural
defects of Ag during annealing, but OMO structure with pure Ag shows degradation characteristics due to Ag diffusion into the

oxide layer during high-temperature annealing. The figure of merit (FOM) of SnO2/Ag/SnO2 was highest at room temperature

and gradually decreased as the heat treatment temperature increased. On the other hand, the FOM value of SnO2/AgNi/SnO2
mostly showed its maximum value at high temperature(~550°C). In particular, the FOM value of SnO2/Ag-Ni (3.2 at%)/SnO-

was estimated to be approximately 2.38x102 Q"'. Compared to transparent electrodes made of other similar materials, the FOM

value of the SnO2/Ag-Ni (3.2 at%)/SnO2 multilayer structure is competitive and is expected to be used as an alternative

transparent conductive electrode in various devices.

Keywords: SnO2/AgNi/SnO2, Ni-doped Ag, Transparent electrode, High temperature annealing, Figure of merit

1.ME

T LR NG GAolA 80% o] 2 £
21} £A0] 107 Q cm 0]5te] W v A
RE)g 7R B2 chefst A o] 9 BA|AAR] £
YAZoz AMREE WA LA olch Hgo] AstEEA

O v
5 AxAgE Hols= FYXLA AtsHE(transparent

B9 Hyun-Yong Lee; hyleee@chonnam.ac.kr
Copyright ©2024 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

5
Qoa], 2a AA, *D}E Az @ 4 Gst gE
ofof] AR-&-&] 1 Qltt [1-5].

Eg Arot 2718 ukEsts thorst TCOs7t oLy
T on o] ZojA 7I& d2] o]&E o] & Iny03:Sn
ITO)E =2 & £018, -2 8| AZH<1%10™ Qem) i} o
0] |2 MEA(E>3.7 eV) 59 gAlo] 9loew ITOY
X7, %sz, £4e n-2gd vheAo] A L (mass
model)of] 9J3l gutA o2 MYEc} [4]. 23y InS &
Sl 2 Esto] 7142) g Hol 2u LAR] HE Y
Ao Hsto] of2 AAfof v|sto] HAIE o] iAo R =
& @70l At ThebA] ITOS tiAlshel = A7 213 &

—_

fl



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 5, pp. 500-506, September 2024: Hwang and Lee 501

o] 2t31 ZnO, TiOs, Sn0; 52 &35t
TCO7} AH2E) 29It} [6]. £7], & &3
Fahgof vlgto] F2 F7] Ae =& 7HA| 0 o] 5}
A A2 FE|(degenerated) 57442 EY J=o] 1
&l
ch

N

= rr
®)

O

rr o

= =39 TCOE ArEsl §ttt. ol =° Al =3
ZnO, Nb =31 & TiO,, Sb £H% Sn0, So] 170]
[7-9].

52, M52/ F4/A812(0MO) U35 AL 80%
oo YR Fe WAYY WA SHL FYAY
4 9lolA §e £32 W 9k [10]. 5 OMO c}55 7
xo| )t 5715l 28 WRAARE AT 4 91, A
of NFEL YA O 4 oo AFBRC WX &
2ol F 571 ARFL T4 AFEo] 37 AER
c} [11]. o]2igt OMO T} 25& UFH 3459 94
0z g5 EYHIY PEA UFHS £Y 4 UL Bt
ofLie} aPH YA E OMO PE9| WHAL ] aufel Al
oY Ag 345 KW FAAR auof] 93] S G
A7 4 LT Avste} Afolo] ghe F4ute] jP e A
7] 549 V39 L £ 4 Uk [12-14). Tei A7) £
NS Aol 2459 S S WAle 42 A
ol £REst Zasts ¥ Eriel A7) HEE Aolo

trade-off A7} EAstog Ao 242 S22 AR
5= 7ol B QT [15]. A A ofH 4tels
ghsl o g2 -2 SHEqE AtS)
Au, Cu 5 AgEC] F2
O 2 AME &= Age 7HA
AEg 714, F2 v A& E 7t
e A 4 Ag 9f2 BHO|
(o)

o2 QI3 Aol WAsto R

o

o
Lo
)
)
o

S
2
ofo
ol
o
=]
~
o
|o
>
0o

_ﬂ
ozl
ne,
T
=

-

1%
o
_>A:4
Ho
>
VNN
ol

g

r

(2 o
Ap o
o
>
ofo
ofr
L1 ofy

S

ol
4 rfroox Hn 9% M ¢

0.
O lm

ol
)
m
%
M)
Ra)
r2
—
o
o]
8
=)
o
el

19
g o

J
J

mu N

i

Rl

(@]

i)

e,

&

lyl

of
Ra)

ol
—_
)
i)

[o]]
—==1

1
=

>
o
19
-
[m]
g
1o
n
=
—
o]
N
N
>
O
O
Ke)
ot
i)
)
o X
1
fo ol x o

rok ro
re

4 =
N
)

0]
N
2
=)
g
ol
o
2
Jm
X%
o
ol
T
o
>
)
N
4o
ol
==
o
2

Y ofy
-4
A
uju
=

‘|>‘ 0|>|'
pS)
iu)
. ox
o T o
o O R ¥e =2 o

“
>
D)
AN
N
O
[
]
lo
fru
o
>~
>
ol
ol

Ha
fu
P
=
Ol
o
o
s}
|1|
al F
b
ric
>
)
o
>
=
1o
re
ot Jpr
N ox,

=
Pa)
ad
fu
rE oo
>,
NOIJ{“;OE
Ae o
mlo_lgg‘
A
c nSL'-IZi'ET
ol -
RN ol E AN
>~_.n..'_',r|ro_>|.‘. I_;
"_Erquugoz M
tlo
z“jnpoyr_ﬁ
e T o %
N s T
—ﬁro_girﬂu\m
- 0 N
EEE2T
ig_ajg
ol
olo
o
a

30 M Z oA

=
ol
o
)
>
fa
ric.

>
D)

N
N

o]

ia)
11 G
rr
>,\
o
fol
1)

o)

o
fu

o7

Z
)
1% |m
A

o} whepA] £ A7olAE oA Ag EAHE

12
)

Il

ol
-
~

ol W2 ol AAC] SnO, 5 AtstE5 o2, Nio] =igH
AgE F4502 AF23to] SnO,/AgNi/SnO; T4
25 ARSI o] 21 A50] P A, A7A 352 ZAL
stog 24502 Ni =% Ag 2453 2= 0MO &
HA=9 7t AAISHA

491%] pg Si(100)0lA] Zebdl Si 7] £ZH1 cm X 1
cm)dt 1 mm FA AY 7|T(2 cm X 2 cm) Hofl
RF/DC-U0I1U EE AmE™H(magnetron sputtering)
Al ARG o] 8oto] AlRofA] dats FAlSHACE AT E
& ¥l (chamber) U9} E&S Al71sH7] Ydll AT EH
2 A= £7]0] 4x107 Pa?] 71% ko2 Wity
Ar 7FAE 30 sccm@] fFC R TRisto] AlE dHEHE
4x107" Pa2 §X|5t9T} Sn0,5-2 SnO, EF(99.99%
=k, 2917 A7, 0.2501 %] A& AH8-sto] 100 W 7=
oAl RF AmE{ o] ol FAIeHI v 3452 30 WO
Ag EMA(%=% 99.99%)3} 25, 55 @ 85 W] Ni EMAI(& %
99.99%)S AF8510] RF/DC O} U E2 Z% ATWE]2 O
2 At BE B2 BHO| @ JE4 S A7 5|
Aol 71 vfakg FAlsh7] ol 102 59 AP AnE
dotal dLsh earg A7) sl 71 & 50 rpmo.2 3|
S & Aofshict. vhaf AT Hof| Siap A 7| e £
o} K25 Fol ofME, ER] 22 20gql, ojlamad &
& 4 o245 AFEoto] AT AT 2 std
Sn0; At8t59] £+ 30 nm=2 459 £/ &= 14 nm
7h Bl =5 175t Ni EpZl9] QI7F M2 wsta Niol =i
&2 AlojstAt & & A4 SnO,/AgNi/Sn029] F+
M= 30/14/30 nmo]|c}.

AR ABE-2 Ny #9719] 4 "7 204 5°C/+9]
71 £ =2 6A17F FOF Ohgst 2 oA AR5t
He 2 AAtE ol 4552 100~300°ColA A5t
1 OMO TH5& LR X 400~600°Coll A S A 2]stqict. vt
o B2H JFYL2 AA GE FAF AR A0]F(FE-SEM,
Hitachi S-4700)2 &3l #&stdct. 44 SA(CNT-A]
2] =) & UV-VIS-NIR 223 & 7 (Shimadzu, U-3501)
£ o] gofof viato] MR, FaA £ F45IR T &
A2l 39 thES FRA 9 Zlo] U s MgE &
A5t7] Yoll X FRAF 2EH(XPS, K-ALPHA)Z AHS-
shoiTt.

= =2 4



502

.8 X uH

O ER 55 AT S ol§sto] Ag B2 30 W
o] A= Q17Fstal Ni BjZ19] A=(0, 25, 55, 85, 85 W)
= HetA7IH SAR Ni 28 Ag 5459 242
HA| #4Hg XA +347](EDX, Horiba, EX-200)& AH&-
sto] EAstelon] 2 At 2 Aol A 24 vt
O] Ni &2 0, 1.2, 3.2, 5.6 at%o|it}. 14 1(a)= 0°C
(52 A1%), 200°C % 300°CO] EofA SAY TLF
=4 99H(Aget 3.2 at% Ni- =g AgNi)°] ¥ SEM o]
2 1(b)= Ni (0, 1.2, 3.2, 5.6 at%)-=3 %

AgNi U5 24 tato] dAje] exof upe dALS Y

Epdlict.

29 1(a)ot #o] SAF A 2(0°C) 54 92 27 j1
Fal 4o #Y AE54GS BolARE, 200°ColA A
FEE Agf&} Nio] 3.2 at% =" AgNi 54 =3} Ato]
of F3iet @74 Atol7t ettt &4 Ag BL S Si 7]
o] %ﬂ—%ﬁﬂi a0l Bd ez AN 205 =
ol AT X AgNi TLF2 200°ColA] EA12] 29
= A&Ao| o wH-S YEPAC m2tA] Ag At
O] 3730l Ni dXo] sl AA| =1L o] = Ni dAt7} AgP]
WA} o] &(atomic migration) &/d et o YA S 571A]7]
7] g 2o 2 A7t 300°ColA AR5t 4, &4 Ag
utor goj o Abckst SEefstR #51r whAlstn S Al E] o
AR E FAdstL 4 F2olA Si 7 o] =&Y
of Holt}. Yol AgNi #9f ¥ 2 374jo] UEFLR| e
SL7|IH 02 =E2HA 41l 54 2H2 550

FA Wk A7

71 IR % % o} 6.3%107°~1. 6><10 Qcmi ﬂ47} D}
ES Ni #5710 T WAT Sk Nio) 242 A
o &} FE0) 229} old] T HEE J40]

2 Qg
71918 Ao @ A7 2 Qe 100°Colq HAl] 2 w4

ot Skt oLt 2 sk o,
Axle] F 24 Aget Ag-Ni (1.2

2 7¥7F 45 — 600 Q/(0 ¥ 5.7 —
34.6 ©/C12 3743 5715 BTk o] 13 1(a)9] Ag
A WAt o] Ag Bate] S o3t £ dHoR Q)

>
[0)¢]
It
Ja
L
)
2
%
el
_|

o

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 5, pp. 500-506, September 2024: Hwang and Lee

| 7eg Ferol Gachy] o2 BaAHC Ag

(1.2 at%) 9ore] 49 6]= @rFo] 34.6 /02 57}
SR ol 4 Ag Mtk B B @470l o)

22 DAL ES YERAITH 9HH, Ag-Ni (3.2 at%) ¥
Ag-Ni (5.6 at%) alore Alslg] odxle] 2% o]s}
(<300°C)oll thahAl Ni UA7F Ag ¥Ate] S4& AAE
2 QlojA] SAF A urotat g AbSHA] W2 §A| g LHE}
e 7oz oot 300°ColA S5t 39 +4 Ag
2 Ag-Ni (1.2 at%) utoro] mixjale IApsio g 7}zl
1.9x10°, 1.6x10° Q/[12 Bt 73 1(a)e} (b)e] At
oA Bi= e} Zro] @zl mH2 Ag UAtY] Al

() Ag-Ni(3.2 at.%)

(b) 104 . - : : . .

—m— Ag
e Ag-Ni(Ni 1.2 at.%)
5 A Ag-Ni(Ni 3.2 at%)
S 10° F —y— Ag-Ni(Ni 5.6 at.%) E
-
(]
Q
=
S0k E
w 3
‘7
&
=
Q
20k .
w0 E
100 1 1 1 1 1 1

0 50 100 150 200 250 300
Annealing temperature (°C)

Fig. 1. (a) Surface SEM images of 14 nm-thick single-layer metal
films (Ag and 3.2 at% Ni-doped AgNi) heat-treated at several
annealing temperatures (as-deposited, 100°C, 200°C, and 300°C) and
(b) the sheet resistance of the films as a function of annealing
temperature.
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Fig. 2. Optical transmittance spectra of the SnO2/Ni-doped Ag/SnO2
multilayers: (a) as-deposited and (b) annealed at 550°C. (c) The
transmittance calculated by TMM for the multilayers of
SnO2/Ag/SnO2 and SnO2/Ni/SnOx.
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Fig. 3. Average transmittance values in the 400~700 nm wavelength
range for SnO2/AgNi/SnO. multilayer structures.
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Fig. 4. XPS depth profiles of as-deposited and 550°C-annealed OMO
multilayers: (a) SnO2/Ag/SnOz and (b) SnO2/Ag-Ni (3.2 at%)/SnOx.
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gt 7o) dx|gHS & 4 It} E=5h »E OMO &9
il 550°C 2 =7HA= EA2] & Z7to met & HA
&o] Zasts S 2Pt ol= EAE 380 AW
2 ZFRAE Far71n 2 9Jgh AA}p Atk
Ta, RAF ol 527t S7tsh7| tiEe s A 4 Qltk
[19]. 221} 550°C o] Aol A Ex{2]st S o= 2& OMO
o] A &o] 5715t} Sn02/Ag/Sn0; T +-x2] 7
AA2] 2= 600°Co|A AAFo] 6.1 Q/LIoA 11.9
Q/0= G457 5715t o= Aget O YA} I
g7t 58 o) EAte WA ARFs =t 2441 7] mf2o]
t}. Sn0Oy/Ag/Sn0O, L& 0] H] 25t SnO,/AgNi/Sn0O,
o] HAF 571 Zo] i oz Attt mhatA Nig &
I3fo2 OMO FYHZ0] dotgde FeE 7oz
grtect 59 A3 22AQl J5& UEHY = FOM gt
2 37 5(b)et o] H Fhw o] 1050 st & ¢
A& gholl sruje gttt =4 Agg 24 Sn0,/Ag/Sn029]
FOM(@)2 J20lA 71 &=oton, dxjg] =7t 57t
gol whet FAF ZAastgict olo ¥iste] SnO,/AgNi/
Sn0,9] thRE-2 1291 550°Co|A] 2]HHZS B &
3], Sn0,/Ag-Ni (3.2 at%)/Sn0, C}H&= 1 %9] FOM(V)
© 550°C FA2] 2moflA ARl oF 2.38x107 Q'S
LFERA It 550°C o] /de] E&le] =0 theff Z& OMO
729 FOM 32 18 5(a)et 22 wAge] 571, 18 3
122 gt Fatwo] i thgoto] ZATgS & 49
c}. ITO @2 Egx o] FOML oF 1.3x107* Q' [20]
A7t BuEy 9on, ITO/Ag-Pd-Cu/ITO U
TiO,/Ag-Cr/Ti0;2] OMOO] tiafl 2t} 2.7x107 Q' &
5.7x107% Q'o] FOM o] B 1% 1 9} [21,22].

O

jlo

rO

N

0.

RF/DC ot EE AMEs] Ygoz AxE Sn0y/
AgNi/Sn0O, tt5-5 #20] of 2 2= & FYA=
£4& RAMSIYTH 24592 Nio] 0, 1.2, 3.2, 5.6 at%
g AgNiE-S AFHE5HE 1 100~300°CollA] & & a)sto]

& L5 48 M-S Fotstdo Alzd OMO o

bE]
=2 [e}
TE L 400~600°Col A FA 25t T BA 2] M

1
a
=

S



506

OMO 29| 124, A7|4 2 FotA 545 F7tetal
th. AgNiZ ZH= OMOY o3l A] Age] 1xA At 7t
A2 Q5 5ol I W, 254 AgE AHERHOMO

R o Al AgZt AtehE 50 2 shite]o] 57J0]
AotEl= 48 HEh Sn0/Ag/Sn0,9] d5A4
(FOM)= 204 71 =qton, dxj2] 27t 571

9t Sn0,/AgNi/Sn0,9]
FOM 2 tif® L2(~550°C)oflA ZHYS LERQ
Sn0,/Ag-Ni (3.2 at%)/Sn0,°] FOM Z+&
550°C FA2] Lol Z|Hgkel oF 2.38x107 Qg B
Ak o] BiE oh2 fARR 229 £EA = vl
o] Sn0O,/Ag-Ni (3.2 at%)/Sn0; tH&E5 L% 9] FOM
F2 3R] lof thget ARl A tiAl £ A=A A
o= AMgE 2 QS Zlos Fotdd.
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