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Al-doped ZnO (AZO)/Ag grid hybrid transparent conductive electrode (TCE) structures were fabricated at
a low temperature by using electrohydrodynamic jet printing for the Ag grids and atomic layer deposition
for the AZO layers. The structural investigations showed that the AZO/Ag grid hybrid structures consisted
of Ag grid lines formed by Ag particles and the AZO layer covering the inter-spacing between the Ag grid
lines. The Ag particles comprising the Ag grid lines were also capped by thin AZO layers, and the coverage
of the AZO layers was increased with increasing the thickness of the AZO layer. Using the optimum thick-
ness of AZO layer of 70 nm, the hybrid TCE structure showed an electrical resistivity of 5.45 � 10�5 X cm,
an optical transmittance of 80.80%, and a figure of merit value of 1.41 � 10�2 X�1. The performance
enhancement was suggested based on the microstructural investigations on the AZO/Ag grid hybrid
structures.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conductive electrodes (TCEs) are thin films that
possess simultaneously excellent electrical conductivity
(q 6 10�3 X cm) and high visible light wavelength transparency
(�80%) [1]. These properties are essential for applications in opto-
electronic devices such as flat panel displays, infrared reflectors,
light-emitting diodes, and solar cells [2,3]. For these reasons, doped
metal oxides, such as ITO (Sn:In2O3), FTO (F:SnO2), AZO (Al:ZnO)
have been the most widely used materials for TCEs because of their
high electrical conductivity and transmittance [1]. However, for
flexible and bendable electronic or optoelectronic devices, doped
metal oxides are not good candidates for TCEs because of their brit-
tle nature [4]. Therefore, alternative TCEs, including thin metal
films using noble metals of Au, Ag and Cu, metal grids such as
Ag, Cu, and Al grids, and conducting polymers like PEDOT:PSS, have
been suggested for flexible device applications [4–6]. However,
these structures have low electrical conductivity and transmit-
tance. Thin metal films become more transparent as their thickness
decreases to nano-levels. The electrical resistance of the films
sharply increases by enhanced electron scattering at surfaces and
boundaries of grains due to reduced grain sizes. On the other hand,
metal grids comprised of periodic metal lines can decrease the
electron scattering because the thickness of the metal lines is
greater than that of metal thin films without decreasing the light
transparency [6]. Therefore, metal grids have been preferred to
metal thin films. Currently, the main synthetic methods used to
fabricate metal grids include electrohydrodynamic (EHD) jet print-
ing and roll-to-roll nanoimprinting [7–9]. In particular, EHD jet
printing, which is a non-contact technique, has attracted consider-
able interest because of advantages such as the possibility of high
resolution (below 20 lm) patterning, generation of smaller drop-
lets than the nozzle size by using a high-viscosity solution, and
the use of diverse functional inks (e.g., metallic inks, polymers,
and biological materials) [10]. Therefore, many researchers have
considered EHD jet-printed Ag grids that show electrical conduc-
tivity of up to �107 S/m and optical transmittance above 80%
[9–12]. However, several problems can occur when Ag grids are
used as a top electrode of TCEs. They can be vulnerable to local oxi-
dation and melting by direct exposure to air at high temperature,
which adversely affects the electrical properties of the TCEs [13].
And, the empty spacing area between the Ag grid lines makes it
conflict between the transmittance and electrical conductivity
because there is no electrical current flow in the open area
between the grids. Enlarging the empty spacing area between the
Ag grid lines to increase the optical transmittance can be decreased
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Fig. 1. X-ray diffraction patterns of AZO/Ag grid structures with different AZO layer
thicknesses.
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the electrical conductivity. To circumvent these problems, several
hybrid TCE structures combining Ag grids with above-mentioned
doped metal oxides or conducting polymers have been suggested.
In particular, we propose the hybrid TCE structures combining Ag
grids and Al-doped ZnO (AZO) thin layers. AZO thin films made
by atomic layer deposition (ALD) were chosen as a protective
and transparent conductive electrode between grids due to the
advantages of AZO such as a wide band gap (�3.2 eV), cheapness,
high electrical conductivity, high optical transmittance, and easily
controlling electrical and optical properties by doping [14]. AZO
thin films made by ALD have shown good electrical properties,
electrical resistivity, and carrier concentration [14,15]. In the
present study, AZO thin films with different thicknesses (40, 70,
and 110 nm) made by ALD were used as a protective oxide TCE
between Ag grids. The hybrid structure of a TCE offers many
advantages as a result of the lowest electrical resistivity of the
Ag grids and whole-area electrical conductance between grids. This
is due to the oxide thin film, the protection of Ag nanoparticles
from oxidation and melting by the oxide thin film, and an
application to flexible electronic devices due to the low tempera-
ture process and very thin oxide thin film layer. The purpose of this
study is to determine the optimum AZO thickness of Ag grids in
order to obtain the highest electrical conductance and optical
transmission.
2. Experimental

2.1. Experimental methods 80

AZO/Ag grid hybrid TCE structures were fabricated by forming Ag grid lines
using EHD jet printing, followed by the deposition of thin AZO layers using an
ALD method. Both processes were performed at low temperatures (�200 �C), which
could also be applied to flexible devices. Ag grid layers were made using an EHD jet
printer (EnJet, Suwon, Korea). Ag inks were comprised of Ag nano-sized inks (86%),
polyvinylpyrrolidone (PVP, 1300 k, Sigam-Aldrich), and 2 ethoxyethanol as a sol-
vent. The ratio of Ag, PVP, and 2 ethoxyethanol was 77.34%, 1%, and 21.66%, respec-
tively. Ag inks were pumped into the EHD nozzle using a syringe pump at 5 lL/min.
Electrical potential was supplied in a range from 1.6 to 2.0 kV. The nozzle velocity
was 800 mm/s, and the distance between the nozzle and substrate was 0.2 mm.
AZO thin films were deposited on the Ag metal grids by using an ALD system. Dieth-
ylzinc (DEZn), trimethylaluminium (TMAl), and H2O were used as precursors for the
deposition of AZO. The separated precursors were injected into a growth chamber
by employing a high-purity N2 purge gas to remove residues and products during
the deposition. The cycle ratio of DEZn/TMAl was 19:1 and the substrate tempera-
ture was fixed at 200 �C. The thickness of the AZO film was controlled by varying
the number of source injection cycles. To investigate the optimum conditions for
the AZO/Ag grid structures, we fabricated AZO layers on Ag grids with thicknesses
of 40, 70, and 110 nm [15]. The AZO/Ag grid hybrid structures with AZO thicknesses
of 40, 70, and 110 nm are hereafter referred to as sample A, B, and C, respectively.

2.2. Characterizations 102

The structural and morphological properties of AZO/Ag grid hybrid structures
were investigated by using X-ray diffraction (XRD, Rigaku X-ray diffractormeter
equipped with Cu Ka radiation), field-emission scanning electron microscopy (FE-
SEM, Hitachi S-4700), and atomic force microscopy (AFM, diDimension™ 3100).
The optical transmittance and electrical properties of the AZO/Ag thin films were
characterized using a UV-vis spectrophotometer (Scinco, S-3100) and a Hall effect
measurement system (Ecopia, HMS-3000), respectively.
3. Results and discussion

Fig. 1 shows XRD data for samples A, B, and C. For all the sam-
ples, the main diffraction peaks were observed at 38.12� and
44.40�, corresponding to the (111) and (200) planes, respectively,
of a face-centered cubic crystal structure of the Ag phases (Fm3m
[225], JCPDS No. 87-0720) from the Ag metal grids. We note that
the additional peaks at 31.82�, 34.44�, 36.40�, and 56.72� are
clearly revealed as the thickness of the AZO thin films on the Ag
metal grids increases. These peaks correspond to the (100),
(002), (101), and (110) planes of a hexagonal wurtzite structure
of the ZnO phases (space group P63mc [186], JCPDS No. 80-
0075). Especially, the observed peaks from the AZO shifted slightly
to the higher angle (2h) compared with those of the ZnO. This can
be explained by Bragg’s law (nk = 2d sinh), and indicates that the
lattice distance decreases due to the incorporation of Al into the
ZnO lattice because the ionic radius of Al3+ (0.53 Å) is smaller than
that of Zn2+ (0.74 Å). No additional peaks corresponding to the for-
mation of intermetallic compounds between Ag and AZO were
found. This result implies the successful formation of the AZO/Ag
grid hybrid structures. 126

Fig. 2(a)–(c) shows the top view FE-SEM images of samples A, B,
and C. The surfaces of the samples were clean and composed of Ag
grids with a width and pitch of 15 and 450 lm, respectively.
Fig. 2(d)–(f) shows microstructural images of the AZO surfaces on
the interspacing flat area between the Ag grid lines for samples
A, B, and C. Fig. 2(g)–(i) shows cross-sectional images of the Ag grid
lines for the samples. The Ag grids are composed of Ag particles
with a size range between 163 and 246 nm. Also, the thickness of
the Ag metal grids was around 700 nm for the samples. Fig. 2(j)–
(l) shows the microstructure of the boundary layer surface
between the Ag grid lines and a flat AZO surface. We note that
the interspacing between the Ag particles constituting the Ag grid
lines is filled with AZO material. The interconnection between the
AZO layer and Ag particles was improved with increasing the AZO
thickness. As the thickness of the AZO thin films increased, the
gaps between the Ag particles filled more densely, resulting in an
improved interconnection between the Ag particles. For sample
A, the Ag particles and Ag grids are partially covered by AZO mate-
rial as shown in Fig. 2(j). This results in poor electrical conduction.
However, samples B and C show that the Ag grids are completely
covered by AZO, as shown in Fig. 2(k) and (l), which result in better
electrical conduction of the hybrid thin films.

To investigate the surface morphologies of the Ag grid lines
after depositing the AZO layers, we measured the AFM on the Ag
grid lines as shown in Fig. 3. The root mean square (RMS) rough-
ness of samples A, B, and C are 38.0, 26.5, and 19.0 Å, respectively.
The surface roughness of the Ag grids covered by AZO thin films
decreased with increased thickness of the AZO layers. This result
could be due to the decreased inter-grain boundary layers between
the Ag particles as the AZO thin films covering the Ag particles on
the Ag grids. The decrease in inter-grain boundaries could affect
the electrical properties of the AZO/Ag grid hybrid structure by
improving the electrical conduction.

Fig. 4 shows TEM images of a selected area around the Ag
particles for sample B. The sample for TEM measurement was



Fig. 2. (a)–(c) Top view of FE-SEM images of AZO/Ag grid structure. (d)–(f) AZO surface on the interspacing between the Ag grid lines. (g)–(i) Cross-sectional FE-SEM images of
Ag grid lines. (j)–(l) Top view of FE-SEM images of the boundary of AZO and Ag grid lines.

Fig. 3. AFM images measured on Ag grid lines covered by AZO thin layers: (a) sample A, (b) sample B, and (c) sample C.
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prepared by scraping the surface of sample B, dispersing the
samples in ethanol, and placing it on a TEM Cu-grid. The dark
region in the TEM image indicates Ag particles, and the surrounding
bright area is an AZO layer. The enlarged image shows that the
atomic planes are well developed and composed of polycrystalline
domains in the area of the AZO layer, even though the AZO was



Fig. 4. TEM images of the AZO/Ag grid hybrid structures for sample B.
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Fig. 5. Electrical properties of AZO/Ag grid hybrid structures with variation in the
thickness of the AZO layers.
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deposited at a low temperature of 200 �C. A thin AZO layer also
partially covers the surface of the Ag particles, which implies that
the AZO and Ag particles are well-interconnected. This results in
improved electrical conduction between the Ag particles.

The electrical properties of the AZO/Ag grid hybrid structure
with different AZO thickness are summarized in Table 1 and
Fig. 5. The electrical properties of sample A could not be measured
by a Hall effect measurement system because of poor electric con-
duction. This is because the Ag grid lines were not connected by
AZO thin films, thereby resulting in a discontinuous electric cur-
rent path as shown in Fig. 2(j). However, the interconnection
between the AZO and Ag grid lines were improved for samples B
and C as shown in Fig. 2(k) and (l), respectively. The carrier
concentration was gradually increased from 3.11 � 1021 to
4.94 � 1021 cm�3 as the thickness of the AZO thin layers increased
from 70 to 110 nm. This can be explained by enhanced crystallinity
depending on thickness of the films. Films consisting of a few
atomic layers of disordered atoms exhibit poor crystallinity, which
generates many defects that impede the mobile carriers. However,
as the thickness of the films increased, the enhanced crystallinity
can increase the concentration of mobile carriers [16]. The Hall
mobility of sample B showed a much higher value (36.7 cm2/V s)
than that of sample C (3.31 cm2/V s). Our previous results showed
that AZO thin films deposited by an ALD system without Ag metal
grids exhibited Hall mobility values varying from 1.59 to 3.28 cm2/
V s for AZO thin films with thicknesses ranging from 50 to 150 nm
[14]. The Hall mobility of the AZO/Ag grid hybrid structure
increased compared to that of the AZO thin films because the elec-
trons could transport through the Ag metal grid lines. This indi-
cates that the Hall mobility of the AZO/Ag grid hybrid structure
can be increased by the introduction of Ag metal grid lines as an
electron transport path, compared to that of the AZO thin films.
Sample C exhibited a reduced mobility value, 3.31 cm2/V s, which
is similar to those of the AZO thin films without Ag grids. Based
on the measured carrier concentration and Hall mobility, the
Table 1
Summary of electrical and optical properties of the AZO/Ag grid hybrid structures.

Sample Carrier concentration (cm�3) Hall mobility (cm

A – –
B 3.11 � 1021 36.74
C 4.94 � 1021 3.31
resistivity (q) of the hybrid TCEs can be calculated using the
following equation [17]:

q ¼ 1=ðNelÞ

where N is the carrier concentration, l is the Hall mobility, and e is
the electron unit charge (1.602 � 10�19 �C). The resistivity of sam-
ples B and C is �5.45 � 10�5 and �3.81 � 10�4 X cm, respectively.
Sample B showed the lowest resistivity because of the optimum
AZO thickness of the hybrid TCEs. Further increase of the AZO thick-
ness up to 150 nm resulted in linearly increased resistivity value to
6.73 � 10�4 X cm as shown in Fig. 5. This value is similar range
with that of the AZO thin film without Ag grid [14]. This indicates
that the electrical properties of the AZO/Ag grid hybrid structure
corresponds to that of the AZO thin film itself and the effect of Ag
grid on electrical properties are negligibly small as the thickness
of the AZO layer increases up to 110 nm.

To investigate the variation of the electrical properties of the
hybrid TCEs depending on the thickness of the AZO thin film,
microstructure schematic and equivalent circuits of the hybrid
TCEs were drawn based on the microstructural and electrical
investigations as shown in Fig. 6. Considering the structure of the
hybrid TCEs in our structures, current can flow mainly through
the Ag grid lines (RAg) and partially through the AZO thin layer
(RAZO) between the Ag grid lines. Depending on the thickness of
AZO thin film, the interconnection between the Ag grids and AZO
thin film in the spacer layer, and the interconnection between
the Ag particles within the Ag grid lines, can be varied as verified
in the microstructural investigations. In the case of sample A or
the case without the AZO layers, the current path is only the Ag
grid line because of the extremely large resistance of the thin
AZO layers. Ag particles consisting of Ag grid lines are not fully con-
nected to each other. Therefore, electrons can be scattered at the
boundary between the Ag particles, resulting in high electrical
resistance. For the AZO layer with optimum thickness (sample B),
the current path can be divided into two parts: the Ag grid lines
and an AZO layer. In this case, the electrical conduction through
both paths can be improved at the same time due to the AZO layer.
Because the interconnection between the Ag grid lines and the AZO
2/Vs) Resistivity (X cm) Average transmittance (%)

– 83.04
5.45 � 10�5 80.80
3.81 � 10�4 80.15



Fig. 6. Schematics of microstructures and an equivalent circuit diagram of AZO/Ag grid hybrid structures with variation in the thickness of the AZO layer.

732 H.-R. An et al. / Journal of Alloys and Compounds 615 (2014) 728–733
layer are improved, the resistance of the AZO layer is reduced due
to increased thickness, the total resistance through the AZO layer
(RAZO) can be reduced. Furthermore, the resistance of the Ag grid
lines (RAg) can be reduced because the AZO partially fills the gaps
between the Ag particles that act to block the electron flow. There-
fore, the electrical properties of the hybrid TCE with an optimum
AZO layer can be improved. However, with even thicker AZO layers
(sample C), the electrical resistance through the main path of the
Ag grid can be increased because the Ag particles are completely
covered by the AZO layer, as shown in Figs. 2(l) and 6(c). Therefore,
to design a hybrid TCE, the microstructural properties of the mate-
rials used should be understood, and this is crucial in designing
hybrid TCE structures with excellent electrical properties.

Fig. 7(a) shows optical properties obtained from samples A, B,
and C. The average optical transmittances in the visible range
(�550 nm) are 83.0, 80.8, and 80.1% for samples A, B, and C, respec-
tively. The transmittance decreases with an increase in the AZO
layer thickness because of the increase of the absorbing medium
(i.e., the AZO layer). We note that all hybrid TCEs fabricated in this
study showed a high average transmittance value (over 80%) in the
visible range, remaining the electrical resistivity much lower than
10�3 X cm at the same time, which indicates that the proposed
hybrid structure could be a good candidate for use in TCEs. To
investigate the optical properties further, the optical bandgap
energy (Eopt) of the TCEs was estimated using the following equa-
tion [18]:

ðahmÞ2 ¼ Aðhm� EoptÞ
Fig. 7. (a) Optical transmission spectra and (b) plots of (ahm)2 versus hm for the A
where a is the absorption coefficient assumed by a = (1/d)ln(1/T),
where T is the transmittance, d is the film thickness, A is a constant
for a direct transition, h is Planck’s constant, and m is the frequency
of the incident photon. From Fig. 7(b), the Eopt values for samples A,
B, and C were estimated to be 3.17, 3.24, and 3.26 eV, respectively.
The Eopt value of sample A is slightly lower than that of pure ZnO
(3.2 eV), and the Eopt values of samples B and C are slightly higher
than that of undoped ZnO. This could be explained by the
Burstein-Moss effect, which occurs when the carrier concentration
exceeds the density of state in the conduction band edge, and the
optical band gap is extended.

To evaluate the performance of AZO/Ag grids, the figure of merit
(FOM) of the TCEs was calculated using the following equation
[19]:

FOM ¼ T10=Rs

where T is the optical transmittance and Rs is the sheet resistance.
The FOM values were calculated to be �1.52 � 10�2 X�1 for sample
B and �3.14 � 10�3 X�1 for sample C. This implies that the opti-
mum thickness of the AZO thin layers covering the Ag metal grids
results in excellent electrical properties of the hybrid TCEs without
degrading the optical transmittance. Comparing with the reported
FOM values of TCEs fabricated by other processes such as sputter-
ing, spray pyrolysis, and pulsed laser deposition, the values in the
range of �2.5 � 10�3 X�1 to 2.8 � 10�2 X�1 [20–22], the AZO/Ag
grid hybrid TCEs fabricated by EHD jet printing and ALD in this
study exhibited superior electrical and optical properties for use
in various optoelectronic devices. This is due to the advantages of
ZO/Ag grid hybrid structures with variation of the thickness of AZO layers.
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the ALD system, which provides conformal coating of the deposits
even on complicated structures because of a long mean free path,
and fewer gas phase reactions of the sources in ALD systems [23].

4. Conclusions

In summary, we fabricated AZO/Ag grid hybrid TCE structures at
a low temperature by using a combination of the EHD jet printing
method and the ALD method. Structural investigations using XRD,
FE-SEM, and AFM showed that the AZO/Ag grid hybrid structures
exhibit an AZO layer covered the inter-spacing between the Ag grid
lines. Furthermore, the Ag particles comprising the Ag grid lines
were covered by thin AZO layers that affected the electrical con-
duction. The coverage of the AZO layers increased with the increas-
ing thickness of the AZO layer. Using the optimum thickness of the
AZO layer (70 nm), the hybrid TCE structure showed superior elec-
trical resistivity (�5.45 � 10�5 X cm), good optical transmittance
(�80.80%), and a superior FOM (�1.52 � 10�2 X�1). We examined
the performance enhancement mechanism based on the micro-
structural evolution of the AZO/Ag grid hybrid structures. Our find-
ings, which can be applied to various flexible device applications in
displays and solar cells, can provide critical clues for designing high
performance TCEs.
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