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A B S T R A C T

Reactive high power impulse magnetron sputtering (R-HiPIMS) has been demonstrated as a promising technique
for the ZnO:Al (AZO) thin film deposition at low temperature with improved electrical properties compared to
the reactive direct current magnetron sputtering (R-dcMS). However, there are not enough studies about the
HiPIMS process using Zn/Al target itself. Additionally, AZO films have not been deposited with the pulse
duration times long enough to allow the discharge to develop into the self-sputtering mode. C-V-t characteristics
and the time average plasma optical emission spectra were studied as a function of different sputtering para-
meters, such as frequency, average power, pulse duration time, and oxygen flow rate. AZO films were deposited
on glass substrates without intentional heating by R-HiPIMS using 500 μs long pulses. Structural, electrical and
optical properties of the AZO films were studied as a function of peak current. Obtained peak power densities are
relatively low compared to other metals due to the strong argon gas rarefaction, however, it is possible to
increase the peak power density above 0.5 kW/cm2 by increasing the time between pulses or the average power
to reach the HiPIMS regime. If the pulse duration time is 500 μs, the sustained self-sputtering discharge can be
observed when the peak power density is above 0.3 kW/cm2. The peak current is sensitive to the oxygen content
in the sputtering atmosphere so that it can be used as a control parameter for the reactive sputtering. The lowest
obtained resistivity of the AZO films is 1.0× 10−3Ωcm with the transmittance around 70% in the visible light
range. From the XRD measurements, there is the indication of existing zincblende structural phase in the R-
HiPIMS deposited AZO films using high oxygen partial pressure.

1. Introduction

Aluminium doped zinc oxide (ZnO:Al – AZO) has been investigated
and used as a transparent conducting oxide (TCO) already for several
decades. Transparent electrodes have many applications in the fields of
solar cells, flat panel displays, and low emissivity coatings. The scal-
ability of a deposition technique is a critical part for the large scale
production. For this reason the magnetron sputtering is among the most
widely used types of deposition [1,2]. Additionally, the implementation
of reactive sputtering reduces the production cost due to a lower price
of metal targets compared to ceramic targets [3]. Operation in the
unstable transition mode as well as the high deposition temperature
(> 200 °C) is necessary to achieve desired properties of AZO thin films
in the reactive magnetron sputtering [4,5]. This is the major limitation
for the AZO deposition on plastic (flexible) substrates. The elevated
deposition temperature is not preferable in the case of CIGS solar cell
either [6]. Another drawback of the magnetron sputtering is the ne-
gative oxygen ion bombardment of a growing AZO film in front of

target axis leading to the non-homogeneity of the film electrical prop-
erties [7,8]. The bombardment introduces compensation (acceptor)
type point defects and/or deactivates Al dopants.

Pulsed laser deposition (PLD) has been demonstrated as a method to
achieve the best AZO properties so far [9]. However, the elevated de-
position temperature is still necessary, and the method is not applicable
for the large scale deposition. The PLD is characterised by high plasma
density, which is also the case in high power impulse magnetron
sputtering (HiPIMS). The HiPIMS is a deposition technology in which
the power is supplied by high amplitude impulses with a low duty cycle.
In the pulse the density of plasma increases up to 1020 m−3 leading to
the high ionisation of sputtered atoms and near-target process gas due
to the short mean free path between collisions [10]. The ionised sput-
tered atoms can be further utilised in the film growth to control the
microstructure of thin film [11]. The additional advantage of the Hi-
PIMS is that the undesirable hysteresis in the reactive sputtering may be
reduced (R-HiPIMS) [12,13]. As HiPIMS is already a well-established
coating technology in the field of hard coatings, it can become more
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relevant in the field of TCO deposition in the future.
Only few studies have been published on the AZO deposition by R-

HiPIMS [14–16], which claim that more homogeneous films and a
higher electrical conductivity can be obtained compared to the con-
ventional reactive direct-current magnetron sputtering (R-dcMS).
However, it is not clear whether the deposition parameters had been
optimised in the case of R-dcMS to make the general conclusion about
the benefits of R-HiPIMS, because higher quality AZO films deposited
by R-dcMS can be found in other papers [17,18]. Nevertheless, the
results are promising and it is reasonable to assume that the R-HiPIMS
deposition process can be further improved.

It has been suggested that the better quality films can be obtained
even without thermal assistance due to the target surface change during
a high power pulse [15]. An oxide layer on the target erosion zone is
partly removed during the pulse. This allows more stable operation into
the transition zone leading to the slightly substoichiometric compound,
especially into the crystalline grains, and reducing the negative oxygen
ion bombardment. It is worth mentioning that in the previous studies
still relatively low peak power densities were used compared to the
common values of the HiPIMS processes. By increasing the peak current
or the pulse length the effect of the oxide layer removal should get more
pronounced.

In the case of a Zn target, it is known that the plasma impedance
decreases when oxygen is added into the sputtering atmosphere.
However, the relative decrease is significantly larger during high power
pulses compared to DC sputtering indicating stronger dissociation and
ionisation of molecular oxygen [15].

In order to investigate the HiPIMS and R-HiPIMS processes, the
current-voltage-time (C-V-t) characteristics during the pulse can be used
to gain useful information about the gas rarefaction, the self-sputtering
(SS), the gas-recycling etc. The HiPIMS of zinc target is far less studied
compared to other metals. Most studies mainly focus on Ti, Cr, Al, Cu
etc. Zinc has 2 to 10 times higher sputtering yield (also SS yield)
compared to the previously mentioned metals making it an interesting
metal for the HiPIMS process research. In a recent paper [19], where
different target materials were sputtered in the same conditions, the
HiPIMS discharge was not even reached in the case of high sputter yield
metals (Zn, Cu, Ag) due to high plasma impedance. This raises the
question of which sputtering parameters and pulse configurations the
actual HiPIMS regime can be obtained to fully exploit the HiPIMS
benefits in the thin film deposition. In reactive sputtering the compound
layer is formed on the target surface. As there is a difference between
metal and compound work functions, the secondary electron emission
changes. This leads to the change in peak current, which can then be
used as an additional control parameter.

In this paper we study the HiPIMS and R-HiPIMS of Zn/Al (98/2 wt
%) target at different sputtering parameters, such as power, pulse
duration time, oxygen flow etc. At every given sputtering condition, the
C-V-t characteristics as well as plasma optical emission spectra (OES)
were recorded. Only Zn properties will be taken into account in the
interpretation of results, because Al concentration in the target is only
2.0 wt%. At certain conditions the AZO films were deposited and
characterised by XRD, Hall effect and transmittance measurements. As
a peak current changes with an oxygen flow rate, the AZO properties
were investigated as a function of the peak current. This paper is or-
ganised as follows: experimental details, HiPIMS of Zn/Al target, R-
HiPIMS of Zn/Al target, AZO properties, and conclusions.

2. Experimental details

The experiments were performed using the vacuum coater G500M/
2 (Sidrabe). A ION'X® planar, balanced magnetron (Thin Film
Consulting) with target dimensions 100mm×200mm×9mm was
used. The allowable maximum average power for this magnetron is
approximately 4 kW. The power was supplied by a SIP2000USB-10-
500-D pulse power supply unit (Melec) operating in unipolar negative

regime at constant average power. The constant average power regime
was selected to prevent target damage and because it was more stable
than constant average current or voltage regimes. The maximum output
voltage and peak current of this power supply is 1000 V and 500 A,
respectively, thus the maximum pulse power is 500 kW (5 kWmax. DC).
The negative voltage was supplied to the magnetron cathode against a
grounded anode. The discharge voltage and current were measured by a
MS-500-D-TB measuring system (Melec) and recorded by a RIGOL
DS1074B digital oscilloscope. The OES from the discharge was collected
through the chamber window by an optical fibre probe overlooking the
discharge parallel 2 cm above the target surface. The time-average OES
were detected by an Ocean Optics HR4000 spectrometer.

A Zn/Al (98:2 wt%, purity 99.99%) alloy target with a thickness of
9mm has been sputtered in metallic (Ar) and reactive (Ar+O2) atmo-
spheres. The C-V-t characteristics and OES were studied as a function of
pulsing frequency (25 Hz–10 kHz), pulse length (100 or 500 μs, or DC),
and average power (50–500W). In all cases the pulse voltage was
constant for the entire pulse length. The arc detect threshold value was
set to 500 A in the HiPIMS mode. Before the investigation of sputtering
process and the AZO film deposition, the chamber (≈0.1m3) was
pumped down to base pressure below 1.3× 10−5 mbar by a HiPace
1800 turbo-molecular pump (Pfeiffer) backed with a rotary pump. The
Ar (purity 99.99%) flow rate of 40 sccm was kept constant in both
metallic and reactive modes. The pumping speed was altered by a
throttle valve to set the working pressure of 1.0× 10−2 mbar during
the sputtering in pure Ar. In the reactive sputtering, the O2 (99.5%)
flow rate was varied from 0 to 24 sccm, thus the working pressure was
in the range of 0.8 to 1.0×10−2 mbar.

AZO thin films were deposited on soda lime glass substrates by
dcMS, pulsed-dcMS and HiPIMS in an Ar+O2 atmosphere. The glass
substrates were ultrasonically cleaned with acetone, detergent, 2-iso-
propanol for 15min each, rinsed with distilled water, and then dried
under blown N2 gas. The substrates were not heated intentionally
during the deposition process and the distance between the target and
the substrate was approximately 11 cm (a substrate facing the target
axis).

The film's thickness was determined by a profilometer, CART Veeco
Dektak 150. The AZO structure was examined by an X-ray dif-
fractometer with Cu Kα radiation, PANalytical XPert Pro. The film's
transmittances, in the range of 200 to 1100 nm, were determined by a
double-beam spectrophotometer, Analytik Jena AG Specord 210. The
electrical resistivity, the carrier concentration and the mobility were
measured in the Van der Pauw configuration using a Hall effect system,
HMS5000.

3. Results and discussion

3.1. Zn/Al sputtering in HiPIMS

To deposit AZO thin films it was preferable to investigate the Zn/Al
target sputtering by high power pulses in both metallic and reactive
modes. In the beginning, the Zn/Al target sputtering in an Ar atmo-
sphere was gradually changed from a DC to low frequency pulsed re-
gime (DC–50 Hz) by increasing the off time between pulses to in-
vestigate the pulsing frequency influence on the magnetron discharge.
The average power of 300W and the pulse duration time of 100 μs were
kept constant. The peak current and the voltage increase when fre-
quency is reduced to maintain the average power (Fig. 1). The sput-
tering regime reaches the HiPIMS level of 0.5 kW/cm2 (defined in [20])
at approximately 80 Hz. The current gradually increases during a pulse
and reaches the peak current at the end, leading to a triangular profile.

The plasma composition was investigated using OES. The OES
spectra recorded 2 cm above the Zn/Al target surface from DC and
pulsed-DC (low density) to HiPIMS (high density) discharges are shown
in Fig. 2. The plasma emission is dominated by neutral Ar (Ar I)
emission lines with the low intensity lines of neutral Zn (Zn I) at the low
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density discharge. As the frequency is decreased, the intensity of Ar I
lines gradually reduces, whereas the intensity of Zn I increases. At the
high-density discharge, the plasma emission spectrum mainly consists
of the Zn I emission lines. This is the result of significant Ar gas rar-
efaction by the “sputter wind” [21,22], which is the momentum
transfer from sputtered atoms to a process gas. Only low intensity
emission lines of either Ar or Zn ions (Ar II, Zn II) were detected. This is
most likely due to the optical fibre focus position because the ion
emission is localised closer to the target surface even in the case of Zn/
Al sputtering with unbalanced magnetron [23]. However, Ar ion con-
centration in the HiPIMS can be low due to the strong Ar rarefaction
and the self-sputtering mechanism in the case of a high sputter yield
material, like Zn (6.2 at 900 eV Ar). It is reported that the ionisation
fraction of sputtered atoms in the case of a Cu target, which is also a
high sputter yield (2.6 at 900 eV Ar) material, is around 40% from the
experimental evidence [24] and 27% from the modelling [25] (peak
power density in both cases was approximately 0.5 kW/cm2). It can be
predicted that the ionisation fraction in the case of Zn could be lower
because Zn has higher ionisation energy (9.4 eV) compared to Cu
(7.7 eV) and a lower electron impact ionisation collision cross section
[26]. No emission lines of excited or ionised Al atoms were detected in
any of the cases.

Further, to investigate the average sputtering power influence on
the plasma discharge it was increased from 50 to 500W with the step of
50W at two different pulsing configurations – tOn= 100 μs,
tOff=10′000 μs, f=99Hz and tOn=500 μs, tOff=40′000 μs,
f=25Hz. The pulse time in the second pulse configuration was in-
creased to allow the discharge to develop into the self-sputtering phase
and to detect material dependant features.

The C-t characteristics of the first pulse configuration are shown in
Fig. A.1 in the appendix. The 100 μs long current profiles are rectan-
gular as before. The peak current grows from 20 A (0.10 A/cm2) to 140
A (0.70 A/cm2) if the voltage is increased from 583 to 967 V. In the
magnetron sputtering, the C-V curve follows the power law I~Vn [27],
where the exponent n increases if plasma impedance decreases. In our
case the C-V curve exhibits the fracture from I~V2 to I~V8 around
850 V where the peak power density is 0.2 kW/cm2 (Fig. 3). It can be
suggested that at this value the electron density is high enough to
strongly enhance the electron impact ionisation of sputtered atoms,
thereby reducing the plasma impedance. In the case of dcMS sputtering,
the C-V curve obeys the power law of I~V4. The value of 4 is relatively
low compared to conventional dcMS processes [28] suggesting high
plasma impedance due to the rarefaction effect.

The C-t characteristics of the second pulse configuration are shown
in Fig. 4. Below 780 V, discharge current increases in the initial phase of
the pulses (< 250 μs) and then starts to decrease after the peak current
is reached. The production of electrons is faster compared to the re-
combination and disappearance in the beginning of the pulse [29]. The
increase of energetic electrons, which are trapped in the magnetic field
near the target surface, favourably affects the process gas ionisation.
The impedance of plasma decreases and the discharge current increases
in the beginning of the pulse as the concentration of the charge carriers
grows. The initial phase of discharge pulse, which is pressure de-
pendant, is dominated by gas ions [30]. The current decrease later in
the pulse is strongly related to the rarefaction of inert gas in the vicinity
of the target surface. In our case the peak current position shifts from
150 to 250 μs if the voltage is increased from 740 to 780 V. The peak
current of 12 A (0.06 A/cm2) and the peak power density of 0.05 kW/
cm2 at 780 V is well below the dcMS limit and cannot be considered as
HiPIMS.

When the voltage is increased by only 10 V from 780 to 790 V, the
C-t characteristic changes significantly in the later phase of the pulse
indicating a new process that compensates the current decrease. The
sputtered atoms and ions start to strongly affect the discharge. The

Fig. 1. C-V-t characteristics as a function of frequency during the Zn/Al target
sputtering in an Ar atmosphere at constant average power mode.

Fig. 2. OES spectra as a function of frequency during the Zn/Al target sput-
tering in an Ar atmosphere at constant average power mode.

Fig. 3. C-V curves for the pulsed sputtering (tOn= 100 μs, tOff=10′000 μs) and
dcMS. In the case of pulsed sputtering the target current density refers to the
pulse current.
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plasma impedance decreases sharply in the end of the pulse and the
current reaches the value of 73 A (0.37 A/cm2) at 790 V. The corre-
sponding peak power density of 0.3 kW/cm2 is above dcMS limit and
indicates the HiPIMS. In the HiPIMS, additionally to the primary ions of
inert gas (ionised for the first time), the recycled ions of sputtered atoms
and inert gas should be considered. The generalised recycling model
(GRM) [31] reveals that above the critical current density (in our case,
approximately 0.2 A/cm2) either gas or self-sputter (SS) recycling is
necessary to carry the current. In general, the inert gas ions are pre-
dominant in the beginning of the pulse and partly replaced by the target
material ions during the pulse [30]. In the case of materials with a high
self-sputter yield (YSS), SS-recycling is dominating over the gas re-
cycling [32] leading to the sustained self-sputtering (SSS). The YSS > 1
is necessary to satisfy the condition for the SSS [10]:

= ≥αβYΠ 1ss (1)

where α is the ionisation probability of a sputtered atom and β is the
probability that the ion will return to the target. However, the condition
YSS > 1 is not sufficient for the SSS. In our case it can be concluded
that when the peak power density is increased above 0.05 kW/cm2, the
parameter Π in (1) exceeds unity and SS runaway occurs. In other
words, the plasma density reaches a threshold to strongly enhance the
ionisation of sputtered Zn atoms and the SSS is accomplished.

If the voltage is increased even further, the sputtered atom ionisa-
tion and the SS recycling start earlier because all involved processes are
driven at a greater rate. The peak current develops faster, and the C-t
profile gets wider with a plateau current. The peak current value in-
creases only slightly up to 81 A (0.4 A/cm2) at 815 V (Fig. 5). The
plateau current indicates a new steady state in which the composition
balance is achieved and Π in (1) is equal to unity if the SSS phase is
accomplished only by the Zn ions, or is slightly lower if the Ar ions also
contribute [33]. Double charged Zn ions should be present in the dis-
charge to maintain the SSS phase because single charged ions cannot
produce enough secondary electrons, which are highly important for
the ionisation process. It should be possible because the ionisation en-
ergy to obtain double charge Zn ions (18.0 eV) is just slightly greater
than the ionisation energy of neutral Ar (15.8 eV). Additionally, in the
case of high SS yield material like Zn, the SSS phase can be maintained
with a moderate degree of ionisation and relatively low concentration
of double charged ions [34]. However, it is notable that the current
decreases slightly during the plateau (Fig. 4). The decrease indicates
that no highly charged Zn ions are produced according to Wu et al.
[29]. The obtained plateau current densities are relatively low com-
pared to other metals in the SSS phase. This is because of the lower

primary current of Ar ions that are ionised for the first time and act as a
seed for the recycling processes. It is shown that the minimum steady
state current to maintain the SSS phase decreases when the rarefaction
is more pronounced [35].

The optical plasma emission spectra were recorded at every set
voltage. The spectra in Fig. A.2 mainly consist of excited Zn atom lines
(468.0, 472.2, 481.1, 636.2 nm). In the spectra, there is a low intensity
emission line at 589.4 nm corresponding to single charged zinc ions.
The intensity of the excited and single charged Zn emission lines as a
function of voltage is shown in Fig. A.3. The intensity of both lines
sharply increases between 780 and 800 V. Above 800 V the steepness of
the intensity increase reduces. There is a good correlation between the
intensity of lines and the peak current density.

3.2. Reactive Zn/Al sputtering (R-HiPIMS)

The reactive HiPIMS process was studied again using two different
pulsing configurations – tOn=100 μs, tOff=10′000 μs, f=99Hz and
tOn=500 μs, tOff=40′000 μs, f=25Hz. The average power of 300W
was kept constant. The two pulsing configurations were selected so that
the peak power density at the given average power value is relatively
high (0.5 and 0.3 kW/cm2, respectively) before the oxygen introduc-
tion. The C-t characteristics of the first pulsing configuration as a
function of oxygen flow rate are shown in Fig. 6. The oxidation of target
surface elevates the secondary electron emission (SEE) in the case of
Zn/Al target. This is the reason why the current increases faster and
reaches a higher peak value when the oxygen flow is increased. How-
ever, there are no large changes in the C-t characteristics in terms of
shape and peak value.

Further AZO films were deposited at three different sputtering re-
gimes: (1) DC; (2) tOn= 100 μs, tOff=1′000 μs, f=909Hz; and (3)
tOn=100 μs, tOff=10′000 μs, f=99Hz. It can be seen in Fig. 7 that a
higher oxygen flow rate is necessary to reach a transition mode and
achieve transparent films when the frequency is decreased. In the dcMS,
there is a balance between the formation and removal of the oxide layer
on the target surface when operating in the transition mode. The re-
moval of compound molecules is proportional to the ion target current
density [20]. In the HiPIMS, discharge peak current density changes
during a pulse and reaches a very high value. This leads to the high and
inconsistent sputtering rate during the pulse time. If the oxide layer is
removed from the target surface in the initial stage of the pulse, the
sputtering rate sharply increases later in the pulse, which means that a
higher oxygen flow rate is necessary to form a stoichiometric compound
film. This might be the reason why a higher oxygen flow is necessary to
produce transparent AZO films when frequency is reduced, thus the

Fig. 4. C-V-t characteristics with the pulse time of 500 μs plotted for different
applied average power.

Fig. 5. C-V curves in the case of pulsed (tOn= 500 μs, tOff=40′000 μs) sput-
tering.
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peak current density is increased. Additionally, the formation of an
oxide layer between HiPIMS pulses is reduced due to rarefaction of the
oxygen gas [36].

The deposition rate of the AZO films in the transition mode de-
creases when the sputtering mode approaches the HiPIMS (Fig. 8). Most
likely it is because a part of the sputtered Zn atoms are ionised close to
the target and attracted back by the negative target potential [37]. SS
yields for various target materials are typically 10–15% lower com-
pared to the yields of Ar ion sputtering [38]. That is why it is reasonable
to decrease the pulse time to not allow the gas rarefaction and the SS to
develop further if the higher deposition rate is necessary. In the case of
Zn, the SS yield in the projectile energy range from 300 to 800 eV is
from 15 to 20% higher compared to the Ar ion-sputtering yield [39].
However, in the SS the projectile is lost, which reduces the sputtering
yield by 1 [20]. Additionally, the secondary electron emission decreases
in the SS mode. All these effects reduce the overall deposition rate. If we
compare deposition rates of 100 μs (Fig. 8) and 500 μs (Table 1) long
pulses, then the deposition rate is higher in the case of 500 μs. It is
worth mentioning that it is not completely correct to compare dcMS
and HiPIMS deposition rates at the same average power because the
non-linear scaling coefficient of the sputter yield with the applied

voltage should be taken into account. The lower deposition rate of the
HiPIMS compared to the dcMS seems to be solved by advantage magnet
arrangement in the magnetron (known as “TriPack” magnetron [40])
and by using a positive pulse after a negative one (known as “positive
kick” [41]).

In the second pulsing configuration, the C-t characteristics changed
significantly when the oxygen flow rate was introduced (Fig. 9). The
current starts to decrease in the end of the pulse, and at the same time
the steepness of the C-t profile starts to increase in the initial phase of
the pulse when oxygen is gradually increased from 0 to 16 sccm. As the
oxygen content in the sputter atmosphere is increased, the Zn/Al target
surface gets more poisoned. As a result the sputter yield decreases. In
this case it is expected that the self-sputtering contribution reduces and
gas recycling gets more pronounced. However, from our experiments it
is not possible to distinguish the argon, oxygen and zinc ion contribu-
tions during the pulse. The changes in the sputter yield and the SEE
allow the discharge current to reach the maximum value earlier in the
pulse. It is shown in the case of Ti that in the poisoned mode the Ar ion
contribution to the discharge current is the most significant, with the
small contribution of oxygen and titanium ions in the end of the pulse
[31]. As the C-t characteristic is sensitive to the oxygen flow rate, it
seems that it can be used to determine the target surface state and
control the reactive sputtering process.

3.3. Characterisation of the AZO films

The structure and the optical and electrical properties were studied
for the DC and HiPIMS (tOn= 500 μs, tOff=40′000 μs) deposited AZO
films listed in Table 1. Note that, when the oxygen flow rate was in-
creased from 20 to 22 sccm, the other deposition parameters as well as
the deposition rate behave in reverse to the previous behaviour, in-
dicating that an oxygen flow is not a reliable deposition control para-
meter. Since the peak current is sensitive to the oxygen content in the
sputtering atmosphere, the structure and the properties of the films
were studied as a function of the peak current. The deposition modes
(metal, transition or oxide) in Table 1. were approximately determined
from the transmittance and the Hall effect measurements.

3.3.1. XRD measurements
The evolution of the X-ray diffractograms as a function of peak

current for the DC and HiPIMS deposited AZO films is shown in Fig. 10.
A significant diffraction maximum, which corresponds to the (002)
plane, was observed at around 34° for the DC and HiPIMS deposited

Fig. 6. C-t characteristics as a function of oxygen flow rate when the pulse
duration time is 100 μs.

Fig. 7. Transmittance at 550 nm of the AZO films as a function of oxygen flow
at different sputtering regimes: (131 Hz) tOn=100 μs, tOff=7′500 μs; (909 Hz)
tOn=100 μs, tOff=1′000 μs; and (DC). All the films were deposited at pressure
of approximately 0.01 mbar and at average power of 300W.

Fig. 8. Deposition rates in the transition mode for the different sputtering fre-
quencies (131 Hz: tOn=100 μs, tOff=7′500 μs; 909 Hz: tOn=100 μs,
tOff=1′000 μs; and DC) with the constant average power of 300W.
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AZO films, indicating that the films contain a crystalline phase growing
preferentially with the c-axis of the wurtzite-type ZnO (w-ZnO) lattice
perpendicular to the glass substrate surface. None of the case phases of
Zn, Al2O3 or ZnAl2O4 were detected.

In the case of the HiPIMS deposited films, the diffraction angle of
the (002) maximum sharply shifts from 34.3° to 33.2° when the peak
current is increased from 75 to 85 A. The large shift suggests a new
structural phase. However, in the case of the AZO film at 85 A peak
current, the main maximum has a shoulder in the direction of higher
angles suggesting a still existing w-ZnO phase. It is hard to identify a
structural phase from only one XRD maximum. The reference X-ray
diffractograms of different ZnO structural phases, such as zincblende
and rocksalt, ZnAl2O4 spinel, and ZnO2 pyrite are shown in Fig. A.4.
Among all the phases only zincblende exhibits the diffraction maximum
of (111) plane at 33.5°, which is close to 33.2°. It can be concluded that
there is the indication of existing zincblende phase in the AZO films
deposited by the HiPIMS together with high oxygen content in the
sputtering atmosphere.

Comparing the X-ray diffractograms between the HiPIMS and DC
deposited films in the transition mode with similar thicknesses (sam-
ples: (1) DC; (2) HiPIMS, 75 A; in Fig. 10), the intensity of the (002)
maximum is less in the case of the HiPIMS deposited film. However, the
crystalline size in the [002] direction calculated by the Scherrer equa-
tion for the DC and HiPIMS deposited films are similar – 32 and 29 nm,
respectively. Furthermore, the lattice parameter c of 5.23 Å for the
HiPIMS deposited film is closer to the w-ZnO crystal parameter
(c=5.21 Å) compared to the c of 5.26 Å for the DC deposited film.

3.3.2. Electrical properties
The electrical resistivity, the charge carrier concentration and the

Hall mobility of the HiPIMS deposited AZO films were measured at a
temperature of 300 K and are shown in Fig. 11. The sign of the Hall
coefficient of all measured samples was negative, indicating n-type
conductivity and free electrons in the conduction band as charge car-
riers. There is no Hall effect measurement data for the sample at 85 A
because the Hall voltage was not large enough to be accurately mea-
sured. Relatively high electrical conductivity was achieved in the peak
current range from 60 to 70 A. The minimum obtained resistivity was
1.0×10−3Ωcm with the electron concentration of 5.3× 1020 cm−3

and the mobility of 11.8 cm2 V−1 s−1 at 65 A. The resistivity grows if
the peak current is either increased or decreased due to the mobility
decrease. The resistivity of the DC deposited AZO film in the transition
mode was 3.8× 10−2 Ωcm with the electron concentration of
5.4× 1019 cm−3 and the mobility of 3.0 cm2 V−1 s−1.

At a low peak current, a highly substoichiometric compound with a
large number of intrinsic point defects forms due to the low oxygen
content in the sputtering atmosphere. This raises the free electron
concentration and reduces the visible light transmittance. When oxygen
content grows, the electron concentration accordingly decreases. The
highly transparent films were obtained above 75 A (Section 3.3.3). The
film deposited at 75 A already exhibits for the TCO standards low free
electron concentration of 1.4× 1020 cm−3. This indicates rather low Al
dopant activation. Al impurities must replace Zn ions in the ZnO crystal
lattice to be an effective electron donor. In that case, one additional

Table 1
Deposition parameters, thicknesses and deposition rates of the AZO samples.

Deposition mode Oxygen flow
(sccm)

Work pressure
(mTorr)

Voltage (V) Peak current
(A)

Emission line intensity ratio I
(O777)/I(Zn636)

Thickness (nm) Deposition rate (nm/
min)

DC (transition) 8 6.8 377 – 0.070 266 27
HiPIMS (metal) 10 6.6 670 50 0.026 1383 92
HiPIMS (metal) 14 7.0 594 60 0.035 1255 84
HiPIMS (metal/trans.) 16 7.2 581 65 0.048 1190 79
HiPIMS (metal/trans.) 18 7.4 570 70 0.058 1113 74
HiPIMS (transition) 20 7.5 540 80 0.080 484 32
HiPIMS (metal/trans.) 21 7.5 556 73 0.069 296 49
HiPIMS (transition) 22 7.6 545 75 0.084 221 37
HiPIMS (transition) 23 7.7 533 80 0.107 488 31
HiPIMS (trans./oxide) 24 7.8 513 85 0.140 403 27

Constant deposition parameters: average sputtering power of 300W and Ar flow rate of 40 sccm.

Fig. 9. C-t characteristics as a function of oxygen flow rate when the pulse
duration time is 500 μs.

Fig. 10. X-ray diffractograms of the DC and HiPIMS (tOn=500 μs,
tOff=40′000 μs) deposited AZO films as a function of peak current. All the films
were deposited at pressure of approximately 0.01mbar and at average power of
300W.
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electron from the shallow donor level could be excited in the con-
ductive band. As the Al concentration can differ between the target and
the deposited films and has not been directly measured, the value of the
activation cannot be presented here.

The decrease of electron concentration at higher oxygen flow values
is caused by either the oxidation of Al impurities (Al2O3) or the for-
mation of homologous phase that prevents good dopant activation. In
the case of the oxidation, Al dopants no longer perform as donor-type
defects [42]. The increase of oxygen content also reduces the con-
centration of interstitial zinc defects, which are native donor-type de-
fects in ZnO. At higher oxygen flow values, the formation of zinc va-
cancies and interstitial oxygens, which could act as acceptor-type
defects, is also possible [43].

The mobility of the HiPIMS deposited AZO films crosses the max-
imum value of 12.5 cm2 V−1 s−1 at 70 A when the peak current is in-
creased from 50 to 80 A. Scattering mechanisms must be considered to
interpret the effect of peak current on electron mobility. In poly-
crystalline ZnO, the grain barrier scattering dominates if the electron
concentration is in the range approximately from 1×1018 to
2× 1020 cm−3 [44]. Above 2×1020 cm−3, the contribution of the
grain barrier scattering gradually decreases, as the potential barrier
height on the grain boundaries reduces, and the contribution of the
ionised impurity scattering increases.

Since the films are highly substoichiometric at low peak currents,
they contain a lot of point defects that cause the lower mobility. When
the oxygen content is increased, the composition becomes more
homogenous and the mobility increases. Later the mobility decreases
because the potential barrier height on the grain boundaries grows as
the electron concentration decreases. The maximum obtained mobility
of 12.5 cm2 V−1 s−1 is approximately four times smaller than the the-
oretically obtainable [5], indicating that the crystallinity is not high
enough due to the low deposition temperature.

3.3.3. Optical transmittance
The transmittance of the HiPIMS deposited AZO films on glass was

measured in the range of 200 to 1100 nm. The transmittance at 550 nm
grows from 40 to 80% if the peak current is increased from 60 to 85%
(Fig. 12). It is again explainable by the fact that at low peak currents, a
highly substoichiometric compound with the high concentration of free
electrons forms. The optical band gap (Eg) was estimated from the
fundamental absorption edge by applying the Tauc model [45]. The
optical band gap of the films shifts from 3.65 to 3.50 eV when the peak
current is increased from 65 to 85 A as the electron concentration de-
creases from 5.3 to 0.73×1020 cm−3, which is known as Burtein-Moss
effect [46].

3.3.4. Figure of merit
The performance of the deposited AZO films was estimated using

the figure of merit of Haacke (T10/Rsheet) [47]. The obtained properties
are moderate compared to the best AZO films deposited in other studies
(Table 2). The deposited film at 65 A exhibits the highest figure of merit
value of 8×10−4Ω−1. In the particular case, it was not possible to
achieve low resistivity and high visible light transmittance simulta-
neously. There can be several reasons for that. First of all, the deposi-
tions were performed without any feedback control that could ensure a
stable process in the transition zone. We can also argue that the target
composition and/or the substrate position against the target were not
optimal. In this study, the R-HiPIMS discharge reached the SS mode
during the pulse. We can therefore conclude that the SS might not be an
ideal mode for the AZO deposition.

4. Conclusions

The C-V-t characteristics and plasma OES of the metallic (Ar) and
reactive (Ar+O2) HiPIMS of Zn/Al target have been studied. Due to
the high sputter yield of Zn, strong Ar gas rarefaction has been observed
and lower peak power densities compared to other metals were ob-
tained. Nevertheless, the HiPIMS regime can be achieved by increasing
the time between pulses or increasing the average power. When the
peak power density of 500 μs pulses is above 0.3 kW/cm2, the sustained
self-sputtering discharge develops.

The AZO films have been deposited by R-HiPIMS without inten-
tional heating during deposition and studied as a function of peak
current. The changes in electrical and optical properties showed that
the peak current can be used as a control parameter in the reactive
sputtering. A higher oxygen flow rate is necessary to achieve

Fig. 11. Resistivity, electron concentration and mobility of the HiPIMS
(tOn= 500 μs, tOff=40′000 μs) deposited AZO films as a function of peak cur-
rent. All the films were deposited at pressure of approximately 0.01mbar and at
average power of 300W.

Fig. 12. Transmittance of the HiPIMS (tOn=500 μs, tOff=40′000 μs) deposited
AZO films in the range of 200 to 1100 nm as a function of peak current. All the
films were deposited at pressure of approximately 0.01mbar and at average
power of 300W. The reference was measured with an uncoated glass substrate.
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transparent AZO films by R-HiPIMS compared to R-dcMS. A slight im-
provement in electrical conductivity was achieved when depositing
AZO films at low temperature by R-HiPIMS; however, the film prop-
erties are still moderate suggesting that the SS is not an optimal mode to
achieve high quality AZO films. From the XRD, there is the indication of
existing zincblende structural phase in the AZO films deposited at high
oxygen partial pressure. However, further research is necessary to
prove this fact.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.surfcoat.2019.04.044.
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