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Abstract: ZnO thin films were grown on GaAs (001) substrates by metal-organic chemical vapor deposition (MOCVD) at

low temperatures ranging from 100 to 400C . DEZn and H,O were used as the zinc precursor and oxygen precursor, re-

spectively. The effects of the growth temperatures on the growth characteristics and optical properties of ZnO films were

investigated. The X-ray diffraction measurement (XRD) results indicated that all the thin films were grown with highly c-

axis orientation. The surface morphologies and crystal properties of the films were critically dependent on the growth tem-

peratures. Although there was no evidence of epitaxial growth, the scanning electron microscopy (SEM) image of ZnO

film grown at 400°C revealed the presence of ZnO microcrystallines with closed packed hexagon structure. The photolumi-

nescence spectrum at room temperature showed only bright band-edge (3. 33eV) emissions with little or no deep-level e-

mission related to defects.
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1 Introduction

Wide band-gap semiconductors are attracting at-
tention because of the increasing need for short wave-
length photonic devices and high-power, high fre-
quency eclectronic devices. Remarkable progress has
been achieved in GaN and SiC related materials.
Waurtzitic ZnO is another wide band gap (3.37eV)
semiconductor with a large exciton binding energy
(60meV) that could lead to lasing action based on ex-
citon recombination even at room temperature, which
is expected to facilitate semiconductor lasers in the
ultraviolet spectral region such as blue-, violet-, and
ultraviolet laser diodes (LDS)"'~% with low-threshold
current density and high efficiency. These applica-
tions, however, require the realization of high quality
ZnO epitaxial films.

A number of studies on ZnO films have been per-
formed on sapphire substrates by pulsed-laser deposi-
tion and oxygen plasma-assisted molecular-beam epi-
taxy. Epitaxial films on sapphire with good quality
have been obtained by many research groups”’ %' tak-
ing advantage of its hexagonal wurtzite structure,
which is the same as ZnO. But,since it is an electrical-
ly insulating material,it makes the optoelectronic de-
vices more complicated in actual application. ZnO
film deposited on GaAs allows the combination of
ZnO with other optoelectronic devices and the re-
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search of ZnO on GaAs also plays a key role in fabri-
cating the p-type ZnO film by As diffusion. However,
there are few reports about ZnO films deposited on
GaAs""~ "% and the film quality is low, mainly due to
the different crystal structure and the large lattice
mismatch (19%) between the wurtzitic ZnO and
GaAs.

ZnO thin films have been grown using many dif-

ferent techniques,including magnetron sputtering '*',

molecular beam epitaxy"'"

[156~17]

, metal organic chemical

vapor deposition Ll

,and pulsed laser deposition
Among them, the molecular beam epitaxy method is
used the most for research. The optical UV lasing e-
mission from ZnO film has been demonstrated for the
first time by using the MBE method''**'. MOCVD has
been used for high-quality epitaxial growth of various
semiconductors and it is the ideal production technol-
ogy for the mass production. Recently, ZnO electrical
homo-structural light-emitting diode has been ob-
tained"'*'*”’ by MOCVD. However,unlike the relative-
ly mature MOCVD technique for [[-V compound
semiconductor growth,research into MOCVD growth
of ZnO is still in its early stage. There are a lot of
growth parameters that affect the film growth process
such as the substrate temperature.,chamber pressure,
VI/ 1l ratio,and gas flow rate. The growth tempera-
ture is one of the most important parameters determi-
ning the quality of the films. But,there are only a few
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reports on the temperature dependence of the proper-
ties of the ZnO films grown on GaAs by MOCVD and
the effects of growth temperature on the crystalline,
optical,and surface properties of ZnO films, especial-
ly at lower temperatures-!' =%,

In this paper, we report ZnO film growth on
GaAs (001) substrate at low temperatures ranging
from 100 to 400C , while the other deposition temper-
atures of ZnO/GaAs are usually above 500C . The re-
sults indicate that the crystalline and optical quality
become much better as growth temperatures increase.
But,as temperature increases,the grain’s size increa-
ses,resulting in a relatively rough surface. Since ZnO
films grown at a low temperature exhibit smooth sur-
face morphology while ZnO films grown at high tem-
perature obtain good crystalline quality, we may pro-
duce high crystalline quality by introducing a thin
ZnO buffer layer at a low temperature before the
high temperature epitaxial growth.

2 Experiment

Diethyl zinc (Zn (C,Hs),,DEZn) and H,O were
used as precursors. Nitrogen gas was used as the carri-
er gas. GaAs (001) substrates were chemically cleaned
with enchants of HCl : H,O (1 : 1) for 5min and
then treated in 5% HF solution and blown in dry ni-
trogen gas before the GaAs substrate was put into the
growth chamber. The substrate was first heated to
500C to remove contaminate before the epitaxy and
the pressure was controlled to be 1. 33kPa. Then, the
substrate temperature was reduced and became stable
at the set growth temperature for 10min. H,O was in-
troduced into the chamber about 1min before the in-
troduction of DEZn. During growth, the flows of H,O
and DEZn were set to be 20 and 200sccm, respective-
ly. Four samples were grown at different temperatures
ranging from 100 to 400C . The temperature of the
bubble was 30C. After growth, the samples were
cooled for 2h in an atmosphere of nitrogen with a
pressure of 1.33kPa. X-ray diffraction ( XRD) was
used to characterize the crystalline quality. The sur-
face morphology was examined by using scanning e-
lectron microscope (SEM) and AFM. The optical
characteristics of ZnO films on GaAs were evaluated
by photoluminescence (PL) spectra at room tempera-
ture.

3 Results and discussion

3.1 Crystalline properties

The crystal quality of ZnO films deposited on
GaAs (001) substrates and the surface morphology of

100°C

T

=y 200°C.
172} ~
3
E f
300C,
1 1 A l4000(j
20 30 40 50

20/(°)

Fig.1
at different temperatures

XRD spectra of the ZnO films grown on GaAs substrate

the films were evaluated by X-ray diffraction and
scanning electron microscopy,respectively.

Figure 1 shows the structural properties of ZnO
films as a function of the growth temperature. The
film thickness was about 200nm. All of the films ex-
hibited the preferred ZnO (002) orientation,sugges-
ting that most grains have a c-axis orientation per-
pendicular to the substrate surface,due to the largest
surface free energy of (001) plane. The intensity of
the (002) peak increased as the growth temperature
increased, indicating better crystal quality. For the
film grown at 100C , the microstructure was polycrys-
talline. The intensity of the peaks was very weak be-
cause the grain size was too small to cause enough
XRD intensity. For the films deposited at 200 ~
300C ,the ZnO film exhibited the preferred (002)
orientation along the c-axis with some trace of (100)
and (101) peaks,which means that the ZnO c-axis di-
rection was not well aligned for all of the films. The
intensity of the (002) peak was strong and the
FWHM was large with a value of about 0.4, which
was believed to be a result of the large lattice mis-
match (19%) between the ZnO film and GaAs sub-
strate. No big shift of the (002) diffraction peak was
observed,indicating that the residual stress and asso-
ciated strain may not have significant influence on the
structural properties of the films. For the film grown
at 400C ,the intensity of the (002) peak became quite
high. Although the (101) peak became relatively
strong at the same time,it was believed that the film
crystal quality had been improved because the FWHM
value improved to 0. 18", while the surface morpholo-
gy became much rougher at the same time.

3.2 Surface morphology

The SEM images of the ZnO films are shown in
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Fig.2 Surface morphology of ZnO films grown at 100C (a),
200C (b),300C (c),and 400C (d)
larged images of hexagonal and multiplayer-tower structure

The inset images are en-
grains with a bar of 500nm.

Fig. 2. The surface morphologies of the films were
critically dependent on the growth temperatures, as
presented in Fig. 2. When the growth temperature was
lower than 300C , a smooth surface with very small
fine grains was observed, while as the growth temper-
ature increased,large, grains were observed. The tet-
ra-pod-like grains shown in Fig. 2 (a) were a result of
self-textured growth, which is preferable and impor-
tant in the epitaxial growth of ZnO films'*. The tem-
perature dependence of the surface morphology of
thin films can be explained mainly by the mobility of
the atoms on the surface at different temperatures. In
the initial stage of ZnO growth, the crystals do not
have a specific preferred orientation to follow and
competition among different crystals growth orienta-
tions occurs. As the growth rate is the highest along
the c-axis of ZnO,the crystal growth with this orien-
tation will grow faster and tend to dominate. At lower
growth temperatures,the energy required for thermal

Fig.3 AFM image of ZnO film grown at 300C

diffusion is not enough for atoms on the surface to
diffuse to the fit lattice site, which has smaller strain
and mismatch,resulting in a lot of independent,small
grains and, thus, poor crystal properties. When the
temperature increases slightly (200 ~300C), the in-
plain atom diffusion will increase and the grain size
becomes larger, forming a relatively smooth surface.
But, when the temperature gets even higher, there is
enough energy available for thermal diffusion and the
films will end up with a rough surface morphology.

The columnar grains were relatively uniform
with a typical grain size of 50nm. However, as the
growth temperature reached 400C , there was enough
energy available for atoms to occupy the correct site
in the crystal lattice and grains with lower surface en-
ergy became larger. The films ended up with a rough
surface morphology. Both hexagonal structure grains
and multiplayer-tower grains can be observed with a
typical size of 500nm.

AFM measurements were also performed to study
the growth process of the film. The image shown in
Fig. 3 is over a scale of 500nm X 500nm. We can see
that the ZnO film was deposited in a column-by-col-
umn growth process and mainly grown along the c-
axis orientation, which agrees with the results shown
in XRD patterns. The crystal structure for ZnO is
hexagonal,while that of GaAs is cubic. ZnO film on
GaAs was therefore primarily grown with the self-
texture preference and experienced a column-by-col-
umn growth process.

3.3 Optical properties

Figure 4 shows the room-temperature PL spectra
of the ZnO films. The broad band edge emission at
~3.33eV was observed for all of the films. The RT
peak is a combination of many multiple peaks, inclu-
ding the free excitons;donor bound exciton and their
coupling LO-phonon replica with the line broade-
ning'®’. Though the expected position is 3.31eV, if
the mostly accepted band gap of 3.37¢V and the
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Fig.4 Normalized PL spectra of ZnO films grown at different
temperatures measured at room temperature

measured exciton binding energy of 60meV were
used,a free exciton emission peak at 3. 3eV is reason-
able. Little or no deep-level emission was observed
due to the radioactive emission from the conduction
band to shallow acceptors or the emission from shal-
low donors to the valence band. We also found that
the PL intensity increases linearly as the excitation in-
tensity increases as shown in the inset image.

4 Conclusions

ZnO films were grown on GaAs (001) substrates
by MOCVD at temperatures from 100 to 400C . DEZn
and H,O were used as the zinc and oxygen source,re-
spectively. All the ZnO films show a preferred (002)
orientation, while the ZnO films grown below 150C
exhibit polycrystalline with multi-orientations. The
crystal quality and optical properties became better as
the growth temperature increased, while the surface
morphology became rougher at the same time. The
minimum value of the FWHM was 0. 18 and was ob-
tained at a growth temperature of 400C. The PL
spectral of the ZnO films demonstrates only the UV
emission peak at 370nm and the FWHM value of the
peak is about 200meV.
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