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A route for realizing non-polar ZnO (1 1 2̄ 0) ﬁlms with atomically smooth surface is demonstrated by
employing rf-plasma assisted molecular beam epitaxy on ZnO bulk substrates. It is found that high
growth temperature plays an important role in suppressing the typical striped structure along ZnO
[0 0 0 1] direction on non-polar planes. An atomically smooth surface with a root mean square
roughness of 0.51 nm that is suitable for fabrication of quantum wells is achieved after solving the
growth anisotropy problem, as conﬁrmed by the combined studies of reﬂection high-energy electron
diffraction and atomic force microscopy.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
As an important II–VI semiconductor, ZnO has attracted much
interest for its potential applications in wide range of ﬁelds such
as gas sensors [1], catalysts [2] and acoustic devices [3]. Owing to
its wide band gap (3.37 eV at room temperature) and large
exciton bonding energy (60 meV), ZnO is considered as an
excellent candidate for short wavelength optoelectronic devices
and light-emitting diodes (LEDs) for example. With wurtzite
crystal structure, ZnO ﬁlms have been usually grown with
(0 0 0 1) orientation in the growth direction [4–8]. In this case
the presence of a built-in electrostatic ﬁeld along this orientation,
generated by spontaneous and piezoelectric polarizations, will
result in the quantum conﬁned Stark effect and poor electron–
hole overlap in a quantum well structure, and give rise to a
decrease of the luminous efﬁciency [9–11]. Therefore growth of
non-polar ZnO, A-plane mostly, has been drawing an increasing
attention in order to eliminate the inﬂuence of the internal
electrostatic ﬁeld on internal quantum efﬁciency of the LED
devices. Signiﬁcant efforts have been devoted to both heteroepitaxy [12] and homoepitaxy [13,14] of non-polar ZnO on different
substrates recently, most of the ﬁlms exhibit rough surfaces with
typical striped structures and it is impossible to apply them to
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quantum well structures. For these applications, it is essential to
improve the surface morphology and make it meet device
requirements.
In this study, we mainly focus on the synthesis of non-polar
ZnO ﬁlms with atomically smooth surface grown on ZnO (1 1 2̄ 0)
substrates by rf-plasma assisted molecular beam epitaxy (rf-MBE).
The inﬂuence of growth temperature has been explored and the
growth anisotropy has been greatly depressed, as conﬁrmed by
reﬂection high-energy electron diffraction (RHEED) observations
and atomic force microscopy (AFM) characterization.

2. Experiment
Homoepitaxial ZnO ﬁlms were grown on non-polar (1 1 2̄ 0)
plane of commercial bulk ZnO single crystals by the rf-MBE
method. Elemental Zn (7N) evaporated from a commercial Knudsen cell and active oxygen radicals produced by a rf-plasma
system were supplied as sources. After degreasing in acetone
and ethanol the substrates were thermally cleaned at 700 1C for
20 min, followed by exposure to active oxygen radicals at 600 1C
for 20 min with a rf power of 320 W and an oxygen ﬂux of
2.0 sccm. Then, a regular two-step growth process was performed
with a low temperature buffer layer grown at 500 1C and a high
temperature epilayer at 600–720 1C. Four samples were chosen
for comparison (labeled as A, B, C and D), which were grown at
600, 600, 690 and 720 1C for 60, 120, 180 and 180 min,
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Fig. 1. AFM images of (a) ZnO (1 1 2̄ 0) substrate and (b) and (c) are the RHEED patterns of the substrate before and after pretreatments, respectively.

respectively. The whole processes were monitored in situ by
RHEED, and the surface morphologies were characterized by AFM.

3. Results and discussion
High-temperature thermal cleaning combined with exposure
to oxygen plasma was chosen as pretreatment to improve the
surface crystallinity of commercial ZnO bulk substrates before
homoepitaxy. Fig. 1(a) shows the AFM image of the ZnO (1 1 2̄ 0)
substrate. The surface looks very smooth, which can be conﬁrmed
from the small root mean square (RMS) value in a 10  10 mm2
area (0.16 nm). A uniform surface morphology created by
mechanical polish can be found without any indication of striped
features. However, existence of some scratches caused by the
polishing process can be clearly observed. The atoms in these
damaged layers are distorted, and even missing from their regular
positions. Fig. 1(b) and (c) exhibits RHEED patterns of the
substrate before and after pretreatment, respectively. The diffuse
spots with a low contrast against the background indicate the
deviation of the surface atoms from the lattice points as mentioned above. Impurities adsorbed on the surface can be considered as another reason for this [Fig. 1(b)]. To remove the damaged
layers and impurities, thermal cleaning of the surface at high
temperature followed by oxygen plasma pretreatment is adopted
before the homoepitaxial growth. The improved brightness and
contrast of the elongated spots demonstrate the obvious preconditioning effects as seen in Fig. 1(c).
Stripes along c-axis are observed on both surfaces of samples A
and B grown at 600 1C, which have been reported as a typical
pattern on A-plane (1 1 2̄ 0) ZnO [12–15]. Fig. 2(a) and
(b) displays the top views of their AFM images in a 2  2 mm2
area. The roughness in a 10  10 mm2 area is 2.2 and 1.6 nm for A
and B, respectively. Such an anisotropic morphology is caused by
the difference of growth rates along different directions. It is well
known that the asymmetry along c-axis in wurtzite structure
results in polarization with an internal electrostatic ﬁeld, which
makes c-direction special. The growth velocity along [0 0 0 1]
direction is supposed to be the largest owing to the highest
surface energy in polar (0 0 0 1) plane [16–18]. Therefore the
nucleus that originally formed on the surface exhibits a tendency
to grow parallel to c-axis, and ﬁnally forms short rods laid on the
surface, as shown in Fig. 2(a) and (b). Surface plots of sample A
and B corresponding to (a) and (b) are shown in Fig. 2(c) and (d),
respectively. The coalescence of these rods can be observed
clearly. With increasing growth time, both the length and width
of the rods increase and the numeral density decreases. Most of
the rods laid on the surface connect to each other longitudinally
and laterally, making them longer and broader, and ﬁnally show a
stripe-like structure. The insets in Fig. 2(a) and (b) give the cross
section proﬁles along the cutting lines of sample A and B,

Fig. 2. AFM images in a 2  2 mm2 area of (a), (b) top views and (c), (d) surface
plots of samples A and B grown at 600 1C for 60 and 120 min, respectively. The
insets in (a) and (b) show the cross section proﬁles along the cutting lines of
samples A and B, respectively.

respectively. The vertical distance between the two triangular
marks is 7.9 and 4.5 nm for A and B, respectively, indicating a
typical height of the peaks. It is found that further growth reduces
the ﬂuctuation of the surface, resulting in a smoother morphology
to some extent. However the growth anisotropy along c-axis still
occurs at the same growth temperature, which implies the
necessity of a higher growth temperature.
AFM images in 10  10 and 2  2 mm2 areas of sample C grown
at 690 1C are shown in Fig. 3(a) and (b), respectively. As presented
in Fig. 3(a) a step-like structure forms, and the roughness is
reduced to 1.0 nm. More details can be found in Fig. 3(b), in which
the inset gives the cross section proﬁle along the cutting line. The
vertical distance between the two triangular marks is 2.2 nm,
which is much lower than that of samples A and B. Growth along
c-direction is not dominant due to the higher growth temperature. The migration length of the arriving Zn atoms is greatly
enlarged at this temperature, which enables them to extensively
bond with oxygen atoms at more energetically favorable sites. As
a result the tendency to grow along [0 0 0 1] is depressed and the
roughness is reduced, though growth anisotropy still occurs for
these steps. The totally different structure with a relatively ﬂat
surface demonstrates a change of the growth behavior at higher
temperature.
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present that the typical striped pattern on ZnO (1 1 2̄ 0) plane is
greatly depressed and a uniform atomically smooth surface can
be realized at high growth temperature.

4. Conclusion

Fig. 3. AFM images in (a) 10  10 mm2 and (b) 2  2 mm2 area of sample C grown at
690 1C for 180 min. The inset in (b) shows the cross section proﬁle along the
cutting line.

Non-polar ZnO (1 1 2̄ 0) ﬁlms were achieved homoepitaxially
on ZnO (1 1 2̄ 0) substrates by rf-MBE. The inﬂuence of growth
temperature on the surface morphologies was investigated. A
typical stripe-like structure along [0 0 0 1] direction was observed
at low temperature, resulting in a rough surface. The surface
morphology can be changed and the anisotropy can be depressed
by adopting high growth temperature. An atomically smooth ZnO
surface with a RMS roughness of 0.51 nm is realized, which makes
it possible to fabricate quantum well structures based on nonpolar ZnO materials.
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