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We investigated the effects of the erosion zone of magnetron sputtering (MS) targets on the
deposition rates of magnetron-sputtered Al-doped ZnO (AZO) polycrystalline films and on the
structural and electrical properties of the resulting AZO films. We deposited AZO films on glass
substrates at a substrate temperature of 200 !C, which were placed parallel to the target surface, by
radio frequency (RF), direct current (DC) or RF-superimposed DC (RF/DC) MS. Sintered AZO tar-
gets with an Al2O3 content of 2.0 wt. % were used. The structural and electrical properties were
investigated by X-ray diffraction and Hall-effect measurements, respectively. For RF-magnetron-
sputtered AZO films, the results of the electron probe microanalyzer and photo luminescence mea-
surements show that the effects of the erosion zone of the targets on the properties were very small
at any given substrate position, resulting in small differences in the structural and electrical proper-
ties among the AZO films grown at different substrate positions. In the case of DC-magnetron-sput-
tered AZO films, residual damage owing to recoiling Ar atoms was found, particularly for the films
grown at substrate positions in the area opposite to the erosion zone of the targets. This gives rise
to the formation of nonradiative recombination centers, low carrier concentration, and high contri-
bution of grain boundary scattering to carrier transport owing to poor alignments between columnar
grains, resulting in low Hall mobility. In this study, we prove that the use of the RF/DC MS tech-
nique is effective in reducing the amount of residual damage. Published by AIP Publishing.
https://doi.org/10.1063/1.5038162

I. INTRODUCTION

Al-doped ZnO (AZO) polycrystalline films have
attracted attention as an alternative to Sn-doped In2O3 (ITO)
and F-doped SnO2 (FTO) films for use as the transparent
electrodes of flat panel displays and in the window layers of
photovoltaic solar cells.1–4 For the AZO polycrystalline films
deposited on glass substrates by magnetron sputtering (MS),
their structural and electrical properties strongly depend on
the MS types: direct current (DC) MS2,5 and radio frequency
(RF) MS.6 To date, several studies have been published
showing that undoped ZnO, AZO, and Ga-doped ZnO
(GZO) films deposited by MS exhibit a nonuniform spatial
distribution of electrical resistivity (q) on the substrate sur-
face;7–28 q measured at a position in the area of the sub-
strates opposite to the erosion zone of the target is much
higher than that obtained at a position in the regions located
far away from the above area.7–28 Given the fact that q is
inversely proportional to the product of the carrier concentra-
tion (N) and the Hall mobility (lH), data on the substrate-
spatial distributions of N and lH on the substrate surface will

help in the study of the effects of the erosion zone of the tar-
get on the characteristics of the resulting substrate-spatial
distribution of q, which are expected to depend on the type
of power supply used in MS.

To date, there have been several reports on the origin
of the substrate-spatial distribution of electrical properties.
Two main causes have been proposed. One is the bombard-
ment of the film by inhomogeneously distributed energeti-
cally flying particles during deposition.7–17 Tominaga et al.
investigated the relationship between the bombardment and
the degradation of the electrical properties of undoped ZnO
and AZO films deposited by MS.7,8 They carried out direct
measurements of the flux of high-energy electronegative-
oxygen (O") ions during the depositions by the time-of-
flight method, and observed the O" ions that reached the
positions in the area of the films opposite to the erosion
zone of the target. They concluded that the O" ion bom-
bardment strongly degrades the electrical properties, such
as a decrease in N and/or lH, of the ZnO-based films.7,8

Another cause is the inhomogeneity in the total amount of
flying oxygen species that reach the substrate surface. This
would lead to the nonstoichiometry of the film depending
on the substrate location, resulting in the substrate-spatial
distributions of N and lH.18–24

In polycrystalline films that consist of grains and grain
boundaries, it is necessary to study the effects of the erosion
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zone of the targets on the structural and electrical properties
such as N and lH, together with the intrinsic carrier mobility
in the grains and the contribution of the grain boundary scat-
tering to the carrier transport. The findings of this study will
clarify the difference in the above effects among the AZO
films deposited by DC, RF, and RF-superimposed DC (RF/
DC) MS. The approach developed in our previous studies on
the relationship between the carrier transport and the distri-
bution of crystallographic orientations of polycrystalline
AZO films29–34 is very effective for the promotion of this
study.

In this study, we aim to clarify the differences in the
effects of the erosion zone of the targets on film growth and
on the structural and electrical properties of polycrystalline
AZO films deposited on glass substrates by DC, RF or RF/
DC MS.

II. EXPERIMENTAL DETAILS

We deposited AZO films on alkali-free glass substrates
(Corning Eagle XG) at a substrate temperature of 200 !C by
DC, RF or RF/DC MS. We used a MS apparatus (ULVAC
CS-L) to deposit the AZO films. The sintered oxide target
(Toshima Manufacturing Corp.) was a high-density sintered
circular AZO target (diameter: 8 cm) with an Al2O3 content
of 2.0 wt. %. A substrate with an area of 8$ 1 cm2 was
placed parallel to the target surface at a minimum substrate-
to-target distance of 10 cm, as shown in Fig. 1(a), a cross-
sectional view, and in Fig. 1(b), an in-plane view. Figure 1
shows that the area of the substrate locations between about
0.5 and 1.5 cm are opposite to the erosion zone of the target
in Fig. 1. All deposition processes were performed out in a
pure argon (Ar) atmosphere at a pressure of 1.0 Pa. Note that
in these deposition conditions, a comparatively long sub-
strate-to-target distance of 10 cm, and a relatively high depo-
sition pressure of 1.0 Pa, probably reduce the defect
generation in the growing AZO films due to thermalization
of energetic species, as discussed in Sec. III A. Electron

probe microanalyzer (EPMA) measurements:35 prior to the
film deposition, the chamber was evacuated until the base
pressure reached about 2.0$ 10"5 Pa.29–34 Based on the
report that the radial distributions of the electrical parameters
depend on the erosion depth of the target,15 we deposited all
AZO films around at the same time when the erosion depth
of the target became deeper than 1 mm.

The properties of the AZO films were evaluated for sam-
ples obtained by cutting the area of the glass substrates with
magnetron-sputtered AZO films into 1$ 1 cm2 pieces. We
measured the film thickness using a surface profilometer (KLA
Tencor, Alpha-Step IQ) along the 8 cm width of the films. For
photoluminescence (PL) measurements at room temperature,
the films were photoexcited by a 325 nm (3.815 eV) line of a
He-Cd laser, after which luminescent light was dispersed by a
spectrometer (Princeton Instruments, SP2500) equipped with a
charge-coupled device detector (PIXIS256E).36 N, lH, and q
were determined by Hall effect measurements (Nanometrics,
HL5500PC) at room temperature by the van der Pauw method.
The optical properties were measured using a spectrophotome-
ter (Hitachi, U-4100) and two different spectroscopic ellipsom-
eters (SE; J.A. Woollam, M-2000DI and IR-VASE MarkII).
The optical transmittance (T) and reflectance (R) spectra of the
AZO films in the wavelength range from 200 to 2400 nm were
obtained using a spectrophotometer with an incident angle of
light of 5!. The ellipsometric data (W and D) were acquired in
the wavelength ranges from 0.3 to 1.7 lm (M-2000DI) and
from 1.7 to 30 lm (IR-VASE MarkII) at incident angles of
55!, 65!, and 75!.

The textures of the bulk AZO films were characterized
on the basis of out-of-plane wide-range reciprocal space
maps (RSMs) and pole figures30–34 using the SmartLab XRD
system (Rigaku Corp.) equipped with a PILATUS 100K/R
X-ray two-dimensional detector using Cu-K !a radiation
[wavelength k ¼ 0.15418 nm; the weight average of Cu-Ka1

k ¼ 0.154059 nm/Cu-Ka2 k ¼ 0.15444 nm in intensity ratio
(2:1)]. RSM measurements should have access to the lattice

FIG. 1. Schematic diagram of the pla-
nar-magnetron-sputtering target and
substrate configuration: (a) cross-
sectional and (b) in-plane views.

065304-2 Nomoto et al. J. Appl. Phys. 124, 065304 (2018)



plane inclined at an angle of w. In general, owing to the geo-
metrical restriction required to maintain the skew geometry
(h/2h geometry), the sample was tilted about the v-axis,
while the two-dimensional detector was scanned in the time-
delayed integration mode. The pole figures were measured at
a fixed scattering angle and consisted of a series of b scans
(azimuthal rotation around the surface normal of the sample
by 0! to 360!) at different tilts with a steps of 0! to 90!, cor-
relating with the deviation angle of the scattering vector
from the surface normal vector.

The contents of incorporated Ar were analyzed using an
electron probe microanalyzer (EPMA)37 (JEOL, JXA-8200).
X-ray intensities were determined at an electron energy of
20 kV, with a beam current 0.2 lA, and a beam size of 10 lm.
In wavelength-dispersive spectrometers, the X-ray wavelength
k is directly proportional to the crystal position (L) according
to the relation nk ¼ (d/R)L, where n is the order of the reflec-
tion, d is the interplanar spacing of the reflecting plane of the
analyzing crystal (PET: d¼ 0.4731 nm), R is the radius of the
Rowland circle (140 mm), and L is the distance between the
crystal and the samples, ranging from 130 to 140 mm.

III. RESULTS AND DISCUSSION

A. EPMA measurements

The AZO films were deposited on glass substrates by
DC with a power of 200 W, RF/DC at a power ratio of 0.14
(25 W RF superimposed to a DC power of 150 W)29,33 or RF
with a power of 200 W MS. The MS process consists of
bombarding a target on the cathode, with accelerated inert
gas positive ions, i.e., Arþ ions. For the sputter process to
work, the Arþ ions should be accelerated by a negative
potential at the cathode to a sufficient high kinetic energy
such as about 25 eV to eject Zn, Al, and O atoms from the
target upon impact together with the generation of the recoil-
ing Ar atoms that transformed from the ion to neutral state at

the target surface as a result of the collision with heavy target
atoms such as Zn atoms. This implies that the Ar-related spe-
cies above could become implanted and trapped in the grow-
ing AZO film. The residual Ar in the films is an unwanted
defect. For DC MS, a constant negative voltage of about
240 V is applied to the cathode. This gives the highest depo-
sition rates compared with different MS techniques, which
will be demonstrated clearly in Sec. III B. On the other hand,
for RF MS, this type of pulsed power supply uses a sinusoi-
dal voltage pulse (about 50% on time compared with the DC
MS) with the reserved 13.56 MHz to clear the target surface
from charge build up. The above difference in the MS pro-
cess among DC, RF/DC, and RF MS will result in the dis-
tinct difference in the effects of the erosion zone of the
targets on not only the amount of Ar atoms incorporated in
AZO films but also their respective space distributions on
and/or in the vicinity of the film surface.

Figure 2(a) shows EPMA spectra of 500-nm-thick AZO
films at substrate positions of 0.5 and 6.5 cm deposited by
DC, RF/DC or RF MS plotted as a function of photon energy
ranging from 2.62 to 2.82 keV. The analysis of the data
obtained by EPMA measurements yielded interesting charac-
teristics that depend on the MS type described below. Two
peaks at the photon energies of 2.66 and 2.73 keV were
clearly observed for all the samples. The predominant peak at
the photon energy of 2.66 keV corresponds to the third-order
Zn-Ka line. The peak at the photon energy of 2.73 keV is
attributed to the Ar-Ka line. The peak intensity of Ar-Ka
strongly depended on the MS type for AZO films deposited at
a substrate position of 0.5 cm opposite to the erosion zone of
the targets. Figure 2(a) clearly shows that DC- or RF/DC-
magnetron-sputtered AZO films had a higher intensity of the
Ar-Ka peak than the AZO films deposited by RF MS. On the
other hand, for AZO films prepared at a substrate position of
6.5 cm or more away from the erosion zone of the target, we
found that the peak intensity of Ar-Ka of AZO films deposited

FIG. 2. (a) EPMA spectra of AZO films deposited by DC, RF/DC or RF MS, at the substrate positions of 0.5 and 6.5 cm. (b) Ratio of Ar-Ka/Zn-Ka area inten-
sity of AZO films prepared by DC, RF/DC or RF MS as a function of the substrate position.
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by the above two types different from RF MS became dimin-
ished considerably whereas the intensity of the above peak of
the RF-magnetron-sputtered AZO films changed a little.
Figure 2(b) summarizes the ratio of Ar-Ka/Zn-Ka area inten-
sity, as a function of the substrate positions of 500-nm-thick
AZO films deposited by DC, RF/DC or RF MS. This yields
the following results. The ratio of Ar-Ka/Zn-Ka area intensi-
ties of RF-magnetron-sputtered AZO films tended to decrease
very slowly with the increasing substrate-to-target distance.
On the other hand, the ratio of Ar-Ka/Zn-Ka area intensities
of RF/DC- or DC-magnetron-sputtered AZO films decreased
considerably with the increasing substrate-to-target distance.
The above finding is easy to be understand considering that
the total amount of the flying fluxes of recoiling Ar-related
species to the surface of the substrate positions that change
from 0 to 8 cm, as shown in Fig. 1(b), would tend to become
small in order from 0 to 8 cm owing to an increase in the colli-
sion probability with atmospheric gases, resulting in the inhi-
bition of the incorporation of Ar-related species into films.

In this study, the sputtering voltages (VDC) of DC, RF/
DC, and RF MS were 240, 172, and 44 V, respectively.
This was due to the difference between the DC and RF dis-
charge processes.38,39 From Fig. 2(b), it appears that the
Ar-Ka area intensities and their ratios among AZO films
grown at the substrate positions of 0.5 and 1.5 cm opposite
to the erosion zone of the target deposited by DC, RF/DC,
and RF MS are limited by the magnitude of VDC that accel-
erates the impact of Arþ ions to the target surface of MS. In
other words, a decrease in VDC would lead to the reduction
in the amount of recoiling Ar-related species at the erosion
zone of the target; this can be very effective in suppressing
their incorporation into films. For MS deposition, DC dis-
charge is sustained by secondary electrons emitted from the
target surface. A decrease in the secondary emission coeffi-
cient with decreasing the incident ion energy results in a
high VDC.40 The collision of negative and positive ions of
higher collision energy with the film, induced by a higher
VDC, will give rise to a change in the balance between the
energy of the incident species from the target and the dis-
placement energy of the films at an initial growth stage.
This would be expected to increase the amount of
implanted and trapped Ar atoms in the growing AZO film
and the resulting films.

B. Deposition rate and film thickness

Figures 3(a) and 3(b) show the deposition rate and film
thickness as functions of substrate position for AZO films
deposited by different types of MS above. In Fig. 3(b), the
growth times of Groups I and II were determined so that the
film thickness of DC-, RF-, or RF/DC-magnetron-sputtered
AZO films prepared at the substrate positions of 0.5 and
6.5 cm was 500 nm. In Fig. 3(a), we found the experimental
results as follows: (1) the deposition rates became high on
the order of RF, RF/DC, and DC MS at any given substrate
position and (2) the deposition rate decreased monotonically
with the substrate position from 0.5 to 7.5 cm, which means
an increase in the distance from the erosion zone of the tar-
get. For DC magnetron sputtered AZO films, the deposition
rates at the positions of 0.5 and 7.5 cm are about 26 and
10 nm/min, respectively. We found that the magnitude of the
deposition rates is the maximum when the incidence direc-
tion of the flux of flying species is normal to the substrate,
regardless of the MS type.

C. PL measurements

We carried out PL measurements to investigate the qual-
ity of polycrystalline AZO films.41 In general, the PL
spectrum of ZnO-based films consists of two bands, near-
band-edge (NBE) emission in the ultraviolet region and
defect-related deep-level (DL) emissions in the visible
region. For the PL measurements, we used quartz glass as
the substrate. In the case of the PL measurements of alkali-
free glass substrates with AZO films, the PL spectra from the
substrate were dominant. We found little difference in the
structural, electrical, and optical properties between AZO
films deposited on quartz and on alkali-free glass substrates.
Figure 4 shows representative PL spectra of AZO films
deposited by DC, RF/DC or RF MS as a function of wave-
length. The upper spectra were obtained for thick AZO films
at a substrate position of 0.5 cm in Group II as shown in Fig.
3(b): the thicknesses of the AZO films deposited by RF, RF/
DC or DC MS were 1360, 1303 or 1127 nm, respectively.
The absorption coefficients at a wavelength of 325 nm corre-
sponding to the wavelength of the He-Cd laser obtained
from the optical transmission and reflection measurements of
the AZO films deposited by RF, RF/DC, and DC MS were

FIG. 3. (a) Deposition rate and (b) thickness of AZO films deposited by DC, RF/DC or RF MS as a function of the substrate position.
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4.85, 5.68, and 6.86$ 104 cm"1, respectively. The use of the
data enabled us to estimate the penetration depth (d) of exci-
tation light; the d values of the RF-, RF/DC-, and DC-mag-
netron-sputtered AZO films were 206, 176, and 146 nm,
respectively. The lower spectra were the measurement
results for thinner AZO films at a substrate position of
6.5 cm in Group II as presented in Fig. 3(b): the RF-, RF/
DC-, and DC-magnetron-sputtered AZO films had thick-
nesses (ds) of 531 (170), 511 (229), and 497 (209) nm,
respectively. For all AZO films, the NBE emission observed
at a wavelength of about 350 nm dominated the PL spec-
tra42,43 with some oscillations, whereas a very weak peak of
DL emission in the wavelength ranging from 450 to 600 nm
was observed. The oscillations are probably due to the film
thickness.44 The DL emission should be attributed to various
types of intrinsic point defects 43,45–51 such as oxygen
vacancy,45 oxygen antisite,46 oxygen located at an interstitial
site,47–49 Zn located at an interstitial site,50 and Zn
vacancy.51 The NBE emission strongly depended on the MS
type and substrate position. For AZO films deposited at a
substrate position of 0.5 cm opposite to the erosion zone of
the target in Group II, RF-magnetron-sputtered AZO films
had a very high NBE emission intensity at a wavelength
(energy) of 342 nm (3.63 eV) compared with the AZO films
deposited by RF/DC or DC MS. The RF/DC- and DC-mag-
netron-sputtered AZO films exhibited the maximum NBE
emission intensity at a wavelength (energy) of 342 nm
(3.63 eV) and of 346 nm (3.58 eV), respectively. Figure 4
shows that the NBE emission intensity of RF/DC-magne-
tron-sputtered AZO films is higher than that of DC-magne-
tron-sputtered AZO films. We found a small difference in
the NBE emission intensity between the RF/DC- and DC-
magnetron-sputtered AZO films. The photon-excited non-
equilibrium carriers in semiconductors recombine mainly via
two routes: radiative and nonradiative recombination. Given

the fact that all the samples have a high concentration of car-
rier electrons of more than 3$ 1020 cm"3, the above finding
suggests that the RF/DC- or DC-magnetron-sputtered AZO
films would have a very high density of nonradiative defects
compared with the AZO films deposited by RF MS. The non-
radiative recombination centers can originate from many dif-
ferent sources, such as dislocations, point defects, surface
states,52 and, in particular, interface states in the grain
boundaries for polycrystalline films. All the above nonradia-
tive recombination centers should coexist in any AZO film,
but their relative contributions vary depending on the MS
type.

For the AZO films deposited at a substrate position of
6.5 cm that is more distant from the erosion zone of the targets,
we found the following results. A slight change in the PL area
intensity of the NBE emission, which is not shown here,
between RF-magnetron-sputtered AZO films grown at sub-
strate positions of 0.5 and 6.5 cm was found as well as the
behavior of Ar-Ka area intensities shown in Fig. 2(b). This
resulted in a small change, such as wavelength showing the
maximum intensity in PL spectra, in the NBE emission spectra
between the AZO films prepared at the two different substrate
positions shown in Fig. 4. The analysis of the data obtained by
out-of-plane XRD measurements shows an increase in the full-
widths at half-maximum (FWHMs) of the x rocking curves of
the 0002 reflection from 5! to 8.5!, which shows a deteriora-
tion of crystallographic orientation between columnar grains
with increasing distance from the erosion zone of the targets
for the RF-magnetron-sputtered AZO films having a texture
with a preferential c-axis orientation. From the above findings
on the PL and structural properties, we derived a conclusion
that the change in the crystallographic orientation between the
columnar grains would minimally affect the recombination of
radiative and nonradiative centers. Note that for AZO films
deposited by RF/DC or DC MS, the upper and lower PL spec-
tra shows the NBE emission intensity at the same wavelength
and a high NBE emission intensity of the film grown at a sub-
strate position of 6.5 cm compared with the film deposited at a
substrate position of 0.5 cm, regardless of the MS type.
Assuming that the density of non-radiative centers would be a
limiting factor for the PL spectral intensity of the NBE emis-
sion and given that an increase in the distance from the erosion
zone of the target to a substrate position as shown in Fig. 1(b)
sharply decreased the Ar-Ka area intensities shown in Fig.
2(b), the amount of residual Ar atoms that induces the genera-
tion of crystallographic defects in the films should be a domi-
nant factor limiting the density of the nonradiative centers.

D. Lattice parameters

In Figs. 6(b)–6(d), we summarize the c-axis and a-axis
lattice parameters (lc and la), and the unit-cell volume (/lc
$ la $ la) in the AZO films grown at substrate positions of
0.5 and 1.5 cm opposite to the erosion zone of the target and
of 6.5 cm, which is more away from the erosion zone of the
target, as shown in Fig. 1(b), deposited by DC, RF/DC or RF
MS. We focused on the AZO films of 500 6 50 nm thickness
[see Fig. 6(a)] because the structural and electrical properties
of AZO films strongly depend on the thickness. lc and la

FIG. 4. PL intensity of AZO films deposited by DC, RF/DC MS or RF MS
as a function of the wavelength. The upper and lower spectra were
obtained for AZO films at substrate positions of 0.5 and 6.5 cm in Group II
(see Fig. 3), respectively.
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were calculated from the 0002 reflection peak positions in
the out-of-plane h/2h XRD profile and from the 10–10 reflec-
tion peak positions in the in-plane XRD profile, respectively.
Figure 6(b) shows that the lc was most increased for DC-
magnetron-sputtered AZO films grown at the substrate posi-
tions of 0.5 and 1.5 cm, which face the erosion zone of the
target as shown in Fig. 1. The lc values of the AZO films
deposited by RF MS were small compared with those of RF/
DC-magnetron-sputtered AZO films at any given substrate
deposition shown in Fig. 6(b). It is worth mentioning that the
lc values of AZO films grown at the substrate positions oppo-
site to the erosion zone of the target were larger than those of
the AZO films prepared at the substrate position of 6.5 cm,
regardless of the MS type. Concerning the dependences of la
values on substrate deposition or MS type, both the magni-
tude correlated with the substrate position and their order
related to the MS type were completely in contrast to the one
described above. We found a small difference in the la values
among the samples, and, as a result, the unit-cell volume
behaves similar to the tendency of lc. Figure 6(c) shows that
the magnitude of la was on the order of AZO films deposited
by DC, RF/DC, and RF MS. The behaviors of lc and la would
be reasonable considering that the strength of the Zn-O
matrix chemical bond parallel to the c-axis is lower than
those of the other three chemical bonds in the wurtzite struc-
ture with tetrahedron coordinates. Moreover, inert Ar atoms
will locate at the interstitial sites within the grains, and

assuming higher intensities of Ar-Ka areas, as shown in Fig.
2(b), larger amounts of residual Ar atoms will locate in both
of the grains and grain boundaries. The increase in
lc

13,15,17,28 should relate to the point defects generated as a
result of the incorporation of excess Zn and/or O atoms into
the Zn-O lattice, which are called Zn and/or O interstitials.
Analysis of the data obtained by ab initio electronic band
structure calculations based on the density functional theory
within the generalized gradient approximation using the
VASP software53 shows that the generation of the interstitial
point defects increases the unit-cell volume. Given the find-
ing that the DL peaks related to the above defects and to
their complexes were no detected by PL measurement (see
Fig. 4), it would be reasonable to focus on the relationship
between nonradiative defects and the incorporation of
Ar54–56 in ZnO films.57

E. Texture evolution

In the following, we investigate the characteristics of
the crystallographic orientation distribution of AZO films
under consideration in Sec. III D. Figure 5 shows the results
obtained by the XRD-RSM measurements of AZO films
grown at the substrate positions of 0.5 or 6.5 cm deposited
by different types of MS. q// and q? represent coordinates
of the reciprocal space (q¼ 1/dhkil ¼ 2 sin h/k, h and k are
the incident angle and the wavelength of X-rays, respec-
tively); q// is in the direction parallel to the surface and q?

FIG. 5. XRD-RSMs of AZO films grown at substrate positions of 0.5 or 6.5 cm deposited by (a) DC MS, (b) RF/DC MS, and (c) RF MS.
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is in the direction perpendicular to the surface. Figures 5(b)
and 5(c) show peaks of the 0002, 0004, and 0006 reflections
with a very high intensity for AZO films grown at a sub-
strate position of 6.5 cm deposited by RF/DC MS and at
substrate positions of 0.5 and 6.5 cm deposited by RF MS,
respectively. It is, thus, not necessary to discuss the effects
of the erosion zone of the targets on the crystallographic
orientation for the textured polycrystalline AZO films
deposited by RF MS. The analysis of the data shows that
the center of gravity of the peaks of the 0002, 0004, and
0006 reflections is located approximately on the vertical
line in the RSMs; this result corresponds to a h/2h symmet-
rical scan of out-of-plane XRD measurements. This indi-
cates that the (0001) plane of the AZO films lies
approximately parallel to the substrate surface. No peaks
indicating other orientations, such as 10-11 diffraction
peaks, were observed in such films. This proves the genera-
tion of the columnar grains with the highly preferential c-
axis orientation owing to the well-defined (0001) orienta-
tion in the entire AZO films.

For AZO films grown at a substrate position of 0.5 cm
deposited by DC-MS, Fig. 5(a) clearly shows a (0001) orien-
tation mixed with (10-10), (11-22), and (11-24) orientations.
On the other hand, the peaks originated from (11-22) and
(11-24) orientations disappeared together with (10-11) orien-
tation29–34 observed for the DC-magnetron-sputtered AZO
films at a substrate position of 6.5 cm.

For AZO films grown at a substrate position of 0.5 cm
deposited by RF/DC MS, as shown in Fig. 5(b), the mixture
orientation similar to that of AZO films grown at a substrate
position of 0.5 cm deposited by DC-MS was clearly observed.

Then, for the texture quantification, we examined that the
volume fraction (V(0001)) calculated from the XRD intensity

variations along a varying a with radial averaging over the full
range of b value of XRD pole figures of 0002 reflections, where
V(0001) represents the area in a specified fraction of the (0001)
orientation. From this definition, the larger the value of V(0001),
the stronger the (0001) orientation texture. Figure 6(e) summa-
rizes the V(0001) of the AZO films under investigation. The
V(0001) values of AZO films deposited by RF MS were found to
be more than 94%, regardless of the substrate position. This
means that RF-magnetron-sputtered AZO films show a prefer-
ential (0001) orientation at the given substrate positions. The
use of the superposition technique of DC power by a certain
fraction of RF power is an effective way of enhancing the
V(0001) of AZO films at any given substrate position. At each
substrate position, the V(0001) of AZO films deposited by RF/
DC MS is higher than that of the films deposited by DC MS; in
the case of the substrate positions opposite to the erosion zone
of the target, we found that the above effect became very large.
The advantage of the superposition technique, however, did not
come to the V(0001) of RF MS, as shown in Fig. 6(e). Those
findings are consistent with the order of Ar-Ka area intensities,
as shown in Fig. 2(b), which originated from the difference in
the total amount of recoiling Ar-related species caused by the
different energies of their fluxes.

F. Electrical properties and carrier transport

To clarify the effects of the erosion zone of the targets on
the electrical properties, on the basis of the findings on the
structural properties depending on the substrate position, we
discuss the electrical properties together with the characteris-
tics of the carrier transport of the AZO films deposited by dif-
ferent types of MS. Figures 6(f)–6(j) shows q, N, lH, optical
mobility (lopt), and a ratio of lopt to carrier mobility at grain

FIG. 6. (a) Film thickness, (b) c-axis and (c) a-axis lattice parameters (lc and la), (d) unit-cell volume, (e) volume fraction of (0001) orientation (V(0001)), (f)
electrical resistivity (q), (g) carrier concentration (N), (h) Hall mobility (lH), (i) optical mobility (lopt), and (j) contribution of grain boundary scattering to car-
rier transport (lopt/lGB) of AZO films grown at substrate positions of 0.5, 1.5 and 6.5 cm deposited by DC MS, RF/DC MS, and RF MS.
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boundaries (lGB) which is an important parameter in discus-
sing to the degree of the contribution of grain boundary scat-
tering to the carrier transport29–34 of AZO films grown at
substrate positions of 0.5, 1.5 or 6.5 cm by DC, RF/DC, and
RF MS. Given the fact that each sample with a polycrystalline
structure has a texture with a specific crystallographic orienta-
tion corresponding to V(0001) in Fig. 6(e), we must clarify what
happens in grains and grain boundaries.

In this study, we take lopt as intragrain carrier mobility.
lopt was calculated on the basis of the Drude theory29–34

using the experimental data for W and D determined by spec-
troscopic ellipsometry measurements combined with experi-
mental data for T and R determined by spectrophotometer
measurements. To describe the optical response due to free
electrons, the dielectric function based on the conventional
Drude model (eD) for AZO films is expressed by

eD Eð Þ ¼ " AD

E2 " iCDE
; (1)

where AD and CD are the oscillator amplitude and broaden-
ing parameter, respectively.29–34 In the Drude theory for free
electrons, CD is expressed as

CD ¼
!he

m(lopt
; (2)

where !h ) h=2p (h is Planck’s constant), e is the electron
charge, and m* is the effective mass of electrons.29–34 By
determining CD for the AZO films from fitting Eq. (2), we
can estimate lopt, if m* is given. In this study, we calculated
m* by the following process. In the Drude model, the real
part of eD (ReeD) is given by

ReeD ¼ e0D ¼ n2 " k2 ¼ e1 1"
x2

p

x2 þ x2
c

 !

; (3)

where n and k are the refractive index and extinction coeffi-
cient, respectively, e1 is the high-frequency dielectric per-
mittivity due to the bound electrons, and xc is the reciprocal
of the relaxation time of carriers. In metal-like materials, two
characteristic frequencies, the plasma frequency xp and the
collision frequency xc, are completely defined by the free
carriers; xp is given by

xp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2N

m(e1e0

s

; (4)

where eo is the free-space dielectric constant and xc is the
reciprocal of the relaxation time. In the high-frequency
region, x*xc, the values of x2þxc

2 in Eq. (3) can be calcu-
lated as those of x2 as a first approximation. In such regions,
Eq. (3) can be replaced by

e0D ¼ e1 1" xp

x

" #2
 !

: (5)

By plotting eD
0 versus x2, xp and e1 can be determined

from the gradient and intercept, respectively. Using those
values and N, m* is calculated from Eq. (4) for xp.

On the basis of Matthiessen’s rule, lH and the ratio of
lopt to lGB (lopt/lGB) corresponding to the contribution of
grain boundary scattering to carrier transport for polycrystal-
line films can be given by

1

lH

¼ 1

lopt

þ 1

lGB

: (6)

Equation (6) is rewritten as29–34

lopt

lGB

¼
lopt " lH

lH

: (7)

The comparison of lH, lopt, and lopt/lGB among AZO films
combined with the texture characteristics obtained by XRD
measurements provides us with the useful information in dis-
cussing the relationship between the crystallographic orienta-
tion and carrier transport. When lopt/lGB + 0, Eq. (7) shows
that lH is practically equal to lopt. Note that to achieve high-
lH AZO films, it is necessary to enhance lopt together with
the very small contribution of the grain boundary scattering
to carrier transport.29–34

Figure 6 shows that, in the case of films grown at the
substrate positions opposite to the erosion zone of the target,
i.e., substrate positions of 0.5 and 1.5 cm, N became large on
the order of AZO films deposited by DC, RF/DC, and RF
MS. The possible mechanisms causing the above tendency
are as follows: the incorporation of Ar atoms into the grains
decreases the activity of Al doping owing to the reduced
interaction of Al donors with the oxygen atoms close to the
Al atoms as a result of the elongation of lc described in
Sec. III D; the effect of the grain boundaries is to change the
numbers of active Al donors and free carriers in the grains
by acting as sites for Al-dopant segregation and free carrier
trapping. This effect would be expected for DC-magnetron-
sputtered AZO films with a very low V(0001) and RF/DC-
magnetron-sputtered AZO films with a relatively low V(0001)

of less than 94%. RF/DC-magnetron-sputtered AZO films
grown at a substrate position of 6.5 cm exhibit a very high
V(0001) of 98.96% with a reduced lc, resulting in the highest
N among the samples, as shown in Fig. 6.

From Fig. 6, we found that the lopt/lGB of the AZO
films with a V(0001) of less than 94% grown at substrate posi-
tions opposite to the erosion zone of the target by DC or RF/
DC MS became high, resulting in a large difference between
lopt and lH. An increase in the distance from the erosion
zone of the target increases V(0001) substantially, resulting in
a large reduction in lopt/lGB. This improves carrier transport
in the whole films with improved lH that approaches the
intrinsic carrier mobility lopt. For AZO films deposited by
RF MS, where low Ar-Ka area intensities [Fig. 2(b)] and
high PL intensities of NBE emission (Fig. 4) were found
regardless of the substrate position, lopt/lGB is very small. In
such a case, the growth at a more distant position from the
erosion zone of the target causes reduced Ar-Ka area intensi-
ties [Fig. 2(b)]. This results in an increase in the PL intensity
of the NBE emission (Fig. 4) and a slight decrease in lc,
which would be attributable to a decrease in the amount of
interstitial Ar atoms in the films compared with AZO films
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grown at the substrate positions of 0.5 and 1.5 cm, together
with an enhancement in V(0001) as shown in Fig. 6; as a con-
sequence of those, the AZO films exhibit high N and lopt

with high lH.
Finally, it would be better to make some comments on

the damage to the growing film caused by other energetic
species, especially negative oxygen (O") ions that are accel-
erated from the target to the growing film. Bikowski et al.
reported a series of papers on the above issue based on a sys-
tematic magnetron sputtering study from ceramic AZO tar-
gets with excitation frequencies from DC up to 27 MHz.
They found the maximum of the q, lc expansion and the min-
imum of the crystallite size for DC-magnetron-sputtered
AZO films grown at the regions opposite to the erosion zone
of targets, where also the maximum of the flux of the high-
energetic O" ions was observed with the plasma process
monitor.15 Bikowski et al. also concluded that the structural
and electrical properties of the AZO film were improved sig-
nificantly with increasing the excitation frequencies from
DC to 27 MHz, which can be attributed to a decrease in the
target voltage, i.e., a decrease in the energy of the bombard-
ing O" ions. They explained the above findings by the ion
energy dependent dynamic equilibrium between the forma-
tion of oxygen interstitials, resulting in an increase in lc and
in compensating carrier electrons donated by donors at lower
substrate temperatures, and the self-annealing of the intersti-
tial defects at higher deposition temperatures.58

In this study, a point to be noted here is that there are no
experiments proving the presence of the oxygen interstitials
in all samples. Figure 4 shows little strength of PL intensity
that should indicate the generation of the oxygen interstitials
of AZO films regardless of the discharge mode; the absence
of a visible signal means a low density of the intrinsic defect
based on the assumption on which intrinsic point defects of
their films are observed as DL emission in the visible wave-
length range.43,45–51,59 No doubt that Ar species incorporated
into all AZO film was clearly detected by EPMA measure-
ment, as shown in Fig. 2. In this study, we, thus, should focus
on the discussion about the effects of the remaining Ar on
the properties.

IV. CONCLUSIONS

In this work, we investigated the effects of the erosion
zone of the targets on film growth and on structural and elec-
trical properties of polycrystalline AZO films grown on glass
substrates deposited by DC, RF, and RF/DC MS. We found
a very small substrate-location dependence of the properties
of RF-magnetron-sputtered AZO films. On the other hand,
DC-magnetron-sputtered AZO films had a higher amount of
residual Ar than the AZO films deposited by RF MS at any
given substrate position; recoiling Ar-related species attacked
the AZO films grown at the substrate positions opposite to the
erosion zone, resulting in a very high amount of Ar incorpo-
rated into the films. Note that the residual Ar atoms give rise
to the generation of nonradiative defects together with the
deterioration of the crystallographic orientation. The polycrys-
talline AZO films having a texture with mixed grain orienta-
tions exhibit low lH owing to the enhanced contribution of

grain boundary scattering to the carrier transport. On the other
hand, the RF/DC technique with lowered VDC reduces the
amount of residual damage. We found the lowest q caused by
high N and lH owing to the substantial reduction in the contri-
bution of grain boundary scattering to the carrier transport.
This study will promote the development of a key technology
on how to achieve low-q AZO films deposited by conven-
tional MS.
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43A. B. Djuri#sić and Y. H. Leung, Small 2, 944 (2006).
44P. Pigeat, T. Easwarakhanthan, J. L. Briançon, and H. Rinnert, Thin Solid
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