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Effect of temperature on lateral growth of ZnO grains grown by MOCVD
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Abstract

ZnO growth on sapphire by MOCVD using dimethylzinc and CO, as zinc and oxygen precursors was performed. A dense ZnO film with major
(0 0 0 2) orientation can be prepared at 350 °C and above with high dimethylzinc flow rate. Result shows that the growth temperature suppresses the
lateral growth of ZnO grains, promotes the coalescence of grains but reduces the crystal alignment. To further enhance the crystal alignment, a two-
step temperature variation growth method is proposed. Using the two-step growth method, employing the initial growth at lower temperature
followed by the growth at higher temperature, a densely packed ZnO film with larger grains and well-aligned (0 0 0 2) crystallographic orientation
can be obtained. The effect of temperature on nucleation and growth rate, and its relation to the crystal alignment enhancement is also discussed.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnOis an attractive material potential for applications such as
light-emitting diodes [1,2], photodetectors [3,4], varistors [5],
gas sensors [6,7], surface acoustic wave filters [8], transparent
conducting oxide [9-11], and optical modulator waveguides
[12]. Among these applications, the blue optoelectronic
application receives much attention because ZnO has unique
properties that fulfill the requirement. With direct bandgap of
3.3 eV and a high exciton binding energy of 60 meV, ZnO is a
potential candidate for blue optoelectronics [13—16], and is even
considered competitor for the well recognized GaN in the field of
blue LEDs and LDs [17]. However, the growth of the ZnO film
for such applications still remains a problem [18]. Thin film of
epitaxial quality is often required, but the crystallographic
anisotropy of the ZnO’s wurtzite structure limits the achievement
of the goal. The growth rate anisotropy of the hexagonal
symmetry results in the formation of hexagonal nanorods and
nanowires [19-22], and producing a porous ZnO film. How to
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prepare dense film without the formation of nanorod structure is
urgent to realize ZnQO’s practical usage.

It is known that the low VI/II ratio promotes the lateral
growth of the ZnO grains [23]. To enhance the lateral growth in
hope that all nanorods are in close contact and become densely
packed, CO, is chosen in place of O, as the oxygen source in
this study for the growth. The CO, provides much lower oxygen
partial pressure than O, in the MOCVD process [24], so it
provides much lower VI/II ratio environment.

In this study, we would like to explore the effect of
temperature on ZnO growth by MOCVD. When VI/II ratio is
largely reduced using CO; in place of O,, the temperature may
have significant effect on film morphology. Thus for the
development of dense and large area thin film growth, we focus
on the study of the temperature effect on ZnO film growth with
low VI/II ratio. Furthermore, we would like to study if there is a
way to further enhance the crystal alignment by growth
temperature maneuver. We would like to demonstrate the
crystal alignment enhancement of the film by a two-step
temperature variation growth method. It is known that the
nucleation and coalescence of grains is sensitive to the growth
temperature. Using a two-step temperature variation growth
model, the effect of the temperature variation on the nucleation
and coalescence, and hence the subsequent effect on crystal
alignment, can be explained satisfactorily.
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Fig. 1. The surface morphology of ZnO films (top view) grown using high flow rates of DMZn (0.58 sccm) and grown at (a) 300 °C, (b) 350 °C, (c¢) 400 °C, and (d)

their respective XRD spectra.
2. Experimental procedure

The experiment was performed using CO, as the oxygen
precursor. Dimethylzinc (DMZn) was used as zinc precursor. The
CO, flowrate was 1000 sccm while the dimethylzinc flow rate was
0.58 sccm. The precursors were mixed together and flow into the
deposition chamber through a showerhead nozzle with shower-
head diameter of 100 mm. The substrate was placed right beneath
the showerhead. The chamber pressure was kept at 200 Torr with
the help of balanced argon flow. The growth experiment was
performed at three different substrate temperatures of 300 °C,
350 °C, and 400 °C. The substrate was c-plane sapphire, and the
growth time was 20 min. The temperature variation experiment is
also made for the growth with temperature rises linearly from
350 °C to 400 °C for the first 5 min, and maintained at 400 °C for
the remaining 15 min. Field emission SEM, JEOL JSM-6500F,
were used to observe the microstructure of the deposit, and the 6—
26 scan of CuKa X-ray diffraction by Rigaku D/MAX-2500 V
(40 kV, 100 mA) was used to determine the plane and crystal-
lographic alignment of the ZnO film. Electrical conductivity was
measured by two-point technique using Keithley 6485.

3. Results and discussion

The resultant film morphologies and corresponding X-ray
diffraction patterns for the films grown at three different growth

temperatures are shown in Fig. 1. In X-ray diffraction (XRD)
patterns, (101 1) peak in addition to (00 02) were present
[Fig. 1(d)]. Our previous study (not shown) [25] of ZnO growth
using low DMZn flow rate of 0.09 sccm under the same CO,
environment shows only (0 0 0 2) peak in the XRD patterns.
The presence of (10 1 1) peak of this experiment suggests that
some ZnO crystals lies somewhere off the perpendicular
position. Note that the presence of (10 1 1) peak is for all three
samples grown at different temperatures, indicating it is the
increased DMZn and not necessarily the growth temperature
that causes the presence of (1011) peaks. The more or less
randomly distributed ZnO orientation can be resorted to the
high deposition rate caused by the increase of DMZn flow rate.
The nucleation and growth rate increase by high deposition rate
is a common phenomenon and is well documented [26]. Since
the high deposition rate results in high nucleation rate and high
growth rate of ZnO, the Zn and O atoms does not have enough
time to diffuse to their optimum sites on substrate, resulting
more or less randomly oriented ZnO crystals.

The growth at 300 °C shows a special “grassy” morphology
shown in Fig. 1(a). The XRD pattern for sample grown at 300 °C
does not have strong (0 0 0 2) diffraction peak indicating most
ZnO crystals do not have their [0 0 0 2] axis strictly perpendi-
cularly aligned with respect to the substrate. Furthermore, the
presence of (1010) peak suggests that significant amount of
crystals have their [0 0 0 2] axis parallel to the substrate. The
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Fig. 2. The plane and direction of ZnO crystal when [0 0 0 2] axis is parallel to
the substrate plane. (a) The formation of hexagonal disk from the hexagonal rod.
(b) The schematic representation of the standing flakes for the grassy micro-
structure.

orientation of the ZnO crystal with (1010) reflection is
illustrated in Fig. 2. The presence of (1010) in XRD pattern
indicates that the (1 0 1 0) plane of some crystals is parallel to the
substrate plane since the 6-26 method of XRD can only reveal
peaks from the crystallographic planes parallel to the substrate
plane. As (10 10) is parallel to the substrate plane, the [0 0 0 2]
axis of the ZnO crystal should lie along the substrate plane. It is
well known that the grains with highest growth direction
perpendicular to the substrate will dominate the orientation of the
film [27,28]. The presence of the ZnO crystals with axial
direction lie along the substrate plane in the film suggests that the
growth rate along the direction perpendicular to the axial
direction of the ZnO crystals may exceed their growth rate along
axial direction. When lateral growth rate exceeds axial growth
rate of a hexagonal crystal, the shape of the crystal changes from
hexagonal rod to hexagonal disk [Fig. 2(b)]. The grassy
microstructure of the ZnO film [Fig. 1(a)] is thus determined
as of hexagonal-shaped disks standing on the substrate plane. The
significance of this finding of standing flakes is that the reduced
temperature promotes the lateral growth over the axial growth of
the ZnO rods.

Although lateral growth is enhanced at 300 °C, the film is
still porous and the crystallographic orientation of ZnO is
different from (0 0 0 2) growth. The growth at 350 °C has its
morphology return to its normal (0 0 0 2) growth feature as can
be seen from the equiaxial grains instead of ‘‘grassy”
microstructure viewing from the top [Fig. 1(b)]. This finding
suggests that the lateral growth of ZnO crystal is suppressed as
temperature is raised to 350 °C, so that axial growth is higher
than the radial growth rate of the crystal, and most of the
crystals are grown with their axial direction perpendicular to the
substrate. It also shows that even though lateral growth is
suppressed by increased temperature, the increased DMZn flow
rate enhanced the lateral growth so that the film is no longer
composed of distinct nanorods. The film grown at 350 °C is
more densely packed compared with that grown at 300 °C,
attributed to the formation of major (0002) grains and
increased DMZn flow rate.

The growth at 400 °C shows also (0 0 0 2) growth. It also
shows features of increased grain size at around 100 nm
[Fig. 1(c)]. Two possible reasons may contribute to the
increased grain size. One is the enhanced lateral growth of
individual grains at 400 °C, the other is the grain coalescence
that takes effect at elevated temperature. From the observation
that the lateral growth is suppressed as temperature increases
from 300 °C to 350 °C, the lateral growth of individual grains
should be enhanced with reducing temperature and not with
increasing temperature, so the lateral growth enhancement at
400 °C is unlikely. Thus we conclude that the grain size
increase at 400 °C is largely due to coalescence. The increase of
peak intensities in XRD pattern with temperature agrees with
the fact that the coalescence of grains eliminates significant
amount of grain boundaries and improves the crystal quality.
The electrical conductivities of ZnO films grown at 350 °C,
400 °C, and with two-step growth are 0.375, 0.086, and
0.061 Scm™', respectively. It is believed that the grain
boundary provides the major conduction path for the carrier
transport in the ZnO film, so that the film with larger grain size
has less grain boundary area, and less conductivity, i.e. the
larger the grain the lower the conductivity of the film. It
matches the trend of the grain size variation observed by
FESEM.

The films grown at 350 °C and 400 °C are densely packed,
significantly different from the porous feature of the film grown
at 300 °C, or of the film grown at low DMZn flow rate. This
observation tells that even though the growth temperature
suppresses the lateral growth of ZnO nanorods, we can still
enhance the lateral growth to form densely packed film at
temperature above 350 °C with the help of high DMZn flow rate
of 0.58 sccm while maintaining the major (0 0 0 2) oriented
growth direction.

Although the grain size increases as temperature increases
from 350 °C to 400 °C, the increased grain size does not bring
us significant crystal alignment improvement, as the XRD
(00 02) peak intensity is still at the same order as that of the
other peaks such as (101 1). This suggests significant amount
of ZnO grains still have their c-axis tilted somewhat away from
the substrate normal. This may be caused by the premature
coalescence of nuclei at high growth temperatures. The
possible premature coalescence of nuclei at high growth
temperatures can be illustrated by the model shown in Fig. 3.
The high temperature causes the enhanced coalescence of
nuclei, the coalescence of nuclei causes the formation of tilted
grains, and the subsequent grain growth causes the tilted
crystallographic orientations of final grains with respect to the
substrate, as seen from the right-hand side of the figure. If the
nucleus can be left undisturbed initially, and let the coalescence
effect take place at later stage, the coalescence may have
minimal effect on the disturbance of the grain orientation, as
seen from the left-hand side of the figure.

A two-step growth approach is taken to establish the well-
aligned nuclei at lower temperatures (350 °C) and to grow and
sinter these grains at higher temperatures (400 °C). If the
preceding model is correct, the two-step growth approach may
improve the (0 0 0 2) crystal alignment of the ZnO film. Thus
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Fig. 3. Schematic of the film growth sequences. Going from nucleation, to coalescence, to grain growth, the left-hand-side figure represents ideal growth condition by
proper coalescence of nuclei, and the right-hand-side figure represents tilted grain formation due to premature coalescence of nuclei grown at high temperature.
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Fig. 4. The film morphology of ZnO grown by two-step method. (a) Top view of film by two-step growth of 350400 °C, (b) side view of film by two-step growth of
350-400 °C, (c) top view of film grown by single-step growth of 400 °C (same as Fig. 1(c), shown here for easy comparison), and (d) XRD spectrum of film by two-
step growth of 350400 °C along with those for films grown at 400 °C and 350 °C for comparison.

growth is performed under the temperature control that the
temperature rises linearly from 350 °C to 400 °C for the first
5 min, and maintained at 400 °C for the rest of the 20-min
growth duration. The film morphology is shown in Fig. 4(a)
(top view) and Fig. 4(b) (side view). It can be seen that the
average grain size is much larger than grains isothermally
grown at 350 °C [Fig. 1(b)], and comparable to the grains
isothermally grown at 400 °C [Fig. 1(c)]. The XRD peak at
(0 00 2) is much higher than those isothermally grown either at
350 °C or 400 °C [Fig. 4(d)], indicating a superior improvement

of crystal alignment by the two-step growth process. The result
agrees perfectly with the growth model discussed earlier,
suggesting that the high growth temperature may alter the
nuclei alignment at the initial growth stage.

4. Conclusion
We have successfully prepared dense and continuous ZnO

film by MOCVD using increased DMZn flow rate with CO, as
oxygen precursor. We found that the growth temperature
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suppresses the lateral growth of ZnO. We also found that higher
growth temperature promotes the coalescence of grains but
reduces the crystal alignment. Using a two-step growth method,
employing the initial growth at lower temperature followed by
the growth at higher temperature, a densely packed ZnO film
with larger grains and well-aligned crystallographic orientation
can be achieved simultaneously.
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