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The effects of post-annealing conducted at 500–650 ◦C on structural, electrical and optical properties
of ZnO film fabricated on GaAs (1 0 0) substrate by atmospheric pressure metal-organic chemical vapor
deposition are investigated. X-ray diffraction analyses show that the Zn3As2 and ZnGa2O4 phases are
produced for the specimens post-annealed at 500 ◦C and above. Hall measurements indicate that stable
p-type ZnO films with hole concentration ranging from 4.7 × 1018 to 8.7 × 1019 cm−3 can be obtained
by modulating the annealing temperature from 500 to 600 ◦C. In particular, room-temperature photo-
nO
ost-annealing
tmospheric pressure metal-organic
hemical vapor deposition
lectrical properties
-type conductivity

luminescence (PL) measurements indicate that the superior-quality p-type film could be achieved by
a post-annealing treatment at 600 ◦C. Moreover, low temperature PL spectra at 10 K are dominated by
the acceptor-related luminescence mechanisms for the films post-annealed at 550 ◦C and above. The
ionization energy of acceptor was calculated to be 133–146 meV, which is in good agreement with that
theoretically predicted for the AsZn–2VZn complex in ZnO. The interdiffused arsenic atoms in the film
post-annealed at 600 ◦C are suggested to form the AsZn–2VZn complex quite effectively, resulting in the

nduc
ptical properties
hotoluminescence

most enhanced p-type co

. Introduction

Zinc oxide (ZnO) is a wide band gap semiconductor with a direct
and gap of 3.37 eV at room temperature and a large exciton bind
nergy of 60 meV, which makes it a good candidate for the applica-
ions in highly efficient and stable room temperature ultra-violet
UV) lasers and light emitting diodes [1–3]. To achieve such goals,
he growth of high-quality p-type ZnO is required. However, the
abrication of p-type ZnO films by doping is difficult due to the
ompensation effect of native n-type carriers released by the donor-
ype defects such as oxygen vacancies and zinc interstitials [4,5].

Recently, several groups have reported the growth of p-type ZnO
y doping group V elements N [6], P [7], As [8], and Sb [9]; how-
ver, their behavior in the lattice and the corresponding electronic

evels are poorly understood. Among the group V elements exam-
ned, nitrogen has been regarded as the most suitable impurity for
-type doping in ZnO due to its atomic radius is similar to that of
xygen. However, numerous experimental efforts made by differ-
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tivity and improved material quality.
© 2010 Elsevier B.V. All rights reserved.

ent groups to implement this idea have not resulted in stable and
reproducible p-type material yet. Moreover, J.L. Lyons et al. even
reported that N is actually a deep acceptor in ZnO with an exceed-
ingly high ionization energy of 1.3 eV based on their theoretical
calculations [10]. Therefore, the suitability of N-doping for p-type
conductivity in ZnO is required to be examined in more detail.

On the other hand, it seems convincing that the behavior of other
group V elements, such as As and Sb, as acceptors in ZnO does not
stem from a simple substitution on the group VI-site, but rather
from complexes of the type As(Sb)Zn–2VZn with low enthalpies of
formation [11]. A direct evidence for arsenic as a zinc-site impurity
in ZnO has been presented by U. Wahl et al. using the emission chan-
neling technique [12]. To achieve this purpose, several researchers
have prepared ZnO films on GaAs substrates and annealed the spec-
imens to have As atoms diffuse from the substrate into the ZnO
films. In this way, p-type ZnO films have been obtained somehow
under a strict annealing condition [6,13–15].

This work reports the p-type conductive behavior of ZnO films

fabricated on semi-insulating GaAs substrate, regardlessly as-
grown or post-annealed, using atmospheric pressure metal organic
chemical vapor deposition (AP-MOCVD) technique. In particular,
the effects of post-annealing on the p-type characteristics are sys-
tematically investigated by analyzing the structural, electrical, and

dx.doi.org/10.1016/j.jallcom.2010.10.108
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns of ZnO films as deposited and post-annealed at different tem-
eratures from 500 to 650 ◦C.

ptical properties of the films post-annealed at various temper-
tures. Additionally, the mechanisms responsible for the results
btained are discussed.

. Experiment

ZnO thin films were deposited on the semi-insulating GaAs (1 0 0) substrate
henceforth, refer to as ZnO/GaAs) by a custom-made one-flow AP-MOCVD system.
he growth chamber is a water-cooled vertical reactor. The substrate susceptor is
ade of graphite, 2 in. in diameter and coated with a SiC film on top surface by CVD

echnique. Diethylzinc (DEZn) and deionized water (H2O) were used as the sources
f Zn and O, respectively. The growth of ZnO layer was conducted at 450 ◦C with
he flow rates of DEZn and H2O maintained at 13.4 and 45.7 �mol/min, respectively
o have a constant gas flow ratio of [H2O]/[DEZn] (VI/II ratio) = 3.42. After growth,
he 2-in.-diameter wafer was cut into small pieces with the size of 10 mm × 10 mm.
ome of the specimens were further annealed in oxygen atmosphere using a rapid
hermal annealing system to activate the p-type conductivity of films deposited. The
emperature set for post-annealing treatment has been varied from 500 to 650 ◦C
ith an increase step of 50 ◦C. The crystal structure of ZnO thin films was analyzed by

-ray diffraction (XRD, Bruker AXS Diffraktometer D8) using Cu K� line as the x-ray
ource (� = 1.54056 Å) for a 2� range 20–80◦ . The resistivity, carrier concentration
nd mobility of films were measured at room temperature by Hall measurements
sing the van der Pauw method. The optical properties were examined by pho-
oluminescence (PL) measurements performed at room temperature and 10 K. PL
pectra were excited by the 325-nm line of a He-Cd laser with an excitation power
f 15 mW.

. Results and discussion
The XRD patterns of the as-grown ZnO/GaAs(1 0 0) sample and
hose post-annealed at various temperatures ranging from 500 to
50 ◦C are shown in Fig. 1. Obviously, all the films show poly-
rystalline structure with various crystallographic planes being
Annealing temperature ( C)

Fig. 2. Resistivity (�), mobility (�), and carrier concentration (p) of ZnO films: as-
deposited and post-annealed at different temperatures.

detected. The as-grown film exhibits a grain structure with a
dominant plane orientation of (1 0 1). For the samples with the post-
annealing conducted at 500 and 550 ◦C, the intensity of (1 0 1) peak
greatly decreases and the XRD patterns become dominated by the
other two diffraction peaks at about 30.4◦ and 35.8◦ instead. With
a further increase in annealing temperature to over 550 ◦C, another
diffraction peak appears at about 25.2◦. The presence of XRD peaks
at 25.2◦, 30.4◦ and 35.8◦ demonstrate the formation of Zn3As2(1 1 1)
[16], Zn3As2(0 0 8), and ZnGa2O4(3 1 1) [17] phases, respectively.
These structures were formed due to the interdiffusion of As and
Ga atoms into the deposited film, followed by the bonding reac-
tions between them and host Zn and O atoms. The phases of Zn3As2
and ZnGa2O4 mentioned above were not found in previous reports
concerned with the thermal diffusion effect on similar ZnO/GaAs
material structures fabricated by various methods [6,13–15]. It is
also noticeable that the intensities of Zn3As2(1 1 1), Zn3As2(0 0 8)
and ZnGa2O4(3 1 1) increase with increasing annealing tempera-
ture. This manifests that the number of As and Ga atoms introduced
into the AP-MOCVD grown film can be controlled by the annealing
temperature.

Fig. 2 displays the resistivity (�), Hall mobility (�) and hole
concentration (p) of ZnO films as a function of the film annealing
temperature. It is noteworthy that even the as-deposited ZnO has
already shown p-type conductivity, with �, �, and p measured as
2.954 × 10−2 � cm, 65.6 cm2 V−1 s−1, and 3.22 × 1018 cm−3, respec-
tively. As known, the intrinsic conductivity of ZnO is greatly
influenced by the point defects produced therein. The p-type con-
ductivity of undoped ZnO has been reported to be possibly due
to the formation of Zn vacancies [18]. Our previous investigation
also demonstrated that intrinsic p-type ZnO films with the hole
concentration 1.5–3.3 × 1017 cm−3 can be achieved on Si(1 0 0) sub-
strate [19]. In that study, we used the same precursors as now and
also conducted the film growth in an oxygen-rich condition (VI/II
ratio = 1.1–2.74) to have native defect VZn related acceptors be the
origin of p-type conductivity. However, the elevation of about one
order of magnitude in the hole concentration (3.22 × 1018 cm−3)
for the as-grown film here seems hard to be completely attributed
to the same reasoning. As introduced before, arsenic should also
play a part in the p-type doping, which would increase the free
hole concentration in this film. Particularly, this behavior is empha-
sized by the post-annealing as described below. It can be seen
that the resistivity of the deposited film decreases initially with
increasing annealing temperature and reaches a minimum value

−3 ◦
of 1.85 × 10 � cm at the annealing temperature = 600 C. Then it
increases conversely with a further increase of annealing tempera-
ture to 650 ◦C. Whereas, the hole concentration increases gradually
with increasing the annealing temperature from 500 to 600 ◦C and
reaches a maximum value of 8.72 × 1019 cm−3. However, a further
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To investigate further the optical properties and detailed
luminescence mechanisms of films, low temperature PL (LT-PL)
measurements were performed at 10 K and the results are col-
lected in Fig. 5. As shown in Fig. 5(a), the LT-PL spectrum of the

T=10 K
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ig. 3. RT-PL spectra of ZnO films: as-deposited and post-annealed at different tem-
eratures.

ncrease of annealing temperature to 650 ◦C makes the hole concen-
ration decrease. The reduction of hole concentration may be due
o the enhanced interdiffusion of Ga atoms to form the donors of
aZn, which induce the carrier compensation phenomenon. More-
ver, as the annealing temperature is increased from 500 to 650 ◦C,
he mobility of film monotonously decreases as shown in Fig. 2.
his is probably due to that both As and Ga atoms introduced into
he ZnO grown film not only contribute to the carrier generation
ut also introduce the scattering effect on carriers, which therefore
educes the Hall mobility. The reproducibility of the post-annealing
ffects on p-type conductivity has been recognized for the speci-
ens both from the same wafer and from different growth runs. It

hould be mentioned that the electrical properties of all the fabri-
ated films have been measured again 30 days later and the stability
f electrical properties have been confirmed.

The PL measurements were performed to investigate the influ-
nce of annealing temperature on the optical properties of ZnO thin
lm. Fig. 3 shows the room-temperature PL spectra (RT-PL) of the
s-deposited film and those annealed at 500, 550, 600, and 650 ◦C,
espectively. Obviously, the PL results are strongly dependent on
he annealing temperature. Both the as-deposited specimen and
hat annealed at 500 ◦C exhibit relatively weak near-band-edge
NBE) emissions around 3.291 and 3.278 eV, respectively. However,
s the annealing temperature is increased to 550 ◦C and above, the
BE emission around 3.26 eV intensifies greatly with the inten-

ity arriving at the maximum for the film annealed at 600 ◦C. This
esult indicates that the film quality has been improved by ele-
ating the temperature to 550 ◦C and above for post-annealing
reatment. Even an excess structure of Zn3As2(1 1 1) is demon-
trated in the XRD result, the optical property of films seems not
o deteriorate. Fig. 4 gives a more clear comparison between the
T-PL spectra obtained. Here, the intensity ratio of NBE emission
nd deep-level emission (INBE/Ideep-level) as well as the full width
t half maximum (FWHM) of NBE emission is plotted as a function
f annealing temperature. As shown, the FWHM of RT-PL for the
lm annealed at 600 ◦C demonstrates a lowest value of 155 meV.
lso, the INBE/Ideep-level ratio increases with increasing annealing

emperature and exhibits the maximum for the film annealed
t 600 ◦C. However, it decreases again with increasing annealing
emperature further, which implies that some excess defects are

roduced in the film when the annealing is carried out at a tem-
erature high to 650 ◦C. Possible causes of these defects include
he decomposition of ZnO film and too many interdiffused As and
a atoms, which lead to the formation of structural defects caus-
Fig. 4. Variation of INBE/Ideep-level ratio and FWHM of RT-PL spectrum as a function
of post-annealing temperature. The data from the as-deposited sample is also given
for comparison.

ing the deep-level emission [20]. Clearly, the results of RT-PL are
in good agreement with those obtained from XRD and Hall analy-
ses.
Photon Energy (eV)

Fig. 5. LT-PL spectra of (a) as-deposited film and those post-annealed at tempera-
tures: (b) 500, (c) 550, (d) 600, and (e) 650 ◦C.
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s-deposited specimen exhibits five emission lines at 3.439, 3.384,
.336, 3.291, and 3.086 eV, respectively. The lines at 3.384 and
.439 eV are assigned to the first (n = 1) and the second (n = 2)
xcited state transitions of free exciton (FX), respectively [21]. The
resence of emissions originated from free excitons might man-

fest the good quality of film produced. Furthermore, the line at
.336 eV has been identified as a neutral acceptor bound exciton
A0X) [14,22] and those at 3.291 and 3.086 eV are assigned to the
ree electron to neutral acceptor (FA) transition [22,23] and zinc
acancy (VZn) related emission [24], respectively. These features
uggest that the As atom-related acceptors and native defect of VZn
xist in the as-deposited film to induce the p-type conductivity
herein. On the other hand, the LT-PL spectra from the specimens
onducted with the post-annealing are displayed in Figs. 5(b)–(e).
or the specimen post-annealed at 500 ◦C, the spectrum is still
ominated by the line at 3.374 eV related to FX [25] except that
he relative magnitude is much reduced. Namely, both the A0X
nd FA lines specified for the as-deposited specimen intensify with
ncreasing annealing temperature and situated at 3.334–3.339 and
.297–3.304 eV, respectively. These two peaks even dominate the
hole PL spectrum for the specimens post-annealed at tempera-

ures of 550 ◦C and above. In particular, as shown in Fig. 5(d), the
ominance of a sharp A0X peak is evident for the spectrum of the
lm post-annealed at 600 ◦C. This result associated with that the
ame specimen has demonstrated the highest hole concentration
n previous Hall measurement suggest the superior quality of p-
ype film has been achieved. Else, the lines situated at energies
anging from 3.242 to 3.249 eV in Fig. 5(c)–(e) are suggested to be
nduced by the donor–acceptor pair (DAP) recombination [14,23].
t is also worth noting that the intensity of A0X emission is reversed
y that of FA emission for the sample post-annealed at 650 ◦C.
his is considered to be due to the introduction of excess Ga ele-
ents, which are easy to become donors in ZnO film, dissociating

he A0X and therefore enhancing both FA and DAP recombina-
ion simultaneously. The acceptor energy of As-related dopant
an be estimated by [22,23]: EA = Eg − EFA + kBT/2, where Eg is the
ntrinsic band gap and EFA the emission energy released by the
ree electron-acceptor level transition. Using Eg = 3.437 eV reported
lsewhere [25] and the values specified in the PL spectra for EFA,
he value of EA is estimated to be 133–146 meV. This value is in
ood agreement with theoretical ionization energy of 150 meV pre-
icted for the AsZn–2VZn complex [11] as a shallow acceptor in ZnO.
lthough the microstructures with Zn3As2 phase exhibited for the
ost-annealed samples are also likely to be the origin of p-type
onduction, the corresponding activation energy is high to about
30 meV [26]. Therefore, the doping mechanism of the present p-
ype ZnO film should be much more possible to be the formation
f AsZn–2VZn complex. Here, the As atom is being substituted for
n site to act as a donor, but is accompanied by two Zn vacan-
ies to have a net effect of supplying one hole per complex defect
11].

As indicated by the XRD analyses, the post-annealing conducted
t different temperatures result in the interdiffusion of As and
a atoms across the ZnO/GaAs interface with different degrees.

he diffusion of As atoms into ZnO film is favorable for forming
sZn–2VZn complex therein. However, the diffusion of Ga atoms

nto ZnO film is also inevitable, which will result in the compen-
ation effect on doping. The post-annealing treatment performed
t 600 ◦C is thus suggested to have the interdiffused arsenic atoms

[

[
[

[

ompounds 509 (2011) 1980–1983 1983

form AsZn–2VZn complex quite effectively, which therefore induced
the highest p-type conductivity and the superior film quality.

4. Conclusions

Stable p-type ZnO films can be fabricated on semi-insulating
GaAs substrate by AP-MOCVD using DEG and H2O as the source
precursors and a gas flow ratio of [H2O]/[DEG] = 3.42. The hole
concentration of the as-deposited film is 3.22 × 1018 cm−3, while
that of the specimens post-annealed at 500–600 ◦C ranges from
4.7 × 1018 to 8.7 × 1019 cm−3. The doping mechanism for the p-type
ZnO films obtained is suggested to be the formation of AsZn–2VZn
complex. Conclusively, the interdiffusion of As and Ga atoms
across the ZnO/GaAs interface is enhanced by the post-annealing
treatment. In particular, the post-annealing treatment conducted
at 600 ◦C is found to be beneficial for obtaining the superior-quality
p-type ZnO film.
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