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ABSTRACT

We investigated the effects of various donors such as Al, Ga, In, and Ti atoms on the properties of ZnO polycrystalline films. The contents
of the dopants in the sintered targets ranged from 0.25 to 5.0 mol. %. To reduce the contribution of grain boundary scattering to the carrier
transport, we used an amorphous glass substrate with 10-nm-thick Ga-doped ZnO films showing a texture with a well-defined (0001)
orientation. 490-nm-thick n-type doped ZnO films were deposited at a substrate temperature of 200 °C by direct current magnetron
sputtering with a power of 200W. We found that Ga doping resulted in a high carrier concentration at any given donor content, whereas Al
doping was an effective way of achieving ZnO polycrystalline films with a high Hall mobility. We also found that In-doped ZnO films
have a high density of in-gap states, resulting in high optical absorption in the visible wavelength region. X-ray absorption spectroscopy
measurement results clearly show the dependence of the occupation sites of incorporated Ti atoms on Ti contents.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021613

I. INTRODUCTION

n-type doped ZnO polycrystalline films have attracted consid-
erable attention as alternatives to Sn-doped In2O3 and F-doped
SnO2 films for use as the transparent electrodes of flat-panel dis-
plays and in the window layers of solar cells.1–10 It is well known
that the doping of Al or Ga donors into ZnO films enhances
n-type electrical conductivity. Toward achieving n-type doped ZnO
films, the effects of doping of In or Ti atoms have also been investi-
gated. Our previous work demonstrated that the incorporation of
group III metal (M) cations, such as Al, Ga, and In atoms, which
have larger electrostatic energies, i.e., Madelung energies, and larger
M–O bond dissociation energies than Zn in group II improves the
crystal stability of n-type doped ZnO films, suppressing the genera-
tion of O vacancies (VO); these M ions play a crucial role in sup-
pressing VO formation.11 Several studies investigated the electrical,
optical, and structural properties of ZnO films doped with the
above atoms prepared by various deposition techniques.12–18

A comprehensive understanding of the inherent effects of the dif-
ferent types of dopants on the properties is, however, still lacking.
For the application of window electrode layers in solar cells, an
improvement of the Hall mobility (!H) is desired to achieve high
electrical conductivity because an increase in the carrier concentra-
tion (N) results in a decrease in optical transparency at near-
infrared (NIR) wavelengths. However, even with the most reported
Al and Ga, it is not clear which is the most suitable dopant to
achieve high-!H. Considering the fact that polycrystalline films
consist of grains and grain boundaries, a study on the dopant
dependence of carrier transport in grains and the contribution of
grain boundary scattering to the carrier transport is essential for
the application of n-type doped ZnO films to a wide range of
electrical-devices.

In our previous works,19–24 to investigate the relationship
between the crystallographic orientation distribution and electrical
properties of Al-doped ZnO (AZO) polycrystalline films with
columnar grain structures, on the basis of the analysis of the data
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obtained by x-ray diffraction (XRD) measurements, we discussed
the degree of orientation among the columnar grains of polycrystal-
line 500-nm-thick AZO films prepared on glass substrates. The
important findings in terms of carrier transport are as follows.
AZO films deposited by conventional direct current (DC) magne-
tron sputtering (DC-MS) showed a mixture of (0001) and other
orientations such as (10–11), (20–21), and (30–32), resulting in a
high contribution of grain boundary scattering to carrier transport.
In such films, we find a marked reduction in !H.

20–24 To resolve
this issue, we have been developing an original two-step deposition
technique based on the knowledge that a key factor for obtaining
high crystalline AZO films is to tailor the early growth stages. First,
we deposited a 10-nm-thick buffer layer comprising AZO films
prepared by radio frequency (RF) magnetron sputtering (MS) or
Ga-doped ZnO (GZO) films deposited by ion plating (IP) with DC
arc discharge.20–22,24 Then, we prepared 490-nm-thick AZO films
on the buffer layer by DC-MS. Note that the buffer layers have a
very smooth surface and a texture showing a well-defined (0001)
orientation. The two-step deposition technique enables us to
achieve highly (0001)-oriented AZO films with a marked reduction
in the contribution of grain boundary scattering to carrier transport
compared with conventional magnetron-sputtered AZO films.
Note that the AZO polycrystalline films show an ultimate !H,
almost equal to the intrinsic carrier mobility in grains, as a
result.20–24

The analysis of the crystallographic orientation distribution of
AZO films obtained using AZO ceramic targets with various Al2O3

contents shows that the Al2O3 contents in the target strongly affect
the contribution of grain boundary scattering to carrier transport.24

To investigate the inherent characteristics of each n-type doping
using various donors such as Al, Ga, In, and Ti species on the intrin-
sic carrier transport, the use of the buffer layer technique described
above is essential. In this study, we elucidate the electrical, optical,
and structural properties of n-type ZnO films doped with the differ-
ent dopants prepared on glass substrates with buffer layers.

II. EXPERIMENTAL DETAILS

A. Film deposition

We deposited 490-nm-thick n-type doped ZnO films on
alkali-free glass substrates (Corning Eagle XG) with a 10-nm-thick
buffer layer at a substrate temperature of 200 °C by DC-MS with a
DC power of 200W. We used an MS apparatus (ULVAC CS-L) to
deposit the n-type doped ZnO films. The sintered oxide targets
were high-density circular targets (diameter: 80 mm) with Al2O3,
Ga2O3, In2O3, and TiO dopants with contents from 0.25 to
5.0 mol. %. All deposition processes were performed in a pure
argon (Ar) atmosphere at a pressure of 1.0 Pa. Prior to the film
deposition, the chamber was evacuated until the base pressure
reached about 2.0 ! 10!5 Pa. The substrate was rotated at a velocity
of 10 rpm during the deposition. A substrate with an area of
100 ! 100 mm2 was placed parallel to the target surfaces with a
minimum substrate–target distance of 100 mm.20–24 On the basis
of a report indicating that the radial distributions of the electrical
parameters depend on the erosion depth of the target,25 we depos-
ited all films at about the same time when the erosion depth of the
target reached 1 mm.

We deposited 10-nm-thick buffer layers made from GZO
films on glass substrates using IP apparatus (Production name:
RPD, Sumitomo Heavy Industries, Ltd.) with a DC arc discharge
current of 150 A. We introduced oxygen (O2) gas with a flow rate
of 10 SCCM into the chamber to control the density of oxygen-
related point defects such as oxygen vacancies and oxygen intersti-
tials in the resulting films. The evaporation source (HAKUSUI
Tech. SKY-Z) for the deposition of buffer layers was sintered
ceramic ZnO (99.99% purity) containing 3.49 mol. % Ga2O3

(99.9% purity). The reasons that we only chose GZO films as
buffer layers are as follows: IP with DC arc discharge enabled us to
optimize the energy of the incident particles from the tablet source
to the substrate surface, especially with a high plasma density on
the order of 1012/cm3 owing to high ionization rates of Zn, Ga, and
O atoms, to promote the formation of films with a columnar grain
structure having a texture with a highly preferential c-axis orienta-
tion in the entire GZO films and to enhance the high lateral
diffusion of the above species, resulting in films with a very flat
surface.20,21,24 On the other hand, the growth of AZO and
Ti-doped ZnO (TZO) films deposited by IP is very difficult
because there is a large difference in vapor pressure between Zn
and Al or Ti atoms. We found that In-doped ZnO (IZO) films
show a strong optical absorption in the visible (VIS) region, as dis-
cussed in Sec. III B.

B. Characterization

The properties of n-type doped ZnO films with various
dopants were evaluated for samples obtained by cutting glass sub-
strates with 500-nm-thick ZnO-based films into 1 ! 1 cm2 pieces:
each glass substrate was located more away from the erosion zone
of the target and, thus, the degradation of the electrical properties
due to the incorporation of Ar-related species into films was
avoided.26,27 The textures of bulk n-type doped ZnO films were
characterized by pole figures21–24 using a SmartLab XRD system
(Rigaku Corp.) equipped with a PILATUS 100 K/R x-ray 2D detec-
tor using Cu-K!" radiation (wavelength # = 0.154 18 nm; weight
average of Cu-K!1 # = 0.154 059 nm/Cu-K!2 # = 0.154 44 nm in
intensity ratio of 2 : 1). Pole figures were measured at a fixed scat-
tering angle and consisted of a series of f scans (azimuthal rotation
around the surface normal of the sample from 0° to 360°) at differ-
ent tilts with $ steps of 0°–90°, correlating with the deviation angle
of the scattering vector from the surface normal vector.

We investigated the electronic structure of the films by hard
x-ray photoelectron spectroscopy (HAXPES) measurements,28,29

which were performed using synchrotron radiation (photon energy;
h% = 7.939 keV) at BL46XU29 in SPring-8. HAXPES enables one to
evaluate the electronic states of a bulk at depths of several tens of
nanometers owing to its large probing depth compared with that of
photoelectron spectroscopy using soft x rays.28,29 We also investi-
gated the local structure of Ti atoms of TZO films by resonance
photoelectron spectroscopy (RPES) and x-ray absorption spectro-
scopy (XAS) using synchrotron radiation at BL23SU in SPring-8.

We measured film thickness using a surface profilometer
(KLA Tencor, Alpha-Step IQ). N, !H, and electrical resistivity (&)
were determined by the Hall effect measurements (Nanometrics,
HL5500PC) at room temperature using the van der Pauw method.
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The optical properties were measured using a spectrophotometer
(Hitachi, U-4100) and two different spectroscopic ellipsometers
(SEs; J.A. Woollam, M-2000DI and IR-VASE MarkII). Optical
transmittance (T) and reflectance (R) spectra of the films in the
wavelength (#) range from 200 to 2400 nm were obtained using a
spectrophotometer with an incident angle of light of 5°. The ellip-
sometric data (' and () were acquired in the wavelength ranges
from 0.3 to 1.7 !m (M-2000DI) and 1.7 to 30 !m (IR-VASE
MarkII) at incident angles of 55°, 65°, and 75°.

III. RESULTS AND DISCUSSION

A. Texture evolution

To estimate the texture evolution, we carried out XRD pole
figure measurements. Figure 1 shows 3D projections of XRD pole
figures of the 0002 reflection of 490-nm-thick n-type ZnO films
doped with various donors with different contents, which mean

M[=Al, Ga, and In]2O3 or TiO contents in the target, prepared on
glass substrates with 10-nm-thick buffer layers. The inset in Fig. 1
shows the variation in intensity with $ with radial averaging over
the entire f range for a typical XRD pole figure of 0002 reflections
for IZO films with an In content of 3.30 mol. %. The figure clearly
shows a narrow peak with a high intensity located at $ of 0°, which
was attributed to the (0001) orientation. To quantify the texture,
we examined the volume fraction calculated from the intensity var-
iations of the XRD pole figure of 0002 reflections: the volume frac-
tion of the (0001) orientation represents the area in a specified
fraction of the (0001) orientation. From this definition, the larger
volume fraction, the stronger the (0001) orientation texture. Note
the effects of buffer layers on the structural properties of n-type
ZnO films: the use of buffer layers resulted in all samples having a
texture with a well-defined (0001) orientation, i.e., n-type doped
ZnO films with buffer layers had a volume fraction of (0001) orien-
tation of more than 99% together with a small full width at half

FIG. 1. Three-dimensional projections of XRD pole figures of the 0002 reflection of 500-nm-thick n-type doped ZnO films with various donor contents. The inset shows
the variation in the intensity with $ with radial averaging over the entire f for a typical XRD pole figure of 0002 reflections for IZO films with an In content of 3.30 mol. %.
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maximum of the peak located at $ of 0° (corresponding to that of
the ) rocking curve of the 0002 reflection) of "2°, regardless of the
donor and its content.

B. Optical properties

Next, we investigated the optical properties of 490-nm-thick
n-type ZnO films doped with the various donors with different
contents on the buffer layers. Figures 2(a)–2(d) showed optical R
spectra of 490-nm-thick AZO, GZO, IZO, and TZO films on glass
substrates with buffer layers as functions of #, respectively. In the
NIR spectral region ranging from 1200 to 2400 nm (corresponding
to h% of about 0.52 to 1.03 eV), R abruptly increased after showing
a deep minimum as shown in Fig. 2. Because R for a material with
the refractive index n and the extinction coefficient k is given by
R = ((n! 1)2 + k2)/((n + 1)2 + k2), R reaches a low value at #m corre-
sponding to n# 1 provided that k2 is small. Note that whether or
not k2 is small in the vicinity of #m depends on the carrier relaxa-
tion time.30 The analysis of the R curves based on the Drude model
provides us with the optical mobility (!opt)

20–24 as discussed in
Sec. III F.

Figure 2 also shows an increase in R at any given # in the NIR
spectral region with increasing donor content, except for the cases
of an Al content of 4.71 mol. % and a Ga content of 4.99 mol. %.
The apparent changes in R dependence on the donor content are
mainly attributable to an increase in free carrier absorption, shown
in Figs. 2(e)–2(h), resulting from an increase in N, as later shown
in Fig. 7(a). Figures 2(e)–2(h) show " spectra of 490-nm-thick
AZO, GZO, IZO, and TZO films on glass substrates with buffer
layers as functions of #, respectively. " is evaluated using the

relation31,32

" ! 1
t
ln

1" R
T

! "
, (1)

where t is the film thickness of 500 nm in this study. With further
increasing # in the NIR spectral range, we found an increase in "
owing to an increase in free carrier absorption. The " curve of
n-type doped ZnO films exhibits a minimum ("min) in the VIS
region ranging from 400 to 700 nm (corresponding to h% of about
1.77 to 3.1 eV). Figures 2(e)–2(h) clearly show that "min increased
in the order AZO < GZO < TZO < IZO films at almost the same N
[e.g., see red spectra of 0.80 mol. % Al, 0.87 mol. % Ga, 0.89 mol. %
In, and 1.10 mol. % Ti, in Figs. 2(e)–2(h); whose films have N
values of 2.55 to 3.50 ! 1020 cm!3]. Note that the magnitude of
"min of IZO films is rather much higher than those of AZO and
GZO films. This implies that, in addition to free carriers, other
scattering centers such as ionized donors, neutral impurities,
phonons, and structural defects likely enhance the optical absorp-
tion in the VIS region for IZO films.

C. Electronic structure

1. Valence band region

To obtain a better understanding of the difference in "min

values among the n-type ZnO films doped with various dopants,
we investigated the electronic structures obtained by HAXPES
measurements. Figures 3(a) and 3(b) show valence band (VB) and
bandgap region spectra of the 500-nm-thick n-type ZnO films with
a low N (2.55–3.50 ! 1020 cm!3 corresponding to 0.80 mol. % Al,

FIG. 2. [(a)–(d)] Optical reflectance (R) and [(e)–(h)] absorption coefficient (") spectra of 500-nm-thick n-type doped ZnO films with various donor contents. (a) and (e),
(b) and (f ), (c) and (g), and (d) and (h) correspond to AZO, GZO, IZO, and TZO films, respectively.
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0.87 mol. % Ga, 0.89 mol. % In, 1.10 and 1.80 mol. % Ti) and a
high N (7.11–9.75 ! 1020 cm!3 corresponding to 3.16 mol. % Al,
3.49 mol. % Ga, and 3.30 mol. % In). These spectra were normalized
by the peak intensity at a binding energy of "11 eV, corresponding
to the Zn 3d level intensity, in VB spectra. In Fig. 3(a), two groups
can be observed in the VB: (1) from 10 to 14 eV, there are bands
with a strong d character, originating mostly from d states at Zn
sites. (2) For the upper VB located above "8 eV, O p states are
dominant. In the energy region from 5 eV to the valence band
maximum (VBM), the states exhibit complex behavior, namely,
they consist of the bonding states between O p and another Zn set
of 4px, py, and pz with T2 symmetry and antibonding states
between O p and the 3d set with the T2 symmetry.11 In Fig. 3(a), a
subpeak structure in the VB spectra about at a binding energy of
4.8 eV is clearly observed for all n-type doped ZnO films. The
appearance of the subpeak is considered a fingerprint of the
Zn-polar surface of ZnO, whereas its absence suggests the existence
of an O-polar surface of ZnO.33–36 We thus concluded that all the
n-type doped ZnO films in the present study possessed a Zn-polar
surface.

N increases as a result of progressive filling of conduction-
band (CB) as doping increases, resulting in an increase in Fermi
level (EF). In such n-type doped films, we observe a shift in the VB
spectra to higher binding energy: energy is relative to EF. The mag-
nitudes of the observed VB spectra shifts are mainly reflected for
the value of N. On the basis of the analysis of the data as shown in

Fig. 3(a), in Table I, we summarize the energy positions at which
the intensity of O 2p peak, which locate near at a binding energy of
8 eV, has a maximum of n-type ZnO doped with different types of
dopants having various contents. Table I clearly shows that an
increase in N leads to a shift in the positions of O 2p peak to
higher binding energy37,38 except for IZO films. In such films,
there was little difference in the positions of the O 2p peak of IZO
films between doped with In of 0.89 and 3.30 mol. %: The latter
had a high N compared to the former. This discrepancy was also
found in the analysis of in-gap states, Zn 2p3/2 and O 1s core
spectrum for IZO with In of 3.30 mol. %; those will be showed in
Figs. 3(c), 4(c), and 5(c). Taking into account the fact that the pho-
toelectron probe depth for ZnO films with HAXPES measurements
is almost 20 nm and t is 500 nm, the information of the depth pro-
files of N of IZO films must be required.

From Fig. 3(b), the density of states (DOS) can be observed
immediately below EF, where the binding energy is 0 eV for all
films. The shape of the DOS was fitted by two Voigt components
with different binding energy of about 0.2–0.4 and 0.59–0.98 eV
(hereafter denoted by the “a” and “b” components, respectively).
The feature “a” and “b” are considered the occupied conduction-
band (CB) states and localized (trapped) electrons defect states
within the gap, respectively.39,40 The ratio of between the area
intensity of “a” and “b” (Ia and Ib) and that of VB states (IVB, in
the range of 9.5 eV to 4 eV) Ia/IVB and Ib/IVB are summarized in
Table II. The relationship between Ia/IVB and Ib/IVB and N was

FIG. 3. (a) Valence band (VB) spectra and (b) expanded bandgap region VB spectra of 500-nm-thick n-type doped ZnO films. Solid red, blue, green, and black lines cor-
respond to Al: 0.80, Ga: 0.87, In: 0.89, and Ti: 1.10 mol. %, respectively. Dashed red, blue, green, and black lines correspond to Al; 3.16, Ga; 3.49, In; 3.30, and Ti;
1.80 mol. %. (c) relationship between the ratio of area intensity Ia/IVB and Ib/IVB and carrier concentration (N) for n-type ZnO films doped with Al: 0.80, 3.16; Ga: 0.87, 3.49;
In: 0.89, 3.30, and Ti: 1.10, 1.80 mol. %.
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shown in Fig. 3(c). Figure 3(c) clearly shows that Ia/IVB and Ib/IVB
increased with N determined by the Hall effect measurement,
except for IZO doped with In of 3.30 mol. %. Note that both Ia/IVB
and Ib/IVB show similar changes with respect to N. Therefore, we
think that the feature “b” is also mainly related to occupied CB
states.

Note that high DOSs in the binding energy region from
3.5 eV (VBM) to 1.5 eV, which can be determined by the linear
extrapolation of the VBM, was clearly observed for the IZO films.
On the other hand, for the TZO films, a non-negligible DOS was
also observed in almost the same region of the binding energy as
mentioned above. In contrast, for the AZO and GZO films, little
DOSs was observed in the above energy regions. The tendency of
the measurement results is in good agreement with that of the
dopant-dependent "min in the VIS region; the magnitude of "min

increases in the order AZO < GZO < TZO < IZO films at almost the
same N values as in the " vs # graphs [see Figs. 2(e)–2(h)]. This

implies that the cause of the high " in the VIS region is identical to
that of the DOSs being near the VBM. DOS near the VBM has
been reported for ZnMgO40 and In–Ga–Zn–O (IGZO)41,42 films.
The origin of the near-VBM states for ZnMgO films is considered
to be the acceptor states, which were attributed to doubly ionized
zinc vacancies (VZn

00).40 In contrast, defect states related to oxygen
deficiencies were considered to be the main origin of the
near-VBM states for IGZO films.41,42

2. Zn 2p and O 1s core level spectra

Figures 4(a)–4(d) show Zn 2p3/2 core spectra of n-type ZnO
films doped with 0.80, 3.16 mol. % Al; 0.87, 3.49 mol. % Ga; 0.89,
3.30 mol. % In; and 1.10, 1.80 mol. % Ti, respectively. All the Zn
2p3/2 core spectra have an asymmetric shape; these spectra were

TABLE I. Carrier concentrations (N) and peak positions of dominant O p states in
VB spectra for n-type ZnO films doped with 0.80, 3.16 mol. % Al; 0.87, 3.49 mol. %
Ga; 0.89, 3.30 mol. % In; and 1.10, 1.80 mol. % Ti.

Dopant
Content
(mol. %) N (!1020 cm!3) Peak position (eV)

Al 0.80 2.55 7.98
3.16 7.96 8.18

Ga 0.87 3.50 8.00
3.49 9.75 8.19

In 0.89 3.08 7.94
3.30 7.11 7.93

Ti 1.10 2.71 7.96
1.80 3.18 8.00

TABLE II. Carrier concentration (N), area intensity of VB (IVB, in the range of 9.5 eV
to 4 eV), feature “a” and “b” (Ia and Ib); and, ratio of area intensity Ia/IVB and Ib/IVB
for n-type ZnO films doped with 0.80, 3.16 mol. % Al; 0.87, 3.49 mol. % Ga; 0.89,
3.30 mol. % In; and 1.10, 1.80 mol. % Ti.

Dopant
Content
(mol. %)

N
(!1020 cm!3)

Area intensity
(arbitrary unit)

Ratio of area
intensity (%)

IVB Ia Ib Ia/IVB Ib/IVB

Al 0.80 2.55 23.72 0.05 0.08 0.23 0.33
3.16 7.96 22.63 0.20 0.22 0.89 0.98

Ga 0.87 3.50 23.43 0.07 0.11 0.29 0.45
3.49 9.75 19.23 0.21 0.25 1.11 1.33

In 0.89 3.08 22.80 0.03 0.10 0.14 0.43
3.30 7.11 22.75 0.05 0.14 0.20 0.59

Ti 1.10 2.71 23.52 0.06 0.08 0.24 0.32
1.80 3.18 24.51 0.08 0.06 0.33 0.24

FIG. 4. Zn 2p3/2 core spectra for n-type ZnO films doped with (a) 0.80, 3.16 mol. % Al; (b) 0.87, 3.49 mol. % Ga; (c) 0.89, 3.30 mol. % In; and (d) 1.10, 1.80 mol. % Ti.
Black and gray areas correspond to screened and unscreened components, respectively.
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fitted by two Voigt components with high and low binding energies
after subtracting the Shirley background. Note that for the higher
N, a more significant shoulder was observed on the
high-binding-energy side of the peak. Asymmetric core spectra
have been reported for GZO43 films and other degenerate transpar-
ent conduction oxides such as CdO,44 Sb-doped SnO2,

45 and
In2O3–ZnO,

46 as well as ITO films37,47 and ITO nanoparticles.48

This asymmetry arises from the coupling of the core holes to the
quantized plasma oscillations of the free electrons in the conduc-
tion band.49 According to the model introduced to account for
core-level line shapes in sodium tungsten bronze,50,51 two different
final states are possible depending on whether a localized state
pushed below the Fermi level remains empty, giving an
“unscreened” state or is filled by the transfer of an electron from

the conduction band to give a “screened” final state.49 Within this
model, the probability of final-state screening should increase with
N, and peaks associated with unscreened final states will be broad-
ened by lifetime effects.44

As shown in Fig. 4, we obtained excellent fitting without con-
sidering multiple plasmon excitations. Table III shows the relative
area intensities of screened and unscreened components in Zn 2p3/2
core spectra for n-type ZnO films doped with Al, Ga, In, and Ti
donors. The relative area intensity of the screened (unscreened)
component increased (decreased) with N, except for IZO with In of
3.30mol. %, whose relative area intensity of each component was
similar to that of IZO with In of 0.89 mol. % despite the fact that it
had a higher N measured by the Hall effect.

Figures 5(a)–5(d) show O 1s core spectra of n-type ZnO films
doped with 0.80, 3.16 mol. % Al; 0.87, 3.49 mol. % Ga; 0.89,
3.30 mol. % In; and 1.10, 1.80 mol. % Ti, respectively. All O 1s core
spectra also have asymmetric shape. All the spectrum were fitted by
four Voigt components with binding energies of about 531.0,
531.5, 532.1, and 532.5 eV (hereafter, respectively, referred to as the
1st, 2nd, 3rd, and 4th components), except for IZO with In of
3.30 mol. %, for which another component with a binding energy
of about 530.37 eV (referred to as the 5th component) was neces-
sary for fitting. The 1st and 2nd components were attributed to
screened and unscreened components, respectively, as discussed
above. The 3rd and 4th components probably originated from VO

and surface oxygen species such as OH! contamination.44 The
origin of the 5th component has not yet been clarified.

Table IV shows the relative area intensity of the screened (1st)
and unscreened (2nd) components and the area intensity of the VO

(3rd) and OH! contamination (4th) components in the O 1s core
spectra for n-type ZnO films doped with Al, Ga, In, and Ti donors.
The relationship between the relative area intensity of the screened

FIG. 5. O 1s core spectra of n-type ZnO films doped with (a) Al: 0.80, 3.16, (b) Ga: 0.87, 3.49, (c) In: 0.89, 3.30, and (d) Ti: 1.10, 1.80 mol. %. Black, gray, blue, yellow,
and pink areas correspond to the 1st, 2nd, 3rd, 4th, and 5th components, respectively.

TABLE III. Carrier concentration (N) and relative area intensity of each component
in Zn 2p3/2 core spectra for n-type ZnO films doped with 0.80, 3.16 mol. % Al; 0.87,
3.49 mol. % Ga; 0.89, 3.30 mol. % In; and 1.10, 1.80 mol. % Ti.

Dopant
Content
(mol. %) N (!1020 cm!3)

Relative
area intensity (%)

Screened Unscreened

Al 0.80 2.55 24.67 75.33
3.16 7.96 28.07 71.93

Ga 0.87 3.50 25.55 74.45
3.49 9.75 32.07 67.93

In 0.89 3.08 26.36 73.64
3.30 7.11 29.45 70.55

Ti 1.10 2.71 23.94 76.06
1.80 3.18 27.01 72.99
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(unscreened) components in the O 1s core spectra and the donor
was similar to the that obtained from the Zn 2p3/2 core spectra.
Table IV shows a little difference in the area intensity among
n-type ZnO films doped with Al, Ga, In, and Ti atoms for the VO

(3rd) and OH! contamination 4th components.
Therefore, no evidence for determining the defects of the

near-VBM states was obtained from the Zn 2p3/2 and O 1s core
spectra of the films. Taking into account the fact that In gives rise
to a low carrier mobility in grains and large contribution of grain
boundary scattering to carrier transport (as will be shown in
Fig. 8), we concluded that the these was considerable local disorder
of the crystallinity for IZO films, resulting in the generation of the
states near the VBM, thereby drastically increasing " in the VIS
region. On the other hand, on the basis of RPES analysis result of
the TZO films, we found that the Ti 3d orbital gives in-gap states,
as confirmed using an incident x ray with h% of 458 eV, which

corresponds to the Ti 2p3/2–3d transition (see label “A” in Fig. 9).
This will be explained in further detail in future.

D. Lattice parameters

We investigated the dependence of c-axis and a-axis lattice
parameters (lc and la, respectively) on the dopant and its content.
In Figs. 6(a)–6(c), we summarize lc, la, and the unit-cell volume
(V$lc ! la ! la) of 500-nm thick n-type doped ZnO films as func-
tions of donor contents, which means M[=Al, Ga, and In]2O3 or
TiO contents in the target, respectively. lc and la were calculated
from the 0006 reflection peak positions in the out-of-plane */2*
XRD profile and from the 30–30 reflection peak positions in the
in-plane XRD profile, respectively. For the AZO films, an increase
in the Al content increased lc slightly and reduced la, resulting in a
decrease in V. With increasing the Ga content of the GZO films, lc
monotonically increased and la remained almost constant, leading
to an increase in V. On the other hand, for the IZO films, both
lc and la markedly increased with the In content; V increased
sharply as a result, as shown in Fig. 6(c). Note that the magnitude
of V increased in the order AZO < GZO < IZO, as did the effective
ionic radii with a coordination number of 4 (Al3+ of 0.53 Å,
Ga3+ of 0.61 Å, and In3+ of 0.76 Å)52 at any given donor content.
Figures 6(a) and 6(b), respectively, show the unique behavior of lc
and la for the TZO films; both lc and la tended to decrease slightly
with increasing Ti content of up to 1.1 mol. %, which is then fol-
lowed by a rapid increase. Note that Fig. 6(c) showed a small differ-
ence in V among the AZO, GZO, and TZO films at contents of
0.25, 0.5, and 1.1 mol. %. The fact that the Ti4+ ion with a coordi-
nation number of 4 (Ti4+Td) has an ionic radius of 0.56 Å52 can
convincingly account for the above behavior of V by assuming that
Al3+, Ga3+, and Ti4+ dopants substitute for Zn2+ at Zn sites at all
the above contents. Further increasing the content of Ti atoms
having a high oxygen affinity to 1.8 mol. % will probably increase
the fraction of Ti4+ ions that favor a coordination number of 6
(Ti4+Oh), which will be discussed in detail in Sec. III G. Taking into

FIG. 6. (a) c-axis and (b) a-axis lattice parameters (lc and la) and (c) unit-cell volume (V) of 500-nm-thick n-type doped ZnO films as functions of the dopant content.

TABLE IV. Carrier concentration (N) and relative area intensity of 1st and 2nd com-
ponents and area intensity of 3rd and 4th components in O 1s core spectra for
n-type ZnO films doped with 0.80, 3.16 mol. % Al; 0.87, 3.49 mol. % Ga; 0.89,
3.30 mol. % In; and 1.10, 1.80 mol. % Ti. The 3rd and 4th components were
excluded for the calculation of the relative area intensity of the 1st and 2nd
components.

Dopant
Content
(mol. %)

N (!1020

cm!3)

Relative area
intensity (%)

Area intensity
(arbitrary unit)

1st 2nd 3rd 4th

Al 0.80 2.55 47.55 52.45 2.11 1.00
3.16 7.96 61.98 38.02 2.06 1.30

Ga 0.87 3.50 50.52 49.48 1.92 1.16
3.49 9.75 60.30 39.70 2.11 1.31

In 0.89 3.08 49.63 50.37 1.83 1.05
3.30 7.11 46.89 53.11 1.87 1.20

Ti 1.10 2.71 46.64 53.36 2.13 1.21
1.80 3.18 51.39 48.61 2.26 1.21
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account the ionic radius of Ti4+Oh of 0.754 Å, which is larger than
that of Ti4+Td, V is expected to show a sharp rise due to increases in
la and lc. In TZO films heavily doped with a mixture of Ti4+Td and
Ti4+Oh, this would cause long-range lattice disorder in the vicinity of
the dopant sites, examining the effect of a change in the gross feature
of the electronic structure on carrier transport will be very interesting.
The above behaviors of V as functions of the type of donor and its
content can be explained by the ionic radii of the dopants.

E. Electrical properties

We discuss the effects of doping Al, Ga, In, and Ti atoms
with various contents on the electrical properties of n-type ZnO
films prepared on the glass substrates with buffer layers.
Figures 7(a)–7(c) show N, !H, and & of 500-nm-thick n-type ZnO
films doped with different donors as functions of their content,
respectively. Because the buffer layer thickness of 10 nm was very
small compared with the total thickness of 500 nm, the following
discussion is based on a single-layer model. Figure 7(a) shows that
N is an increasing function of the donor content for all the
dopants. Note that the AZO and GZO films showed a high !H and
a large N compared with those of the other films at all donor con-
tents, respectively. We found very small differences in &, which is
inversely proportional to the product of N and !H, between the
AZO and GZO films at all donor contents, as shown in Fig. 7(c).
For the AZO, GZO, and IZO films, N rapidly increased and !H
tended to decrease with increasing donor content up to 3.5 mol. %.
With further increasing donor content, N remained almost cons-
tant, whereas !H showed a sharp decrease for the AZO and GZO
films. TZO films exhibited unique dependences of N and !H on the
donor content. We found that both N and !H rapidly increased
with the Ti content up to 1.1 mol. % and then N slowly increased,
whereas !H showed a sharp decrease. Here, we summarize the
chemical trends of n-type ZnO doped with different donors as
follows: (i) Al doping produced n-type ZnO films showing a high
!H, regardless of the donor content compared with that of the

n-type ZnO films doped with the other donors. We achieved
n-type ZnO films showing a maximum !H of 50.1 cm2/V s at an
Al content of 0.8 mol. %.20,21,24 (ii) The doping of Ga atoms led
to high-N ZnO films at all dopant content compared with n-type
ZnO films doped with the other donor. N of GZO films showed
a maximum of 9.75 ! 1020 cm!3 at a Ga content of 3.49 mol. %.
(iii) n-type ZnO films doped with Ti had a maximum !H of
46.2 cm2/V s at a Ti content of 1.1 mol. %. (iv) The doping of In
atoms resulted in a change in N over a wide range similar to that
caused by Al doping; however, a rather low !H of less than
15 cm2/V s was obtained at dopant contents of more than
0.89 mol. %. IZO films exhibited a rather high & in this range of
contents as a result.

F. Carrier transport

Further insight into the electrical properties of n-type heavily
doped ZnO films can be obtained by considering the Ioffe–Regel
criterion.53,54 Ioffe and Regel argued that as the disorder increases
in a metallic system, there is a limit to the metallic behavior; when
the mean free path of carrier electrons (l) becomes less than the
interatomic spacing, coherent metallic transport is not possible.
Thus, the Ioffe–Regel criterion is defined as

kFl . 1, (2)

where kF is the Fermi wave number [kF = (3"2N)1/3]. l is given by

l ! vF+ ! (3,2)1/3
!h
e2

! "
&"1 N"2/3, (3)

where vF is the Fermi velocity and ! = h/2" (h is Plack’s constant).
Figure 8(a) shows kFl of the 500-nm-thick n-type ZnO films

doped with various donors as a function of the donor content. For
all the n-type ZnO films, we found that kFl% 1, in particular, kFl
exceeds 20 for the AZO films with an Al content of 3.16 mol. %.

FIG. 7. (a) Carrier concentration (N), (b) Hall mobility (!H), and (c) electrical resistivity (&) of 500-nm-thick n-type doped ZnO films as functions of the dopant content.
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Figure 8(a) shows that the electronic state of all n-type ZnO films is
metallic and that the behavior of kFl strongly depends on the type
of donor and its content. For the AZO and GZO films, kFl
increased sharply with the donor content up to about 3.5 mol. %.
For the TZO films, kFl showed an abrupt rise with increasing Ti
content up to 1.1 mol. %. These findings imply that an increase in
the donor content enhances l as a consequence of the static order
of atoms. A reason for this is that Al, Ga, and Ti dopants play an
important role in suppressing VO formation. On the other hand,
when Al and Ga were increased to about 4.0 mol. % and the Ti
content was increased to 1.8 mol. %, we found a decrease in kFl.
The most probable cause of this static disorder of atoms will be the
random spatial arrangement of donors with the generation of
intrinsic defects. For the IZO films, we found a small kFl associated
with a very small l at all dopant contents. We will discuss the
factors determining the carrier transport of n-type ZnO films
doped with various donors with different contents below.

In the following, to obtain a better understanding of the above
behaviors of kFl and !H as functions of the donor content for
n-type ZnO doped with various donors, we compared !H with !opt.
In this study, we took !opt as the intragrain carrier mobility. !opt
was calculated on the basis of the Drude theory20–24 using the
experimental data for ' and ( determined by spectroscopic ellips-
ometry measurements combined with the experimental data for T
and R determined by spectrophotometric measurements. To
describe the optical response due to free electrons, the dielectric
function based on the conventional Drude model (-D) for ZnO
films is expressed as

-D(E) ! " AD

E2 " i#DE
, (4)

where AD and .D are the oscillator amplitude and broadening
parameter, respectively.20–24 In the Drude theory for free electrons,

.D is expressed as

#D ! !he
m*!opt

, (5)

where e is the electron charge and m* is the effective mass of an
electron. By determining .D for the ZnO films with different
optical properties by fitting Eq. (5), we can estimate !opt if m* is
given. In this study, we calculated m* by the following process. In
the Drude model, the real part of -D (Re-D) is given by

Re-D ! -0D ! n2 " k2 ! -1 1"
)2
p

)2 # )2
c

 !
, (6)

where n and k are the refractive index and extinction coefficient,
respectively, -& is the high-frequency dielectric permittivity due to
the bound electrons, and )c is the reciprocal of the relaxation time
(+) of carriers. In metal-like materials, two characteristic frequen-
cies, the plasma frequency )p and collision frequency )c, are
completely defined by the free carriers; )p is given by

)p !

################
e2N

m*-1-0

s

, (7)

where -0 is the free-space dielectric constant. In the high-frequency
region, )% )c, the values of )

2 + )c
2 in Eq. (6) can be calculated as

those of )2 as a first approximation. In such regions, Eq. (6) can be
replaced by

-0D ! -1 1"
)p

)

$ %2
! "

: (8)

By plotting -D0 vs )
2, )p, and -& can be determined from the

gradient and intercept, respectively. Using the obtained values and

FIG. 8. (a) kFl, (b) optical mobility (!opt), and (c) contribution of grain boundary scattering to carrier transport (!opt/!GB) of 500-nm-thick n-type doped ZnO films as
functions of the dopant content.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 145303 (2020); doi: 10.1063/5.0021613 128, 145303-10

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


N, m* was calculated from Eq. (7) for )p. )p, -&, and m* were
obtained from the best fit in the wavelength range from 0.55 to
0.9 !m.

On the basis of Matthiessen’s rule, !H and the ratio of !opt to
the carrier mobility at grain boundaries (!GB), corresponding to the
contribution of grain boundary scattering to carrier transport for
polycrystalline films, are given by

1
!H

! 1
!opt

# 1
!GB

: (9)

Equation (9) is rewritten as20–24

!opt
!GB

!
!opt " !H

!H
: (10)

When !opt/!GB" 0, Eq. (10) shows that !H is approximately
equal to !opt. This is the ultimate carrier transport for an n-type
ZnO film deposited with growth conditions. Note that to achieve
high-!H ZnO films, it is essential to enhance !opt and ensure very
small contribution of the grain boundary scattering to carrier
transport.20–24 Note also that we observed the lateral grain sizes (L)
in the range from 35 to 41 nm for all the n-type ZnO films. L was
estimated by analyzing the in-plane XRD pattern using the
Williamson–Hall plot. The oscillating motion of carrier electrons in
a high frequency electric field, which is represented by !opt, as dis-
cussed below, is confined within the grains with a size of several
tens of nanometers mentioned above. The effect of grain boundary
scattering on !opt is thus avoided.

Figures 8(b) and 8(c) show !opt and !opt/!GB of the
500-nm-thick n-type ZnO films doped with various donors as
functions of the donor content, respectively. Except for the TZO
films, Fig. 8(b) shows that increasing the Al and Ga contents up to
about 4.0 mol. % and the In content up to 1.48 mol. % decreased
!opt, which can be attributed to the ionized impurity scattering,
taking into account the dependence of the !opt behaviors on N [see
Fig. 7(a)].12,13,55–58 With further increase in the donor content, we
found a different relationship between N and !opt from that
described above. Note that !opt increased in the order
IZO < GZO < AZO films at the same donor content. !opt of TZO
films showed a unique dependence on the Ti content. We found
that !opt rapidly increased with the Ti content up to 1.1 mol. %,
above which it decreased abruptly.

Figure 8(c) shows that !opt/!GB of the n-type ZnO films doped
with Al, Ga, or Ti atoms was practically zero at donor contents
ranging from 0.25 to 3.0 mol. %. In such films, !H was close to !opt
at any given donor content as shown in Figs. 7(b) and 8(b). For the
AZO and GZO films, !opt/!GB increased slightly with further
increasing donor content. This may be due to the segregation of
the donor dopants at the grain boundaries, resulting in the forma-
tion of additional energy barriers there. Excess Al and Ga dopants
may have been located at interstitial sites in grains as well as at
grain boundaries.59 Figures 7(a) and 8(b) show that the AZO and
GZO films with a donor content of 5.0 mol. % had almost the same
N as that of the AZO and GZO films with a donor content of
3.0 mol. % and reduced !opt. This implies that for the AZO and
GZO films with high donor contents, some of the excess Al and Ga

dopants were segregated at the grain boundaries and the remaining
Al and Ga atoms may have occupied the interstitial sites in grains,
resulting in the disorder of the cation lattice symmetry and causing
the reduction in !opt. V expansion was clearly observed in all IZO
film, as shown in Fig. 6(c). As discussed in Sec. III C, the IZO films
exhibited a high degree of the local disorder in the crystal lattice. In
such films, In interstitials may diffuse interstitially and In ions at a
Zn site is mobile in the Zn sublattice. The former possibly remains
at an interstitial site surrounded by O atoms at O sites, whereas
the latter easily moves toward grain boundaries. This results in the
generation of In segregation at the grain boundaries, causing high
!opt/!GB. This explains well why the films exhibited low carrier
transport (low !opt and high !opt/!GB) and high optical absorption
in the VIS region, as shown in Fig. 2(g).

G. Local structure of Ti atoms in TZO films

Finally, we discuss what occurred in TZO films with a Ti
content of 1.8 mol. %. Al3+ and Ga3+ ions have such small ionic
radii compared with the O2! ions surrounding the cations in ZnO
crystals with a wurtzite structure that they coordinate strongly to O
atoms with a coordination number of four. The electronic configu-
ration of Ti atoms is [Ar]3d24s2. The removal of four electrons pro-
duces the configuration [Ar]3d04s0, and the first available orbitals
are one s and three p so that sp3 hybrid orbitals of Ti atoms are
used, resulting in tetrahedral TiO4. As there is no asymmetry asso-
ciated with the 3d0 configuration, the TiO4 local structure is undis-
torted. The results of our ab initio electronic band structure
calculation of Zn199Ti1O200 with the wurtzite structure within the
framework of density functional theory (DFT) show that the inter-
atomic distances of the four Ti–O chemical bonds are identical.
Note that the ionic radius of Ti4+ ions with a coordination number
of 4 is 0.56 Å.52 According to the radius ratio rule,60 the minimum
radius ratio for octahedrally (tetrahedrally) coordinated interstitial
dopant ions in crystals with the wurtzite structure being 0.414
(0.225). Sixfold coordination is, therefore, possible for Ti4+ ions
with an ionic radius of 0.7405 in ZnO crystals.

We investigated the local structure of Ti atoms in TZO films
to elucidate the mechanism causing the low !opt in TZO films with
a Ti content of 1.8 mol. % by XAS measurements using the secon-
dary electron yield. Figure 9 shows the Ti 2p–3d XAS spectra for
TZO films with Ti contents of 0.5, 1.1, and 1.8 mol. %. The
obtained spectra consisted of contributions from L3 (2p3/2–3d)
(h% = 456–461 eV) and L2 (2p1/2–3d) (h% = 461 – 467 eV) transi-
tions. The A and B peaks of L3 refer to the excitation process from
Ti 2p3/2 to states of the Ti 3d band split by the octahedral crystal
field.61 Similarly, the C and D peaks of L2 refer to the excitation
process from Ti 2p1/2 to states of Ti 3d.62 Moreover, the B peak
further splits into two peaks (denoted as B1 and B2), which is a
long-range band structure effect.63 The strong peak of feature A
corresponds to both tetrahedral and octahedral structures, while
feature B2 is more predominant than B1 in the octahedral struc-
ture.63,64 Taking into account the fact that the local structure of Zn
is tetrahedral, the ratio of the B1 and B2 peak intensities suggests
the proportion of replacement Ti atom to the Zn site. Excess Ti
doping gives rise to important differences in the shape and inten-
sity of these features. Figure 9 clearly shows that B1 peaks are
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stronger than B2 peaks in the spectra of TZO films with Ti contents
of 0.5 and 1.1 mol. %. Upon further increasing the Ti content
to 1.8 mol. %, the intensity ratio is inverted, i.e., B2 > B1. This indi-
cates that the sixfold coordination of interstitial Ti atoms became
dominant for TZO films with a Ti content of 1.8 mol. %. In such
films, la and lc will increase with the dopant content, as shown in
Figs. 6(a) and 6(b). In conclusion, some of the excess Ti atoms
occupy at interstitial sites having sixfold coordination in grains
while retaining the Ti atoms with fourfold coordination in the crys-
tallites, resulting in the disorder of the cation lattice symmetry and
the reduction in !opt.

IV. CONCLUSIONS

We investigated the chemical trends of the electrical and
optical properties of n-type ZnO polycrystalline films doped with
various donors. To clarify intrinsic chemical trends, i.e., those in
the grains, we used our original developed technology using buffer
layers, which improves the crystallographic orientation distribution,
resulting in a very small contribution of grain boundary scattering
to carrier transport owing to a texture with a well-defined (0001)
orientation. In a series of experiments using various dopants with
different contents, we found that the use of Al, Ga, In, and Ti
species as dopants is effective for obtaining n-type doped ZnO
films. We established that the doping of Al donors produces n-type
high-!H ZnO films and the use of Ga species as donors produces
n-type high-N ZnO films. These films show very small differences
in &, regardless of the donor content. For IZO films, we found a
large contribution of the grain-boundary-scattering mechanism to
carrier transport at any given In content. We found very high &
owing to markedly reduced !H as a result. For TZO films, on the
basis of the analysis of the data obtained by Ti 2p–3d XAS mea-
surements, we found the dependence of the dopant sites on its
content, which affects N and !H: Such films exhibited a unique
relationship between N and !H. For AZO and GZO films, HAXPES
measurement results show little in-gap states. The results of this
study clearly indicate that technologies for producing low-& ZnO

films with a high optical transparency from VIS to NIR spectral
region, which are suitable for transparent electrode applications in
solar cells, must use Al as the n-type dopant. On the other hand, it
is best to use Ga as the n-type dopant that can realize low-& due to
high-N suitable for transparent electrode applications in flat-panel
displays, which requires only VIS light transmission. Future studies
on the suitability for applications such as the stability of electrical
and optical properties in highly moist and/or heat environments
are required to further build on the results of this study.
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