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Optimization of ZnO/Cu/ZnO Flexible Transparent Conductive Electrodes
Fabricated by Magnetron Sputtering

Daekyun Kim’, Taehyeong Lee’, and Dooho Choi*

School of Advanced Materials Engineering, Dong-Eui University, Busan 47340, Republic of Korea

Abstract: With the expanding development of flexible optoelectronic devices, the need for high-performance
(1.e., high conductivity, high transmittance and flexibility) transparent conductive electrodes has grown. In
this study, the critical role of thickness for each of the layers in ZnO/Cu/ZnO transparent conductive electrodes
(TCE) for optoelectronic devices has been investigated. The Ag layer deposited on the bottom ZnO exhibited
sheet resistance lower than 10 Q/Sq. at a Ag thickness of 8 nm. It was then fixed with a top and bottom ZnO
layer, whose thicknesses were independently varied to achieve the optimized transmittance of visible light.
The variation in thickness of the top and bottom ZnO layers, which serve as anti-reflection layers as well as
anti-oxidation layers, resulted in a significant modulation of the transmittance behavior. In particular, the
relatively low transmittance in the wavelength range of 400-500 nm was shown to be strongly affected,
requiring further thickness optimization. The optimized thicknesses for the top and bottom ZnO layers were
found to be 30 and 40 nm, respectively, with the corresponding average visible light transmittance of 85%
and peak transmittance of 95%. According to the Haccke figure of merit, the value for the optimized ZnO/
Ag/Zn0O electrode was 0.021, which surpasses the reported values of Cu-based electrodes.

(Received September 18, 2019; Accepted October 28, 2019)

Keywords: copper, zinc oxide, transparent conductive electrodes, thin films

AT e s A
AEEE Ry FEd=e 7AgAge] 3 (400
- 800 nm)ollA 80% o] FEIE EAL 7 E FAl9|

10 /Sqol 2Hete WAF (R) 54 7= Indium
Tin Oxide (ITO)°lt} [4]. 3EX%F Q1 (Indium)S A Al

"These authors contributed equally to this work.

- AR, olE E: ST, HEs
*Corresponding Author: Dooho Choi

[Tel: +82-51-890-1723, E-mail: dhchoi@deu.ac.kr]
Copyright © The Korean Institute of Metals and Materials

BH
L,

Aoz sH4E ujRego = ol J_7}ow

hul

) g ol
9181 250°C o] Be L

)

4 gye EEEE-EL
£ 53 A4 A3} crystallization) 340 QAT FA
&217F 2 A ZE = polyethylene terephthalate (PET)
5o Eejn 7)9e AuHon Lxd FAete) uo]
437 ofele 242 7K Ak B ohe, 1o
SRS ASE wele] Ao se WEA 7))
4 geo] g A A7e 54 Asl} B (5] of
eh IO FRATH fARE 2] Fahmsh AP
Sushs BAo) 4 AzFHol JFsa FA4L T

= FEAF Az 7lE A7E 98 289 [6], Ag W=
gfolo} [7], B4 Wx=FH [8], PEDOT:PSS (poly(3,4-

) po lystyrene sulfonate) [9] & TF
7t Eks] =L ik
547 o] Fut 7

ethylenedioxythiophene
¥3t Pejo} AL o|gd A
714

=, o] wojyt



796 34 A5 8ks A A 57d A 123 (20199 12€)

A Ee JMFA FoE 548 /e b FEsl A
e /24/A8HE (Oxide/Metal/Oxide, OMO) &ko]Hzj=

T FHAF gigh A gk EelA 318 Foltt
[10,11].

4350 TS| wE WA}
Eglo]= Q3 (Trade-off) 3417}
slalz] 918l zutge] 5555 4

= 7]
Sup ez QAAA AATE AL B £

459 A= a7k Agrt
FZ ARERT G} Az o] T 7<414 A7)

5‘36& < Bt H3 9l [15]. SR Cu 5 9 /st
AbslEo] A o]FEA ol thk AAIF e A

Fol] FHAF] Hee Fugske o EIEM 23k
t}. % 05_ SRS ZnO/Cu/ZnO Tzo] EA

JSHE- ZnO 2 ZHzte] T wsiel A
%‘éﬁfﬂ %&a{rﬁl—g 43813 ©]F 538 ZnO/Cu/ZnO
BAF A HASE olFem, 1 An HiF
& (Tow) 95%, 7B FHFHE (Tae) 85%, BAF
9.6 Q/SqS EHH3Ele] 7|Eo) R E Cu 7wk FHAS
B} =3 Haacke A% AT (Onuere = Too/R S B4
st 7R ﬁﬂﬁ FHE (T, 9AF (RS vI"

_{

14, 9o

xﬂ

A & oy

o8 FHAFO Hes Brkeke 710 Bad Cu 7wk
o] £ zdlit} 3+ Haacke A5 A5 (=Tave'’/R,)
£ gt

2. AEYY

2 AtolA vpate] S FHE] gllo] AXE vl
EE 29HY A& JHE ARRSte] 213l AAlE
Atk 20 mm x 20 mm =7]¢] PET (Panac Co., Ltd) 7|
el 3 21X Cu (99.999 wit%)2F ZnO (99.999 wt%)
EMlOl ZHzF DC 40 WeF RE 50 Wl H#EE <l7)slo]
7ZnO/Cu/ZnO F%9&] EHAIE A ZxskAth =2 A Ay
Y 1A=L 5.0 % 107 torr ©]3FE §A|8 |4 o}
23 7122(99.9999%)2] FUS Eal 6.0 x 107 torr= AE
AN A T3S AAEAT 71 W #LE 5
1S =12317] flke] S ONA 15 rpme] £EZ 7|
S 3xZle, Q1914<1 7t 7k A EA]

Ho

NI

p—
E

=)

 wmzo

Fig. 1. Schematic structure of ZnO/Cu/ZnO transparent electrode.
The thickness of Cu layer is fixed at 8 nm, whereas the thicknesses
for the top and bottom ZnO layers are varied in the ranges of 0 - 70
nm and 0-80 nm, respectively.
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Fig. 2. (a) Sheet resistance of Cu films as a function of Cu thickness for PET/ZnO /Cu/ZnO, where the top and bottom ZnO layer thicknesses
were both fixed at 30 nm. (b) Comparison of wavelength-dependent transmittance for varying thickness of Ag layers in the range of 5-10

nm. The inset shows the maximum and average transmittance values.
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Fig. 3. (a) Visible light (400 - 800 nm) transmittance of ZnO/Cu/ZnO transparent electrodes as a function of incident beam wavelength. The
thickness of Cu and top ZnO layers were fixed at 8 nm and 30 nm, respectively, while the thicknesses of bottom ZnO layers were varied in
the range of 0 - 80 nm. The transmittance of bare Cu electrode without the top and bottom ZnO is also given for comparison. The inset
provides the average and maximum transmittance as a function of bottom ZnO layer thickness. (b) The transmittance values corresponding
to the wavelength of 400, 600 and 800 nm are given as a function of the bottom ZnO thickness.
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Fig. 4. (a) Optical transmittance of ZnO/Cu/ZnO transparent electrodes fabricated on PET substrate as a function of incident beam
wavelength. The thickness of Cu and bottom ZnO layers were fixed at 8 nm, 30 nm, respectively, while thickness of top ZnO layers were
varied up to 70 nm and the transmittance of bare Cu electrode is also compared. (b) The average and maximum transmittance as a function
of top ZnO layers in visible light range (Wavelength : 400 - 800 nm). (c) The transmittance at the wavelength of 400, 600 and 800 nm,
respectively, are given as a function of the top ZnO thickness.
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Fig. 5. (a) Photographs of images placed below the electrode structures of (1) PET/Cu(8) (2) PET/ZnO(30)/Cu(8) (3) PET/Cu(8)/ZnO(30)
and (4) PET/ZnO(30)/Cu(8)/Zn0O(40). The numbers in the parentheses are thickness in nm. (b) The photograph of bent ZnO/Cu/ZnO
electrode was also shown, where the transmittance of the electrode was not degraded.
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Fig. 6. Ratio of the final sheet resistance to the initial sheet
resistance is given for the optimized ZnO/Cu/ZnO electrode as well
as ITO electrodes fabricated sputtering. Resistance values upon the
repetitive bending of 100 times at each bending radius were
measured. The inset is an image of the actual bending test.
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