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Abstract. This work report on the structural and electrical characteristics of zinc oxide single crystal
samples doped with antimony. Doping was carried out by antimony thermal diffusion at 1000 °C for
periods of one and two hours under nitrogen environment from a solid source formed by antimony oxide.
X-ray diffraction was used to determine the crystalline phases in samples and the structural change
owing to diffusion. Electrical characterization by Hall effect and I-V curves showed an increase in
acceptor concentration and conductivity which demonstrates that doping is effective and create acceptors
in zinc oxide samples.
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1. Introduction
Zinc oxide (ZnO) is a semiconductor material
with a direct wide band gap (3.37 eV) and large
exciton binding energy (60 meV) at room
temperature, this is suitable for promising
applications such lasers [1], light emitting
diodes [2] UV detectors [3], etc. However, it is
well known that fabrication of p-type ZnO is
rather difficult due to the self-compensating
effect from native defects VO and Zni and/or H
incorporation.
Recently has been tried to grow p-type ZnO.
To seek better p-type dopants, a few groups
have tried other group-V elements, including P,
As, and Sb [5], which have much larger ionic
radii than oxygen atom. Surprisingly, good p-

type conductivities were observed from these
films, indicating the feasibility of p-type doping
with large-size-mismatched impurities [6].
Recently, Limpijumnong et al. [7] proposed a
new doping mechanism for As and Sb
impurities in ZnO based on a first-principles
calculation. They suggested that Sb would
substitute for Zn instead of oxygen and then
produce two corresponding Zn vacancies, which
is an AsZn-2VZn SbZn-2VZn complex. However,
few Sb-doped ZnO studies were reported in the
literature.
In this paper, we report the structural and
electrical analysis of doping with antimony in
single crystal ZnO samples carried out by
atomic diffusion. The crystalline phase change
of
doping
material,
introduction
and
modifications in host structure has been studied.
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The results indicate that antimony is fully
introduced in the ZnO samples, structural
quality is kept, but the structure presents low
dimensional changes.
2. Methodology
In this study, doping with antimony in single
crystal ZnO was carried out by diffusion in a
quartz tube furnace. A ZnO (001) single crystal
substrate (5×5×0.5 mm3) purchased from MTI
crystals Co (California, USA) was used as
starting material. After a standard cleaning
procedure, the diffusion process consisted of
three steps. In the first step, a 1 µm elemental
antimony layer was deposited on single crystal
ZnO samples by evaporation of Sb (5N) in a
vacuum chamber with a pressure around 10-6
Torr. In a second step, the Sb layers were
oxidized at 300 °C for 1h (enough for oxidizing)
under oxygen atmosphere [7]. In a third step,
diffusion process was carried out in a quartz
tube furnace at 1000 °C, within a nitrogen (N2)
atmosphere for periods of 1 h and 2 h.
Structural
characterization
for
phase
identification was performed by using a Bruker
D8 Discover x-ray diffractometer with the CuKα
radiation generated at 40 kV and 40 mA, 2 theta
range used in this measurement was from 20 to
80° with an increment of 0.02°. The crystal
quality of samples was investigated using high
resolution x-ray diffraction (HRXRD) in the
same diffractometer with high resolution
configuration that is equipped with a Goebel
mirror and a V-groove compressor, producing a
CuKα1 radiation (1.5406 Å), the measurements
were made with a step of 10-4° in a range of
0.25° around the (002) reflection. Reciprocal
space mapping was performed using the same
diffractometer to investigate the effect of
antimony introduction on ZnO lattice. In order
to study changes on electrical parameters due to
antimony doping Hall effect measurements were
performed on substrate and two samples with
diffusion, using Van der Paw configuration with
a magnetic field density of 0.37 Tesla, electric
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contacts used were made of silver pads.
Results and discussion
Fig. 1a shows the XRD diffractogram from the
ZnO sample after a Sb diffusion of 1 h at 1000
°C. Two sharp and intense peaks at 34.4 and
75.6 ° corresponding to (002) and (004) plane of
ZnO hexagonal phase are observed, this reveals
high crystallinity with the c-axis orientation
normal to the sample surface. Inset in Fig. 1a
shows a semi-log graph, where a peak at 25.5º is
observed, which corresponds to Sb2O3
orthorhombic phase (ICDD PDF 11-0689 card),
also, two small peaks near the (002) reflection
can be detected, these are originated by
undesired CuKβ and WLα radiation coming
from anode and filament of x-ray tube, but, if
these can be observed is due to high crystallinity
of sample. Fig. 1b depicts the XRD pattern for
sample after a Sb diffusion of 2 h at 1000 °C,
where the Sb2O3 peak is not detected, this is
attributed to introduction of Sb leaving the ZnO
surface without Sb2O3, at least in an amount that
is not detectable by XRD, no other diffraction
peaks produced by secondary phases were
observed.

(a)

(b)

Figure 1. XRD patterns of ZnO samples (a) after 1 h of
diffusion (b) after 2 h of diffusion.
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HRXRD measurements confirm that the
material is preserved as single crystal material,
such is observed in Fig. 2a and b where rocking
curves around (002) reflection are presented.
The Sb increases the full width at half maximum
(FWHM) in the rocking curves of (002)
reflection from 34.02 arcsec measured in
substrate to 46.06 and 49.26 arcsec for 1 h and 2
h diffused samples, respectively, which means
that Sb introduction modifies the lattice,
probably creating tensile strain [8].
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to direction of diffusion and the available sites
for interstitial atoms.
Depth of introduction of Sb in ZnO lattice is
expected has a value in the order of a few
micrometers as has been measured in previous
work using SIMS [9].

(a)

(a)

(b)

(b)
Figure 3. HRXRD reciprocal space maps of ZnO samples
(a) before the diffusion (b) after 2 h of diffusion.

Figure 2. HRXRD rocking curves of ZnO samples (a)
before the diffusion (b) after 2 h of diffusion.

Reciprocal space maps formed by h and l
Miller indexes are presented in Fig. 3a and b for
ZnO substrate and sample with 2h diffusion,
respectively. Before the diffusion the intensity
around the (002) reflection is focused in center
of map. After 2 h of diffusion the dispersion
intensity is increased and shift to lower l values,
which indicates a low dimensional change in
interplanar distance increasing stress along caxis, according to relation between reciprocal
and direct lattice the change in interplanar
distance has a maximum value of 0.208 Å along
the c-axis due to Sb introduced in lattice.
Despite the symmetry of lattice the change in
structure is higher along the c-axis, due probably

Hall effect measurements provided values of
electrical parameters for ZnO substrate and
samples with diffusion, these results are showed
in Table I. Concentration is increased one order
of magnitude and elevated as diffusion time is
increased, this is attributed to the Sb atoms
occupied the Zn sites and are actives due to
process temperature, result of this the
conductivity type changes from n to p-type.
Mobility is decreased as diffusion time is higher,
probably due to scattering of point defects
generated from substitution of Sb atoms in
lattice. The conductivity value decreases one
order of magnitude according to the increment
in carrier concentration and probably to an
improvement of ohmic contact with doped ZnO,
these results indicate that antimony is effectively
introduced in ZnO lattice.
The I-V characteristics for electrical
properties of ZnO doped samples are shown in
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Table I. Hall effect results for ZnO samples before and after diffusion.
Electrical parameters
Diffusion time
(h)
0*

Carrier
concentration
(×1015 cm-3)
0.361

1

5.16

p

38.52

2.74

2

7.25

p

30.78

4.79

Conductivity
type

Mobility
(cm2/V s)

Conductivity
(×10-2 Ω cm)

n

129.07

0.748

*Substrate

Fig. 4. The I-V measurements were acquired
under dark conditions. These curves show that
the electrical conductance level of the samples is
influenced by antimony introduction. The
conductance is increased as the diffusion time is
higher, this can be observed from measured
current for sample with two hour of diffusion,
the value is raised for positive bias; this is
attributed to a shallow p-n junction.

49.26 arcsec. Reciprocal space mapping reveals
that Sb diffusion modifies ZnO structure at low
dimensions the correspondence with direct
space the lattice is increased along c-axis with a
maximum value of 0.208 Å. From electrical
characterization can be observed that antimony
modifies the carrier concentration, mobility,
conductivity and I-V behavior, which indicates
that antimony is effectively introduced.
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