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Abstract

Al-doped ZnO thin films were deposited using reactive high power impulse mag-
netron sputtering at substrate temperatures between room temperature and
600 ◦C. Two sample series with different oxygen partial pressures were stud-
ied. The films with the lowest resistivity of 3 × 10−4 Ωcm were deposited at
the highest substrate temperature of 600 ◦C. The improvement of the electrical
properties could be related to an improvement of the mobility due to the im-
proved crystallinity. This improved crystallinity also increased the stability of
the films towards ambient moisture. On the other hand, the detrimental influ-
ence of negative oxygen bombardment could be avoided, as the HiPIMS process
can take place in the metal or transition mode even at relatively high oxygen
partial pressures.

Keywords: ZnO, Transparent conducting oxide, HiPIMS, Temperature,
Electrical properties, Thin films

1. Introduction

Transparent conductive oxides (TCOs) are important materials for wide
ranges of applications in optoelectronics and energy conversion, that can be used
for example as transparent electrodes in solar cells [1] or flat panel displays [2].
A common TCO is ZnO, that is usually doped with group III elements such as
Al, in order to achieve low resistivity. However, the solubility limit of Al in ZnO
is quite low at around 0.3 at% [3]. To reach high active dopant concentrations in
Al doped ZnO (AZO) films, the films need to be grown using a non-equilibrium
method such as physical vapor deposition (PVD) [4]. A commonly used tech-
nique for the deposition of AZO films is direct current (DC) or radio frequency
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(RF) magnetron sputtering as it can be easily scaled up to large deposition
areas [5].

As the properties of the growing films are governed by both kinetics and
thermodynamics, the substrate temperature is an important parameter in the
deposition of AZO films. There have been several studies about the influence of
the substrate temperature in magnetron sputter deposition of AZO films in the
case of DC and RF magnetron sputtering. He et al. [6] studied DC sputtering of
AZO films at deposition temperatures up to 480 ◦C. They observed an increase
in both mobility and charge carrier concentration with increasing substrate tem-
perature. Similarly, Park et al. [7] observed an improvement of the electrical
properties with the substrate temperature in their study of RF magnetron sput-
tering of AZO films at substrate temperatures up to the 500 ◦C. On the other
hand, Vinnichenko et al. [8] observed a degradation of the electrical properties
above an optimum temperature of 200 ◦C. They explain this by the formation of
an insulating metastable phase at higher temperatures. Bikowski and Ellmer [9]
find an optimum temperature of 300 ◦C in the case of RF magnetron sputtering
of AZO films.

An upcoming technique is high power impulse magnetron sputtering (HiPIMS).
HiPIMS uses short pulses of high current density [10]. Recently, it has been
shown that highly conductive and transparent AZO films can be deposited with-
out substrate heating using HiPIMS [11]. However, there are only few studies
that investigate the influence of the substrate temperature in the case of HiPIMS
deposition of AZO films. Ruske et al. [12] used substrate temperatures of up to
200 ◦C and improved the resistivity of the AZO films by an order of magnitude
as compared to deposition at room temperature.

There seems to be no clear conclusion about which temperature is the op-
timum temperature for the deposition of AZO thin films. The optimum tem-
perature might depend on the deposition technique, as well as the deposition
parameters. In this work, AZO films are deposited by reactive HiPIMS at sub-
strate temperatures between room temperature and 600 ◦C using two different
O2/Ar ratios. Their electrical, optical and structural properties are investi-
gated. Another common effect in AZO films is the degradation of the electrical
properties in a humid environment [13]. It has been shown that a heat treat-
ment of deposited AZO films at 650 ◦C in vacuum can make the films stable
towards humid environments [14]. Therefore, the aging behaviour of the films
in ambient moisture is also studied.

2. Experimental

AZO films were deposited onto Si and fused silica substrates mounted on a
rotatable substrate holder using reactive HiPIMS of a 50mm Zn/Al target with
2 at% of Al. The substrate temperature was controlled with a resistive heater
for two different sample series. In series 1, the temperature of the substrate was
varied between room temperature and 500 ◦C and in series 2 the temperature
was varied between room temperature and 600 ◦C. The substrate temperature
without intentional heating is expected not to exceed 45 ◦C [11]. The oxygen and
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Table 1: Experimental conditions for the two sample series

Ar flow rate
(sccm)

O2 flow rate
(sccm)

O2/Ar ratio
(%)

Series 1 47 17 36.2
Series 2 59 24 40.7

argon flow rates have been slightly changed between the two series as indicated
in table 1 in order to assess the robustness of the process. The total pressure
in the chamber was controlled by a throttle valve to be 1Pa in all cases. The
HiPIMS unit (Melec Spik 2000A) was charged by an Advanced Energy Pinnacle
Plus DC power supply. The DC supply was set to a constant voltage of 560V
and the HiPIMS unit delivered pulses of a length of 100µs with a frequency of
1000Hz. This leads to an average power of around 120W and a peak current
of around 2.6A. The distance between the target and the substrate was 11 cm
and the deposition time was 10minutes.

The electrical properties of the films were measured using a HMS 5000 Hall
effect measurement setup in the van der Pauw geometry [15]. Transmittance
measurements were performed using a Cary 5000 UV-Vis-NIR spectrophotome-
ter. The thickness of the films was measured using cross-sectional back-scattered
electron images in a Philips XL30 scanning electron microscope (SEM) with an
acceleration voltage of 15 kV. Additional images were taken with a LEO 1550
Gemini SEM with an acceleration voltage of 5 kV. A rough estimation of the
Al concentration in the films was obtained by energy dispersive spectrometry
(EDS) in the LEO 1550 Gemini SEM on selected samples. In order to reduce the
influence of the substrate on the EDS measurement, the samples were tilted by
30 ◦ and an acceleration voltage of 3 kV was used. Crystallographic information
was obtained using θ/2θ x-ray diffraction (XRD). Two different diffractometers
with Cu anodes were used. An AXS Bruker D8 Advance with an automatic
sample loading system was used to scan a large 2θ range from 10 to 120 ◦.
Scans in the range of 30 to 40 ◦ were performed using a PANalytical X’pert
diffractometer. This allowed a fine-calibration of the alignment of the sample
tilt to be able to compare the peak intensities between different samples. In
this case, the contribution of the Cu Kα2 component was removed numerically
using the method by Rachinger [16]. From the line profile of the (002) peak of
ZnO, the microstrain and the size of the coherent scattering domains could be
determined using the method by de Keijser et al. [17].

3. Results

Magnetron sputtered AZO films often show a lateral variation of the prop-
erties along the substrate surface [18]. It has been shown that this variation
decreases in the case of HiPIMS deposited films [11]. There is also a lateral
variation of the properties for the films in this experiment, however this lat-
eral variation is much smaller than the variation of the properties with the
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Figure 1: Deposition rate of the AZO films as a function of temperature and the simulated
normalized deposition rate using SIMTRA

temperature. The lateral variation is therefore only shown in the errorbars in
the figures. The small lateral variation can be related both to the effects of
the HiPIMS process, as well as the large distance between the target and the
substrates.

Figure 1 shows the deposition rate as a function of the substrate temperature.
There is an 170% (100%) increase in deposition rate between room temperature
and 500 ◦C for series 1(series 2). The deposition rate decreases again at a
temperature of 600 ◦C. The increase in deposition rate at high temperature is
stronger for sample series 1. This result could have several possible reasons,
such as the change in the gas density due to the temperature. A change in gas
density could have an effect on both the target condition as well as the film
growth.

Under the assumption, that the gas temperature is in equilibrium with the
substrate temperature, the gas density decreases by 60% between room tem-
perature and 500 ◦C, as the pressure is kept constant at 1Pa. A decrease in the
gas density causes an increase in the mean free path of the sputtered atoms,
which could explain the increase in the deposition rate. In order to estimate the
magnitude of this effect, the simulated deposition rates using the software SIM-
TRA [19] are also shown in figure 1. These simulations show only an increase of
about 28% in the deposition rate between room temperature and 500 ◦C, which
is much lower than the increase observed in our films.

Another possible explanation could be the decrease in the reactive gas den-
sity, that would move the process further into the metal mode and therefore
increase the deposition rate. The increase in deposition rate being more pro-
nounced in series 1, i.e. at lower oxygen partial pressure, supports this interpre-
tation. A shift in the reactive sputter process towards the metal mode should
affect the shape of the discharge current waveforms [20]. However, the discharge
current waveforms, shown in figure 2 for series 2, do not show any significant
changes with the temperature. For all the samples, the current reaches a peak
value of about 2.7A after about 35µs and decreases afterwards due to the rar-
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Figure 2: Current waveforms of the depositions for sample series 2

efaction effect [21]. The current waveforms for series 1 (shown in figure S1 in
the supplementary material) look similar. There is no significant difference in
the shape of the current waveforms and the peak current is relatively constant,
suggesting that the effect of the substrate temperature on the target conditions
should be small.

The resistivity of the films has been measured using the Hall effect setup.
The results are shown in figure 3a as a function of substrate temperature. The
resistivity decreases with increasing substrate temperature for both series from
a value of around 9×10−3 Ωcm at room temperature to around 3×10−4 Ωcm at
600 ◦C. The evolution of the resistivity is very similar for both series despite the
different deposition parameters. This shows that the HiPIMS process indeed
allows to obtain AZO films with good properties over a relatively large range of
parameters.

The mobility and charge carrier concentration of the films have also been
measured using the Hall effect setup, and are shown in figure 3b and c, re-
spectively. The mobility is increasing with the substrate temperature for both
sample series. For the charge carrier concentration, no clear evolution with the
substrate temperature is visible for series 1. For series 2, the charge carrier
concentration is increasing with the substrate temperature. However, a dip in
the charge carrier concentration is observed for the substrate temperature of
400 ◦C for both series obtained with the different sputtering conditions.

EDS measurements allowed to obtain a rough estimation of the chemical
composition in the films. The Al/ (Zn+Al) ratio is found to be between 2-3%
independently of the substrate temperature. This means, that the increase in
charge carrier concentration cannot be related to a change in the Al concentra-
tion.

The transmittance of the films was measured in the spectrophotometer. The
resulting spectra for the samples of both series are shown in figure 4 in both the
visible and the near infrared range. The transmittance in the near infrared range
seems to be decreasing with the substrate temperature suggesting an increase
in the charge carrier concentration corresponding to a shift in the plasmon
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Figure 3: Resistivity (a), mobility (b) and charge carrier concentration (c) of the AZO films
as a function of substrate temperature

resonance frequency towards lower wavelengths [22].
In order to avoid a biased interpretation of the transmittance spectra due to

the variation of the film thickness, the absorption coefficient α was calculated
as α = 1/t · ln 1/T , with t the thickness of the films and T the transmittance.
Figure 5 shows the average of α in the visible range as a function of the substrate
temperature. The absorption coefficient can be related to the level of oxygen
substoichiometry of AZO as shown in several studies [18, 23]. Based on that,
at room temperature, the film of series 1 could be more substoichiometric than
the film of series 2. Moreover, increasing the substrate temperature lowers the
absolute value of the absorption coefficient and decreases the relative difference
between the two series. This could be explained by an increased chemical re-
activity of oxygen at high temperatures under the assumption that the oxygen
partial pressure is high enough to not limit the adsorption of oxygen on the film
surface [24].
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Figure 4: Transmittance spectra of AZO films from series 1 (top) and series 2 (bottom)
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Figure 5: Average absorption coefficient in the visible range as a function of substrate tem-
perature

To evaluate the overall performance of the films the figure of merit φ can be
calculated from the absorption coefficient α and the resistivity ρ as φ = 1/(α ·ρ)
[25]. The figure of merit for the two sample series is shown in figure 6 as
a function of the substrate temperature. At room temperature, the figure of
merit has a relatively low value 0.01Ω−1. The maximum value of 0.9Ω−1 is
found at 500 ◦C in case of series 2. At 600 ◦C the figure of merit decreases again
to a value of 0.6Ω−1. In the literature the best values for the figure of merit
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Figure 6: Figure of merit of the AZO films as a function of substrate temperature

of AZO films are about 5Ω−1 [25]. Fumagalli et al. [26] deposited AZO films
using pulsed DC magnetron sputtering from a ceramic target and found a lateral
variation of the figure of merit between 0.3 and 2.3Ω−1. On the other hand, He
et al. [6] used reactive DC magnetron sputtering to deposit AZO films between
room temperature and 480 ◦C. From their reported values for the resistivity
and the transmittance, the figure of merit can be calculated to increase from
4× 10−4 Ω−1 to 0.3Ω−1 with the substrate temperature.

The resistivity of our films has been measured again 9 months after the
deposition in order to evaluate the properties of the films after exposure to am-
bient moisture with an average relative humidity around 35%, similar to the
aging procedure described elsewhere [13]. The relative change in the resistivity
(ρaged/ρinitial) is shown in figure 7. For the sample deposited at room temper-
ature, the resistivity increases by 100% after the aging. For higher substrate
temperatures, however, the resistivity does not change significantly over time.
Although the resistivity of AZO films is well known to degrade in contact with
a humid environment, Hüpkes et al. [14] have shown that deposition at 600 ◦C
can prevent this effect. They attributed this improvement to less defective grain
boundaries. Our results suggest that a substrate temperature as low as 200 ◦C
can also be highly beneficial, although it is difficult to draw definitive conclusion
from this result, as the aging of the films was performed at room temperature
and not in a standardized damp heat treatment test.

The XRD patterns of the films in the range between 32 and 38 ◦ for series 1
are shown in figure 8 and for series 2 in figure S2 in the supplementary material.
The intensities are normalized according to the measured film thickness. The
XRD patterns show only a single peak around 34 ◦, which corresponds to the
(002) peak of the wurtzite structure of ZnO, which can also be seen in full range
of the XRD patterns in figure S3 in the supplementary material. This means
that the films are preferentially oriented along the c-axis.

The height of the (002) peak of the films is shown in figure 9a as a function of
substrate temperature. This peak height is normalized with the film thickness
and can therefore give an indication of the crystalline quality of the films. The
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Figure 7: Relative change in the resistivity as a function of substrate temperature after expo-
sure of the films to ambient moisture for 9 months
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Figure 8: Normalized XRD patterns of the samples in series 1

crystalline quality is increasing with the substrate temperature. However, a
saturation of the diffracted intensity is achieved at a substrate temperature of
400 ◦C and above.

Figure 9b shows the size of coherent scattering domains calculated from
the Lorentzian contribution to the width of the (002) peaks of the films as a
function of the substrate temperature. The coherence length is increasing with
the substrate temperature, except for the highest temperature of 600 ◦C. The
evolution of the coherence length is similar to the evolution of the film thickness
as seen in figure 1. However, the film thickness increases by a factor of 2-3
between room temperature and 500 ◦C, whereas the coherence length increases
by a factor of 5-6. This means that the increase in the coherence length cannot
be attributed only to the increase in film thickness with the temperature.

The microstrain in the sample has also been calculated from the Gaussian
contribution to the width of the (002) peaks and is shown in figure 9c as a
function of substrate temperature. The microstrain is relatively low (around
0.8%) for all the substrate temperatures and the variation is within the error.

9



100

101

102

103

Pe
ak

h
ei

g
h
t

(a
rb

.
u
n
it

s)

(a)

Series 1
Series 2

30

60

90

120

C
oh

er
en

ce
le

n
g
th

(n
m

) (b)

0 200 400 600
Substrate temperature (◦C)

0.0

0.2

0.40.4

0.6

0.8

1.0

M
ic

ro
st

ra
in

(%
)

(c)

Figure 9: Results from fitting the (002) peak in the XRD patterns as a function of substrate
temperature: peak height (a), and coherence length (b) and microstrain (c), calculated from
the Lorentzian and Gaussian contribution to the peak width, respectively.

Bikowski and Ellmer [9] also did not observe any development of the microstrain
with the substrate temperature in the case of RF sputtering of AZO films.
However, in their case the microstrain was lower than in our films. On the other
hand, Cornelius and Vinnichenko [27] observed an increase in the microstrain
with increasing substrate temperature for a target Al concentration of 1.7 at%
in the case of DC sputtering, which they attributed to an increasing disorder
due to an increase in the Al concentration in the film.

From the position of the (002) peak the lattice parameter c can be calculated,
which is shown in figure 10. Using the biaxial strain model, the in-plane stress
can be calculated from the lattice parameter c with

σ =
2C2

13 − C33(C11 + C12)

2C13
· c− cbulk

cbulk
(1)

where cbulk = 5.2071Å is the lattice parameter of bulk ZnO and Cij are
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Figure 10: Lattice parameter c calculated from the (002) peak. The horizontal line indicates
the lattice parameter for bulk ZnO. The right scale bar shows the in-plane stress according to
the biaxial strain model

the elastic constants of ZnO (C11 = 208.8, C33 = 213.8, C12 = 119.7 and
C13 = 104.2GPa) [28]. At low temperatures the film is strained along the c-
axis corresponding to a compressive in-plane stress. For temperatures of 400 ◦C
and above the c-axis parameter approaches the value of bulk ZnO meaning
that the compressive stress is relieved, which can be related to the annealing
of defects [27]. Bikowski and Ellmer [9] observed a similar trend for deposition
temperatures from 300 ◦C. Cornelius and Vinnichenko [27] also observed a de-
crease in the lattice parameter with increasing substrate temperature. However,
they observed a slight increase after a minimum at a substrate temperature that
depended on the Al concentration.

Further information about the microstructure has been obtained from cross-
sectional SEM images. The SEM images of the films from sample series 2 are
shown in figure 11. The films appear to have grown in dense columns and
without voids for all the substrate temperatures. The lateral column size seems
to be between 20 nm and 50 nm, while the larger columns are mostly found for
the higher deposition temperatures.

4. Discussion

It is surprising that the deposition rate of the films is increasing with in-
creasing substrate temperature up to 500 ◦C. In theory, one would expect the
thickness to decrease, as the sticking coefficient of the sputtered material on
the substrate is expected to decrease with temperature. Additionally, a prefer-
ential desorption of Zn is commonly observed at higher substrate temperatures
together with an increase in the Al concentration due to the high vapor pressure
of Zn [8]. However, our EDS results do not show an increase in the Al concen-
tration with the substrate temperature, meaning that evaporation processes are
unlikely to play a large role in our deposition process.

The electrical properties of the AZO films are improving with the substrate
temperature. This improvement is mainly due to the increase in the mobility
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Figure 11: Cross-sectional SEM images of the AZO films from sample series 2 as a function
of substrate temperature

as can be seen in figure 3b and, at least for series 2, also due to an increase
in charge carrier concentration. The increase in mobility can be related to the
improvement in the crystallinity. Both the intensity and the coherence length
of the films are increasing up to 500 ◦C as can be seen in figures 9a and 9b,
respectively.

Contrary to many reports in the literature [8, 9, 27], we do not observe an op-
timum resistivity at an intermediate temperature of 200-350 ◦C. Bikowski et al.
[29] attribute the improvement in resistivity at intermediate temperatures to the
thermal annealing of acceptor defects that are introduced by negative oxygen
ion bombardment. They explain the increase of resistivity at high temperature
by the formation of secondary phases. In our case, we do not observe an in-
crease in the Al concentration with the temperature nor a decrease in the charge
carrier concentration suggesting a small influence of oxygen ion bombardment.

In the case of HiPIMS, higher deposition temperatures can be considered
in order to improve the electrical properties of AZO films. As we have shown
recently, the HiPIMS process enables a wider process window to synthesize
transparent and conductive AZO films. We related this to the possibility to
maintain a low oxide coverage of the metallic target leading to a process taking
place in the metal or transition mode [11]. The same argument can be used
to interpret the present results. It is rather well established that bombardment
of the growing film by energetic oxygen ions is highly detrimental to the elec-
trical properties of AZO by deactivation of the Al dopant, and introduction of
oxygen interstitials [26, 29]. The formation of the homologous Al2O3(ZnO)m
phase could also be related to the oxygen ion bombardment [30]. Recent results
have shown, that the formation of the homologous phase is less pronounced
in HiPIMS processes [31]. In the present work, substoichiometric films were
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deposited at room temperature despite the high oxygen partial pressure. The
improved oxidation of the film at higher substrate temperatures can be related
to the increased chemical reactivity. Together with the improvement in the
crystallinity due to thermal effects, the reduced oxygen ion bombardment due
to the HiPIMS process allows the deposition of highly conductive, transparent
AZO films up to substrate temperatures of 600 ◦C.

5. Conclusion

AZO films were deposited using reactive HiPIMS at substrate temperatures
up to 600 ◦C. The electrical properties were found to improve significantly with
increasing substrate temperature with an optimum resistivity of 3× 10−4 Ωcm.
Achieving the best electrical properties at high deposition temperatures of 500
or 600 ◦C is in contrast to the many reports in literature about RF and reactive
DC sputtering of AZO films, that find a degradation of the electrical properties
at high substrate temperatures. The good electrical properties can be related
to the HiPIMS process, that allows the target to stay in the metal or transition
mode even at high oxygen partial pressures. Finally, the improvement of the
crystalline properties due to the thermal effects leads to an improvement in
the mobility of the charge carriers and an improved capability of the films to
withstand ambient moisture.
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