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a b s t r a c t
Effect of sputtering power on the properties of ZnO:Ga (GZO) transparent conductive oxide (TCO) ﬁlms
was investigated on the ﬁlms deposited by pulsed DC magnetron sputtering with a rotating cylindrical
target. At lower sputtering power up to 2.0 kW, the ﬁlms showed ﬂat surfaces with some pit-like structures. However, ﬁlms morphology deteriorated with higher sputtering power up to 3.5 kW as reﬂected
in the rough porous surfaces. Microstructures of the ﬁlms evolved into the uniformly shaped columnar grains well aligned with the c-axis with the increasing sputtering power up to 2.0 kW, but further
increasing the sputtering power caused the irregularity of the grain shapes and their orientations. Accordingly, the ﬁlm deposited at 2.0 kW showed the lowest electrical resistivity of 4.89 × 10−4  cm achieved
through the highest Hall mobility of 25.9 cm2 V−1 s−1 . All the GZO ﬁlms in this study showed the optical
transmittances higher than 80%.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Implementation of today’s information technology (IT) requires
the use of interactive user interface for their functionalities [1].
Interactive user interfaces are in many cases integrated into ﬂat
panel displays in which transparent electrodes are used as essential
components [2]. Transparent electrodes must have substantially
low electrical resistivity and be transparent to visible light [3]. Such
properties can be achieved by degenerately doping wide bandgap
(oxide) semiconductors [4]. Currently, indium tin oxide (ITO) is
widely used as transparent conductive oxide (TCO) due to the
low electrical resistance in the range of 10−4  cm and ease of
wide-area deposition by simple techniques [5,6]. However, with
ever-expanding realms of ubiquitous computing such as mobile
computing, scarcity of the precious metal indium could raise price
concern in the IT industry [6]. Therefore, efforts have been made to
seek suitable alternatives, in which a wide bandgap ZnO has been
intensively studied [7,8]. ZnO, of which the electrical resistivity can
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be made comparable to that of ITO by doping with Al and Ga, is
readily available and chemically stable ensuring lower price and
environmental safety [9].
So far, Al-doped ZnO has been the focus of research, but Al is
reactive in oxidizing atmosphere including air [10]. Instead of Al,
chemically less reactive Ga can be used as dopant [11]. Another
advantage of Ga is that its ionic radius is smaller than Al so that
it induces smaller lattice distortion on doping as compared to Al,
which may allow improved electrical properties [11,12]. For electrode applications in IT devices, TCOs must be deposited in forms
of thin ﬁlms using simple techniques [13]. Most of the thin ﬁlms
deposition techniques can be used to deposit ZnO:Ga (GZO) ﬁlms
on various substrates and magnetron sputtering has been exclusively considered due to its simplicity and scalability to large-area
deposition with uniformity [14]. While DC (reactive) magnetron
sputtering is regarded as most suitable method, recent studies
suggest that pulsed DC magnetron sputtering (p-DCMS) can be
a promising candidate [15,16]. This relatively novel technique is
advantageous in that it allows high sputtering power reaching few
kW ranges with high plasma density, long-term process stability
with arc prevention, and enhanced dynamic deposition rates leading to high-speed deposition of high-quality ﬁlms [15,17]. Further
improvement in the deposition process is possible by incorporating cylindrical target as an anode, by which target efﬁciencies can
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Fig. 1. SEM micrographs showing the changes in the morphology of the GZO ﬁlms with increasing sputtering power.

be enhanced over 70% reducing the cost [15,18,19]. By comparison,
planar targets have the efﬁciency only of 20–30% due to partial
sputtering [19]. Being a relatively novel process technique, works
on GZO ﬁlm deposition by p-DCMS with rotating cylindrical target
is relatively scarce and therefore more work is needed to establish the optimal condition for ﬁlm deposition. In this study, effect
of sputtering powers on the properties of GZO ﬁlms was investigate to understand relations between the process variables and the
resulting ﬁlm properties.
2. Experimental
GZO ﬁlms were deposited on soda-lime glass substrates by pDCMS at 230 ◦ C with varying sputtering powers. Glass substrates
were cleaned using trichloroethylene, acetone, and methanol in
order and then rinsed in deionized water. For the ﬁlm deposition, glass substrates were ﬁrst placed in the load-lock chamber
which was subsequently evacuated to 1.0 × 10−6 Torr. At this pressure, the gate valve between the load-lock chamber and the main
sputtering chamber was open to transfer the substrate in the sputtering position which is located 160 mm away from the target. The
working pressure was maintained at 3.0 × 10−3 Torr for sputtering by feeding Ar (5 N) gas during the ﬁlm deposition. A cylindrical
ZnO target (250 mm in length and 45 mm in diameter) containing
3.0 wt% Ga2 O3 was used as the source. Pulse frequency was ﬁxed
at 70 kHz while the sputtering powers were varied from 1.0 kW to
3.5 kW. The GZO ﬁlms were deposited to the thickness of about
600–620 nm.
Morphology of the GZO ﬁlms was observed using a scanning
electron microscope (SEM, Hitachi S-4200). Crystallinity of the
ﬁlms was assessed using an X-ray diffractometer (XRD, Rigaku
D/MAX-2500H) and a transmission electron microscope (TEM, JEOL
JSM-2100F). Electrical properties were estimated based on carrier

concentration, Hall mobility and resistivity obtained from van der
Pauw Hall measurements at room temperature. Optical transmittance and reﬂectivity of the ﬁlms were measured using a UV-VIS
spectrometer (JASCO, V-570).
3. Results and discussion
The SEM micrographs in Fig. 1 show the morphological characteristics of the GZO ﬁlms deposited with varying sputtering powers.
All the ﬁlms are characterized by more or less densely packed
and vertically grown columnar grains (details about the columnar
structure will be discussed with TEM later). However, the surface
morphologies of the ﬁlms exhibit different details with varying
sputtering powers. Films deposited at 1.0–2.0 kW have almost ﬂat
surfaces on which pit-like structures can be seen. These pit-like
structures decrease in population slightly with increasing sputtering power up to 2.0 kW. With further increasing the sputtering
power, the pit-like structures evolves into small crater-like structures that make the surfaces appear severely eroded.
Higher sputtering power increases the plasma density which
in turn increases the ﬂux of sputtered species delivered to the
substrate surface [20]. At the same time, higher sputtering power
provides more energy to the particles impinging on the substrate
surface [20,21]. The former may result in the higher deposition rate
while the latter allows the sputtered species to diffuse within the
growing ﬁlm to ﬁnd their crystallographic sites more readily [22].
When the deposition rate is high, sputtered species impinged on
the surfaces have short time to diffuse within the growing ﬁlm,
which could be compensated by high energy of the species that
helps adjusting their suitable positions in the lattice structure [23].
It is believed that these two conﬂicting contributions to the growth
kinetics were balanced during the ﬁlms growth so that the morphological characteristics appeared similar when the sputtering
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powers were moderate (1.0–2.0 kW in the present case). Slightly
decreasing population of the pit-like structures with increasing
sputtering power up to 2.0 kW seems to have resulted from high
surface mobility associated with higher power [23]. However, when
the sputtering power is further increased, energy of the impinging
particles can be excessive such that some of the particles bombard
the surfaces of growing ﬁlm to yield the highly rugged (eroded)
morphology as observed in Fig. 1 for the sputtering power higher
than 2.5 kW [12,23].
Fig. 2 shows the XRD spectra obtained from the GZO ﬁlms. In all
of these spectra, strong diffraction peaks can be seen at 2 = ∼34.3◦
and secondary peaks at 2 = ∼72.6◦ , which are originated from ZnO
(0 0 0 2) planes and ZnO (0 0 0 4) planes, respectively (JCPDS No. 361451). These diffraction peaks indicate that the GZO ﬁlms have
wurtzite structures and are c-axis oriented. Intensities of these
peaks initially increase slightly as the sputtering power is increased
from 1.0 kW to 2.0 kW and then decrease with the higher sputtering
powers. Also in Fig. 2, peaks at 2 = ∼43.4◦ appear, which is assigned
to spinel ZnGa2 O4 (4 0 0). While only the traces of this ZnGa2 O4
(4 0 0) peak can be seen in the spectra for the samples deposited at
1.0–3.0 kW, the peak becomes noticeably intense when the sputtering power is 3.5 kW. Further, in the XRD spectra from the 3.5 kW
sample, additional peak appears at 2 = ∼62.5◦ , which is assigned to
ZnO (1 0 1̄ 3). The decreasing intensity of the ZnO (0 0 0 2) and ZnO
(0 0 0 4) peaks accompanied by the appearance of ZnO (1 0 1̄ 3) and
intensiﬁcation of ZnGa2 O4 (4 0 0) peaks with high sputtering power
suggests the deterioration of the crystalline quality possibly due to
the excessively energetic sputtered particles that have detrimental
effects on the microstructural evolution of the GZO ﬁlms [11].
When closely examined, the diffraction angles for the ZnO
(0 0 0 2) peaks in Fig. 2 are deviated slightly from the standard
value of 34.44◦ [7]. The diffraction angles (2) for various sputtering powers are listed in Table 1 in which it can be seen that the 2’s
decrease from 34.29◦ to 34.21◦ with increasing sputtering power
from 1.0 kW to 3.5 kW. Diffraction angles smaller than the standard
value imply that the lattice spacings along the c-axis are larger than
the lattice constant of 5.207 Å [24]. Also listed in Table 1 are the full
width at half maximum (FWHM) of the ZnO (0 0 0 2) peaks. These
FWHM values remain almost the same when the sputtering power
is between 1.0 and 2.0 kW, but increase rapidly with higher sputtering powers. Crystallite sizes (d’s) are related to these FWHMs via
the Scherrer formula [25]:
d=

K
ˇ cos 

(1)

where ˇ is the FWHM,  is the diffraction angle,  is the X-ray wavelength and K is the shape factor which is normally taken to be 0.9
[25,26]. Consequently, the estimated crystallite sizes in Table 1 are
nearly the same for the ﬁlms grown with the sputtering powers
between 1.0 and 2.0 kW while they decrease gradually at higher
sputtering powers, i.e. 2.5–3.5 kW.
Crystallinity of the GZO ﬁlms estimated by XRD is complemented by the TEM images shown for the sputtering powers of
1.0, 2.0 and 3.5 kW, respectively, in Fig. 3. The bright ﬁeld contrast images showing the cross sections of the ﬁlms indicate that
the microstructure of the GZO ﬁlms deposited with the sputtering
power of 2.0 kW evolved with relatively regular and well-aligned
columnar grains. In the case of the ﬁlm deposited at 1.0 kW, while

the vertically aligned columnar structures are observable, they look
less ordered as compared to the case of the 2.0 kW sample. In
comparison, the grain structure of the 3.5 kW sample is somewhat
irregular in shape while their alignments are loosely vertical.
Concerning the crystalline qualities of these ﬁlms, the diffraction
spots in the selected area electron diffraction (SAED) pattern for
the 2.0 kW sample form regular and ordered array, which suggests
that the columnar grains are oriented parallel to each other. In this
SAED pattern, some rows of diffraction spots offset small distance
from the original positions are also noticed. This suggests that some
columnar grains are slightly rotated about their columnar axes with
respect to other columnar grains. Meanwhile, SAED pattern for the
1.0 kW sample appears as the overlap of two diffraction patterns
with their own zone axes suggesting that the columnar structures
have been evolved with two main different crystallographic groups
having c-axis orientations. In any case, this SAED pattern indicates
that the 1.0 kW sample also grew with some structural ordering. On
the other hand, the SAED pattern for the 3.5 kW sample exhibits a
group of uniform ordered array of diffraction spots that is superimposed on somewhat irregular diffraction pattern corresponding to
polycrystalline structures which seem to be related to the appearance of the (1 0 1̄ 3) and ZnGa2 O4 (4 0 0) peaks in the XRD spectra
(Fig. 2). TEM observations, together with the XRD results, conﬁrm that increasing the sputtering power assists improvements
of the crystalline quality of the GZO ﬁlms at moderate levels [27].
On the contrary, too high sputtering power results in the deterioration of the crystalline quality due to excessive energy of the
sputtered particles impinging on the ﬁlm surface and increased
ﬂux of the sputtered materials that facilitates random nucleation
and fast growth of the grains reducing time for structural ordering
[15].
The morphological and crystallographic characteristics
reﬂected in Figs. 1–3 can be associated with the electrical
properties shown in Fig. 4. In general, electron concentration
increases slightly with higher sputtering power, varying between
4.98 × 1020 and 5.71 × 1020 cm−3 . Since the target composition
was ﬁxed, such moderate increase in carrier concentration with
increasing sputtering power would indicate some improvement
in doping efﬁciency. It was previously reported that increasing
sputtering power resulted in higher carrier concentration when the
composition is ﬁxed [23,28]. This was ascribed to the higher energy
of the particles associated with higher sputtering power allowing
them to form intended boding with the neighboring atoms more
easily [22]. However, unlike the case of existing work, sputtering
power dependence of the carrier concentration (or doping efﬁciency) is marginal in this study. Rather, the electrical property
was mainly governed by the Hall mobility. In Fig. 4, the mobility
initially increases from 22.9 cm2 V−1 s−1 to 25.9 cm2 V−1 s−1 and
then decreases slightly to 25.1 cm2 V−1 s−1 as the sputtering power
increases from 1.0 kW to 2.5 kW via 2.0 kW, but decrease substantially to 14.3 cm2 V−1 s−1 with further increasing the sputtering
power above 3.0 kW. This is ascribed to the deterioration of
the crystalline quality reﬂected in the decreasing intensity and
increasing FWHM of the ZnO (0 0 0 2) peaks (decreasing crystallite
size), larger lattice distortion or increasing structural disorder, and
appearance of the ZnO (1 0 1̄ 3) and ZnGa2 O4 (4 0 0) peaks with
higher sputtering power [29]. In addition, damaged surface shown
in Fig. 1 suggests that bombardments by higher energy particles

Table 1
Changes in the position and FWHM of the ZnO (0 0 0 2) peaks with varying sputtering powers and the crystallite sizes estimated from the FWHMs.
Sputtering power (kW)

1.0

1.5

2.0

2.5

3.0

3.5

2 (◦ )
FWHM (radian)
Crystallite size (nm)

34.29
0.2523
32.93

34.26
0.2606
31.89

34.26
0.2556
32.51

34.25
0.2705
30.32

34.22
0.2967
28.00

34.21
0.3024
27.47
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Fig. 2. XRD spectra showing the changes in crystallinity of the GZO ﬁlms with increasing sputtering power.

may have caused structural damages which also have disadvantageous effect on the mobility. As a result, electrical resistivity is
relatively lower at lower sputtering power regime where it reaches
the lowest value of 4.89 × 10−4  cm at the sputtering power of
2.0 kW. On the other hand, it increases to 7.70 × 10−4  cm as
the sputtering power increases to 3.0 kW. In any case, electrical

resistivities of the GZO ﬁlms considered in this study all fulﬁll the
requirements for the TCO materials for electrode applications in
terms of the electrical properties.
Finally, optical properties of the GZO ﬁlms are evaluated based
on their optical transmittances and absorption characteristics
shown in Fig. 5. In the transmittance spectra shown in Fig. 5(a),
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Fig. 3. TEM contrast images (left side column) and accompanying SAED patterns (right side column) showing the evolution of crystalline qualities of ﬁlm with varying
sputtering powers.

it can be seen that all the GZO ﬁlms are transparent to visible light
( = 380–750 nm) and that their transmittances at  = 550 nm are
higher than 80% satisfying the requirements for transparent electrodes. Optical bandgaps of these ﬁlms estimated from the Tauc

plot in Fig. 5(b) are more or less insensitive to the sputtering power,
varying between 3.72 and 3.73 eV. Since the carrier concentrations
of the ﬁlms did not show noticeable dependence on the sputtering power, it is expected that the Fermi levels of the ﬁlms would
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Hall mobility of 25.9 cm2 V−1 s−1 , while the carrier concentration remain almost the same regardless of the sputtering power.
When the sputtering power was increased, deteriorations in the
ﬁlm morphology and the crystallinity were resulted which caused
degradation of electrical properties represented by increasing
electrical resistivity and decreasing Hall mobility. The electrical
resistivity, and also the carrier concentration and Hall mobility,
remained almost similar over wide range of sputtering power
from 1.0 kW to 2.5 kW while the optical properties fulﬁlled the
requirements for TCO ﬁlms regardless of the sputtering power. This
demonstrates the technical advantage of p-DCMS with a rotating
cylindrical target in terms of simplicity in process control in addition to the possible scalability of this technique.
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