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Transmission electron microscopy �TEM�, high-resolution TEM, and atomic force microscopy
images showed that the columnar structure and the surface morphology of grains in ZnO thin films
grown on p-InP substrates were changed due to thermal treatment. The surface morphology
variation of the ZnO thin films was attributed to the curvature modification of the subpopulations
consisting of ZnO grains. While the top surface of the ZnO grains became parallel with the �0001�
planes due to thermal treatment, the curvature of the subpopulations in the ZnO grains became
rough. Evolution mechanisms of the surface morphology of ZnO thin films are described. © 2008
American Institute of Physics. �DOI: 10.1063/1.2957467�

Recently, II-VI thin films based on wide-band-gap semi-
conductor compounds have attracted considerable attention
because of their many potential applications in optoelec-
tronic devices operating in the short-wavelength region.1,2

Among these II-VI thin films, ZnO thin films are of current
interest because of their potential applications in optoelec-
tronic devices due to their large band-gap semiconductors
with superior physical properties of large exciton binding
energy, high optical gain, and excellent chemical stability.3–8

Even though some works concerning ZnO thin films grown
on Si substrates have been reported,9–12 relatively few works
have been performed on ZnO thin films grown on III-V com-
pound semiconductor substrates.13 Even though there are in-
herent problems due to possible cross-doping effects result-
ing from interdiffusion or intermixing during growth,
ZnO / InP heterostructures have been particularly interesting
due to the possibility of promising high-speed optoelectronic
and electronic devices.14,15 Some studies concerning the an-
nealing effects on the ZnO films have been performed to
obtain their high quality.16 The grain growth in the polycrys-
talline film with a lattice mismatch in comparison with the
substrate can occur due to the movement of grain bound-
aries, resulting in the shrinkage and elimination of small
grains and in an increase in the average size of residual
grains.17 Even though some works concerning the thermal
effect of ZnO grains on the surface morphology of ZnO thin
films have been performed,14–19 studies on the evolution
mechanisms of the surface morphology of grains in ZnO thin
films grown on p-InP substrates due to thermal annealing
have not yet been reported.

This letter reports the evolution mechanisms of the sur-
face morphology of grains in ZnO thin films grown on p-InP
substrates due to thermal annealing. X-ray diffraction �XRD�
measurements were carried out to investigate the effect of
thermal treatment on the crystallinity of the ZnO thin films
grown on p-InP �100� substrates. Transmission electron mi-

croscopy �TEM� and high-resolution TEM �HRTEM� mea-
surements were carried out in order to investigate the micro-
structural properties of the as-grown and the annealed
ZnO / p-InP �100� heterostructures.Atomic force microscopy
�AFM� measurements were performed in order to character-
ize the surface roughness of the as-grown and annealed ZnO
thin films.

Polycrystalline stoichiometric ZnO with a purity of
99.999% was used as a source target material. The carrier
concentration of the Zn-doped p-InP substrates with �100�
orientations used in this experiment was 1�1016 cm−3. The
InP substrates obtained from Sumitomo were alternately de-
greased in warm acetone and trichloroethylene �TCE� three
times, etched in a Br-methanol solution, rinsed in de-ionized
water thoroughly, 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 chemically cleaned InP wafers were mounted onto
a susceptor in a growth chamber, the chamber had been
evacuated to 8�10−7 Torr. The deposition of the ZnO layer
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
using Ar+ sputtering. The ZnO deposition was done at a
radio-frequency power �radio frequency=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 deposition of the
ZnO layer was done at a system pressure of approximately
1�10−2 Torr. The thickness of the ZnO layer was 50 nm.
The thermal annealing process was performed in a nitrogen
atmosphere by using a tungsten-halogen lamp and was car-
ried out for 15 min at a temperature of 400 °C.

The XRD measurements were performed by using a
D/Max-RC �12 kW� diffractometer �Rigaku Co., Tokyo,
Japan� with Cu K� radiation. The TEM measurements were
performed by using a Tecnai G2 F30 S-Twin field emission
transmission electron microscope �FEI Co., Eindhoven,
Netherlands� operating at 300 kV. The samples for the cross-
sectional TEM measurements were prepared by cutting and
polishing with diamond paper to a thickness of approxi-
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mately 30 �m and then argon-ion milling at liquid-nitrogen
temperature to electron transparency. The AFM measure-
ments were performed by using a model SPA400 system
�Seiko Instruments Inc., Tokyo, Japan� in the contact mode.

Figure 1 shows XRD patterns for the �a� as-grown and
�b� annealed ZnO films grown on p-InP �100� substrates. The
�0002� K�1 diffraction peak corresponding to the ZnO film
together with the �200� K�1 diffraction peak corresponding
to the InP �100� substrate, is observed. Because the thickness
of the ZnO films is very thin, the intensity of the �0002� K�1
diffraction peak corresponding to the ZnO films is very small
in comparison with that of the �200� K�1 diffraction peak
corresponding to the InP �100� substrate. The XRD patterns
indicate that the as-grown and the annealed ZnO films grown
on the InP �100� substrates have a c-axis orientation that
gives the lowest surface free energy.20

Figures 2�a� and 2�c� show cross-sectional bright-field
TEM images of the as-grown and annealed ZnO thin films
grown on p-InP substrates, and Figs. 2�b� and 2�d� show the
corresponding cross-sectional HRTEM images. The �0112�
facet planes with high-order-indexed unstable planes in the
ZnO thin films seen in Fig. 2�b� appear at the surface of the
as-grown ZnO thin film because the diffusion rate of the
atoms on the ZnO surface during the columnar growth is
smaller than their deposition rate.21 Therefore, the surface of
the ZnO columns is unstable because the ZnO surface main-

tains a convex shape.22 The �0112� facet planes with high-
order-indexed unstable planes in the ZnO grains with a size
of about 10 nm, as seen in Fig. 2�b�, are transformed into
more stable �0111� facet planes in the ZnO grains with a size
of about 12 nm, as seen in Fig. 2�d�, to become stabilized as
�0110� planes,23 because the energy of the grain boundary is
less than those of the two neighboring surfaces.22 Therefore,
the side surfaces of the ZnO grains become parallel to the
direction of grain growth by diffusing unstable atoms in
high-ordered facet planes to the vicinity of grain boundaries
during thermal treatments.

The surface morphologies of �a� as-grown and �b� an-
nealed ZnO thin films grown on p-InP �100� substrates, as
determined from the AFM measurements, are shown in Fig.
3. The root mean squares of the average-surface roughnesses
of the as-grown and annealed ZnO thin films are 1.730 and
3.121 nm, respectively. Because the surface morphology of
the ZnO films at an initial stage of thermal annealing be-
comes very rough due to the grain growth resulting from the
reduction of the boundaries between the grains, the annealed
ZnO films show only a very small amount of high protru-
sions. The magnified AFM images seen in the inserts in Fig.
3 indicate that several ZnO grains with similar height and
growth direction constitute the subpopulations with a size of
about 180 nm consisting of 18 and 15 ZnO grains for as-
grown and annealed ZnO thin films, respectively, to reduce
the interface energy between ZnO grains.17 Therefore, the
surface morphology of ZnO thin films is determined by the
surface curvatures of subpopulations fixed by the side sur-
faces of ZnO grains.

Schematic diagrams for the surface evolution of the sub-
population morphology in the early stage of thermal anneal-
ing of ZnO thin films grown on p-InP substrates are shown
in Fig. 4. During the initial growth stage of the ZnO thin
film, the nucleus growth process for ZnO induces impinge-
ment and coalescence between ZnO islands, resulting in the
formation of a columnar structure of ZnO grains with the
surfaces of a convex shape. During impingement and coales-
cence between ZnO islands, several ZnO grains with similar
height and growth direction constitute the subpopulations to
reduce the interface energy between ZnO grains, as shown in
Fig. 4�a�.17 The surface morphology of ZnO thin films is
determined by surface curvature of subpopulations fixed by
the side surfaces of ZnO grains. During thermal annealing,
the unstable atoms with high-ordered facet planes diffuse in
the vicinity of the grain boundaries to reduce the surface
energy because the energy of the grain boundary is less than
those of the two neighboring surfaces.22 The grain boundary
becomes parallel to the direction of grain growth, as shown
in Fig. 4�b�. Therefore, the surface curvature of subpopula-

FIG. 1. XRD patterns of the �a� as-grown and �b� annealed ZnO thin films
grown on p-InP �100� substrates.

FIG. 2. Cross-sectional bright-field TEM images of the �a� as-grown and the
�c� annealed ZnO thin films grown on p-InP �100� substrates. �b� and �d� are
high-resolution TEM images for top regions of the as-grown and the an-
nealed ZnO thin films grown on p-InP �100� substrates. The inserts of �b�
and �d� are fast-Fourier-transformed diffraction patterns of the as-grown and
annealed ZnO thin films grown on p-InP �100� substrates.

FIG. 3. AFM images of the �a� as-grown and �b� annealed ZnO thin films
grown on p-InP �100� substrates. The inserts are magnified images for sub-
populations of the as-grown and annealed ZnO grains.
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tions of ZnO grains became sharp in the early stage of ther-
mal annealing.

In summary, the TEM and the HRTEM images showed
that the columnar structure and the surface morphology of
ZnO grains became stabilized due to thermal annealing. The
surface curvature of the subpopulations consisting of several
ZnO grains became sharp because the side surfaces of the
ZnO grains became parallel to the direction of grain growth.
Therefore, the AFM images showed that while the top sur-
face of the ZnO grains became flat, the surface morphology
of the ZnO thin films determined by the curvature of the
subpopulations consisting of ZnO grains was deteriorated in
the early stage of thermal annealing.
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FIG. 4. Schematic cross-sectional diagrams for the surface curvatures in
subpopulations consisting of ZnO grains for �a� the as-grown and �b� an-
nealed ZnO thin films grown on the p-InP �100� substrates.
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