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a b s t r a c t

The Sb-doped ZnO (ZnO:Sb) and undoped ZnO films with wurtzite structure and (0 0 2) preferred orien-
tation were deposited on Si(1 0 0) substrate at 550 ◦C. It is deduced from XRD and XPS measurements that
the Sb in the as-grown ZnO:Sb has high oxidation state and dopes in the form of oxygen-rich Sb–O clus-
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ters, which results in a large inner stress and a great increase of the c-axis lattice constant. After annealing
at 750 ◦C under vacuum, the c-axis lattice constant of the ZnO:Sb decreases sharply to near the value of
ZnO bulk, the electrical properties change from n-type to p-type and the PL intensity ratio of the visible
to ultraviolet emission band goes down greatly, as the Sb content increases from 0 to 2.1 at.%. EDS and
XRD measurements indicate that some of Sb dopants escape from the ZnO:Sb films and the oxygen-rich
Sb-O clusters vanished after the annealing process. The effect of the change in Sb doping behavior on

tivity
crystal structure, conduc

. Introduction

ZnO is considered as a promising material for ultraviolet light-
mitting diodes, laser diodes and photodetectors due to its many
dvanced physical properties, such as a wide band gap of 3.37 eV
nd a large exciton binding energy of 60 meV at room tempera-
ure, etc. [1–3]. Undoped ZnO is usually n-type conductive, which
s associated with the presence of native point defects (e.g., oxygen
acancies (VO) and interstitial zinc (Zni)) [4] or hydrogen impuri-
ies [5], but the fabrication of stable and reproducible p-type ZnO
as been difficult due to the self-compensation and low solubility
f acceptor dopants. In recent years, several groups have reported
he growth of p-type ZnO by doping group V elements N [6,7], P
8], As [9] and Sb [10]. Among the group V elements, nitrogen has
een regarded as the most suitable dopant for p-type ZnO due to its
imilar atomic radius to that of oxygen. However, numerous exper-
mental efforts have suggested that stable and reproducible p-type

nO is difficult to be prepared by N-doping. Moreover, Lyons et al.
ven reported that N is actually a deep acceptor in ZnO with an ion-
zation energy of 1.3 eV [11]. Therefore, the suitability of N-doping
or p-type conductivity in ZnO should be examined carefully.
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and PL is discussed in detail.
© 2011 Elsevier B.V. All rights reserved.

On the other hand, Limpijumnong et al. [12] proposed that the
large-size-mismatched impurities of group-V (As and Sb) as accep-
tors in ZnO do not stem from a simple substitution on the group
VI-site, but from complexes of the type As(Sb)Zn–2VZn with low
enthalpies of formation. A direct evidence for antimony as a zinc-
site impurity in ZnO has been presented by Wahl et al. using the
emission channeling technique [13]. A few groups have fabricated
Sb-doped ZnO (ZnO:Sb) films [14–20], and even ZnO-based homo-
junction light-emitting diode with ZnO:Sb as p-type region [21].
However, we note that there are some abnormal properties of the
ZnO:Sb films, and they were seldom discussed. For example, in
the photoluminescence (PL) spectrum of ZnO:Sb film, the visible
emission band was almost quenching [22], which is an abnormal
phenomenon compared to the ZnO:N film.

In this work, Sb-doped ZnO films were fabricated at 550 ◦C by
magnetron co-sputtering of Zn and Sb targets, and the undoped
ZnO film was also fabricated by only sputtering of the Zn target for
comparison. After the depositions, all of the films were annealed at
750 ◦C in vacuum. The structural, electrical and photoluminescence
properties of the as-grown and annealed films are investigated.
Moreover, the Sb doping behavior and its effect on ZnO films are
also discussed in detail.
2. Experiment procedures

Sb-doped ZnO films were grown on Si(1 0 0) substrates by RF magnetron sput-
tering of a Sb (99.99%) target and DC magnetron sputtering of a Zn (99.999%)

dx.doi.org/10.1016/j.jallcom.2011.02.080
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Sb-O bond. While the average bond length of Zn–O (LZn–O) is calcu-
lated to be 0.196 nm in the undoped ZnO (sample A) and the average
bond length of Sb–O (LSb–O) is 0.200 nm [25]. If Sb atom occupies
Zn site in the ZnO:Sb, the average bond length of the Zn–O (Ldop)
Fig. 1. XRD patterns of (a) sample A, (b) sample B and (c) sample C.

arget simultaneously. For comparison, the undoped ZnO film was also prepared
n Si(1 0 0) substrate by DC magnetron sputtering of a Zn (99.999%) metal target.
efore deposition, the substrates were treated with acetone, ethanol and deionized
ater in an ultrasonic bath, immersed in H3PO4 + H2SO4 (1:3) for 20 h and diluted
F solutions for 10 min in sequence, and finally blown dry with nitrogen (99.999%)
as. After that, the Si substrates were mounted in the growth chamber rapidly. The
rowth chamber was evacuated to a base pressure of 6 × 10−4 Pa, then Ar (99.999%)
nd O2 (99.999%) with a molar ratio of 1:3 were introduced into the chamber as
orking gas, and the chamber pressure was fixed at 0.6 Pa during the whole deposi-

ion. The substrates were mounted on a rotating stage at 550 ◦C and kept a distance
f 60 mm from the targets. Before the growth of each film, a layer of Zn was deposited
n the substrate for 20 s to prohibit the oxidation of Si. Six samples were prepared
n total. Sample A (undoped ZnO) is prepared by only sputtering of the Zn target.
amples B and C were prepared by co-sputtering of the Zn and Sb targets simulta-
eously, and the sputtering powers applied on Sb target were 25 W and 35 W for
amples B and C, respectively. Slices of samples A, B and C were annealed at 750 ◦C
n vacuum for 30 min, and they are labeled as sample D, E and F, respectively.

The structural and crystalline characterizations were performed by rota-
ion anode X-ray diffractometer (XRD) (Rigaku D/Max-RA) with CuK�1 radiation
� = 0.15418 nm), and the scan step size used is 0.02◦ . The composition of the ZnO:Sb
lms were analyzed by energy dispersive spectroscopy (EDS, GENESIS 2000 XMS 60S
EDAX Inc.)), and in our measurements the signals of C, Al and Si are due to the elec-
ric conductive adhesive (with carbon in it), sample stage (made by Al metal) and
ubstrate. X-ray photoelectron spectroscopy (XPS) was performed by an ESCALAB
50 XPS instrument with Al K� (h� = 1486.6 eV) X-ray radiation source, before mea-
urements the films were etched by Ar+ ions for 60 s, and all XPS spectra were
alibrated by the C 1s peak (284.6 eV). The electrical properties were investigated
y Hall measurement in the van der Pauw configuration at room temperature (Lak-
rshore HMS 7707), and ohmic contacts of the electrodes were confirmed initially.
he low temperature photoluminescence (PL) measurement was performed at 95 K
y the UV Labran Infinity Spectrophotometer, which is excited by the 325 nm line
f a He–Cd laser with a power of 50 mW.

. Results and discussion

Fig. 1(a)–(c) shows the XRD patterns of samples A, B and C,
espectively, which indicates that only one dominant diffraction
eak is observed in each pattern, and the peak positions of samples
, B and C are 34.24◦, 33.77◦ and 33.34◦, respectively. The sample A

s undoped ZnO (denoted as ZnO). Fig. 2(a) and (b) shows the EDS
pectra of samples B and C, and the determined Sb contents of sam-
les B and C are 3.2 and 5.1 at.%, respectively. Based on XRD results
f Fig. 1 and discussion in the literatures reported previously, it is

educed that samples A, B and C have wurtzite structure with (0 0 2)
referred orientation. So the dominant peaks are (0 0 2) diffraction
eaks. Using the diffraction data of the (0 0 2) peaks, the c-axis lat-
ice constants of samples A, B and C are calculated to be 0.5238,
.5308 and 0.5375 nm, respectively. The lattice constant of the sam-
Fig. 2. EDS spectra of (a) sample B and (b) sample C. The signal of Si is attributed to
substrate, and the signals of C, Al and Si are due to the electric conductive adhesive,
sample stage used in our measurements.

ple A is slightly larger than that of ZnO bulk (0.5207 nm), which is
usually ascribed to the in-plane compressive stress induced by the
mismatch between the film and substrate [23]. However, the lat-
tice constants of sample B and C are much larger than that of ZnO
bulk and increase with the increase of Sb content, indicating that
the great increment in the lattice constant is related to not only the
mismatch, but also Sb content in the ZnO. Moreover, the effect of
the Sb content on the lattice constant is dominant for the as-grown
ZnO:Sb films.

In order to explain the great increment of the lattice constant
of the ZnO:Sb, the chemical states of the elements in the sample
C are identified by XPS. The binding energy of Zn 2p3/2 core level
(XPS spectrum is not shown here) is 1021.8 eV, which is assigned
to Zn-O bonds. Fig. 3 shows the XPS spectrum of Sb 3d3/2 core level
of the sample C, which indicates a binding energy of 539.8 eV, cor-
responding to Sb5+ 3d3/2 [24], a high oxidation state of Sb atom in
Fig. 3. XPS spectrum of Sb 3d3/2 core level of sample C. Black circles represent exper-
imental data, red solid line corresponds with the Gauss fitting result, and the blue
short dash line is the baseline. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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the solubility limit of Sb in ZnO (3 at.%) [20], we believe that the
Sb atoms in samples E and F should substitute Zn sites, imply-
ing the absence of oxygen-rich Sb–O clusters. The vanishing of the
oxygen-rich Sb–O cluster releases the inner stress induced by Sb–O
clusters, resulting in improvement of crystal quality of the annealed
Fig. 4. XRD patterns of the (a) sample D, (b) sample E and (c) sample F.

hould be in the range of 0.196–0.200 nm. By using the c-axis lattice
onstants calculated above, the Ldop of the samples B and C are esti-
ated to be 0.199 nm and 0.201 nm, respectively. Since the average

ond length of the ZnO for the sample C (0.201 nm) is larger than
.200 nm, it is deduced that not all Sb dopants substitute for Zn in
he sample C. For sample B, by using the average bond length of
.196 nm and the Vegard’s law:

dop = xLSb–O + (1 − x)LZn–O (1)

he Sb doping content x can be estimated to be 73.9 at.% when all
b dopants occupy Zn sites. Obviously, the estimated Sb content is
uch larger than the measured value of 3.2 at.%, implying that the

ot all Sb dopants substitute Zn sites in the sample B, either. For the
lms were deposited in the oxygen-rich condition, the interstitial
inc (Zni) [26] can be excluded from the factors accounting for the
arger lattice constants of ZnO:Sb films. Based on the above analysis,
t is suggested that some Sb atoms in the ZnO:Sb may combine with
xygen atoms to form oxygen-rich Sb-O clusters [27], just like the
anoinclusions observed in Ag-doped ZnO [28], which induce large

nternal stress in the Sb-doped films, resulting in great increase in
he lattice constant of the c-axis.

However, after the annealing at 750 ◦C under vacuum for 30 min,
he diffraction peaks of the (0 0 2) peak shift towards high angle
irection for all the annealed films (samples D, E and F) and the
ull width of half maximum (FWHM) decreases greatly, as shown
n Fig. 4. By using the XRD data of Fig. 4, the c-axis lattice con-
tants of all the annealed films are calculated to be close to that of
nO bulk, implying that the c-axis lattice constants decrease after
nnealing. Hall measurement indicates that the as-grown films are
igh resistance, which is usually attributed to poor crystal qual-

ty. After the annealing, all the three samples change from high
esistance to semi-conductivity. The electrical properties of sam-
les D, E and F are listed in Table 1. It is found from Table 1 that
oth samples D and E show n-type conductivity, but the sample
(ZnO:Sb) has smaller carrier concentration and higher resistivity

han sample D (undoped ZnO). While the sample F shows a p-type

onductivity. In order to confirm the reliability of the p-type con-
uctivity, a ZnO homojunction with Al doped ZnO as n-type region
nd the sample F as p-type region, as shown in the inset of Fig. 5, was
abricated. Fig. 5 indicates that the I–V curve of the homojunction
hows a typical rectifying behavior, confirming the p-type conduc-
Fig. 5. I–V curve of the ZnO-based homojunction. The p-type region is the sample F,
and n-type region is Al-doped ZnO film. The inset is the sketch of the homojunction.

tivity of the sample F. The experiment results above indicate that
the Sb-doping behavior changes during the annealing process and
the change affects the properties of ZnO:Sb films.

In order to explore the mechanism of the change of Sb-
doping behavior and its effects on structure, conductivity and
photoluminescence properties of ZnO:Sb films, EDS, XPS and PL
measurements were performed on the annealed ZnO:Sb films. The
EDS spectra of samples E and F are shown in Fig. 6(a) and (b), respec-
tively, and the Sb contents of the samples E and F are determined to
be 1.0 and 2.1 at.%, which are much smaller than that of samples B
and C, respectively, indicating that some of the Sb dopants evapo-
rate during the annealing process. By using a multi-Gaussian fitting,
the XPS spectrum of sample F (shown in Fig. 7) is resolved into two
individual peaks at 539.0 and 539.8 eV, which correspond to Sb3+

3d3/2 and Sb5+ 3d3/2 in Sb–O bonds [24], respectively. Because the
c-axis lattice constants of samples E and F are close to that of the
undoped sample D and the contents of 1.0 and 2.1 at.% are under
Fig. 6. EDS spectra of (a) sample E and (b) sample F. The signal of Si is attributed to
substrate, and the signals of C, Al and Si are due to the electric conductive adhesive,
sample stage used in our measurements.
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Table 1
Electrical properties of the annealed films. The values 0, 1.0 and 2.1 at.% represent the Sb content in samples D, E and F, respectively.

Sb content (at.%) Type Resistivity (� cm) Carrier density (cm−3) Hall mobility (cm2 V−1 s−1)

0 n 4.63 E−1 2.47 E+18 5.53
9.54 E+17 3.56
1.12 E+18 2.02
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1.0 n 1.86
2.1 p 2.82

nO:Sb, which is in agreement with FWHM decrease of ZnO:Sb after
nnealing.

As shown in Table 1, the annealed ZnO:Sb changes from n-
ype to p-type as the Sb content increases from 1.0 to 2.1 at.%.

any literatures in theory and experiment attribute p-type con-
uctivity of the Sb-doped to the formation of acceptor complex
omposed by one substitution of Sb for Zn (SbZn) and two Zn vacan-
ies (VZn) (SbZn–2VZn) due to its low formation energy and shallow
cceptor level [12]. As predicted by Limpijumnong et al. [12], in
he SbZn–2VZn complex Sb presents positive pentavalence (Sb5+),
hich is also observed in our p-type conductivity film (sample F).
eanwhile, it is known that the oxygen-rich clusters are unsta-

le at high temperature, so O atoms should be released during the
nnealing process [29], which is favorable to the formation of VZn.
he higher the Sb content is, the more SbZn–2VZn complex acceptors
an be formed and the more possible the formation of the p-type
nO:Sb is. On the other hand, it is found from low-temperature PL
pectra of the annealed samples shown in Fig. 8 that the PL inten-
ity ratio of the visible to near-band-edge emission band decrease
reatly as Sb incorporates into the ZnO and decrease gently with
he increase of Sb content. Many research reports indicate that the
isible emission band is related to native donor defects of the VO
nd Zni [30] and the decrease in the intensity ratio implies decrease
n amount of the VO and Zni. Therefore, the results of Fig. 8 indi-
ate that the amount of the VO and Zni decrease with increasing
he Sb content, leading to decrease of the compensation of the
ative donors for the SbZn–2VZn complex acceptor. As mentioned
reviously, when the oxygen-rich cluster is heated, O atom can be
eleased, and consequently the decomposed O atoms could react
ith vacancy oxygen (VO) and interstitial zinc (Zni), leading to the

ecrease in native defects of VO and Zni. Therefore, the decompo-
ition of oxygen-rich cluster is favorable to the decrease of native
onor defects and formation of the SbZn–2VZn complex acceptor. It’s
oted in Fig. 7 that besides the main charge state of Sb: Sb5+, there

s Sb3+. Based on the first-principle calculation results reported by

ig. 7. XPS spectrum of Sb 3d3/2 core level of sample F. Black circles represent exper-
mental data, red solid line corresponds with the Gauss fitting result, green dot lines
re the Gauss fitting peaks and the blue short dash line is the baseline. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)
Fig. 8. The low-temperature (95 K) PL spectra of (a) sample D, (b) sample E and (c)
sample F.

Limpijumnong et al., for the Sb3+ the following reaction should
occur.

SbZn
+ + VZn

2− → (SbZn–VZn)− (2)

Theoretically, the SbZn–VZn (Sb3+) complex could also be an
acceptor, but the contribution of the (SbZn–2VZn)− may be larger
than that of the (SbZn–VZn)− based on the XPS measurement results,
because the Sb5+ is the main charge state of Sb dopants in the p-type
conduction.

Based on above discussion, it is deduced that the formation
of the p-type Sb-doped ZnO is due to the proper Sb doping con-
tent, decomposition of oxygen-rich Sb–O clusters by annealing and
decrease in amount of the native donors of the VO and Zni.

4. Conclusions

In summary, the structural, electrical and photoluminescence
properties of the as-grown and annealed ZnO:Sb films are investi-
gated. It is deduced from XRD and XPS measurements that the Sb in
the as-grown ZnO:Sb has high oxidation state and dopes in the form
of oxygen-rich Sb–O clusters, which results in large inner stress and
a great increase of the c-axis lattice constant. After annealing at
750 ◦C, the c-axis lattice constant of the ZnO:Sb decreases sharply
to near the value of ZnO bulk, the electrical properties change from
n-type to p-type and the PL intensity ratio of the visible to ultravi-
olet emission band goes down greatly, as the Sb content increases
from 0 to 2.1 at.%. EDS and XRD measurements indicate that some of

Sb dopants escape from the ZnO:Sb films during annealing process,
meanwhile, oxygen-rich Sb–O clusters should be decomposed and
the Sb dopants in the annealed films should substitute at Zn sites.
It is suggested that the change in Sb doping behavior induced by
annealing decreases the inner stress and the amount of the native
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