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Abstract

Hybrid transparent conductive thin films (TCFs) with a bilayer structure composed of aluminum-doped zinc oxide (AZO)
and Cu micro-mesh (CuM) are prepared on polyethylene terephthalate (PET) substrates. The AZO layers are deposited by
RF magnetron sputtering at room temperature. The CuM is fabricated by UV-lithography and DC magnetron sputtering.
The optical properties and conductivity can be modified by the thickness of CuM, and the conduction mechanism involving
metal Cu—AZO carrier injection is proposed. The flexible CuM/AZO composite thin films exhibit outstanding optoelectronic
performance, with the best figure of merit~ 1247 (at average optical transmittance of 85.8%, sheet resistance of 1.9 €/sq.
and resistivity of 1.89 x 10~ Q-cm), as well as excellent mechanical flexibility. The resulting hybrid TCFs with CuM/AZO
composite structure show potential applications in flexible electronics, organic light emitting diodes and photovoltaic devices.

1 Introduction

Indium tin oxide (ITO) thin films are highly degenerated,
wide-gap semiconductors and have high transparency in the
visible region and low resistivity [1, 2]. Because of their
unique properties, ITO thin films dominate the market in
high-end optoelectronics, such as flat panel displays, organic
light emitting diodes, plasma display panels and solar cells
[3-6]. However, ITO suffers from high processing tempera-
ture and brittleness and is composed of the expensive rare
element indium [7, 8], which mean that alternative transpar-
ent conducting oxides (TCOs) must be found. ZnO thin film
is one of the most popular alternatives used for TCOs due
to its n-type conductivity and wide band gap (3.37 eV) [9,
10]. What is worth mentioning, its electrical conductivity
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can be enhanced by ion doping such as aluminium (Al) [11,
12], gallium (Ga) [13, 14], indium (In) [15], tin (Sn) [16],
niobium (Nb) [17], molybdenum (Mo) [18], and phospho-
rus (P) [19, 20]. Among them, aluminum-doped zinc oxide
(AZO) is one of the most promising alternatives, which is
non-toxic, low cost and environmentally friendly [11, 21].

In recent years, along with the rapid development of the
flexible electronics, there has been considerable interest in
the use of AZO thin films deposited on flexible polymer
substrates [22, 23]. However, AZO thin films are required
grown at a substrate temperature higher than 250 °C and
annealed at a temperature higher than 300 °C in order to
meet the desirable optoelectronic properties [12, 21], which
are undesirable due to the low thermal resistance of the
polymer substrates. To solve the problem, AZO/metel/AZO
tri-layer thin films prepared on flexible polymer substrates
have been widely investigated by many researchers [24-28],
which have lower resistivity than that of the flexible AZO
single layer films at the same optical transmittance. Unfortu-
nately, the brittle nature of tri-layer films limits their applica-
tions in flexible electronics, because the films crack easily
and delaminate when the substrate is bent, which results in
the deterioration of both their optical and electrical proper-
ties [29]. Therefore, it becomes very hard to obtain the high-
quality flexible transparent conducting thin films by using
the multilayer structure.

Copper metal mesh (CuM) has intriguing mechani-
cal, optically transparent and conductive properties [30].
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Unfortunately, the adhesion to polymer substrates is very
weak and the CuM prepared on polymer substrates easily
drops off, resulting in the complete failure of CuM based
transparent conducting thin films [31]. In previous studies,
the copper layers exhibited excellent adhesion to the oxygen
layer at the deposition thickness of above 100 nm [32]. Thus,
the high-performance flexible transparent conducting thin
films are expected to be prepared by combining the CuM
and flexible AZO thin films. In addition, flexible polymers
are usually considered as substrates because of their trans-
parency, transportability, low weight and high resistance to
impact damage. Many types of polymer substrates, such as
polyethylene naphthalate (PEN), polyethylene terephthalate
(PET), BOPET, polyethersulfone (PES), polyimide, polycar-
bonate and so on, are available [33-36]. Among them, PET
has been widely used as substrates in flexible electronics
because of its excellent optical and mechanical properties,
such as high transparency (>95%), high Young’s modulus
(14.1 GPa) and high tensile strength (160 N/mm?) [37, 38].

In this paper, we demonstrate a method of fabricating
mesoscale CuM structures. The CuM are prepared on the
flexible AZO thin films which were fabricated by magne-
tron sputtering. The optical, electrical and flexible properties
of the CuM/AZO composite thin films fabricated on PET
substrates are investigated. The typical composite thin films
exhibit a transmittance of 85.8%, a sheet resistance of 1.9
Q/sq. and a resistivity of 1.89 x 10™* Qecm, as well as good
flexibility.

2 Experimental procedure
2.1 Deposition of AZO thin films

AZO thin films were deposited on PET substrates by RF
magnetron sputtering via using the AZO ceramic target, and
the composition of the AZO is ZnO:Al,0;=98:3 (Wt%).
The PET substrates were cleaned with a cotton swab and the
liquid detergent, rinsed thoroughly with another cotton swab
and the deionized water, and then further cleaned by ultra-
sonication in isopropanol and deionized water for 10 min
before being dried with N,. The sputtering distance between
the target and the substrate was 5.5 cm. High purity argon
and oxygen were used as the sputtering gases. The sputtering
pressure was 1.0 Pa. The Ar/O, ratio was 8:1. The substrate
temperature was room temperature and the sputtering power
was 100 W. The thicknesses of AZO thin films were con-
trolled at about 200 nm.

2.2 Photolithography-based fabrication of the CuM

The AZ P4620 (Clariant, Switzerland) photoresist was spin-
coated on AZO/PET at 2000 rpm for 30 s and the coating
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thickness was about 1.2 pm. Then, the coatings were baked
on a hotplate at 100 °C for 3 min. Thereafter, the photore-
sist coatings were exposed using an OAI 100 mask aligner
and developed in a developer for 20 s. Then, the patterned
photoresist layers (photoresist template) were hardened bak-
ing at 120 °C for 2 min. Next, the conductive metal of Cu
was prepared onto the photoresist template by DC magne-
tron sputtering to form uniform Cu mesh seed layer in the
micro-trenches on the AZO/PET (Here, the sputtering dis-
tance between the target and substrate was 5.5 cm, the high
purity argon was used as the sputtering gas, the sputtering
pressure was 1.0 Pa, the substrate temperature was room
temperature and the sputtering power was 50 W). Finally,
the lift-off technique was used to produce the pure Cu metal-
lic meshes. The thicknesses of CuM were set as 300 and
800 nm, respectively.

2.3 Characterization and measurements

The thickness of the thin films was measured by Alpha-
Step D-100 profilometer (KLA-Tencor, California, USA).
The structure was characterized by FangYuan DX-2700
X-ray diffraction (XRD) system (Dandong, China). The
optical photographs and micrographs were obtained using
the mobile phone (iPhone 6s plus) and the optical micro-
scope. The surface micrograph was observed by the field
emission scanning electron micrograph (FE-SEM, JEOL
JSM-6701 F). Optical transmittance spectra and absorption
spectra were obtained on an ultraviolet—visible-near infra-
red (UV—-Vis) spectrophotometer (Varian Cary 5000) in the
wavelength range 350—800 nm. The electrical properties
(electrical resistivity, Hall mobility, carrier concentration,
and sheet resistance) were measured by the Hall measure-
ments in van der Pauw configuration (Ecopia HMS 3000
Hall System, Republic of Korea) and the four-point probe
instrument (SX1934, SuZhou, PR China). The flexibility
tests were performed using a homemade instrument that
had a bending radius of ~2 mm and a bending speed of one
cycle per second. All of the measurements were carried out
at room temperature.

3 Results and discussions

The fabrication procedure of the CuM/AZO composite thin
films on the PET substrates can be seen in the schematic
of Fig. 1a, as described in the Experimental section. First,
AZO thin films are deposited on the PET substrates by RF
magnetron sputtering (step 1). Then, a layer of photore-
sist is deposited on the surface of AZO layer (step 2). In
step 3, the designed metallic mesh patterns are patterned
by UV-lithography. In step 4, the patterned photoresist
layer (photoresist template) is hardened baking at 120 °C
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Fig. 1 a Fabrication procedure of the CuM/AZO composite thin films on the PET substrates; b, ¢ Optical micrographs of the CuM/AZO com-
posite thin films; d X-ray diffraction data of AZO thin films, of which the inset is the FE-SEM surface morphology of the AZO thin films

for 10 min. In step 5, the conductive metal of Cu (300,
800 nm) are deposited onto the photoresist template to
form uniform Cu layer in the micro-trenches on the AZO
layer. Finally, the lift-off technique is used to produce the
pure Cu metallic mesh. Figures 1b and c show the optical
micrographs of the CuM/AZO composite thin films. It can
be seen that metallic Cu meshes keep well their shapes
and patterns, in which the width of the Cu mesh is about
2.5 pm and the distance between two Cu meshes is about
150 pm. The large space between the Cu metallic meshes
is benefit to optical transmission, resulting in the favorable
visual comfortableness. Figure 1d shows the X-ray dif-
fraction pattern of AZO thin films prepared on PET sub-
strate. The AZO thin films are found to be polycrystalline
with (100), (002), (101), (102), (110), (103), (200), (112)
and (201) planes. The hexagonal wurtzite phase of the
synthesized materials are confirmed by comparing with
JCPDS data. Inset of Fig. 1d shows the FE-SEM surface
morphology of the AZO thin films. It can be observed
that the surface is homogeneous and there are no cracks
or peeling off. The good physical properties of the AZO

thin films are the basic requirement for the fabrication of
hybrid transparent conductive thin films.

The fabrication process in this paper allows easy con-
trol and variation of the CuM thickness while not con-
siderably altering the lateral dimension of the CuM, thus
providing a feasible method for improving the electrical
conductivity without sacrificing their transmittance. Inset
of Fig. 2 shows the visual effect of optical transparency
for polished CuM/AZO composite thin films on the PET
substrates. Figure 2 shows the optical transmittances of the
single-layer AZO thin films and the CuM/AZO composite
thin films with Cu thicknesses of 300 and 800 nm in the
350-800 nm wavelength range. The average optical trans-
mittance (7,,) can be computed as follows [39]:

_JV(DT(DdA
W V(A M

where T(A) is the transmittance and V(1) is the photopic
luminous efficiency function defining the standard observer
for photometry [39]. According to Eq. (1), the optical
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Fig.2 Optical transmittance of the single-layer AZO thin films and
the CuM/AZO composite thin films with Cu thicknesses of 300 nm
and 800 nm in the 350-800 nm wavelength range. Inset is the visual
effect of optical transparency for polished CuM/AZO composite thin
films on the PET substrates

transmittance is calculated to be 87.5% in the visible range
of wavelengths (380-780 nm) for the single-layer AZO thin
films grown on PET substrates. After combining with the
300 nm thick CuM, the average optical transmittance of the
flexible composite thin films decreases slightly to 86.1%.
The effect of the existence of CuM on the transmittance is
very weak due to the large space between the Cu metallic
meshes. When the thickness of CuM increases from 300
to 800 nm, only a marginal decrease in the average opti-
cal transmittance in the visible range of wavelengths is
observed, which can be attributed to the nonrectangular
shape of the photoresist trench and the over deposition of
the metal copper.

Figure 3 shows the sheet resistance and resistivity of
the single-layer AZO thin films and the CuM/AZO com-
posite thin films with Cu thicknesses of 300 and 800 nm.
In this paper, the thickness of composite thin films is the
sum of the thicknesses of CuM and AZO. For the 300 nm
thick single-layer AZO thin films on PET substrates in this
study, the sheet resistance and resistivity are 9.32x 1073
Q-cm and 318.2 Q/sq., respectively. After combined with
CuM, the sheet resistance decreases drastically from 318.2
Q/sq. for the single-layer AZO thin films to 3.7 Q/sq. for
the CuM/AZO composite thin films at 300 nm of Cu
thickness. Correspondingly, the resistivity, like the sheet
resistance also decreases drastically from 9.32x 107 to
2.32x 107 Q-cm. As further increasing the thickness of
CuM to 800 nm, the sheet resistance and resistivity are
further reduced to 1.9 Q/sq. and 1.89 x 10~* Q-cm, respec-
tively. The total resistance of CuM/AZO composite thin
films can be assumed as a result of the parallel combi-
nation of the two individual layers (as seen in insert of
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Fig.3 Sheet resistance and resistivity of the single-layer AZO thin
films and the CuM/AZO composite thin films with Cu thicknesses of
300 and 800 nm. Inset shows the electrical schematic of the CuM/
AZO composite thin films

Fig. 3). The measured sheet resistance of the whole struc-
ture can be expressed as a function of the resistance of the
single layers coupled in parallel:

d d -
qu _ ( CuM Azo> )
Pcum  PAzo

where, Rg, is the sheet resistance of the CuM/AZO com-
posite thin films, d,, is the thickness of the CuM, pcy 18
the resistivity of CuM, d,,, is the thickness of AZO layers,
and p 7 1s the resistivity of AZO layers. The resistance of
the AZO layers in CuM/AZO composite thin films has been
assumed to be constant in Eq. (2). The metallic Cu has excel-
lent electrical conductivity, and the resistivity of the CuM is
much lower than that of the AZO thin films. Therefore, the
total resistance of CuM/AZO composite thin films mainly
depends on resistivity of CuM, and the composite thin films
have a much lower resistance than the single-layer AZO thin
films of the same dimensions.

In order to evaluate the electrical properties of CuM/
AZO composite thin films better, the Hall mobility of car-
rier concentration of composite thin films with different
CuM thicknesses are investigated. The electrical conduc-
tivity can be determined by the concentration and Hall
mobility of the carrier concentration, and explained using
the following basic relation [40]:

p= nen 3)
where, p is the resistivity of samples, e is the charge of
the carrier, n is the carrier concentration, and y is the Hall
mobility. From this equation, we can see that the resistivity
is inversely proportional to the Hall mobility and carrier
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Fig.5 Schematic energy band diagrams of AZO and CuM: a before
contact and b after contact

concentration, which are closely related to the thin-film
structure. Figure 4 shows the Hall mobility and carrier con-
centration of the single-layer AZO thin films and the CuM/
AZO composite thin films with CuM thicknesses of 300 and
800 nm. The Hall mobility of the single AZO thin films is
11.73 cm?/Vs. For the CuM/AZO composite thin films with
Cu thickness of 300 nm, the Hall mobility slightly reduces
to 10.87 cm?/Vs, and the reduction in Hall mobility can be
ascribed to the surface scattering at the AZO/CuM inter-
faces. With the thickness of CuM increasing to 800 nm, the
Hall mobility almost remains constant, because there is no
change in the interfacial area for AZO/CuM contact. As
shown in Fig. 4, the plot indicates that the carrier concentra-
tion depends strongly on the thickness of CuM. The carrier
concentration of the CuM/AZO composite thin films with
the 300 nm thick CuM has increased by about two orders
of magnitude compared to the single-layer AZO thin films.
The carrier concentration of the CuM/AZO composite thin
films has increased from 2.48 x 10! to 3.27x 10*' cm™ with
the increase of CuM thickness from 300 to 800 nm. Hence,
metallic conduction is dominant in the CuM/AZO composite
thin films.

Figure 5 shows schematic diagrams of the energy band
structures that would be expected before and after AZO
and metallic CuM are brought into contact, respectively.
An analysis of the CuM/AZO composite thin films shows
that the work function of AZO ($z0=4.6—4.8¢eV) [41]is
higher than that of Cu (¢p,=4.3 —4.58 eV) [42], resulting in
the ohmic contact formation between AZO layer and CuM.
After the CuM contacting with the AZO thin films, a great
deal of electrons from the CuM inject straight into the AZO
layer because of the difference of work functions between
Cu and AZO, resulting in the accumulation of numerous
electrons in a very small region near the interface. Due to the
transfer of electrons, both the valence and conduction bands
of AZO are curved downward. When a thermodynamic equi-
librium is received, the Fermi level crosses the interface in a
straight line at this moment, as shown in Fig. 5b. The barrier
between CuM and AZO interfaces disappears at this time,
and a great deal of electrons in the CuM flow into AZO
thin films. As a consequence, the CaM/AZO composite thin
films exhibit a very high carrier concentration. As we can
see from Fig. 5, the carrier concentrations are observed to
slightly increase with the increase of the thickness of CuM.
The carrier concentration can be evaluated using the fol-
lowing equation:

=t @)
with

N = Nazo + Newm (3)
d = dpz0 + degy (6)

where N is the total number of carriers in the CuM/AZO
composite thin films, N,z is the total number of carriers
in the AZO layer, and N, is the total number of carriers
in the CuM layer. S is the surface area of the composite thin
films. d, d,, and d, are the thicknesses of the composite
thin films, AZO and CuM layers, respectively. Since the total
number of carriers of the CuM layer is much higher than that
of the AZO layer, a simpler relation can be used:

N, CuM
n

IR

)

dazo + degv

Then, subsituting d,,o=300nm into Eq. (7), the formula
can be rewritten as

n 1

Newt 300 + deg ®)

It can be clearly seen from Eq. (8) that the carrier concentra-
tion increases with the increase of the CuM thickness.

In various applications of transparent conductive thin
films, both the optical transmittance and the electrical
conduction are very important. Ideally, both the optical
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transmittance and the electrical conduction should be as
large as possible. However, their interrelation excludes the
simultaneous achievement of the maximum transmittance
and conduction in most cases. The figure of merit (FOM)
@c of the transparent conductive thin films can be defined
as follows [43]:

TlO
av

P1c = 5 )]
Rsh

where, T, is the average transmittance in visible light spec-
trum (considering the application of the thin films to solar
cells and OLED, we use the average transmittance) and
Ry, is the sheet resistance. The figures of merit can be cal-
culated to be 0.08 X 1072, 6.05x 1072 and 11.4x 1072Q ™" for
the single-layer AZO thin films and the CuM/AZO com-
posite thin films with Cu thicknesses of 300 and 800 nm,
respectively. Specifically, the CuM/AZO composite thin
films with Cu thickness of 800 nm shows the highest FOM
value. However, for the CuM/AZO composite thin films with
thicker CuM thickness (above 800 nm), the CuM is easy to
fall off during the lift-off process. Therefore, the thickness
of CuM is controlled within 800 nm.

In order to have a well-defined physical meaning and gain
further insight into how metal thickness affects the overall
performance of the CuM/AZO composite thin films, another
common FoM (F) is also used to better evaluate the opti-
mal trade-off between the optical and electronic properties.
F is more useful in comparing transparent conducting thin
films [44]. The higher value of F indicates a more excellent
performance of the thin film. The F value, namely, the ratio
of electrical conductance to optical conductance (63/6,y),
can be calculated via using the following widely accepted
expression [44]:

Ce o T _Va (10)
O-opt 2Rsh 1- Tav

Odc
F =

Gon (11)

where o4, is the DC conductivity of the thin films, o, is
the optical conductivity at wavelength of A nm, Z, is the
impedance of free space (377 €2) and Ry, is the sheet resist-
ance. It is worth noting that in our estimates we considered
T,, as the average value over the visible wavelength region
(380-780 nm). The F value of the single-layer AZO thin
films on PET substrate is about 8.57. For the CuM/AZO
composite thin films with Cu thicknesses of 300 and 800 nm,
the F values are 655.67 and 1246.62, respectively, indicating
their lower sheet resistance at the same optical transmis-
sion. Our flexible CuM/AZO composite thin films reveal a
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F value of 1246.62 at 85.8% transmittance, which is higher
than those of the commercial ITO on PET (100~ 150) [45,
46], carbon nanotube (31 ~64) [47, 48], graphene (~48) [49]
and silver nanowire (100 ~350) [50, 51], copper nanowire
(25~66) [52, 53] and hybrid transparent conductive thin
films (10~200) [24-28, 54-57]. These data clearly indicate
that the flexible CuM/AZO composite thin films boast supe-
rior overall performance compared with most other transpar-
ent conducting thin films.

In order to evaluate the flexibility of composite thin films
under stress, the sheet resistance and average optical trans-
mittance of both the single-layer AZO thin films and the
CuM/AZO composite thin films are measured at a bending
radius of =2 mm (Fig. 6a, left). Figure 6a (right) shows
a photograph of the CuM/AZO composite thin films on a
PET substrate, demonstrating its flexibility and transparency.
The sheet resistance variations obtained during the repeti-
tive bending is represented by the R (b)/R;,(0) ratio, where
R, (0) is the initial sheet resistance and R (b) is the sheet
resistance measured when flattened after a certain number
of bending cycles.

For choosing the appropriate bending radius, bending
tests of CuM/AZO composite thin films with various bend-
ing radii (r=1-15 mm) are carried out. For comparison,
AZO coated on the PET film is used as a reference speci-
men. Results of these bending tests are given in Fig. 6b.
From Fig. 6b we can see that the resistance of the bent CuM/
AZO composite thin films doesn’t change until it is bent to a
bending radius of 1.5 mm. However, the reference AZO film
shows an abruptly increased resistance change at a bending
radius of 14 mm due to the rapid crack formation and propa-
gation. This is the reason why r=2 mm has been chosen as
the bending radius.

The sheet resistances of the single-layer AZO thin films
and the CuM/AZO composite thin films after cyclic bend-
ings, with bending radius of 2 mm, are shown in Fig. 6c¢.
The initial Ry, (b)/R,(0) ratios of the single-layer AZO thin
films and the CuM/AZO composite thin films are all 1.
Within less than 7 bending cycles, the Ry, (b)/R,(0) ratio
of the single-layer AZO thin films increases linearly to 12.
On the other hand, the CuM/AZO composite thin films
maintain a nearly similar resistance even after 500 bend-
ing cycles, indicating the excellent flexibility of the flex-
ible CuM/AZO composite thin films. And this mechanical
stability strengthens the merit of the CuM/AZO compos-
ite thin films with low resistance and high transparency,
which are comparable to ITO. The average optical trans-
mittances of the CuM/AZO composite and the single-layer
AZO thin films versus the number of the bending cycles
are also shown in Fig. 6¢. From Fig. 6¢ we can see that,
for all the thin-film samples, the optical transmittances
decrease slightly within less than 5 bending cycles, and
the values remain unchanged with further increasing the
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bending times. The reduction in the transmittance can be
owing to the craze of AZO layer. After cyclic bendings,
a lot of cracks are developed in the AZO layer due to the
strain mismatch between the AZO and PET during the
bending process (as shown in the inset of Fig. 6¢). The
cracks will scatter visible photons leading to the decrease
of transmittance.
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Fig.7 Plots of temperature versus time for CuM/AZO and AZO
transparent heater

To further show the credibility of their high performance,
the application of the CuM/AZO composite thin films in
optically transparent heater has been chosen as the example
for illustration. For comparison, AZO (the single-layer AZO
thin films) transparent heater is used as a reference speci-
men. The CuM/AZO transparent heater, with the CuM/AZO
composite thin films (with Cu thickness of 800 nm) and
two narrow silver paste lines along edges as contacts, has
a resistance of Ry, =2 €Q/sq., and it is subjected to voltage
pulse of 1.5 V. Plots of temperature versus time for the CuM/
AZ0 and AZO transparent heaters are shown in Fig. 7. From
Fig. 7 it can be observed that for the CuM/AZO transpar-
ent heater the maximum temperature, — 105 °C, is obtained
at the voltage of 1.5 V. However, for the AZO transparent
heater the maximum temperature (95 °C) is obtained at the
voltage of 8.0 V. Apparently, the CaM/AZO transparent
heater shows the lower drive voltage, which further indi-
cates the high performance of the CuM/AZO thin films in
the practical applications.

4 Conclusions

In summary, the flexible CuM/AZO composite thin films are
successfully fabricated on PET substrates via combining the
UV-lithography and the magnetron sputtering technologies.
By increasing the thickness of CuM, a typical composite thin
films with optical transmittance of 85.8%, sheet resistance of
1.9 Q/sq., resistivity of 1.89 x 10™* Qecm and figure of merit
of 1247 are obtained. In the presence of CuM, the composite
thin films show both improved flexibility and conductivity
compared with the single-layer AZO thin films, which are
beneficial for their applications in flexible electronic devices.
In summary, owing to their outstanding performance, the
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flexible CuM/AZO composite thin films demonstrate the
potential for applications in high-performance flexible elec-
tronics and photovoltaic devices etc.
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