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Abstract

Sb-doped and undoped ZnO thin films were deposited on Si (1 00) substrates by radio frequency (RF) magnetron sputtering. X-ray
diffraction (XRD) and scanning electron microscopy (SEM) analyses revealed that all the films had polycrystalline wurtzite structure and
c-axis preferred orientation. Room temperature Hall measurements showed that the as-grown films were n-type and conducting
(p~1-10Qcm). Annealing in a nitrogen ambient at 400 °C for 1h made both samples highly resistive (p>10°Qcm). Increasing the
annealing temperature up to 800 °C, the resistivity of the undoped ZnO film decreased gradually, but it increased for the Sb-doped ZnO
film. In the end, the Sb-doped ZnO film annealed at 800 °C became semi-insulating with a resistivity of 10*Qcm. In addition, the effects

of annealing treatment and Sb-doping on the structural and electrical properties are discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is an II-VI compound semiconductor, which has
many technological applications such as piezoelectric
transducers, transparent conducting electrodes of solar
cells, surface acoustic wave devices and gas sensors.
Recently, ZnO has attracted much interest as a promising
material for blue and ultraviolet (UV) light emitting diodes
(LEDs) and laser diodes (LDs), since it has a wide direct
band gap of 3.37¢V and a large exciton binding energy of
60meV at room temperature [1,2]. It is well known that
undoped ZnO exhibits mostly n-type conduction, whereas
growth of high-conductivity p-type ZnO is very difficult
because of the problems such as deep acceptor level, low
solubility of the acceptor dopants and a strong self-
compensating effect induced by the presence of native
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defects such as zinc interstitials (Zn;), oxygen vacancies
(Vo) and hydrogen impurities [3-5]. In theory, the p-type
ZnO can be realized via substituting the O by group V
elements (such as N, P, As and Sb). Recently, the p-type
ZnO had been successfully produced by Sb-doping. Aoki et
al. [6] reported on Sb-doped p-type ZnO film grown by
excimer laser doping. The resistivity, hole concentration
and mobility were 8x107°Qcm, 5x10°cm™ and
1.5cm?/Vs, respectively. Xiu et al. [7] also reported on
Sb-doped p-type ZnO films prepared by molecular-beam
epitaxy (MBE). The films were deposited on Si substrate
with resistivity of 0.2 Qcm, mobility of 20 cm?/V s and hole
concentration of 1.7 x 10'® cm™. However, the properties
of Sb-doped ZnO film grown by magnetron sputtering
method are seldom reported. In this work, Sb-doped ZnO
thin films were prepared by RF magnetron sputtering and
subsequent thermal annealing. The influences of dopant
and annealing condition on the structural and electrical
properties were investigated.
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2. Experimental procedure

Sb-doped ZnO and undoped ZnO thin films were
deposited on n-type Si (1 00) substrates by RF magnetron
sputtering equipped with a 3at% Sb,O3 (99.99%) mixed
Zn0 (99.99%) target and a undoped ZnO (99.99%) target.
The distance between the targets and the substrate was
5.5cm. The Si substrate was cleaned in the ultrasonic baths
of acetone, ethanol and deionized water, and then dipped
into 10% HF solution for about 30s and blown dried in
nitrogen. After putting into the sputtering chamber, the
substrate was heated at 800 °C for 20 min to remove the
native SiO, layer on the surface. The sputtering chamber
was evacuated to a base pressure of 6.0 x 107> Pa. The
working pressure was maintained at 0.55Pa with high
purity Ar (99.999%) used as the sputtering gas. Prior
to the film growth, the targets were pre-sputtered for
20min to remove the contaminants before opening the
shutter that covered the substrate. The films were deposited
at 200°C for 2.5h with the RF power of 150 W. After
deposition, thermal annealing was performed at different
temperatures of 400, 600 and 800°C in a N, ambient
for 60 min.

The crystal structures of the thin films were determined
by X-ray diffraction (XRD, Panalytical X"Pert-MPD Pro)
using the 20 — 0 scan with Cu K, (1 = 1.5405 A) radiation
operated at 40kV and 40 mA. The surface morphologies
were analyzed by scanning electron microscopy (SEM,
Hitachi S-4100). The electrical properties were measured by
Hall measurements using the four-probe van der Pauw
configuration at room temperature. Energy dispersive
spectroscopy (EDS) analysis as an attachment of SEM
was performed to investigate the Sb doping contents in
both as-grown and post-annealed films.

3. Results and discussion

The typical XRD patterns of as-grown and annealed Sb-
doped ZnO films deposited on Si (100) substrates are
shown in Fig. 1. Only the ZnO (000 2) diffraction peak was
observed in the scanning range of 20—60° for each sample.
No diffraction peaks corresponding to any other phases,
such as Sb, Sb,O; or Sb,Os, were detected. These results
indicate that all the films have single phase wurtzite
structure and c-axis preferred orientation. Also note that
the full-width at half-maximum (FWHM) of (0002)
diffraction peaks were ~0.12° for all the Sb-doped ZnO
films. The average grain sizes calculated by the Scherrer’s
equation for all the samples showed the same value
~40nm. These results indicate that the crystallinity of
Sb-doped ZnO films do not change observably upon
annealing temperature up to 800 °C. This may be due to
the segregation of excess Sb dopants in grain boundaries,
which impedes the recovery of crystallinity.

The surface morphology of undoped and Sb-doped ZnO
film was analyzed using SEM, and the SEM micrographs
of as-grown and annealed films are shown in Fig. 2. As
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Fig. 1. XRD patterns of the as-grown and annealed Sb-doped ZnO thin
films with different annealing temperatures.

shown in this figure, all films exhibited a homogeneous
surface covering with dense grains. With increasing the
annealing temperature, the surface morphologies of the Sb-
doped ZnO films did not show noticeable change. The
average grain sizes were almost uniform for all, which was
consistent with the XRD results. Contrarily, the surface
morphologies of the undoped ZnO films showed an evident
transformation upon annealing temperature. The grain size
grew up gradually with increasing annealing temperature
from 400 to 800 °C.

The EDS analysis indicated that the Sb contents in Sb-
doped ZnO, determined by [Sb]/[Sb+ Zn], were 1.3 at% for
as-grown film, 1.6 at% for the film annealed at 400 °C and
gradually increased to 2.1 at% by increasing the annealing
temperature to 800 °C.

Room temperature Hall measurements were used to
investigate the effects of annealing temperature on the
electrical properties of both undoped and Sb-doped ZnO
films. The data are plotted in Figs. 3(a) and (b). Because a
steady Hall voltage cannot be measured for some annealed
Sb-doped ZnO films, the carrier concentration and
mobility are absent in the plot. All the as-grown films
exhibited n-type conduction with a carrier concentration of
~10"7cem™>. It is well known that the n-type behavior in
the non-stoichiometric ZnO is due to the presence of native
donor defects (Vo and Zn;) [3,4]. In this work, all the
samples were deposited in an oxygen-deficient ambient;
hence many Vg and Zn; occurred in the as-grown films,
making them n-type and conducting. The resistivity
variation of Sb-doped and undoped ZnO films as a
function of annealing temperature is plotted in Fig. 3a.
Initially, the resistivity of the two samples annealed at
400°C had a remarkable increase by three orders of
magnitude than that of the as-grown films. It has been well
reported that the resistivity of polycrystalline ZnO films
increases when annealed at 400 °C in various atmospheres
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Fig. 2. SEM micrographs of undoped and Sb-doped ZnO thin films annealed at temperatures ranging from 400 to 800 °C.

[8,9]. This behavior could be explained by the reduction of
Vo and Zn; (donor-like defects), giving a corresponding
decrease in the carrier density [9]. This explanation is
definitely confirmed by the variation of carrier concentra-
tion with annealing temperature as shown in Fig. 3b. At
the annealing temperature above 400 °C, the resistivity did
not show a remarkable change like the behavior between
the as-grown films and those annealed at 400 °C, indicating
that 400 °C may be an adequate annealing temperature to
eliminate the donor defects (Vo and Zn;) largely in the as-
grown films [9].

Increasing the annealing temperature from 400 to
800 °C, the resistivity of the undoped ZnO film decreased

slightly. It is well known that the variation of resistivity is
directly related to the carrier concentration and mobility.
Fig. 3b showed that the carrier concentration of the
undoped ZnO films did not have an obvious change with
annealing temperature ranging from 400 to 800 °C, so the
resistivity is mainly dependent on the carrier mobility when
the annealing temperature is above 400 °C. In general, the
grain boundary scattering is believed to be the dominant
scattering mechanism limiting the mobility of the poly-
crystalline ZnO film [10]. Fig. 2 shows that the grain size
increases gradually with the annealing temperature for the
undoped ZnO films, causing a reduction in grain boundary.
Hence, with increasing annealing temperature, the grain
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Fig. 3. Annealing temperature dependence of (a) resistivity and (b) carrier
concentration and mobility of Sb-doped and undoped ZnO thin films.

boundary scattering decreases, making a corresponding
decrease in resistivity.

On the contrary, the resistivity of Sb-doped ZnO film did
not reduce with the annealing temperature; moreover, the
Sb-doped ZnO films annealed at 800 °C became semi-
insulating with a resistivity exceeding 10*Qcm. The
different variations in the resistivity with annealing
temperature for Sb-doped and undoped ZnO films suggest
that the Sb-doping has a clear effect on the electrical
properties of the annecaled films. We supposed that this
behavior can be attributed to two possible causes. One
cause is most likely due to the formation of an acceptor
level by Sb substitution on O site (Sbp) upon annealing
treatment. The native donors are compensated by this
acceptor, making a reduction in the carrier concentration;
hence the resistivity of Sb-doped ZnO film increases with
the annealing temperature. However, this conclusion is
questionable. Note that there is a large-size-mismatch

between Sb (atomic radius = 1.40 A) and O (0.73 A),
implying a very high acceptor-ionization energy and a
deep acceptor level [11]. In our work, whether the acceptor
Sbo could be yielded during annealing is doubtful and
short of evidence.

Another possibility can be ascribed to a decrease in
mobility of carriers caused by segregation of excess Sb
dopants at the interstitial sites or grain boundary [12,13].
EDS analysis revealed that the concentration of Sb in the
film annealed at 400°C was 1.6at% and increased to
2.1at% with increasing the annealing temperature up to
800 °C. Hence, Sb is most likely to act as an impurity at
higher concentration, resulting in an increase in resistivity.
This is consistent with the XRD and SEM analyses of the
Sb-doped ZnO films.

Recently, a new doping mechanism for Sb in ZnO
suggested that Sb would substitute for Zn instead of
oxygen and then produce two corresponding Zn vacancies,
which is a Sbz,—2Vy, complex [11]. This complex has a
shallow acceptor level with lower formation energy. In our
work, the Sb-doped ZnO films did not show p-type but
semi-insulating behavior upon annealing treatment. Evi-
dently, the Sb dopant and annealing treatment are very
important factors to the structure and electrical properties
of Sb-doped ZnO film. Further investigations about the Sb-
doping behavior upon different growth and annealing
conditions are needed for the study.

4. Conclusion

The Sb-doped and undoped ZnO thin films were
fabricated by RF magnetron sputtering method. As-grown
films showed n-type conduction with single-phase wurtzite
structure. Annealing treatment in N, atmosphere at
different temperatures was performed to the as-grown
films. Initially, the resistivity of the two samples annealed
at 400 °C had a remarkable increase by three orders of
magnitude than that of the as-grown films. Keeping on
increasing the annealing temperature up to 800 °C, the
variation of electrical conductivity exhibited a different
behavior for Sb-doped and undoped ZnO films. No p-type
conduction was found in Sb-doped ZnO films upon
annealing treatment. Our results suggest that Sb-doping
and annealing treatment are important factors in native
and extrinsic defects of ZnO film, and thus affects its
eletrical conductivity.
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