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Stable p-type Sb-doped ZnO �ZnO:Sb� was fabricated reproducibly by sintering mixture of ZnO and
Sb2O3 powders under 5 GPa at temperatures of 1100–1450 °C. The best p-type ZnO:Sb with
resistivity of 1.6�10−2 � cm, carrier concentration of 3.3�1020 cm−3, and mobility of 12.1 cm/
V s was obtained by doping 4.6 at. % Sb and sintering at 1450 °C. The p-type conduction is due to
complex acceptor formed by one substitutional Sb at Zn site and two Zn vacancies. The acceptor
level was measured to be 113 meV. Effect of pressure on formation and electrical properties of the
p-type ZnO:Sb is discussed. © 2009 American Institute of Physics. �DOI: 10.1063/1.3153515�

Due to a wide band gap of 3.37 eV and a large exciton
binding energy of 60 meV at room temperature, ZnO has
been considered as a promising semiconductor material for
short-wavelength optoelectronic devices such as ultraviolet
light emitting and laser diodes with low thresholds.1–3 How-
ever, difficulty in fabrication of stable and reproducible
p-type ZnO with low resistivity and high carrier concentra-
tion hinders application of ZnO in optoelectronic field. The
difficulty comes mainly from two factors: one is self-
compensating effect from native defects such as oxygen va-
cancies �Vo� and interstitial zinc �Zni� �Ref. 4�, and/or H
incorporation,5 and the other is low solid solubility and deep
acceptor level of acceptor dopants in ZnO, which lead to
p-type ZnO having low hole concentration and high resistiv-
ity. Usually, the former is solved by improving ZnO crystal
quality and the latter by doping in nonequilibrium thermody-
namic state. However, the nonequilibrium doping is limited
for improvement of doping content of the p-type dopant,
moreover, it can make crystal quality poor and conductivity
unstable. In addition, it is difficult to control growth process
in nonequilibrium doping, resulting in that preparation of
p-type ZnO is reproducible.

It is well known that high pressure can change the ther-
modynamic state of a system, which may increase solid solu-
bility of a dopant in a system. Therefore, if p-type doping in
ZnO is carried out under high pressure, solid solubility of a
p-type dopant in ZnO may be increased, making electrical
properties of the p-type ZnO improved. In addition, since the
p-type doping under high pressure is performed in quasiequi-
librium thermodynamic process, growth process of p-type
ZnO can be controlled easily, leading to that preparation of
p-type ZnO with good crystal quality is reproducible.

In recent years, V-group elements such as N, P, As, and
Sb are used to fabricate p-type ZnO. Considering that Sb has
similar ionic radius to Zn, Sb was selected as p-type dopant
in the present work, and doped in ZnO under high pressure.

By doping under high pressure, it is expected to improve
solid solubility of Sb in ZnO and preparation of stable and
reproducible p-type ZnO with high carrier concentration and
low resistivity.

In the present work, 99.99% pure ZnO powder and
99.99% pure Sb2O3 powder were mixed uniformly by vari-
ous nominal mole ratios of the ZnO to Sb2O3, respectively.
The mixture of the ZnO and Sb2O3 was pressed into a disk
with diameter of 13 mm and height of 5 mm, and then put
into a Mo ampoule to preventing from pollution. The Mo
ampoule was encased into a graphite crucible used as a
heater, which was encased in a pyrophyllite cube. A six-anvil
high pressure apparatus, which can generate maximum pres-
sure of 6 GPa, was employed for generating quasihydrostatic
pressure using pyrophyllite as a pressure transmitting me-
dium. Heating was performed by passing an electric current
through the graphite crucible. The mixture was sintered iso-
thermally for 15 min under 5 GPa in a temperature ranging
from 800 to 2000 °C. Prior to various measurements, about
1 mm thick surface layer of the two sides of the as-sintered
disk are removed to exclude possible effect induced by dif-
fusion of Mo into the sample.

Hall measurement was performed for ZnO doped with
nominal Sb content of 0–8.6 at. % and sintered for 15 min
under 5 GPa at about 1100 °C, which indicates that the un-
doped ZnO is insulating and the ZnO doped with nominal Sb
content of 1.4–8.6 at. % behave p-type conductivity with
resistivity of 4.5�103–3.0�10−1 � cm and carrier concen-
tration of 3.5�1015–1.2�1019 cm−3. Moreover, the resis-
tivity of the p-type ZnO decreases and the carrier concentra-
tion increases with increasing Sb content. Above results
indicate that the p-type conduction of the Sb-doped ZnO is
related to Sb doping and that the electrical properties of the
p-type ZnO is improved with increasing Sb doping content.
Table I shows Hall measurement results of ZnO doped with
nominal Sb content of 8.6 at. % and sintered for 15 min
under 5 GPa at temperatures of 800–2000 °C. The Sb-doped
ZnO �denoted as ZnO:Sb� presents n-type conductivity as
sintered at 800 °C, p-type conductivity as sintered at tem-
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peratures between 1100 and 1450 °C, and high resistance as
sintered at 2000 °C. The electrical properties of the ZnO:Sb
depend on sintering temperature and the p-type conductivity
is realized only in temperature region from 1100 to 1450 °C
for ZnO doped with nominal 8.6 at. % Sb. The p-type
ZnO:Sb obtained at 1450 °C shows the best electrical prop-
erties with resistivity of 1.6�10−2 � cm, carrier concentra-
tion of 3.3�1020 cm−3, and mobility of 12.1 cm/V s, which
is better than electrical properties of the Sb-doped p-type
ZnO reported previously.6–9 Keeping the p-type ZnO:Sb in
air and making Hall measurement for it every one or two
months, it is found that the p-type ZnO:Sb has behaved
p-type conduction in a period of about 20 months since it
was prepared, but its resistivity increases and carrier concen-
tration decreases with increasing time. This implies that the
p-type ZnO:Sb is of better stability. It is demonstrated ex-
perimentally that the p-type ZnO:Sb is reproducible and re-
producibility is not smaller than 80%, which is attributed to
that of the p-type doping performed in an equilibrium ther-
modynamic state.

Figures 1�a�–1�c� show x-ray diffraction �XRD� patterns
of ZnO doped with nominal 8.6 at. % Sb and sintered at 800,
1100, and 1450 °C, respectively. Figure 1�a� shows that the
Sb-doped ZnO sintered at 800 °C consists of ZnO:Sb, Sb,
and an unknown phase I, implying that some Sb2O3 are
deoxidized to Sb and some Sb2O3 react with ZnO to form the

unknown phase I. When the Sb-doped ZnO is sintered at
1100 °C, it is concluded from Fig. 1�b� that the sample is
composed by ZnO:Sb, Sb, and an unknown phase II. As the
temperature rises to 1450 °C, as shown in Fig. 1�c�, the Sb-
doped ZnO consist only of ZnO:Sb phase, and no other
phase is observed, implying that most of Sb incorporates into
ZnO. Further increasing the temperature to 2000 °C, how-
ever, the sample consists of ZnO and Sb �XRD pattern and
scanning electron microscopy �SEM� image are not shown
here�, and the Sb precipitates at grain boundaries and few Sb
incorporates into ZnO. Above XRD results indicate that the
Sb-doped ZnO obtained at 1450 °C has the highest Sb con-
tent.

Combining Hall results with XRD and SEM results, it is
deduced that p-type conductivity of the Sb-doped ZnO is
determined by Sb doping content, while presence of the
other phases such as Sb and the unknown phases influence
transport properties of the p-type ZnP:Sb, as shown in Table
I, the mobility of the single phase sample produced at
1450 °C is much higher than that of multiphases samples
produced at 1100 °C.

In order to understand the origin of the p-type conduc-
tivity, chemical environment, and content of Sb were studied
by x-ray photoelectron spectroscopy �XPS� measurement for
the p-type ZnO doped with nominal 8.6 at. % Sb and sin-
tered at 1450 °C. As Fig. 2 shows, two Sb3d3/2 bands are
observed at binding energy of 536.9 and 539.5 eV, respec-
tively. The 536.9 eV is close to binding energy of Sb3d3/2 of
metal Sb, and the 539.5 eV is near binding energy of Sb3d3/2
of Sb–O bond. So it is deduced that that the Sb has two kinds
of chemical environments in the p-type ZnO:Sb, one is metal
Sb, which locates at grain boundaries of the ZnO, and an-
other substitutional Sb at Zn site �SbZn�. Based on Fig. 2, the
Sb content is estimated to be 1.7 at. % in a form of Sb and
4.6 at. % in a form of SbZn. Limpijumnong et al.10 proposed
that Sb would substitute for Zn�SbZn� instead of oxygen in
the Sb-doped ZnO and then produce two corresponding Zn
vacancies �VZn�, which form a SbZn-2VZn complex acceptor.
Therefore, the p-type conductivity of the ZnO:Sb comes
mainly from contribution of the SbZn-2VZn.complex in the
present work.

It is known from literatures published previously that the
highest Sb content is 2.3 at. % in ZnO film produced under
vacuum, which is much less than the Sb content of 4.6 at. %
obtained under high pressure. This implies that high pressure
can improve solid solubility of Sb in ZnO. The good electri-

TABLE I. Electrical properties of ZnO doped with nominal Sb content of
8.6 at. % and sintered under 5 GPa at various temperatures.

Temperature
°C Type

Resistivity
� cm

Carrier concentration
cm−3

Mobility
cm2 V−1 s−1

800 n 3.5�10−2 1.4�1017 1.6
1100 p 3.0�10−1 1.3�1019 2.6
1450 p 1.6�10−2 3.3�1020 12.1
2000 n 8.1�106 2.7�1010 53.4

FIG. 1. XRD patterns of ZnO doped with nominal Sb content of 8.6 at. %
and sintered under 5 GPa at �a� 800 °C, �b� 1100 °C, and �c� 1450 °C,
respectively. � ZnO:Sb, � Sb � unknown phase I, � unknown phase II.

FIG. 2. �Color online� XPS of p-type ZnO doped with nominal Sb content
of 8.6 at. % and sintered under 5 GPa at 1450 °C.
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cal properties of the p-type ZnO:Sb may be related to the
high Sb doping content.

In order to investigate optical properties and estimate
SbZn-2VZn acceptor level, photoluminescence �PL� measure-
ment is performed for the p-type ZnO doped with nominal
8.6 at. % Sb and sintered under 5 GPa at 1450 °C, as shown
in Fig. 3. Five PL peaks are observed at 3.370, 3.359, 3.313,
3.241, and 3.170 eV, respectively. The 3.370, 3.359, and
3.313 eV peaks are ascribed to emission of free exciton,
neutral acceptor bound exciton �A0X�, and electron transition
from conduction band to acceptor level �FA�, respectively.
The 3.241 and 3.170 eV are due to first and second order
longitudinal optical phonon replicas of the FA with a peri-
odic spacing of �72 meV. According to relationship be-
tween FA, acceptor level EA, and bandgap Eg, FA=Eg−EA
+kBT /2, the EA is estimated to 113 meV above valence band
maximum, less than acceptor levels reported previously.6–9

Semiconductor theory indicates that heavy doping can lead
to decrease in acceptor level. So, the low EA may be related
to the high Sb doping content in ZnO.

In summary, stable p-type ZnO:Sb was fabricated repro-
ducibly by doping nominal Sb content from 1.4 to 8.6 at. %
and sintering under 5GPa at temperatures of 1100–1450 °C.
The best p-type ZnO:Sb with resistivity of 1.6
�10−2 � cm, carrier concentration of 3.3�1020 cm−3, and
mobility of 12.08 cm/V s was obtained by doping 4.6 at. %
Sb and sintering at 1450 °C, and has shown p-type conduc-
tivity in a period of 20 months up to now. The p-type con-
duction comes from contribution of SbZn-2VZn complex ac-
ceptor, which is of acceptor level of 113 meV above valence
band maximum.
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