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Sb-doped zinc oxide (ZnO) films grown by metal organic

chemical vapor deposition (MOCVD) were investigated. The

influence of Sb-doping concentration on the optical and

structural properties of ZnO was investigated. The deep-level
emissionwas suppressed gradually by Sb doping. The grain size

of ZnO was also increased by Sb doping. The reasons for

improvement in optical and structural properties of ZnO thin

films are also discussed.
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1 Introduction Zinc oxide (ZnO) has been recog-
nized as a promising material for optoelectronic devices,
such as ultraviolet light-emitting diodes (LED), laser diodes
(LD), and photodetectors, owing to its wide band gap of
3.37 eV and large exciton binding energy of 60meV at room
temperature [1]. Nevertheless, effective and high-quality p-
type doping has been the bottleneck of practical application
of ZnO. Although many groups have successfully fabricated
p-type ZnO with many dopants, especially with group V
elements such as N, P, As, and Sb [1–7], the doping process
always leads to extra defects and degradation of optical
properties, such as N doping in ZnO [8]. An effective doping
technique with no degradation in ZnO quality will be
advantageous for future ZnO optoelectronics application. In
our previous work, p-type ZnO film was fabricated using Sb
doping by metal organic chemical vapor deposition
(MOCVD) [9, 10]. An interesting phenomenon was found
that there was no obvious deep-level emission in photo-
luminescence (PL) spectra of p-type Sb-doped ZnO by
MOCVD [9]. P-type doping without degradation of optical
properties is very advantageous for ZnO application in
optoelectronics [8]. For the future application of ZnO, it is
very important to understand the mechanism of improve-
ment in optical properties. Vanheusden et al. [11] found that
Pb doping could decrease the deep-level emission as a result
of grain-boundary effects in submicrometer grains of ZnO
powder. In addition, Pb in ZnO could also cause strong
subgap absorption to 2 eV and degradation of ZnO structural
properties. Nevertheless, the growth processes of ZnO film
are totally different from powder growth processes, the
mechanism of Pb doping may not be the explanation for the
phenomenon in Sb-doped ZnO films. In this work, the effect
of Sb doping was investigated using trimethylantimony
(TMSb) precursor by MOCVD. The reason for the
improvement in optical and structural properties is also
discussed.

2 Experimental Undoped and Sb-doped ZnO films
were grown on c-plane sapphire substrates at 500 8C. Highly
pure O2, argon (Ar), and diethylzinc (DEZn) were used as
oxidizer, carrier gas and zinc precursor, respectively. The
mole flux of DEZn was maintained at about 1mmol/min by
controlling bubbler pressure and carrier gas flux. TMSb was
chosen as the Sb-doping source. The doping concentration
was changed by adjusting the flux of the carrier gas of the
TMSb source. Five ZnO samples were prepared. Sample A is
undoped ZnO thin film. Samples B–E are Sb-doped ZnO thin
films with TMSb carrier gas flow rate of 0.05, 0.1, 0.2, and
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 The EPMA curve with the Sb/Znmol ratio versus carrier
gas flow of TMSb.

Figure 2 (online color at: www.pss-a.com) Plot of (ahn)2 versus
photon energy (hn) for samples A–E.
0.3 standard-state cubic centimeter (sccm), respectively. The
chemical component of samples A–E was determined by
electro-probemicroanalysis (EPMA). The PLmeasurements
were performed using a He–Cd laser (325 nm) with a power
of 30mW as an excitation source and the emissions were
detected by a Jobin Yvon HR320 spectrometer with a CCD
detector. The optical absorption spectra were recorded using
a Shimadzu UV160 spectrometer. The surface morphology
was obtained by scanning electron microscopy (SEM).

3 Results and discussion Figure 1 shows the EPMA
result of undoped and Sb-doped samples. The abscissa and
ordinate axes represent the carrier gas flow rate of TMSb and
molar ratio of Sb/Zn in ZnO films. The straight line in Fig. 1
is the linear fit curve of the data points. The Sb/Znmolar ratio
in ZnO films exhibits a good linear dependence with the
carrier gas flow rate of TMSb. This confirmed that Sb-doping
concentration in ZnO films can be controlled linearly and
accurately by adjusting the carrier gas flow rate of TMSb
within a settled Sb-doping range. XRD measurements were
also preformed on these samples and no phase separationwas
found (not shown). In addition, there was no marked
difference in peak intensity and full width at half-maximum
ZnO (0002) diffraction peak, although there was obvious
variation in Sb-doping concentration.

The optical absorption spectra were measured and the
plot of (ahn)2 versus photon energy (hn) for samples A–E are
shown in Fig. 2. To determine the optical band gap, the
model for direct interband transitions was used:
� 20
ahv ¼ A� ðhv�EgÞ1=2; (1)
Figure 3 (online color at: www.pss-a.com) Room temperature PL
spectra of samples A–E.
where A is a constant, hn the photon energy, Eg the optical
band gap, and a is the absorption coefficient [12]. In this
approximation, (ahn)2 is a linear function of hn. The Eg

value can be obtained by extrapolating the linear portion to
the photon energy (hn) axis as illustrated in Fig. 2.

It can be seen Eg values showed a slight decrease with
increasing Sb-doping concentration. The Eg value of sample
11 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
A is 3.295 eV. The Eg value of sample E decreases to
3.285 eV as the Sb carrier gas flow rate increased to 0.3 sccm.
Guo et al. [13] suggested that this phenomenon indicated the
formation of an Sb-doping energy level in ZnO by pulsed
laser deposition. Sb doping could introduce an acceptor
energy level and the acceptor binding energies are at 160 and
130–140meV, according to the theoretical calculation [14]
and experimental results [1, 6], respectively [9]. Therefore,
the shrinkage of Eg in the absorption spectra of Sb-doped
ZnO should be partly attributed to the band-tailing effect
introduced by Sb doping, which is similar to Zr-doped ZnO
[15].

Figure 3 shows the PL spectra of samples A–Emeasured
at room temperature. Because there was no obvious change
in the intensity and position of near-band-edge (NBE)
emission peak, the PL intensities are normalized to facilitate
comparison.As shown in Fig. 3, the undoped sample (sample
A) has the strongest deep-level emission around 2.1 eV. The
www.pss-a.com
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yellow luminescence band is usually assigned to be related to
interstitial O (Oi) defects in ZnO [16, 17]. It is well known
that visible emissions are generally generated by recombina-
tion related to intrinsic defects, such as O vacancies (VO),
interstitial Zn (Zni), Zn vacancies (VZn) and Oi [18]. VO is
related to the green luminescence around 2.4 eV, which does
not coincide with any peak in Fig. 3 [19]. Zni is a shallow
donor located at 0.22 eV below the conduction band [18, 20].
The absence ofVO andZni is reasonable because there should
be excess oxygen and insufficient Zn in the film at O-rich
growth condition [19]. For individual VZn, it is a shallow
acceptor that is usually related to emissions around 3.09 eV
[21]. Furthermore, based on the theory of doping by large-
size-mismatched impurities, more VZn should be introduced
in Sb-doped ZnO [14]. Nevertheless, no VZn-related
emissions were observed for any of the samples. So it is
reasonable to conclude that the deep-level emission in Fig. 3
is attributed to Oi defects.

It can be noticed that the deep-level emissions become
weaker with increasing Sb-doping concentration.
Considering Sb-doping concentration is the only condition
that was changed, the suppression of deep-level emissions
should be attributed to Sb doping. Generally, deep-level
emissions would be increased due to the defects introduced
by dopants, such as Zni in N-doped ZnO [22, 23].
Nevertheless, Sb doping in ZnO is not simply substitution
doping like N in ZnO. According to Ref. [14], the formation
energy of VZn will be reduced in Sb-doped ZnO [14]. Xiu
et al. [1] also observed VZn luminescence peak in PL of
heavily Sb-doped ZnO by molecular beam epitaxy. Samples
B–E are not heavy Sb-dopedZnO, so there is not enoughVZn,
which should be the reason for lack of VZn luminescence in
Fig. 3. Therefore, the reason for the deep-level quenching
should be the reduction of Oi defects by Sb doping.

Generally, the optical properties of ZnO films are related
to the morphology of ZnO films. Therefore, the surface
morphology of samples A–E was characterized by SEM to
investigate the mechanism of the Sb-doping effect on optical
properties. As shown in Fig. 4, the grains are dense and their
dimension is relatively uniform in each sample. The grain
size increases gradually with the increase of Sb-doping
concentration while the morphologies becomemore faceted.
Because the Sb-doping concentration is the only condition
Figure 4 SEM images of samples A–E.

www.pss-a.com
that was changed, the increase of grain size should be caused
by Sb doping.Generally, surfactant has been used to improve
the crystal quality and increase the grain size in semicon-
ductor growth [24]. Sb has been used as a surfactant in many
semiconductors [25–29], especially inGaN [24]. Zhang et al.
[24] discussed the mechanism of the Sb surfactant effect on
feature size, optical properties, and growth process in GaN
by MOCVD. For ZnO, many elements have been suggested
to be surfactants, such as Al [30] and arsenic [31]. The
arsenic surfactant can reduce the total energy of the growing
surface. The formation energy per O atom is 2.3 and 3.6 eV
for As2O3 and ZnO, respectively. Like Sb in GaN, arsenic
will capture O ad atoms to form stable AsO�

2 species that
have a lower surface diffusion barrier. This can lead to a
layer-by-layer growth of ZnO by MOCVD [31]. The
formation energy per O atom is 2.2 eV for Sb2O3, which is
slightly lower than it is for As2O3 [31]. Theoretically, this
should make Sb a good surfactant for ZnO. Corinne Sartel
et al. [32] also found that Sb can act as a surfactant in ZnO by
MOCVD.The surfactant effect of Sb should be the reason for
increasing grain size. Sb surfactant was expected to reduce
the formation energy and diffusion barrier of O ad atoms that
can increase the grain size along the substrate plane.

Similar to the cases of Sb in GaN and As in ZnO [31], Sb
surfactant can affect the thermodynamic and kinetics process
during ZnO MOCVD growth. Some complexes such as
SbO�

2 may be comprised to indirectly increase the surface
diffusion mobility of O ad atoms on the growth front. The
mobile complexes should move quickly toward step edges,
leading to Zn-rich conditions on the immediate growth front
even under O-rich growth conditions. It will also greatly
increase the surface diffusion length of zinc ad atoms [31].
The enhancement of diffusion ability of Zn and O ad atoms
should increase the growth along the substrate direction,
which leads to larger grain size, as shown in Fig. 4 [24].

Based on the mechanism above, the surfactant effect
should also be one of the reasons for the enhancement of
optical properties of Sb-doped ZnO. Enhancement of ad
atomsmobility introduced by a surfactant will directly affect
not only surface morphology but also the defect generation
and propagation. First, the diffusion ability of Zn is
improved, leading to Zn-rich conditions, which should
decrease the formation of intrinsic defect Oi even under O-
rich conditions. Secondly, O ad atomswill not tend to stay at
interstice positions due to the increased mobility. Therefore,
the suppression on the intrinsic defect Oi should be the reason
of the quenching of yellow luminescencewith the increase of
Sb-doping concentration in Fig. 3. The similar Sb surfactant
effect on reduction of deep levels was also observed in GaN
byMOCVD [24]. The specific effect of Sb surfactant in ZnO
by MOCVD still needs further investigation.

4 Conclusion In conclusion, the optical and structural
properties of ZnO films were improved gradually with
increase of Sb-doping concentration. The surfactant effect of
Sb should be the major reason of the improvement. The Sb
surfactant could improves the mobile ability of Zn and O at
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the growth front, which can reduce the intrinsic defects Oi

and increase the grain size. The improvement in optical and
structural properties introduced by Sb is very advantageous
for the future application of ZnO.
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