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Zinc oxide (ZnO) thin film was grown on semi-insulating Si

substrate using arsine (AsH3) as precursor by atmospheric-

pressure metal-organic chemical vapor deposition (AP-

MOCVD). In recently reported results, the physical mechanisms

for As-doped ZnO thin films are explained as As substitution for

oxygen (AsO) or As substitution for Zn and As combined with

two Zn vacancies (AsZn–2VZn). In this study, we control the

in situ annealing ambient into two environments with various
temperatures, which are Zn-rich, using diethylzinc (DEZn) as

ambient gas, and O-rich, using water vapor as ambient gas,

respectively. This should help to createAsO andAsZn–2VZn. The

ZnO thin film after in situ thermal annealing with H2O vapor

ambient at 550 and 750 8C show p-type conductivity with hole

concentration of 2.651� 1017 and 1.782� 1018 cm�3, Hall

mobilities of 10.08 and 5.402 cm2/V s, and resistivities of

2.368 and 0.6485V cm, respectively.
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1 Introduction Zinc oxide (ZnO) has attracted a lot of
attention because of its large direct bandgap of 3.37 eV and
high exciton binding energy of 60meV at room temperature
(RT), which make it a promising candidate for the
applications in highly efficient and stable RT ultraviolet
(UV) lasers and light-emitting diodes (LEDs) [1–6].
However, there is a difficulty in achieving reliable and
reproducible p-type conductivity for ZnO material. It has
been proven that it is very difficult to dope shallow acceptor
levels in ZnO because of the compensation effect of native n-
type carriers released by the donor-type defects such as
oxygen vacancies and zinc interstitials. Based on the basic
concept that the holes can be created by substituting oxygen
anions with group-V elements. Many groups have tried to
dope ZnO using group-V elements, such as N, P, As, and Sb
[7–13]. Theoretically speaking, N is the most promising
candidate because of its comparable atomic radius to O and
the lowest hole ionization energy compared to other group-V
elements. Unfortunately, the ionization energy of N was
observed to be rather large, around 170–200meV, which
resulted in a low hole concentration.

Arsenic is another promising element for ZnO p-type
doping because of its substitution mechanisms. Two
different explanations were reported that As might replace
the O site and form AsO [14], this substituted As atom has a
valence state of (�3) in the divalent O site. Therefore, one
hole is generated in order to accomplish charge neutrality.
The other theoretical model proposed is that As occupies Zn
sites and forms AsZn–2VZn [15], which produces an acceptor
level, presumably shallower than that of AsO [16].

In this study, we demonstrate the use of two different
in situ annealing ambientswith various temperatures in order
to help create AsO and AsZn–2VZn in the As-doped ZnO thin
film, and show that p-type ZnO is available with AsZn–2VZn

in it under certain annealing temperatures.

2 Experimental The As-doped ZnO thin films were
grown on Si (111) substrates by an atmospheric-pressure
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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chemical vapor deposition system. Diethylzinc (DEZn),
arsine (AsH3), andwater vaporwere used as the precursors of
Zn, As, and O, respectively. N2 was used as the carrier gas.
Because the lattice mismatches between ZnO and Si (111)
and Si (100) are about 15 and 40%, respectively [17, 18],
before growing As-doped ZnO thin films, an undoped ZnO
buffer layer that is around 10–20 nm was grown at low
temperature (LT) of 180 8C with a gas-flow ratio of [H2O]:
[DEZ]¼ 13 for 8min. For growth of the As-doped ZnO
layer, the growth temperature and [VI]/[II] ratio were kept at
450 8C and 2.7, respectively. The time for ZnO thin-film
growth was set for 30min with the doping gas flow (AsH3)
rate at 372mmol/min. In order to investigate the effect of
annealing temperature in different ambients, As-doped ZnO
were in situ postannealed in H2O vapor or DEZn ambient
at various temperatures for 25min from 550 to 750 8C.
Photoluminescence (PL) spectra were measured with a
continuous-wave He–Cd 325 nm laser with a power density
incident on the samples of �1W/cm2. Emission from the
sample was dispersed by an Acton Research Corp. SP275
monochromator and detected by a Hamamatsu R928
photomultiplier tube triggered with a Stanford Research
Systems SR830 lock-in amplifier. X-ray diffraction (XRD)
measurement was carried out on X’Pert diffractometer
system, using with Cu Ka1 radiation. Scanning electron
microscopy (SEM) was employed to examine the
morphology of the samples.

3 Results and discussion Figures 1 and 2 show the
SEM surface and cross-sectional images of As-doped ZnO
thin films deposited on Si (111) substrates at different
postannealing temperatures in the DEZn and H2O vapor
ambient, respectively. As shown in Fig. 1 and, there are a lot
of irregular sheet islands on the as-grown ZnO thin film.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
When the postannealing temperature was raised, the
thickness of As-doped ZnO film decreased abruptly to one
half and the surface became smoother in both cases, which
indicated that the As-doped ZnO thin film were regrown
along the horizontal direction during the postanneal process.

Images of As-doped ZnO films with postannealing
temperatures from 550 to 700 8C in DEZn ambient are
shown in Fig. 1. Lots of irregular strip-shaped island
structures are shown on the surface without any postthermal
treatment.When the as-grownAs-dopedZnO thin filmswere
postthermally treated at different temperatures although the
thickness became less, which indicated that the As-doped
ZnO thin films were regrown along the horizontal direction,
the structure of the thin film shows a lot of voids inside, as
shown in the SEM images. This might increase the surface
and generate lots of defects and dangling bonds that caused
n-type behavior in these samples.

For the As-doped ZnO thin films with postthermal
treatment using various temperatures in water vapor
ambient, as the annealing temperature increased, regrowth
of As-doped ZnO along the horizontal direction can be
observed via the SEM top and cross-sectional images. As
shown in Fig. 2, a smooth surface with large grain boundary
can be achieved using 550 and 750 8C. On the other hand, the
sample postannealed using 600, 650, and 700 8C shows a
much reduced thickness (around 1/3 of the original
thickness) and small grains. Overall, postheat treatment
can help as-grown As-doped ZnO to regrow along the
horizontal direction. Using water vapor ambient will help
each grain to become attached to each other and produce a
smooth surface compared with the one using DEZn ambient.

The optical properties of As-doped ZnO thin films were
investigated by PL measurements at room temperature (RT)
and LT, as shown in Fig. 3. Figure 3a shows the RT-PL
Figure 1 (online color at: www.pss-a.com)
SEM images of ZnO thin film with postan-
nealed treatment at various temperatures in
DEZn ambient.
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Figure 2 (online color at: www.pss-a.com)
SEM images of ZnO thin film with postannealed
treatment at various temperatures in H2O vapor
ambient.
spectra of As-doped ZnO thin films grown on Si (111)
substrates with different postannealing temperatures in
DEZn ambient. Two distinct peaks are seen corresponding
to the near band edge (NBE) emission caused by exciton-
related emission around 3.2 eV [19, 20] and the deep level
(DL) emission band that was attributed by oxygen vacancies
(VO) or zinc interstitials (Zni) around 2.5 eV [21, 22].
However, as the annealing temperature increased, the
intensity of the NBE emission increases, which indicates
that the crystal quality of the film was improved with
increasing annealing temperature. In addition, as the
annealing temperatures increased, the peak shows a redshift
Figure 3 PLresultsofZnOthinfilmwithpostannealedtreatmentatva
temperature, (b) in H2O vapor ambient at room temperature, (c) in H

www.pss-a.com
from 3.292 to 3.278 and 3.263 eV, which might be caused
by lattice distortion because of the As atoms in the ZnO
lattice structure. On the other hand, when the annealing
temperature increased, the DL emission will not vanish
because the material structure still roughened and the defect
density was still high, as shown in the SEM images.

Figure 3b shows the RT-PL results of the ZnO thin films
with postannealed in water vapor ambient. The NBE
emission around 3.2 eV caused by the exciton-related
emission was observed. The as-grown ZnO thin film
exhibited a very weak NBE emission at 3.292 eV, as the
annealing temperature increased, the intensity of the NBE
rious temperatures indifferentambients. (a) InDEZnambientat room

2O vapor ambient at low temperature (14K).

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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emission around 3.292 eV becomes bigger. This indicates
that the crystal quality of the thin film was improved
with increasing annealing temperature. In addition, as the
annealing temperatures increased, the PL peak wavelength
also shows a redshift from 3.292 to 3.272–3.213 eV. The
narrowing of the bandgap after annealing can be ascribed to
the following effects of a merging of the impurity band with
the valence or conduction band due to the heavy doping of
As. In order to investigate the influence of annealing
treatment on the optical properties of the films in more
detail, a LT (14K) PL measurement was performed on the
As-doped ZnOfilms. Figure 3c shows that the LT-PL spectra
of p-type ZnO film annealed at 550 8C exhibits four emission
peaks at 3.361, 3.328, 3.302, and 3.231 eV, respectively. The
emission peak at 3.361 eV can be assigned to a neutral donor-
bound exciton (D0X) [23]. The peak at 3.328 eV has been
previously identified as a neutral acceptor-bound exciton
(A0X) [24–26]. The peak at 3.302 eV is attributed to the
recombination emissions between free electrons and accep-
tor holes (FA) [24–26]. This suggested that some arsenic-
related acceptors existed in the ZnO film. The peak at
3.231 eV is due to the recombination of donor–acceptor pairs
(DAP) [24–27]. This also suggests that acceptors were
formed in As-doped ZnO thin film.Meanwhile, the results of
Hall measurement also demonstrate that the film has p-type
conductivity. The As-doped ZnO thin films that were
postannealed at 600 8C showed the emission wavelength at
3.375 eV could be caused by the first excited state transitions
(n¼ 1) of free excitons (FX) [28]. The peaks at 3.361 and
3.296 eV are assigned to the D0X and FA. So the film
exhibited strong n-type conductivity. On the other hand, the
films postannealed at temperatures from 650 to 750 8C show
some emission peaks at 3.361 eV, assigned to D0X, 3.321–
3.326 eV, assigned to A0X, 3.291–3.303 eV, assigned to the
FA transition, and 3.245 and 3.252 eV are considered to be
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
due to the DAP transition, respectively. The LT-PL results
showed that the FA andDAP emissions became larger for the
film annealed at 750 8C, while its electrical properties show
p-type character. We believe that this could be caused by the
influence of zinc vacancies (VZn) [29].

The acceptor energy of the arsenic dopant can be
estimated from the following equation [30]:
EA¼Eg�EFAþ kBT/2, where Eg and EFA are the intrinsic
bandgap and free electron-acceptor level transition, respect-
ively. In the study, EFA has been measured to be around
3.302 eV at 14K.WithEg¼ 3.437 eV, the value ofEA should
be 135meV, which is close to the reported value of 150meV
using the AsZn–2VZn model [16]. Researchers have found
that arsenic substitution O (AsO) has a high formation energy
and acceptor-ionization energies of about 930meV above
the valence-band maximum, thereby it is difficult to provide
sufficient holes in the doping model of AsO [16].

Figure 4a and b shows the XRD results with thin
films postannealed in the DEZn and water vapor ambient,
respectively. As shown in Fig. 4a, all films exhibit
polycrystalline structure and not preferred c-axis orientation,
which means the energy for lateral growth was not enough to
improve the crystal quality of As-doped ZnO. These results
correspond to the SEM images and PL data mentioned
above. In addition, it should be noted that the preferential
orientation of the films is (101) but not (002), which was
indicated by most other papers. This could be because of the
LT-grown buffer layer (180 8C) causes it to grow along (101)
more easily. For the sample annealed in water ambient, we
still saw polycrystalline structured ZnO films, as shown in
Fig. 4b. XRDpatterns show that the filmswere grown along a
preferred orientation (101), which could be caused by the Si
(111) substrate. An interesting phenomenon was observed
when the postheat-treatment temperature was raised under
water vapor ambient, the intensity of the peak (002)
Figure 4 XRD results of ZnO thin film with
postannealed treatment at various tempera-
tures indifferent ambient. (a) InDEZnambient
at room temperature (b) in H2O vapor ambient
at room temperature.

www.pss-a.com
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Table 1 Hall measurement results of As-doped ZnO films with
different annealing temperatures in DEZn ambient.

annealing
temperature
(8C)

resistivity
(V cm)

mobility
(cm2/V s)

carrier
concentration
(cm�3)

type

550 0.7267 3.75 �2.291� 1018 n
600 0.1798 9.088 �3.821� 1018 n
650 0.06461 19.58 �4.933� 1018 n
700 0.1361 10.21 �4.644� 1018 n
750 0.2964 11.61 �1.814� 1018 n

Table 2 Hall measurement results of As-doped ZnO films with
different annealing temperatures in H2O vapor ambient.

annealing
temperature
(8C)

resistivity
(V cm)

mobility
(cm2/V s)

carrier
concentration
(cm�3)

type

550 2.368 10.08 2.651� 1017 p
600 0.01315 14.93 �3.197� 1019 n
650 0.1065 7.325 �8� 1018 n
700 0.6219 1.832 �5.479� 1018 n
750 0.6485 5.402 1.782� 1018 p
increased, which was evidenced from the SEM cross-
sectional image that the thickness reduced when the
postannealed temperature was raised. For the samples with
postannealing temperatures of 550 and 750 8C, only the
(101) direction can be observed, which showed that it is very
difficult to dope As into ZnO thin film if the direction of ZnO
growth is along (002). This could explain the difference
between the defect density along these two directions.

Table 1 shows the resistivity, carrier concentration, and
Hall mobility of As-doped ZnO films as a function of the
annealing temperature in DEZn atmosphere. The undoped
ZnO thin film shows n-type conductivity, with resistivity,
Hall mobility, and electron concentration as 0.2464V cm,
13.47 cm2/V s, and 1.881� 1018 cm�3, respectively. As is
known, the n-type conductivity of ZnO is ascribed to the
influence of native donor defects such as oxygen vacancies
(VO) or zinc interstitials (Zni). On the other hand, arsenic is a
p-type dopant that replaces a zinc vacancy or an oxygen site
to form complexes of the type AsZn–2VZn and Zn3As2 in
ZnO, respectively. In this study, we adopt the Zn-rich DEZn
at a flow rate of 2.0031mmol/min under annealing conditions
with the AsH3 flow rate 124mmol/min in this experiment
and expect to obtain complexes of the type Zn3As2 by AsO.
This mechanism can contribute to the hole concentration.
However, in Table 1, it can be seen that the carrier
concentration of As-doped ZnO thin films still showed
n-type conductivity with high electron concentrations of
1018 cm�3. Obviously, the As atoms in the films have a
tendency to occupy interstitial sites as neutral defects, and
arsenic substitution for oxygen (AsO) is very difficult to
achieve.

Table 2 shows the resistivity, carrier concentration,
and Hall mobility of As-doped ZnO films as a function
of annealing temperature in H2O vapor atmosphere. The
undoped ZnO thin film shows n-type resistivity, Hall
mobility, and electron concentration as 0.2464V cm,
13.47 cm2/V s, and 1.881� 1018 cm�3, respectively. In this
study, we adopt the O-rich H2O vapor at a flow rate of
18.28mmol/min under annealing conditions with an AsH3

flow of rate of 31mmol/min, which is expected to support the
formation of AsZn to form complexes of the type AsZn–2VZn.
This mechanism can contribute to the hole concentration. In
Table 2, it can be seen that the carrier concentration of As-
doped ZnO films at annealing temperatures of 550 and
www.pss-a.com
750 8C, show p-type conductivity with hole concentrations
of 2.651� 1017 and 1.782� 1018, respectively. It is very
interesting to note that the conductivity of ZnO films
converts to p-type. However, the films returned to strong n-
type conductivity at annealed temperatures from 600 to
700 8C. The increase of electron concentrationmay be due to
the formation of donors (AsZn and AsZn–VZn) and a large
number of donor point defects (oxygen vacancies and zinc
interstitials).Moreover, the hole concentration is insufficient
to compensate the high background electron concentration,
hence the ZnO film is still n-type.

4 Conclusion In conclusion, As-doped ZnO thin films
with postannealing in DEZ and water vapor ambient were
studied. The p-ZnO were observed under conditions of
annealing in H2O vapor ambient at 550 and 750 8C. We
believe that the growth directionwill cause different levels of
defect density, which might generate some influence on the
electrical properties of ZnO. The dopingmechanism of As in
ZnO could be easily achieved for the AsZn–2VZn complex
doping mechanism in ZnO with a water vapor postannealed
ambient.
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