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Abstract
We compared the nano-structures of three samples of ZnO thin ﬁlm on sapphire under different growth temperature conditions.
Although disconnected domain structures (on the scale of 100 nm in size) were observed in the samples of high-temperature (450 1C)
growth, their crystal quality is generally better than the one grown at a low temperature (200 1C), either near or away from the sapphire
interface. Lattice misﬁts and threading dislocations were observed within a domain with the separation of around 8 nm. The sample
grown at the low temperature showed a continuous structure through the ZnO layer although void-like structures might exist inside.
However, its crystal quality is relatively poorer. Of the two samples with high-temperature growth, the one with initial low-temperature
growth had a larger domain structure (around 150 nm in size) and relatively lower crystal quality. In particular, strong strains existed
near the interface of this sample. The samples of high-temperature growth generally have higher photon emission efﬁciencies.
Temperature-dependent integrated photoluminescence intensities of the high-temperature-growth samples show that the exciton
trapping by either intrinsic donors or acceptors leads to a higher thermal quenching rate in comparison with free excitons.
r 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Because of its large exciton binding energy at about
60 meV, ZnO has attracted much attention in crystal
growth and optical property studies. With such a large
exciton binding energy, the dominance of exciton recombination in the radiative process, even up to the room
temperature, results in the high photon emission efﬁciency
for device application. Recently, signiﬁcant progresses in
ZnO crystal quality have been made. Besides the nanoCorresponding author. Tel.: +886 2 23657624; fax: +886 2 23652637.
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structures like nano-tubes [1], nano-rods [2], and nanowalls [3], high-quality ZnO thin ﬁlms have been grown with
molecule-beam epitaxy [4,5], metal-organic chemical vapor
deposition (MOCVD) [6,7], and sputtering [8].
In ZnO, because of the existence of Zn interstitials and O
vacancies, and the substitution of O by Zn, effective
shallow donors are usually formed [9]. A donor can trap an
electron to form a neutral donor. A neutral donor can trap
a free exciton (FX) to form a donor-bound exciton (D0X).
Also, because of the existence of O interstitials and Zn
vacancies, effective deep acceptors can be formed [10]. A
neutral acceptor, which is generated after an acceptor
receives a hole, can trap a FX to form an acceptor-bound
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exciton (A0X). Normally, the donor density is higher than
the acceptor density in a high-quality ZnO sample.
Another widely observed emission feature in ZnO is the
donor–acceptor pair (DAP) [11]. This emission feature is
due to the combination of an electron trapped by a donor
and a hole trapped by an acceptor. Because the donor level
is quite shallow from the conduction band edge, the DAP
transition level can be easily thermalized into the conduction band-neutral acceptor transition level (symbolized by
eA0) as temperature increases [12]. At medium temperatures, the DAP emission feature coincides with the
emission feature of one-LO-phonon-assisted emission,
which is about 70 meV (LO phonon energy) below the
FX level [13].
The nanostructures of ZnO heavily rely on the MOCVD
growth conditions, particularly on the growth temperature
and pressure [6,8,14–17]. By decreasing the growth
pressure, the ZnO nanostructures change from nano-rods
into nano-tubes and then nano-walls. ZnO nano-rods,
nano-tubes, and nano-walls are normally obtained at 10–6,
1–0.3, and 0.1–0.06 Torr, respectively, in growth pressure
[16,17]. In the growth temperature dependence, when the
growth temperature is lower than 250 1C, smooth surfaces
without grain formation were observed [15]. The migration
of atoms on the substrate surface is suppressed at low
growth temperatures. However, when the growth temperature is higher, zinc atoms become more diffusive on the
substrate surface. They can select sites having smaller
lattice mismatch. When the growth temperature is higher
than 300 1C in growing ZnO on sapphire, we can normally
observe that the unit cell of ZnO is twisted in the c-plane by
301 with respect to that of sapphire (Al2O3) [15]. In this
situation, high-quality growth can be achieved with a lower
density of misﬁt dislocation.
In this paper, we use the technique of high-resolution
transmission electron microscopy (HRTEM) for studying
the nanostructures of three ZnO thin-ﬁlm samples, grown
on sapphire, of different growth temperature conditions. It
is found that generally the crystalline quality is higher in
the sample grown at the high temperature through the
whole growth procedure. The basic optical measurements
show that higher photon emission efﬁciency can also be
obtained with the high growth temperature. This paper is
organized as follows: In Section 2, we describe the sample
growth conditions and the HRTEM operation conditions.
The surface morphologies of the samples are also discussed
here. Then, in Section 3, we present and discuss the images
of HRTEM of these samples. The results of basic optical
characterization are shown in Section 4. Finally, conclusions are drawn in Section 5.

revealed that the in-plane orientation of ZnO unit cell is 301
twisted relative to that of the sapphire substrate [15].
Sample B was grown at 200 1C for 90 min. In this sample,
the in-plane orientation of ZnO unit cell is not twisted.
Sample C was grown at 200 1C for 5 min ﬁrst, followed by
90-min growth at 450 1C. In this situation, the in-plane
orientation of ZnO unit cell is not twisted either. The
HRTEM investigations were performed using a Philips
Tecnai F30 ﬁeld-emission electron microscope using an
acceleration voltage of 300 kV and a probe forming lens of
Cs ¼ 1.2 mm. The current density focused onto the samples
was estimated to be lower than 16 A/cm2.
Figs. 1–3 show scanning electron microscopy (SEM)
images of samples A–C, respectively. In Fig. 1 for sample
A, which was grown at the high temperature, spiral domain

Fig. 1. An SEM image of sample A.

2. Sample preparation and research approaches
All the three ZnO thin-ﬁlm samples were grown with
MOCVD on (0 0 0 1) sapphire substrate with 6 Torr in
pressure. Sample A was grown at 450 1C for 90 min. In this
sample, measurements by using X-ray diffraction (XRD)
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Fig. 2. An SEM image of sample B.
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Fig. 3. An SEM image of sample C.

structures with a scale size of 100 nm can be seen. The ZnO
thin ﬁlm is actually composed of random domain
structures and air gaps. The surface morphology looks
like a mixture of ﬂowers in full blossom and ﬂower buds.
However, in Fig. 2 for sample B, which was grown at the
low temperature, although domain structures can be seen,
they seem to be well connected. Then, in Fig. 3 for sample
C, which was initially grown at the low temperature,
followed by the high-temperature growth, spiral domain
structures similar to those in sample A (a mixture of
ﬂowers in full blossom and ﬂower buds) can be observed.
Nevertheless, the domain structures are larger in scale size
(around 150 nm), when compared with sample A.

Fig. 4. A large-scale TEM image of sample A showing the domain
structures. The domain size is around 100 nm.

3. Images of transmission electron microscopy (TEM)
Fig. 4 shows a large-scale TEM image of sample A.
Here, one can clearly see that the thin ﬁlm actually consists
of separate domain structures that are consistent with the
surface morphology shown in Fig. 1. The cross section of a
domain is around 100 nm in size. The domains seem to be
mutually separated starting from the ZnO/sapphire interface. Fig. 5 shows an HRTEM image around the ZnO/
sapphire interface of sample A. The interface is quite clear.
Generally speaking, the ZnO crystalline quality is high. It is
noted that although atomic point image can be seen in the
sapphire layer, only line structures are seen in the ZnO
layer. This difference indicates the different crystal
orientations between the two layers, conﬁrming that the
ZnO basal plane is twisted by 301. Fig. 6 shows a typical
HRTEM image in the shallow layer of ZnO. Here, two
threading dislocations along the c-axis with the separation
of about 8 nm can be clearly seen. Except the threading
dislocations, the crystalline quality of ZnO is actually quite
good. Because of the large lattice mismatch between
sapphire and ZnO, threading dislocations can be found
along the interface. Such a structure can be seen in Fig. 7.

Fig. 5. A TEM image showing the interface between the sapphire
substrate and ZnO of sample A.

As indicated with arrows, three threading dislocations can
be seen in this HRTEM image. The separation between
two neighboring dislocations is about 8 nm. A misﬁt
dislocation exists in this range for releasing the built strain.
Such a threading dislocation extends along the ZnO growth
in the c-axis. It is noted that the 301 twist of the ZnO basal
plane, relative to the sapphire crystalline, has reduced the
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Fig. 6. A TEM image showing the ZnO structure of sample A. Two
threading dislocations separated by about 8 nm can be seen.

Fig. 7. Another TEM image showing the interface between sapphire
substrate and ZnO of sample A. The marked points indicate the starting
points of three threading dislocations.

lattice mismatch between ZnO and sapphire from 31.5% to
18.3% [15]. Although it is difﬁcult to calibrate the
correspondence between the 18.3% lattice mismatch and
the observed 8-nm separation of threading dislocation, this
distance can be interpreted as the extent of strain the
system can stand before the bond breakage and the
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Fig. 8. A large-scale TEM image of sample B.

Fig. 9. A TEM image showing the interface between the sapphire
substrate and ZnO of sample B. The stacking faults in ZnO indicate the
strong strain distribution near the interface.

formation of misﬁt dislocations. Without the 301 basalplane twist, the dislocation density may become higher.
Fig. 8 shows a large-scale TEM image of sample B. Here,
a continuous layer of ZnO of about 500 nm in thickness
can be seen. This continuous structure is consistent with
the surface morphology in Fig. 2 and is quite different from
that of sample A. Fig. 9 shows the atomic-scale image at
the interface between the sapphire substrate and ZnO of
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sample B. Here, the atomic dot images for both sapphire
and ZnO can be seen, conﬁrming that the crystal
orientation of ZnO is not twisted with respect to sapphire.
Basically, the interface is clear although not as sharp as
that in sample A. However, plenty of stacking faults can be
seen in ZnO near the interface, indicating that strong
strains are distributed in this region. It has been discussed
that a twist of crystal orientation in the basal plane of the
hexagonal structure can relax the strain energy [18]. In the
case of low-temperature growth, the incorporated atoms
do not have sufﬁcient thermal energy for forming the
twisted structure such that the built strains are stronger in
sample B. In Fig. 9, two regions of line structures oriented
about 751 with respect to the interface can also be seen.
Such line structures represent the misﬁt defects for relaxing
the lattice mismatch-built strains.
Fig. 10 shows a large-scale TEM image of sample C.
Near the top, domain structures similar to those of sample
A can be observed. However, the scale size along the
interface dimension is larger, on the order of 150 nm. This
observation is again consistent with the surface morphology, as shown in Fig. 3. Also, from Fig. 10 one can see that
the domain structures in sample C are actually connected
near the interface, similar to the case of sample B. This
observation is reasonable because in the ﬁrst 5 min of
growth for sample C, the growth temperature was 200 1C,
the same as that for the whole growth process of sample B.
Fig. 11 shows an image near the interface of sample C.
Here, one can see that the ZnO crystalline quality near the
interface is quite poor, similar to the case of sample B. Line
structures like those in sample B can also be observed.
Here, again the observable atomic dot matrices in both

Fig. 10. A large-scale TEM image of sample C showing the domain
structures. The domain width is around 150 nm.

Fig. 11. A TEM image showing the interface between the sapphire
substrate and ZnO of sample C.

sapphire and ZnO conﬁrm that the ZnO crystalline is not
twisted in the basal plane with respect to sapphire in
sample C.
Note that although a void-like structure exists between
the upper and lower domains in Fig. 11, the atomic
arrangement essentially connects the two domains near the
interface. Because the growth condition of this region is the
same as that of the whole growth process of sample B, the
observed void-like structure can be used for explaining the
blurred domain structures of sample B, as shown in Fig. 2.
Void-like structures could be generated during the lowtemperature growth. Such a void-like structure near the
interface may become the seed of the domain gap between
two evolving domains when the growth temperature is
elevated to 450 1C. Here, one can see the sharp boundary
between the upper domain and the gap. However, the
smooth transition between the lower domain and the gap
can be observed. It is difﬁcult to clearly determine the
boundary of the lower domain. This image may demonstrate a spiral structure, in which the crystalline portion of
the lower domain extends gradually away from the
HRTEM focal point and then returns to the focal point
to show the upper domain. The gap in Fig. 11 may
correspond to the crystalline portion away from the focal
point. In sample C, the atomic-scale image of the ZnO
layer near the top surface (not shown in this paper) shows
that except a few lines of stacking faults, the ZnO
crystalline structure is quite good in the high-temperature
growth portion.
The domain structures formed with the high-temperature growth are attributed to the higher growth speed
of ZnO along the c-axis. It is more likely to implement the
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2-D growth mode at the low temperature. In this situation,
however, void-like structures may exist and the crystalline
quality is relatively poorer.
4. Basic optical properties
In Figs. 12 and 13, we show the temperature-dependent
photoluminescence (PL) spectra of samples A and C,
respectively. The PL intensity of sample B is too weak to be
measured with our equipment indicating the poor optical
quality of this sample that is consistent with the results of
material analysis. In Fig. 12 for sample A, at 10 K the peak
near 3.36 eV corresponds to D0X. That near 3.37 eV
beyond 40 K corresponds to FX. Also, the evolving peak
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Fig. 12. PL spectra of sample A at various temperatures.
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Fig. 13. PL spectra of sample C at various temperatures.
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around 3.3 eV beyond 60 K is due to the contributions of
DAP and one-LO-phonon-assisted FX emission. Below
40 K, excitons are mainly trapped by neutral donors.
Because of the thermal energy, excitons are thermalized
into free states to form the FX peak beyond 40 K. This
peak becomes dominating and starts to red shift due to the
thermal effect beyond 80 K. In the thermal effect, lattice
vibration weakens the bond strength and reduces the band
gap of the semiconductor. Beyond 140 K, the thermal
energy is larger than the binding energy of a neutral donor
and hence FX and D0X become mixed. When the
temperature approaches the room temperature, the complex of FX and D0X mix with the contributions of DAP
and one-LO-phonon-assisted FX emission. In this situation, DAP may be thermalized into the state of eA0. The
PL behaviors in Fig. 12 were commonly observed in highquality ZnO samples [19].
The PL behaviors in Fig. 13 for sample C are rather
different. At 10 K, besides the minor peak near 3.36 eV of
D0X, there is a broad major peak around 3.325 eV. This
peak may cover the possible contribution of DAP near
3.3 eV at 10 K. It can also be attributed to the increase of
the A0X density [20]. The effective deep acceptor defects
are mainly due to the existence of O interstitials and Zn
vacancies in the sample. It is speculated that the lowtemperature (low-quality) growth in the initial stage of
sample C led to a higher acceptor density in the shallow
layer, which is the major sample portion of the PL
measurement, although the higher temperature was used
in the later-stage growth. At low temperatures, the excitons
are trapped by the deep-level neutral acceptors. Beyond
80 K, they are mainly thermalized into D0X and then FX.
Eventually, FX emission dominates at room temperature.
The existence of the acceptor feature indicates the major
difference in material structure between samples A and C.
Although it requires further investigation, based on the
comparison between samples A and C, the low-temperature initial-growth stage seems to increase the acceptor
density.
In Fig. 14, we show the integrated PL intensities as
functions of temperature for samples A and C. The decay
rate of the integrated PL intensity is usually used to
describe the density of non-radiative recombination center
in a sample. The steeper decay with increasing temperature
of sample C implies that the density of non-radiative
recombination centers in this sample is higher than that of
sample A. It is noted that the thermal quenching process of
the integrated PL intensity in sample A shows a turning
point at 80 K, beyond which the quenching rate is reduced.
From Fig. 14, one can see the coincidence with the
temperature of the emergence of FX. Also, a similar
turning point exists at 120 K for sample C. From Fig. 13,
one can see that this temperature corresponds to the
point that the A0X emission becomes less important and
FX begins to dominate. Based on such an observation, one
can conclude that the trapping of excitons by neutral
donors or acceptors may create a channel of non-radiative
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integrated photoluminescence intensities of the hightemperature-growth samples, one could conclude that the
exciton trapping by either intrinsic donors or acceptors
leads to a higher thermal quenching rate in comparison
with free excitons.
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sample C
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recombination. Excitons may relax from the defect levels
through phonon generation. As temperature increases to
provide thermal energy for ionizing excitons from the
defect trapping to become FXs, the thermal quenching rate
is reduced. Therefore, beyond 80 K for sample A and
beyond 120 K for sample B, the decay slopes of the
integrated PL intensities of samples A and C become
shallower.
5. Conclusions
In summary, we have compared the nano-structures of
three ZnO thin ﬁlms grown on sapphire under different
growth temperature conditions. Although disconnected
domain structures were observed in the samples of hightemperature growth, their crystal quality was generally
better than the one grown at the low temperature. Lattice
misﬁts and threading dislocations were observed within a
domain with the separation of about 8 nm. The sample
grown at the low temperature showed a continuous
structure through the ZnO layer although void-like
structures might exist inside. However, its crystal quality
was relatively poorer. Of the two samples with hightemperature growth, the one with initial low-temperature
growth had a larger domain structure and relatively lower
crystal quality. In particular, strong strains existed near the
interface of this sample. The samples of high-temperature
growth generally had higher photon emission efﬁciencies.
From the observation of the temperature-dependent
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