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Properties of ZnO:Al films on polymer substrates by low temperature process
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ABSTRACT

Transparent electrode ZnO:Al(AZO)films were deposited on a PES (polyethersulfone) polymer substrate for thin film
solar cells applications. A PES substrate with a thickness of 0.2mm and transmittance > 90% in the visible range was
used because it is light weight and can deform easily. AZO thin films were prepared at a fixed DC power, PO2 = P(O2)/
[P(O2) + P(Ar)], and various substrate temperatures. The properties of AZO thin films were examined by X-ray diffraction,
UV/VIS spectroscopy, four-point probe, Hall measurements, and field emission scanning electron microscopy. The lowest
resistivity of all the films was 4.493 × 10-4 [Ω-cm] and the transmittance was > 80% in the visible range.
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1. Introduction

Transparent conducting oxide (TCO) films are used
as transparent electrodes in solar cells, FPD and
OLED [1-2]. TCO films have a good transmittance,
electrical conductivity and adhesion to the substrate.
Of the TCO films reported, Sn-doped indium oxide
(ITO) films are widely used as transparent electrodes.
However, ITO thin films have disadvantages, such as
toxicity, high price and instability in hydrogen
plasma, when in solar cells because tin atoms in the
ITO film are extracted by solar radiation. As a possi-
ble replacement for ITO films, ZnO thin films have
low resistivity, a high transparency, nontoxic, chemi-
cal stability in hydrogen plasma, and low cost. ZnO
thin films are an n-type semiconductor with intrinsic
defects, such as interstitial zinc atoms and oxygen
vacancies. Its electrical conductivity is increased by
doping with group III elements, such as aluminum,
boron, gallium, and indium or group VII elements
such as fluorine.[3,4] Compared with undoped ZnO,
aluminum-doped ZnO (AZO) thin films have lower
resistivity and better stability. AZO thin film have
high transmittance > 80% and low resistivity ( 10-4 [-

cm]) as a function of the sputtering conditions [5].
AZO thin films are prepared using several tech-
niques, such as sputtering, spray pyrolysis, pulsed-
laser, chemical vapor deposition, and sol–gel. The use
of flexible substrates to replace conventional glass
substrates, such as plastic polymers, is of great inter-
est in the photovoltaic field due to the reduced cost in
the production process. This paper reports the optimi-
zation of the structural, optical and electrical proper-
ties of AZO films deposited on polyethersulfone
(PES) at substrate temperatures ranging from room
temperature (R.T; 25oC) to 100oC.

2. Experimental

Fig. 1 shows a schematic diagram of the FTS (Fac-
ing Target Sputtering) apparatus. The FTS system is
an array target of two sheets that forms high density
plasma between the targets. The process is called
plasma-free because the substrate is remote from the
plasma, which means that bombardment from high
energy particles, such as electrons and negative ions,
is minimized [6-8]. The sputtering targets were spe-
cifically prepared using a Zn (5N, 4inch diameter)
metal and ZnO:Al (Al2O3 2w.t.%, 4inch diameter)
ceramic target. polyethersulfone (PES) was used as
the substrate for film deposition. Table 1 lists the†E-mail : khkim@kyungwon.ac.kr
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physical properties of polyethersulfone[9]. Before
film deposition, the PES substrate was cleaned by
ultrasonic cleansing with distilled water for 30 min
followed by IPA (Isopropyl alcohol) for 30 min. The
substrate was then dried in a stream of N2 gas. The
chamber was evacuated to 1.33 × 10-4 [Pa] prior to
film deposition. During deposition, the pressure was
maintained at 0.133[Pa]. The AZO films on the PES
substrate were deposited at different substrate temper-
atures (R.T, 50oC, 75ºC and 100oC). The oxygen gas
flow rate was defined as PO2 = P(O2)/[P(O2) +

P(Ar)]. The DC power was 100W and the film thick-
ness was 200nm. Table 2 lists the sputtering condi-
tions. The electrical properties of the AZO thin films
were examined using a four-point probe (Chang-min,
CMT-1000), and Hall Effect measurements (ECO-
PIA, HMS-3000). The structural properties of the
AZO thin films were analyzed by X-ray diffraction
(XRD, Rigaku, D/MAX-2200). The surface mor-
phology of AZO thin films was observed by Field
Emission Scanning Electron Microscopy (FE-SEM,
Hitachi). The optical transmittance AZO thin films
were measured by UV-VIS spectroscopy (HP). 

3. Results and discussions

3.1. Electrical properties

All transparent conducting AZO thin films exhib-
ited n-type conductivity. The conductivity of the
AZO thin films are dominated primarily by electrons
generated from Al3+ ions on the substitutional sites of
Zn2+ ions and Al interstitial atoms. The resistivity is
proportional to the reciprocal of the product of carrier
concentration n and mobility µ as the following equa-
tion.

(1)

From the relation, this lower electrical resistivity of
AZO thin films was caused by the higher product of
the carrier concentration n and mobility µ [10]. 

Fig. 2 shows the electrical resistivity, Hall mobility

ρ 1
neµ
---------=

Fig. 1. A schematic of diagram of FTS apparatus.

Table 1. The physical properties of PES substrate

Material
Tensile
strength
[Mpa]

Tensile
Modulus

[GPa]

Glass
transition

Temperature
[oC]

PES 80-105 2-3 230

Heat
Deflection

Temperature
[oC]

Coefficient
of thermal
Expansion
[10-5/oC]

Specific
Gravity

Water
absorption

(%)

200-205 5-10 1.2-1.4 0.1-0.5

Table 2. The sputtering conditions of AZO thin film deposited
on PES substrate

Deposition parameter Sputtering Conditions

Targets
Zn(5N)

ZnO:Al (Al2O3: 2 wt.%)

Substrate Polyethersulfon (PES)

Background pressure 1.33 × 10-4 Pa

Working gas pressure 0.133 Pa

Film thickness 200 nm

Substrate temperature R.T, 50oC, 75oC, 100oC

Sputtering power 100W

P(O2)/[P(O2) +P(Ar)]. 0.2
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and carrier concentration of AZO thin films as a func-
tion of substrate temperatures. The lowest resistivity
was 4.493 × 10-4 [Ω-cm] at substrate temperature of
100oC. The resistivity decreased mainly due to
increasing Hall mobility and carrier concentration.

3.2. Structural properties

Fig. 3 shows the XRD patterns of the AZO thin
films as a function of the substrate temperature. The
AZO thin films were physically stable and showed
good adhesion to the polymeric substrate. All of the
AZO films had a strong (002) XRD peak at value of
34.16o- 34.24o 2θ, and a very weak (102) peak at
44.46o-44.66o 2θ. This suggests that the crystallo-
graphic c-axis of the AZO thin films is perpendicular
to the substrate, and all AZO thin films had a poly-

crystalline structure. The intensity of the (002) peak
increased with increasing substrate temperature. This
means that the crystallinity of the films increases with
increasing substrate temperature. 

3.3. Optical transmittance

Fig. 4 shows the optical transmittance of the depos-
ited AZO thin films as a function of the substrate tem-
perature. The optical transmittance of all AZO thin
films was > 80% in the visible range. In addition, the
best optical transmittance was observed at 550nm and
a substrate temperature of 100oC. The optical trans-
mittance of visible range improved with increasing
substrate temperature due to the improved crystallin-
ity of the AZO thin films. The optical edge shifted to
a shorter wavelength with increasing substrate tem-
perature due to the increased carrier concentration,
which is known as the Burstein–Moss shift.

Fig. 5 presents the optical band gap energy of the
AZO thin films as a function of the substrate tempera-
ture. The optical band gap of the films was deter-
mined using the Tauc model, and Davis and Mott
model [11] in the high absorbance region (áhv)=
D(hv-Eg)n, where hv is the photon energy, Eg is the
optical band gap, and D is a constant. The Eg value
was obtained by extrapolating the linear portion of a
plot of (áhv)2 vs. hv to the photon energy axis. The
optical band gap was 3.496 [eV], 3.498 [eV], 3.512
[eV] and 3.527 [eV] at substrate temperatures of R.T,
50, 75 and 100oC. 

Fig. 2. The electrical resistivity, Hall mobility and
carrier concentration of AZO thin films as a
function of substrate temperatures.

Fig. 3. The XRD patterns of the AZO thin films as a
function of the substrate temperature.

Fig. 4. The optical transmittance of the deposited AZO thin
films as a function of the substrate temperature.
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3.4. Surface morphology

Fig. 6 shows the surface morphology of the AZO
thin films at different substrate temperatures. The
grain size of the AZO films increased sharply above a
substrate temperature of 50oC, and showed signifi-
cant temperature sensitivity.

4. Conclusions

Transparent electrode AZO thin films were depos-
ited on a PES substrate using a FTS system. The elec-
trical resistivity of the deposited films improved with
increasing substrate. The lower electrical resistivity of
the AZO thin films was caused by the higher product

of the carrier concentration n and mobility µ. The optical
transmittance of all AZO thin films was > 80% in the
visible range. The optical band gap ranged from 3.496
[eV] to 3.527 [eV]. The AZO thin films grew with the
crystallographic c-axis perpendicular to the substrate,
and all AZO thin films exhibited a polycrystalline struc-
ture. The intensity of the (002) planes increased with
increasing substrate temperature. The surface morphol-
ogy was found to be is sensitive to the substrate tempera-
ture. In this study, the AZO thin films on a PES substrate
showed good conductivity, making it a suitable trans-
parent electrode for flexible solar cell applications.
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Fig. 5. The optical band gap energy of the AZO thin films
as a function of the substrate temperature.

Fig. 6. shows the surface morphology of the AZO thin
films at different substrate temperatures.


