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High-resolution transmission electron microscopy �HRTEM� images, selected-area electron
diffraction �SAED� patterns, and energy dispersive x-ray spectroscopy �EDS� profiles showed that
P atoms accumulated due to thermal treatment on the top sides and in the heterointerface layers of
ZnO thin films grown on p-InP �100� substrates, resulting in the formation of amorphous ZnO layers
in the ZnO thin films. The formation mechanisms of the ZnO amorphous layers due to thermal
treatment are described on the basis of the HRTEM, the SAED, and the EDS measurements. © 2008
American Institute of Physics. �DOI: 10.1063/1.2908874�

I. INTRODUCTION

ZnO thin films have been very attractive because of the
interest in investigating both their fundamental physical
properties1–3 and their potential applications in many prom-
ising electronic and optoelectronic devices.4–6 Because ZnO
thin films with large energy gaps have unique physical prop-
erties of large exciton binding energies and excellent chemi-
cal stabilities,7,8 they have become particularly interesting
due to their potential applications in optoelectronic devices,
such as light-emitting diodes,9 photodetectors,10,11 electrolu-
minescence devices,12 and ultraviolet �UV� lasers.13,14 In par-
ticular, UV lasers fabricated by utilizing ZnO thin films have
emerged as potential candidates for applications in promising
next-generation optoelectronic devices operating in the UV
region of the spectrum.15–17 Even though some works con-
cerning ZnO thin films grown on Si substrates have been
reported,3,18–20 very few works have been performed on ZnO
thin films grown on III-V compound semiconductor
substrates.21 Even though there are inherent problems due to
possible cross-doping effects resulting from interdiffusion or
intermixing during growth, ZnO / InP heterostructures have
been particularly interesting due to their many possible ap-
plications to high-speed optoelectronic and electronic de-
vices. Because thermal treatment is necessary for the fabri-
cation processes of optoelectronic devices fabricated by
utilizing ZnO / InP heterostructures, the role of the thermal
annealing processes is very important in achieving high-
performance devices. Although a few works concerning the
physical properties of ZnO/III-V compound semiconductor
heterostructures have been reported,21 very few studies on
the formation mechanisms of the amorphous layer due to
thermal treatment in ZnO thin films grown on p-InP sub-
strates have been reported.

This paper reports the formation mechanisms of ZnO

amorphous layers due to thermal treatment in ZnO thin films
grown on p-InP �100� substrates. Transmission electron mi-
croscopy �TEM� measurements were performed to investi-
gate the microstructure of the ZnO / p-InP �100� heterostruc-
tures. Energy dispersive x-ray spectroscopy �EDS�
measurements were carried out to characterize the stoichiom-
etry and the interface quality of the samples. The formation
mechanisms of the amorphous layers due to thermal treat-
ment in the ZnO thin films grown on p-InP �100� substrates
are described on the basis of the high-resolution TEM
�HRTEM�, the selected-area electron diffraction �SAED�,
and the EDS results.

II. EXPERIMENTAL DETAILS

Polycrystalline stoichiometric ZnO with a purity of
99.999% was used as a source target material and was pre-
cleaned by repeated sublimation. The carrier concentration of
the Zn-doped p-InP substrates with �100� orientation used in
this experiment was 1�1016 cm−3. The InP substrates ob-
tained from Sumitomo were alternately degreased in warm
acetone and trichloroethylene �TCE� three times, etched in a
Br-methanol solution, throughly rinsed in de-ionized water,
etched in a mixture of H2SO4, H2O2, and H2O �4:1:1� at
40 °C for 10 min, and rinsed in TCE again. After the InP
wafers had been chemically cleaned, they were mounted
onto a susceptor in a growth chamber. After the chamber had
been evacuated to 8�10−7 Torr, the deposition was done at
a substrate temperature of 200 °C. Ar gas with a purity of
99.999% was used as the sputtering gas. Prior to ZnO
growth, the surface of the ZnO target was polished by using
Ar+ sputtering. The ZnO deposition was done at a system
pressure of 0.021 Torr and a radio-frequency power �radio
frequency of 13.26 MHz� of 100 W. The flow-rate ratio of
Ar to O2 was 2, and the growth rate was approximately
1.17 nm /min. The thermal annealing process was performed
in a nitrogen atmosphere with a tungsten-halogen lamp as the
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thermal source. The thermal annealing process was carried
out for 15 min at temperatures of 500 and 600 °C.

The TEM measurements were performed by using a
JEM-ARM1300S transmission electron microscope operat-
ing at 1.25 MeV. The samples for the cross-sectional TEM
measurements were prepared by cutting and polishing with
diamond paper to a thickness of approximately 30 �m and
then argon-ion milling at liquid-nitrogen temperature to elec-
tron transparency. The energy-dispersive x-ray spectrometer
attached to a Tecnai G2 F30 S-Twin system operating at
300 KV was used for EDS.

III. RESULTS AND DISCUSSION

Figure 1 shows cross-sectional HRTEM images of �a�
the as-grown ZnO / p-InP �100� heterostructure and �b� the
heterostructure annealed at 600 °C. The HRTEM image in
Fig. 1�a� for the as-grown ZnO / p-InP �100� heterostucture
shows that the as-grown ZnO thin film had cylindrical co-
lumnar structures and a heterointerfacial region with a thick-
ness of about 1 nm between the ZnO thin film and the InP
substrate. The corresponding SAED pattern seen in the insert
of Fig. 1�a� indicates that the ZnO film has a preferential
c-axis orientation, giving the lowest surface free energy.22

The HRTEM image for the ZnO / p-InP �100� heterostuctures
annealed at 600 °C in Fig. 1�b� shows that the heterostruc-
ture contains amorphous layers on the top and the bottom

sides of the ZnO thin film. The heterointerfaces between the
ZnO thin film and the amorphous layers dominantly appear
along the ZnO �0001� planes.

Figure 2 presents the EDS line profiles for an �a� as-
grown ZnO / p-InP �100� heterostructure and for a �b� hetero-
structure annealed at 600 °C along the lines on the scanning
TEM images in the inserts. Figure 2�a� shows that the het-
erointerface between the ZnO thin film and the InP substrate
for the as-grown sample is relatively abrupt and that the sto-
ichiometry of the grown film is ZnO.23,24 The EDS line pro-
file for the annealed sample shows that the In atoms have
diffused into the bottom side of the ZnO thin film and that
the P atoms have accumulated in the amorphous layers on
the top and the bottom sides of the ZnO thin film because the
surface vapor pressure of In atoms is much lower than that of
P atoms at approximately 480 °C.25,26 The accumulations of
P atoms on the ZnO top surface and the ZnO / InP interface
layers rather than the middle layers happen because the in-
flow velocity of P atoms in the ZnO thin film is faster than
their diffusion velocity and diffused P atoms accumulate on
the end of the ZnO thin films.27 The formation of the
PZn-2VZn complex, where PZn and VZn are P substitution into
the Zn site and the Zn vacancy, respectively, in the top and
the bottom sides of the ZnO thin film induces a depletion of
Zn atoms in proportion to the accumulation of P atoms.28,29

FIG. 1. Cross-sectional high-resolution transmission
electron microscopy images of �a� an as-grown ZnO
thin film grown on a p-InP �100� substrate and of �b� a
ZnO thin film grown on a p-InP �100� substrate and
annealed at 600 °C. The inserts indicate selected-area
electron diffraction patterns.

FIG. 2. Energy dispersive x-ray spectroscopy line profiles across the lines shown in the scanning transmission electron microscopy annular dark field images
of �a� an as-grown ZnO thin film grown on a p-InP �100� substrate and �b� a ZnO thin film grown on a p-InP �100� substrate and annealed at 600 °C.
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The core P existing in the complex occupies the Zn antisite,
which is energetic enough to spontaneously induce two Zn
vacancies.28

The HRTEM images obtained at the �a� middle and the
�b� top of the ZnO thin film annealed at 500 °C, which is
almost a starting temperature for surface vaporization of P
atoms,25,26 are shown in Fig. 3. The inserts of Fig. 3 show the
proposed models and the simulated results corresponding to
the HRTEM images obtained at the middle and the top ZnO
layers with perfect stoichiometry and with the layer-by-layer
formation of PZn-2VZn complexes on ZnO �0001� planes for
the ZnO thin film annealed at 500 °C, as constructed by
using the NCEMSS software. The atomic spacing distances

along the ZnO �0001� and the ZnO �011̄0� planes of the
middle regions of the ZnO films are 0.5212 and 0.2810 nm,
respectively, which are in reasonable agreement with those
of the ZnO bulk. However, the atomic spacing distances

along the ZnO �0001� and the ZnO �011̄0� planes of the top
regions of the ZnO films are 0.4825 and 0.2621 nm, respec-
tively, which are significantly lower due to layer-by-layer
formation of PZn-2VZn complexes on the ZnO �0001� planes.

Figure 4�a� shows the atomic arrangement of a defect-
free section for ZnO bulk materials. The P atoms substitute
layer by layer for the Zn atoms on the ZnO �0001� planes on
the top and the bottom sides of the ZnO thin film before
amorphization of the ZnO thin film. The PZn-2VZn com-
plexes are formed from individual defects through the fol-
lowing process:29

PZn
3+ + 2VZn

2− → �PZn − 2VZn�−. �1�

An accumulation of Zn vacancy layers on the ZnO �0001�
planes might lead to amorphization of the ZnO thin films.30

Because the Zn vacancy layers are arranged on the ZnO
�0001� planes, the heterointerface between the ZnO thin film
and the amorphous layer is formed along the ZnO �0001�
planes, as shown in Fig. 1�b�.

IV. SUMMARY AND CONCLUSIONS

The formation mechanisms of ZnO amorphous layers
due to thermal treatment in ZnO thin films grown on p-InP
�100� substrates were investigated. HRTEM images, SAED
patterns, and EDS profiles showed that the P atoms accumu-
lated due to thermal treatment on the top sides and in the
heterointerface layers of ZnO thin films grown on p-InP
�100� substrates, resulting in the formation of Zn vacancies.
The accumulation of Zn vacancy layers created an amor-
phization in the top and the bottom layers of the ZnO thin
films due to formation of PZn-2VZn complexes.
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FIG. 3. High-resolution transmission electron micros-
copy images obtained at the �a� middle and the �b� top
regions of the ZnO thin film annealed at 500 °C. The
inserts show the proposed model of the layer-by-layer
formation of the PZn-2VZn complex on the ZnO �0001�
planes and a simulated image, as obtained from the
NCEMSS software. The red, blue, and green circles indi-
cate Zn, O, and P atoms.

FIG. 4. Atomic arrangements of �a�
the defect-free section on ZnO bulk
materials for reference and �b� the
PZn-2VZn complexes on the top and the
bottom layers of the ZnO thin films
grown on p-InP �100� substrates and
annealed at 600 °C. The dashed bonds
shown in �b� indicate the broken O–Zn
bonds relative to the ZnO bulk
materials.
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