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Undoped zinc oxide (ZnO) films have been prepared on sapphire substrates in a molecular beam epitaxy

technique, and the films were annealed in air ambient along with a GaAs wafer. Arsenic in the GaAs

wafer will evaporate, and enter into the ZnO films. In this facile way, arsenic-doped p-ZnO has been

obtained. Hall measurements reveal that the hole concentration and Hall mobility of the ZnO:As films

spectroscopy confirms the incorporation of arsenic into the ZnO films. The activation energy of the

acceptors derived from temperature-dependent Hall measurement is about 164 meV.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

As a wide bandgap semiconductor, zinc oxide (ZnO) has
attracted much attention in recent years for its potential
applications in versatile fields, especially in the field of blue-
ultraviolet light-emitting devices [1,2] and lasing diodes [3,4]. To
realize such applications, high-quality p-ZnO has to be available in
a reliable and reproducible manner. Up to now, various methods
have been employed to prepare p-ZnO including molecular beam
epitaxy (MBE) [5,6], metal-organic chemical vapor deposition
[7,8], pulsed laser deposition [9], etc. Among these methods,
thermal diffusion has been highlighted for its facile nature. Some
groups have prepared ZnO films on GaAs (or InP) substrates, then
by thermal annealing the samples, arsenic (or phosphorous) will
diffuse from the substrate and enter into the ZnO films. In this
way, p-ZnO or even ZnO-based p-junctions and light-emitting
diodes have been obtained [10–15]. However, the diffusion
method they used has three obvious shortcomings: First, the
ZnO films has to be grown on GaAs (or InP) that has different
crystalline structure with ZnO, which will deteriorate the crystal-
line quality of the ZnO films. Second, the dopants are limited by
ll rights reserved.

: +86 43186176298.

an).
the substrates used in this method. Third, the conductive nature of
the GaAs (or InP) substrate used will tamper the reliability of the
Hall data of the ZnO films [16]. The above shortcomings impair the
usefulness of thermal diffusion method.

In this paper, ZnO films were prepared on sapphire substrates
by MBE, and then the as-grown ZnO films were annealed along
with a GaAs wafer in air ambient. Because of the heat treatment,
arsenic in the GaAs will evaporate and enter into the ZnO films. In
this way, arsenic-doped p-ZnO films have been obtained. The
above three shortcomings were avoided in our revised diffusion
method, while the advantages of this method, such as simplicity
and facility, were fully exploited.
2. Experiment

The ZnO thin films were grown on sapphire (a-Al2O3)
substrates by a V80H plasma-assisted MBE. Prior to being loaded
into the growth chamber, the sapphire substrates were cleaned by
chemical cleaning and etching process, and then heated at about
750 1C for 30 min in a preparation chamber to remove the possible
adsorbed contaminations. The precursors used for the ZnO film
growth is 6N elemental Zn and radical O, note that the radical O
was obtained by treating 6N O2 in a radio-frequency plasma cell.
The O2 flow rate was fixed at 0.6 sccm and the zinc precursor
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temperature at 25070.1 1C during the growth process. The
background pressure in the chamber was less than 1�10�9 mbar,
and the pressure was maintained at 1�10�5 mbar during growth.
To realize acceptor doping of ZnO, the as-grown ZnO films were
annealed in air ambient in a tube furnace along with a GaAs wafer.
In this way, unexpected elements, such as Ga, were excluded from
the ZnO films.

Electrical characteristics of the ZnO films were studied using a
Hall measurement system (LakeShore 7707). A Rigaku D/max-RA
X-ray diffractometer (XRD) with the CuKa line of 1.54 Å as the
radiation source was used to characterize the structure of the
films. The morphology of the films was observed by a field
emission scanning electron microscope (SEM, Hitachi S-4800).
The composition of the films was characterized by an X-ray
photoelectron spectroscopy (XPS, ESCALAB 250) with AlKa
(hn ¼ 1486.6 eV) line as the irradiation source. Photoluminescence
(PL) spectra were recorded in a JY-630 micro-Raman spectrometer
using the 325 nm line of a He–Cd laser as the excitation source.
Fig. 2. (Color online) Hall mobility, carrier concentration of the ZnO films annealed

at different temperature.

Table 1
Electrical properties of the as-grown samples, the samples annealed with and

without GaAs wafer at 565 1C.

Sample Hall mobility

(cm2 V�1 S�1)

Carrier

density

(cm�3)

Conduction

type

As-grown 33.3 1.1�1018 n

Annealed without

GaAs

15.5 9.4�1017 n

Annealed with GaAs 2.8 3.7�1017 p
3. Results and discussion

Fig. 1 shows the XRD pattern of the as-grown ZnO film. The
film exhibits a prominent ZnO (0 0 0 2) diffraction peak locates at
34.481 besides the diffraction from the sapphire substrate,
indicating that the film has preferential orientation with c-axis
perpendicular to the substrate surface. The above XRD data reveal
that the as-grown ZnO film has acceptably good crystallization
properties, which can serve as a platform for further thermal
diffusion doping procedure.

The carrier density and mobility of the ZnO films annealed at
different temperature along with GaAs wafers are shown in Fig. 2.
The carrier density is in the order of 1018 cm�3 when the annealing
temperature is below 545 1C, while it decreases to about
4.7�1017 cm�3 when the sample was annealed at 555 1C. It is
noteworthy that the sample shows n-type conduction when
annealed at 525, 545, and 555 1C, while it converts to p-type when
annealed at 565 1C. However, the film returns to n-type
conduction when further increase the annealing temperature to
575 1C. The above facts mean that p-ZnO can be realized by
Fig. 1. (Color online) XRD pattern of the as-grown ZnO film.
annealing the as-grown n-ZnO in air along with GaAs wafer by
proper optimizing the annealing conditions.

Note that some groups have claimed that by annealing ZnO
films in air, the electron concentration will be decreased, and even
p-type conduction can be realized [11,17]. To clarify the origin of
the p-type conduction obtained in our experiment, another ZnO
film was also annealed under the same conditions as the sample
annealed at 565 1C except that no GaAs wafer was loaded, the
electrical data of which are shown in Table 1. The as-grown ZnO
film shows typical n-type conduction with an electron
concentration of 1.1�1018 cm�3. After the sample was annealed
without GaAs, the conduction keeps n-type; while with GaAs, the
annealed ZnO films shows p-type conduction with a hole
concentration of 3.7�1017 cm�3. One can conclude from the
above phenomenon that the p-type conduction was resulted from
the incorporation of arsenic from the GaAs wafer.

The above conclusion was confirmed by XPS measurement. The
XPS spectrum of the ZnO film annealed at 565 1C along with GaAs
wafer is shown in Fig. 3. There appears a peak at 44.8 eV, which is
characteristic of As–O bonding, while the characteristic peaks of
As–Zn bonding located at 40–41 eV and those of isolate As at
41–42 eV are absent [9]. The above facts reveal that arsenic has
been incorporated into the ZnO films, and maybe the arsenic
atoms occupy Zn sites. This conclusion is consistent with the
popular proposal that the acceptors in arsenic-doped ZnO come
from the complex formed by the arsenic occupying Zn site and its
bonding with two Zn vacancies [15,18].

Fig. 4 shows the 80 K PL spectra of the ZnO films annealed at
different temperature. Note that the spectra have been normalized
according to the height of their near-band-edge (NBE) emissions.
Sharp NBE emissions and weak shoulders at about 3.313 eV can be
seen in all the spectra. The shoulder is frequently observed in ZnO,
and usually attributed to the recombination between electrons in
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Fig. 3. XPS spectrum of the p-ZnO: As by annealing the as-grown ZnO film at

565 1C with GaAs, revealing the incorporation of As into the ZnO film.

Fig. 4. (Color online) PL spectra of films annealed at different temperature.

Fig. 5. PL spectra of the as-grown sample (a) and the samples annealed at 565 1C

without (b) and with GaAs wafer (c).

Fig. 6. Temperature-dependent carrier concentration of the p-ZnO films, in which

the scattered symbols are experimental data, while the curve is the fitting result.
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conduction band and acceptor-related levels (labeled as FA)
[19–22]. A noteworthy phenomenon is that the NBE emission of
the samples annealed at 565 1C is located at 3.353 eV, while those
of all the other four samples are at 3.360 eV. It is generally
accepted that the peak at 3.353 eV is from the emission of excitons
bound to neutral acceptors (labeled as A0X) [19,22], while the one
at 3.360 eV is from neutral donor bound excitons emission in ZnO
(labeled as D0X) [20–24]. Furthermore, there appears an emission
at 3.244 eV for the ZnO film annealed at 565 1C, which can be
attributed to the donor–acceptor pair recombination in ZnO
(labeled as DAP) [6,22]. The significant enhanced acceptor-
related emissions (A0X and DAP) and the decreased donor-
related emission (D0X) of the sample annealed at 565 1C
compare with that of other samples verify the Hall data that p-
ZnO has been obtained for the sample annealed at 565 1C.

Fig. 5 exhibits the PL spectra of the as-grown ZnO, the samples
annealed at 565 1C with and without GaAs wafer. It can be seen
that the spectra of the as-grown ZnO film has a similar shape with
that of the sample annealed without GaAs. They both have a
characteristic peak at 3.360 eV (D0X), as well as a shoulder at
3.372 eV which is typically attributed to free exciton (FXA)
emission in ZnO [22–25]. However, the spectra of the ZnO film
annealed with GaAs shows characteristic peaks of p-ZnO at
3.244 eV (DAP), 3.313 eV (FA) and 3.353 eV (A0X). The PL
spectroscopy validates that p-ZnO film has been realized by this
facile thermal annealing method.

Temperature-dependent hole concentration of the obtained
p-ZnO has been measured to derive the activation energy of the
acceptors. As show in Fig. 6, the carrier concentration decreases
with temperature, and the activation energy of EA can be derived
from the following relationship [20]:

np ¼ C expð�EA=kTÞ � T3=4 ð1Þ

here C is a fitting constant and np the carrier concentration. By
best fitting the data, EA yields a value of about 164 meV. The value
is in acceptable agreement with the activation energy of
arsenic acceptors in ZnO reported in literature (146 meV [15]
and 150 meV [18]).
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4. Conclusions

Arsenic-doped p-ZnO film was prepared by a simple thermal
diffusion process. Hall measurement exhibits a hole concentration of
3.7�1017 cm�3 and a Hall mobility of 2.8 cm2 V�1 S�1. PL spectro-
scopy confirms the formation of p-ZnO. XPS reveals that the p-type
conduction was resulted from arsenic incorporation. It is speculated
that the method employed in this paper can be extended to other
dopants, such as phosphorous, by replacing GaAs with InP or other
wafers with similar properties. The facility and simplicity nature of
this method promises a possible feasible route to p-ZnO.
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