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a b s t r a c t

ZnO thin films with different Sb doping concentrations were prepared on n-GaN/Al2O3

substrates by simple chemical vapor deposition. Field-emission scanning electron micro-
scopy (FE-SEM) showed that the morphologies of ZnO thin films were rougher and the
size of the crystal grains reduced with increasing Sb concentration. The X-ray diffraction
measurements indicated that the (002) diffraction peak positions of samples shifted
gradually towards the lower angle side, which explained the substitution of Sb3þ into the
Zn site by Sb doping. In addition, Hall measurement results indicated that Sb doped ZnO
thin films had p-type conductivity, and the optimal Sb2O3/ZnO mass ratio for p-type ZnO
thin film was approximately 1:4. Optical absorption spectrum measurement indicated
that the energy gaps of the samples were evidently narrowed with increasing Sb doping
concentration.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

ZnO is a highly promising direct wide band (Eg¼3.37 eV)
semiconductor material with large exciton binding energy
(60 meV) at room temperature (RT) [1,2], which results in
it being an excellent candidate for ultraviolet devices, such
as laser diodes (LDs) [3], light emitting diodes (LEDs) [4],
and photodetectors (PDs) [5]. For the growth of ZnO, the
use of substrates with smaller lattice misfit would improve
the quality of ZnO layers around the interface region,
which consequently enables one to grow ZnO layers with
improved crystallinity [6]. Many of the physical properties
of GaN (a¼3.189 ̊, c¼5.185 ̊) are similar to those of ZnO
(a¼3.250 ̊, c¼5.213 ̊) and they have close lattice constants
[7]. Furthermore, both GaN and ZnO are wurtzite crystal
8503.
structures with a similar wide band gap of 3.40 eV and
3.37 eV, respectively, at RT. That is to say, ZnO is a closely
lattice-matched material to GaN with a lattice misfit of
1.8%, which is ten times smaller than that lattice misfit
between ZnO and Al2O3 (about 18%) [8], which is normally
used as a substrate for ZnO. GaN substrate is also good for
device applications, because it is conductive [9]. Moreover,
ZnO and GaN have a large band gap. This means that
the ZnO/GaN heterostructure is a promising material for
optoelectronic applications.

Furthermore, one of the biggest challenges for good
ZnO-based optoelectronic devices is the difficulty of reli-
ably fabricating p-type ZnO due to its self-compensating
effect from native defects, such as oxygen vacancy (VO),
zinc interstitial (Zni) and H incorporation [10]. Therefore,
most efforts have been focused to obtain p-type ZnO
materials. Group V elements such as N [11], P [12], Sb
[13], and As [14] have been tried experimentally as
dopants. At present, growth techniques for ZnO thin films
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have been studied, such as molecular beam epitaxy (MBE)
[15], metalorganic chemical vapor deposition (MOCVD)
[16], pulsed laser deposition (PLD) [17], and spin coating
method [18,19]. However, there are few reports on the
fabrication of p-ZnO thin films by a simple chemical vapor
deposition (CVD) method. In this paper, Sb doped p-ZnO
thin films were successfully prepared on n-GaN/Al2O3

substrates by the simple CVD method. The structural,
optical and electrical properties of Sb doped ZnO thin
films were investigated. And this comparatively simple
method could open a relatively cheap and efficient way for
fabricating ZnO based optoelectronic devices.
2. Experimental procedure

ZnO thin films with different Sb doping concentrations
were grown on n-GaN/Al2O3 substrates by the simple CVD
method. High purity metallic Zn powders (99.999%), Sb2O3

powders (99.99%) and oxygen gas were used as Zn, Sb and
oxygen sources, respectively. Well-mixed powders of Zn
and Sb2O3 with different weight ratios were put in a
quartz boat and placed at the center of a tube furnace.
The substrate was placed horizontally on the downstream
side of the source at a distance of 1 cm. Fig. 1 shows the
experimental set-up for the synthesis of Sb doped ZnO
thin films. The whole system was pumped to a base
pressure of about 10 Pa by a mechanical pump. High purity
Ar carrier gas was passed at a flow rate of 100 sccm and
oxygen gas was introduced into the reaction chamber at a
flow rate of 30 sccm. The growth temperature in the
reaction chamber was kept at 650 1C for 30 min. The
growth parameters of samples with different Sb doping
concentrations are listed in Table 1. The surface morphol-
ogy, elemental concentration and structural properties
were investigated by field-emission scanning electron
microscopy (FE-SEM, HITACHI S4800), energy-dispersive
spectroscopy (EDS) analysis, and X-ray diffraction (XRD)
using the Cu Kα radiation, respectively. The electrical
properties were measured by a Hall-effect measurement
system (Bio-Rad HL5500) and the optical absorption
spectra were recorded using a Shimadzu UV160
spectrometer.
Fig. 1. Experimental set-up for the synth

Table 1
The growth parameters of the samples.

Sample Zn (g) Sb2O3 (g) Mass ratio (Sb2O3/Zn)

A 0.3 0 —

B 0.3 0.05 1:6
C 0.3 0.07 1:4
D 0.3 0.10 1:3
3. Results and discussion

The surface morphology of samples with different Sb
doping concentrations was examined by FE-SEM. As can
be seen in Fig. 2, the surface morphology of undoped ZnO
(sample A) is relatively smooth and it is a membranous
structure composed of large single crystal mass. This
indicated that high-quality ZnO thin films could be
achieved by the simple CVD method. For Sb doped
samples B–D, with increasing Sb concentration, the aver-
age grain size gradually decreased and had a relatively
rougher surface morphology. This indicated that surfaces
of the samples had become worse with the increase of Sb
concentration.

EDS was used to investigate elemental concentration in
the samples. As shown in Fig. 3, samples A–D consisted of
zinc, oxygen, gallium, nitrogen, aluminum and antimony
(in samples B–D) elements. Meanwhile antimony, zinc,
and oxygen elements originated from the samples and
gallium, nitrogen, and aluminum elements originated from
the substrates. Furthermore, Sb concentrations in samples
B, C and D were about 1%, 3% and 4%, respectively. The EDS
results show that the Sb concentration in ZnO samples
depends heavily on the Sb2O3/ZnO weight ratio of the
starting powders, and therefore the Sb concentration can
be controlled by this growth route.

Fig. 4 shows the XRD patterns of the samples. For
comparison, n-GaN was also investigated. For low Sb
doped concentration samples A–C, only ZnO (002) diffrac-
tion peak of hexagonal wurtzite structures appears as
shown in Fig. 4(a). This demonstrates that high quality
Sb doped ZnO thin films can be achieved by the simple
CVD method. For sample D with higher Sb doping con-
centrations, (101) diffraction peak at 36.201 also appeared,
and this observation showed that the crystalline quality
became worse at high Sb doped concentrations. The
results were consistent with the SEM result. Moreover, as
clearly shown in Fig. 4(b), (002) diffraction peaks of
samples A, B, C and D appeared at 34.511, 34.471, 34.451
and 34.411, respectively. The (002) peak positions of the
samples shifted toward a lower diffracting angle with
increasing Sb doping concentration. This phenomenon is
usually considered as change of lattice spacing caused by
esis of Sb doping ZnO thin films.

Growth temperature (1C) Ar (ml/min) O2 (ml/min)

650 100 30
650 100 30
650 100 30
650 100 30



Fig. 2. FE-SEM images of samples A–D.

Fig. 3. EDS spectra of samples A–D.
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Sb doping. The Zn2þ ionic radius of 0.74 ̊ is less compared
to the Sb3þ ionic radius of 0.78 ̊ [20], which resulted in the
lattice spacing becoming gradually enlarged. This explains
the substitution of Sb3þ into the Zn site of the host ZnO.

The electrical parameters of samples as investigated by
the Hall effect measurement are listed in Table 2. To
eliminate the influence of the substrate on the measurement
of electrical properties, undoped GaN was used. In Table 2,
undoped ZnO (sample A) exhibits n-type conductivity with a
resistivity of 10.10 Ω cm, and the electron concentration
and hall mobility are 9.865�1016 cm�3 and 6.27 cm2/V s,
respectively. The conductivity type of the samples changed
to p-type with the introduction of Sb doping. The hole
concentration increased from 3.642�1016 cm�3 in sample
B to 2.713�1017 cm�3 in sample C. This carrier
concentration of sample C is quite close to the demand for
the fabrication of ZnO based optoelectronic devices. The
changes in the carrier concentrations were attributed to the
fact that the Sb-related acceptor concentration was
enhanced with an increasing Sb2O3/ZnO mass ratio, which
showed that the doping concentration can be effectively
controlled. The mobility decreased with increasing Sb doping
concentration, which was also observed in previous work
[21]. The decrease in mobility of our samples should be due
to the influence of Sb impurities or Sb-induced structural
defects. Moreover, with further increase in Sb doping con-
centration the carrier concentration decreased to
1.569�1016 cm�3 in sample D. It was because the crystalline
quality of ZnO thin films becameworse at a higher Sb doping
concentration, which is consistent with the XRD results. The
result of Hall-effect measurements also indicated that the
optimal Sb2O3/ZnO mass ratio for achieving p-type ZnO thin
films is about 1:4 by the CVD method.

The optical absorption spectra of samples A–D are
shown in Fig. 5. From Fig. 5 we can see that the sharp
fundamental absorption edges of samples A–D caused a
distinct red-shift with increasing Sb concentration. In
addition, it is generally accepted that for a material with
direct band gap, the relation between (αhν)2 and photon
energy (hν) is expressed by the following formula [22]:

ðαhvÞ2 ¼ Aðhv�EgÞ
where α is the absorbance, hν is the photon energy, A is a
constant, and Eg is the optical band gap [23]. The optical
band gaps (Eg) were obtained by extrapolating the linear
part of the curves of (αhν)2 as a function of hv to intercept
the energy axis [24,25]. The Eg value of un-doped ZnO
(sample A) is determined to be about 3.30 eV. The Eg
values of sample B, C and D are 3.26 eV, 3.19 eV and



Fig. 4. (a) XRD patterns of ZnO thin films of different Sb doping concentrations and (b) the amplified pattern for (002) diffraction peaks.

Table 2
Electrical properties of ZnO thin films of different Sb concentrations.

Sample Resistivity
(Ω cm)

Mobility
(cm2/V s)

Carrier
concentration
(cm�3)

Conductivity
type

A 10.10 6.27 9.865�1016 n
B 35.34 4.85 3.642�1016 p
C 24.27 0.95 2.713�1017 p
D 67.61 5.89 1.569�1016 p

Fig. 5. (αhν)2 vs. (hv) plot of samples A–D.

Fig. 6. The photoluminescence spectra of samples A–D at 10 K.
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3.11 eV, respectively. It can be seen that Eg values show an
evident narrowing with increasing Sb doping concentra-
tion. The detailed explanations for this band gap narrow-
ing are unfeasible at present, but according to previous
reports, we can consider that Sb doping can introduce an
acceptor energy level and the acceptor binding energies
are at 160 and 130–140 meV [26]. Therefore, the shrinkage
of Eg in the absorption spectra should be partly attributed
to the band-tailing effect introduced by Sb doping.

In order to further investigate the optical behavior of Sb
doped ZnO thin films, low-temperature (10 K) PL spectra
of undoped ZnO and p-type ZnO were examined, as shown
in Fig. 6. The PL spectra of undoped ZnO and sample B
show a strong near-band-edge emission peak located at
3.363 eV, which is assigned to the transition of neutral
donor-bound exciton (D0X) [27]. In the spectra of samples
C and D, the D0X disappeared. Furthermore, in samples B,
C and D, four new emissions peaks located at 3.353, 3.314,
3.244, and 3.172 eV were observed. The PL peak located at
3.353 eV was assigned to a neutral acceptor bound exciton
(A0X) [28,29]. The band at 3.314 eV is attributed to the
recombination emissions between free electrons and
acceptor holes (FA) [21,28]. The peak position at 3.244 eV
was attributed to the donor–acceptor pair (DAP) emission
[30]. For sample C, we note that the peaks at 3.244 and
3.172 eV have equal energy spacing of 72 meV, which is in
good agreement with the energy of LO phonons of ZnO.
This implies that the peak at 3.172 eV is the corresponding
first LO phonon peak of the DAP.

4. Conclusions

Sb doped p-type ZnO thin films were successfully
prepared on n-GaN/Al2O3 substrates by the simple CVD
method. The influence of Sb doping on the structural,
optical and electrical properties of the ZnO thin films was
studied. The results explained that the morphology of the
samples was relatively rougher and the grain size showed
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a gradual decrease with increasing Sb concentration, and
the XRD pattern analysis indicated the substitution of
Sb3þ into the Zn site of the host ZnO. At the same time,
the energy gaps of ZnO thin films showed an evident
narrowing by Sb doping. Furthermore, we also obtained
results which indicated that the optimal Sb2O3/ZnO mass
ratio was approximately 1:4 for the p-type ZnO thin film
prepared by the simple CVD method. This proposed
method provides a way of realizing cheap and efficient
ZnO based optoelectronic devices.
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