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The polarity control of ZnO films grown on (0001) Al2O3 substrates by plasma-
assisted molecular-beam epitaxy (P-MBE) was achieved by using a novel CrN
buffer layer. Zn-polar ZnO films were obtained by using a Zn-terminated CrN
buffer layer, while O-polar ZnO films were achieved by using a Cr2O3 layer
formed by O-plasma exposure of a CrN layer. The mechanism of polarity
control was proposed. Optical and structural quality of ZnO films was char-
acterized by high-resolution X-ray diffraction and photoluminescence (PL)
spectroscopy. Low-temperature PL spectra of Zn-polar and O-polar samples
show dominant bound exciton (I8) and strong free exciton emissions. Finally,
one-dimensional periodic structures consisting of Zn-polar and O-polar ZnO
films were simultaneously grown on the same substrate. The periodic inver-
sion of polarity was confirmed in terms of growth rate, surface morphology,
and piezo response microscopy (PRM) measurement.
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INTRODUCTION

ZnO is an attractive material for application in
ultraviolet optoelectronic devices, due to its wide
band gap of 3.37 eV and large exciton binding energy
of 60 meV at room temperature.1 ZnO crystallizes in
a wurtzite crystal structure by the hexagonal close
packing of Zn surrounded by four O in a tetrahedron
with the vertex pointing along the h0001i direction.
Wurtzite structure ZnO has crystal polarity due to
the lack of inversion symmetry. Polarity affects the
structural, chemical, optical, and electrical proper-
ties of ZnO layer.2,3 Polarity is regarded as one of the
important issues to be considered in the design of
novel devices.4,5 Various methods of polarity control
are required for the development of new applications.
To date, however, only a few methods have been
reported for polarity control of ZnO films on c-sap-
phire substrates.6–8 Kato et al. used the variation of

thickness of MgO layers on sapphire substrates6 and
Wang et al. used well-defined ultrathin AlN layers
formed by nitridation of sapphire substrate.7

Although these methods are capable of selecting the
polarity, careful process control is needed to ensure
the desired polarity.

It is expected that a film with one- or two-dimen-
sional polarity control would create a new application
of ZnO for nonlinear optical devices. Already,
impressive progress has been made on a nonlinear
optical device made of LiNbO3 and LiTaO3 using a
periodic array of polarity.9,10 The authors previously
reported that polarity control of ZnO was achieved by
using Cr compound intermediate layers.11 In that
report, it was demonstrated that CrN could be
applied not only for the growth of ZnO with high
crystallinity, but also to provide a method for two-
dimensional polarity control of ZnO films.

In this paper, a new approach for polarity control
of ZnO films is reported in detail. The mechanism
for the determination of polarity is proposed and the
structural/optical properties of ZnO films are
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discussed. One-dimensional periodically poled ZnO
(PPZnO) films are fabricated.

EXPERIMENTAL DETAILS

(0001) Al2O3 substrates were degreased in ace-
tone and methanol for 10 min each at room tem-
perature. Chemical etching was performed by using
a H2SO4:H3PO4 = 3:1 solution at 160�C for 10 min.
After the surface etching, the substrate was rinsed
in deionized water for 1 min, then dried in a spin
drier. Thermal treatment was performed in a III-
nitride molecular-beam epitaxy (MBE) chamber for
10 min at 800�C. The CrN films were grown at
700�C by using a solid-source Cr effusion cell and
nitrogen plasma. The samples were then trans-
ferred into a plasma-assisted II-oxide MBE cham-
ber. Two ZnO samples were prepared: one grown on
O-exposed CrN/Al2O3, the other grown on Zn-ex-
posed CrN/Al2O3. O-exposure at 650�C for 10 min
resulted in the formation of a Cr2O3 layer on the
CrN/Al2O3 surface, while Zn-exposure prevented
the formation of an oxide layer on the surface. The
growth process was monitored by in situ reflection
high-energy electron diffraction (RHEED) observa-
tion. ZnO films were grown at 700�C with a Zn beam
flux of 0.14 nm/s, while the oxygen flow rate was
1 sccm with an radiofrequency (RF) power of 300 W.
Details of the pretreatment and growth of the CrN
layer are described elsewhere.11

The crystal structure and phase of each layer
were investigated by high-resolution transmission
electron microscopy (HRTEM) and diffraction pat-
tern analysis. A Jeol JEM 3010 TEM operating at
300 keV was used for HRTEM. The crystal polarity
of ZnO layers was determined based on the polarity
dependence of wet etching and growth rates.
Chemical wet etching was carried out using 0.01 M
hydrochloric acid solution at room temperature and
the etching rate was measured. High-resolution
X-ray diffraction (HRXRD) was performed on the
symmetric (0002) and asymmetric ð1012Þ reflection
planes to confirm the crystal quality of ZnO films.
Low-temperature photoluminescence (PL) spectra
were measured at 10 K using a He-Cd laser
(325 nm) as an excitation source. Finally, one-
dimensional PPZnO film was created by using
stripe-patterned CrN buffer layers, 10 lm-wide, on
Al2O3 substrate. This was designed to simulta-
neously grow Zn-polar ZnO on the CrN stripe pat-
tern and O-polar ZnO on the Al2O3 surface. The
periodical polarity control was confirmed by the
measurement of surface morphology, the growth
rate, and the voltage–piezo response (V–Z) curves.

RESULTS AND DISCUSSION

Effect of Zn Pre-exposure on ZnO Film Growth

Figure 1 shows the cross-sectional HRTEM
micrograph of a ZnO film grown on the CrN/Al2O3

substrate. Digital diffraction patterns (DDPs)

obtained by fast Fourier transformation (FFT) of the
HRTEM image are also shown in the figure. The
DDPs were obtained from the square regions
marked on the HRTEM image. Corresponding
DDPs from ZnO and Al2O3 revealed the typical
diffraction patterns of ZnO and Al2O3 for zone axes
h1120i andh1010i, respectively. Based on the cam-
era constant determined from the DDPs for ZnO
and Al2O3, the DDP from the CrN intermediate
layer was indexed and determined to be the dif-
fraction pattern for the rock-salt structure CrN with
a h110i zone axis. The calculated distances between
the lattice planes along [200] and [111] directions in
the CrN regions were d111 = 0.2364 ± 0.006 nm and
d200 = 0.2060 ± 0.006 nm, respectively, which agreed
reasonably well with the standard PDF values no.
65-9001 of 0.2072 nm and 0.2393 nm. The CrN
layer was single crystalline with a thickness of
2.5 nm. Here, it should be noted that there was no
additional oxide interfacial layer between the ZnO
and CrN, which means the CrN layer was success-
fully protected from oxidation by the Zn-exposure
before growing ZnO.12 From the TEM study, the
epitaxial relationship between ZnO, CrN, and Al2O3

was determined to be ZnO(0001)//CrN(111)//
Al2O3(0001) and ZnO½2110�//CrN½011�//Al2O3½1010�.
The orientation relationship was the same as the
relationship determined from RHEED observations,
as shown in Fig. 2. Twin structures are shown as
CrN films grown on c-Al2O3, marked with a dot
circle (Fig. 2b), and preserved during Zn exposure
(Fig. 2c). The growth of ZnO on a Zn-exposed
CrN surface resulted in an elongated, streaky
RHEED pattern (Fig. 2d), which indicated that
the initial ZnO growth was governed partly by a
three-dimensional growth mode and partly by a

Fig. 1. Cross-sectional HRTEM micrograph of the ZnO/CrN/Al2O3.
DDPs for the ZnO, CrN, and Al2O3 are shown on the right, and were
obtained from the FFT of the marked square regions of the image.
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layer-by-layer growth mode, which characterizes
Zn-rich growth conditions.13

Effect of O Pre-exposure on ZnO Film Growth

Figure 3a shows the cross-sectional HRTEM
micrograph for a ZnO film grown on an oxidized CrN/
Al2O3 substrate. Two intermediate layers can be

clearly seen between the ZnO and Al2O3. The DDPs
for ZnO, Al2O3, and the two intermediate layers are
shown in the inset of Fig. 3a. The lower intermediate
layer was determined to be CrN based on the DDP
analysis, as discussed above. The DDP from the up-
per intermediate layer was indexed and determined
to have the diffraction pattern of rhombohedral
structure Cr2O3 with a h0110i zone axis. The calcu-
lated distances between the lattice planes along the
[0001] and ½2110� directions in the Cr2O3 regions on
the CrN regions were d�2110 ¼ 0:2470� 0:006 nm and
d0003 = 0.4446 ± 0.012 nm, respectively, which were
reasonably consistent with the standard PDF values
no. 38-1479 of 0.2479 nm and 0.4531 nm.

The Cr2O3 layer was single crystalline with a
thickness of 3.5 nm. Therefore, it was concluded
that the top CrN layer was oxidized and successfully
changed to a Cr2O3 layer, which was consistent with
observations of RHEED patterns during oxidation
of CrN film, as shown in Fig. 4.

Figure 4a shows the evolution of in-plane lattice
constant during the formation of Cr2O3 on CrN/
Al2O3. The azimuthal direction of the electron beam
was parallel to the ½101� axis of CrN and the ½1100�
axis of the Cr2O3 layer. RHEED patterns of CrN and
Cr2O3 are shown in Fig. 4a. The in-plane lattice
parameter of CrN (0.2930 nm) was used as a refer-
ence. The change in the in-plane lattice constant
was consistent with the 30 degree rotated in-plane
lattice constant of Cr2O3 obtained using the PDF
values mentioned in the TEM analysis.

Contrary to Zn exposure, the RHEED pattern of
the CrN surface became streaky when O plasma im-
pinged onto the CrN surface, as shown in the inset of
Fig. 4a. After the onset of the growth of HT ZnO films,
the RHEED pattern was streaky (Fig. 4b), which
indicated two-dimensional layer-by-layer growth.
From the TEM and RHEED patterns, the epitaxial
relationship between the layers was determined to

Fig. 2. RHEED patterns along ½1120�ZnO electron-beam azimuths
obtained from: (a) thermal cleaned Al2O3, (b) as grown CrN, (c)
Zn-exposed CrN, and (d) HT-ZnO grown on Zn-exposed CrN.

Fig. 3. (a) Cross-sectional HRTEM micrograph of ZnO/Cr2O3/CrN/Al2O3. DDPs for the ZnO, Cr2O3, CrN, and Al2O3 layers are shown in the
inset, and were obtained from the FFT of the marked square regions of the image. (b) Inverse FFT filtered image showing the misfit dislocations
at the ZnO/Cr2O3 interface.
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be as follows: ZnO(0001)//Cr2O3(0001)//CrN(111)//
Al2O3(0001) and ZnO½2110�//Cr2O3½1010�//CrN½011�//
Al2O3½1010��.

Misfit dislocations at the ZnO//Cr2O3 interface
were clearly observed, as shown in Fig. 3b. The
sums of the interplanar spacing for the seven and
eight ð0110Þ ZnO planes were 0.197 nm and
0.223 nm, and those for the eight and nine ð1210Þ
Cr2O3 planes were 0.198 nm and 0.225 nm. There-
fore, the equilibrium spacing of the misfit disloca-
tions at the ZnO/Cr2O3 interface can be predicted to
be one misfit dislocation per every eight or nine
Cr2O3 planes. Figure 3b shows a Fourier-filtered
image using the ð0110Þ and ð1210Þ reflections for
ZnO and sapphire, respectively. As marked by the
arrows in Fig. 3b, on average one misfit dislocation
was found per every eight or nine Cr2O3 planes at
the interface, which implies domain-matching
epitaxy.14

Evaluation of Polarity

In this experiment, the polarity of ZnO films was
determined by investigating the differences in
etching rate, growth rate, surface morphology, and
PRM measurement.

Mariano and Hanneman reported different etch-
ing rates of opposite polar directions, based on a
surface-bonding model for AII-BVI.

15 The layer of
zinc surface atoms has a positive charge, while the
layer of oxygen surface atoms has a negative charge
with two dangling electrons due to the transfer of
electrons of zinc atoms to the oxygen atoms. The
dangling electrons on the O-polar surface account
for the higher etching rate, due to the susceptibility
to reaction of dangling bonds with electron-seeking
agents in the etchant.15 Such differences in chemi-
cal wet etching rates depending on the polarity of
wurtzite structure materials have been reported in
III-nitrides16,17 and in ZnO,18,19 which implies that
polarity determination based on the wet etching
rate is highly reliable.

In order to measure the etching rate accurately, a
photoresist masking procedure was used. The sam-
ple was partially masked by photoresist, and wet
etching was performed on the unmasked region of
the sample. The mask was removed after etching,
and the etching rate was determined by measuring
the height of a step formed on the surface of ZnO
film, using a surface profiler.

Chemical wet etching rates of the ZnO films
grown on CrN/Al2O3 and Cr2O3/CrN Al2O3 were
determined to be 10 nm/min and 95 nm/min,
respectively. This indicated an etching rate about
ten times higher for the ZnO film grown on Cr2O3.
Such a remarkable difference in wet etching rate
clearly indicates that ZnO films grown on CrN is
Zn-polar and ZnO films grown on Cr2O3 have an
O-polar surface.

In addition to the polarity dependence of the
etching rate, differences in growth rate can be
used to determine the polarity of ZnO films.8,20 In
general, the growth rate of Zn-polar ZnO is known
to be 1.5 times higher than that of O-polar films.
The higher growth rate of Zn-polar ZnO film can
be understood in terms of the higher sticking
coefficient of adatoms on the O-covered Zn-polar
surface.20 Each oxygen atom on a Zn-polar surface
has three dangling bonds, while each oxygen atom
on an O-polar surface has only one dangling bond,
so the Zn sticking coefficient of the O-covered
Zn-polar surface is larger than that of the O-polar
surface. As a result, Zn-polar ZnO film has a
higher growth rate.20 In this experiment, the
growth rates of the ZnO films grown on CrN/Al2O3

and Cr2O3/CrN/Al2O3 were 5.0 nm/min and
3.4 nm/min, respectively. Therefore, the higher
growth rate for the ZnO film on CrN clearly
indicates Zn-polar growth.

Mechanism of Polarity Selection

Figure 5a and b show schematics of the atomic
arrangements of ZnO on CrN and Cr2O3, respec-

Fig. 4. (a) The evolution of in-plane lattice constant during the growth of Cr2O3 on CrN/Al2O3, with the azimuthal direction of the electron beam
parallel to ½101� CrN and ½1100� Cr2O3. The RHEED patterns of CrN and Cr2O3 are shown. (b) The HT-ZnO RHEED pattern along ½1120� grown
on Cr2O3/CrN.
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tively. The CrN surface is mostly N-terminated
because the CrN growth was conducted under
N-rich growth conditions. In the initial growth of
ZnO on a CrN, Zn-exposure was employed to pre-
vent oxidation of the CrN. Therefore, N-Zn bonding
was expected at the interface, which was confirmed
by XPS (data not shown). Since the topmost N atoms
in rock-salt CrN have three dangling bonds, each Zn
atom bonded with N atoms has only a single dan-
gling bond along the growth direction, and each O
atom bonding to the Zn atoms has three dangling
bonds. As a result, the ZnO films on the CrN showed
Zn-polarity, as shown in Fig. 5a. On the other hand,
in the case of Cr2O3, an oxygen-terminated surface
was expected based on the reported surface phase
diagram as a function of oxygen partial pressure
and temperature.21 a-Cr2O3 has the corundum
structure of space group R3c with hexagonal close-
packed (0001) layers of O atoms, and two-thirds of
the octahedral interstitial sites filled by Cr atoms.22

Zn atoms at the interface will occupy octahedral
sites bonding to three underlying oxygen atoms in
the oxygen layer of Cr2O3. Oxygen atoms then bond
to the Zn atoms while occupying the tetrahedral
sites of ZnO, similar to AlN formation on the
O-terminated (0001) Al2O3 by nitridation.23 There-
fore, every oxygen atom has one dangling bond
along the c-direction, which results in O-polarity. As
a result, the ZnO films on Cr2O3 had O-polarity.

Structural and Optical Qualities of ZnO Films
Grown on Cr Compounds

The (0002) and ð1012Þ x-scans of both Zn-polar
(on CrN/Al2O3) and O-polar (on Cr2O3/CrN/Al2O3)
ZnO layers were measured by using HRXRD. The
full width at half-maximum (FWHM) values of

(0002) and ð1012Þ x-scans for Zn-polar ZnO are
504 arcsec and 720 arcsec, while those for O-polar
ZnO are 576 arcsec and 1116 arcsec, respectively.
The FWHM values for Zn-polar ZnO film are nar-
rower than those for O-polar ZnO film. However,
this does not simply mean that the crystallinity of
Zn-polar film is better than that of O-polar film,
since the difference in growth rates under the same
growth conditions are used as proof of the polarity of
grown film. The two ZnO samples were grown under
nearly the same growth conditions. The resultant
thicknesses for Zn- and O-polar ZnO films were
estimated to be 320 nm and 210 nm, respectively.
This strongly supports the determined polarity of
the films as mentioned above, and also implies that
the narrow FWHM of Zn-polar ZnO film should be
attributed to the crystal size effect.24 Moreover, it
should be noted that serious deterioration of crystal
quality of the ZnO films in terms of the FWHM of
the XRD rocking curve was not observed. The XRD
FWHMs of ZnO films grown on CrN layers are
comparable to those of ZnO films grown on sapphire
substrate using MgO buffer layers,25 although the
growth conditions were not optimized yet.

Figure 6 shows the low-temperature (10 K) PL
spectra on a logarithmic scale for (a) O-polar and (b)
Zn-polar ZnO films, respectively. The PL spectra of
both samples could be characterized by strong near-
band-edge emissions with very weak deep-level
emissions. Strong ground-state free exciton emis-
sion (FX) was observed at 3.375 eV and at 3.374 eV
from the O-polar and Zn-polar ZnO films, respec-
tively. The FX position of O-polar ZnO was a little
higher than the reported value of highly crystalline
bulk ZnO (FX = 3.374 eV at 4.2 K).26 This implies
that O-polar ZnO film is under residual compressive
strain, while Zn-polar ZnO is almost strain free at
low temperature. The LT PL spectra are dominated

Fig. 5. Schematic picture of the atomic arrangements of the ZnO
on (a) the CrN and on (b) the Cr2O3, resulting in Zn-polar and the
O-polar ZnO films, respectively.

Fig. 6. Low-temperature PL spectra measured at 10 K of ZnO films
grown on (a) Cr2O3/CrN buffer and (b) CrN.
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by bound excitons in the range of 3.3660–3.3310 eV.
The peak at the highest energy was assigned as a
donor-bound exciton (D0X). The peak was positioned
at 3.3660 eV for O-polar ZnO and 3.3643 eV for
Zn-polar ZnO. Those values appeared considerably
higher than the commonly observed I4 line
(3.3628 eV), but were still lower than the peak
position of the I3 line (3.3665 eV). However, since
they were in the spectral range for donor-bound
excitons, they were temporarily assigned as D0X.

The peak with the strongest intensity was
observed at 3.3605 eV (O-polar ZnO), and at
3.3597 eV (Zn-polar ZnO), which corresponded well
with the reported position for the I8 line (3.3597 eV).
The small discrepancy of O-polar ZnO was attrib-
uted to the effect of residual strain. The lowest
emission line at around 3.331 eV was assigned to an
emission related to a structural defect27 such as Y-
line recombination in ZnSe films.28 The origin of a
peak labeled ‘‘A’’ in Fig. 6 is unclear and under
discussion.29 However, it should be noted that the
optical quality of both samples was very good.

The described structural/optical qualities of ZnO
films suggest the feasibility of Cr compound buffer
layers not only for polarity control, but also for the
growth of high-quality ZnO films.

Demonstration of One-Dimensional PPZnO

Figure 7a shows optical microscopy images of
periodically poled ZnO (PPZnO) grown on 10 lm
stripe-patterned CrN buffer layers. Polarity-
controlled ZnO films were successfully grown with
10 lm periodicity. Atomic force microscopy (AFM)
images (Fig. 7b) clearly show the periodic variation
of surface morphology and growth rate (Fig. 7c).
ZnO films grown above CrN stripe patterns showed
hexagonal pits, while hexagonal hillocks were
observed from the ZnO films grown on the Al2O3

area. Those features are known as typical mor-
phologies of Zn- and O-polar surfaces.18,19 Also, the
surface profile of the one-dimensional PPZnO
clearly revealed the growth rate difference between
the ZnO films grown on the CrN pattern and on the
Al2O3 area. The estimated thickness for the ZnO

films on CrN stripe patterns was about 700 nm,
which is almost 1.5 times higher than that on the
Al2O3 area. The surface V–Z curves of ZnO films are
shown in Fig. 8. The piezo response microscopy
(PRM) technique has previously been adopted to
determine polarity in GaN.30 It clearly shows
opposite hysteresis piezo response curves with input
voltage variation. The hysteresis curve for the ZnO
films on the CrN patterns implies Zn-polarity, while

Fig. 8. Voltage–piezo response curve (V–Z) of ZnO film grown on
patterned CrN: (a) Zn-polar ZnO and (b) O-polar ZnO film.

Fig. 7. (a) Optical microscopy image of PPZnO film grown on a 10 lm stripe-patterned CrN buffer layer. (b) A 2 lm · 2 lm AFM surface image
of PPZnO and detailed surface morphology is shown in the inset. (c) Height profile of PPZnO films as marked with a solid line in (b).
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the hysteresis curve for ZnO films on the Al2O3 area
indicates O-polarity. Therefore, we concluded that
the ZnO films on the CrN stripe patterns and the
Al2O3 area have Zn- and O-polar surfaces, respec-
tively. This result successfully demonstrates the
growth of one-dimensional PPZnO film on a sub-
strate.

SUMMARY

The polarity of ZnO films on (0001) Al2O3 was
controlled by using Cr-compound intermediate lay-
ers. Periodic polarity-controlled ZnO was success-
fully grown on a patterned CrN buffer layer. The
experimental results can be summarized as follows.

(1) The Zn-polar ZnO films can be grown on CrN/
Al2O3 without oxide layer formation through
Zn-exposure on a CrN buffer layer. The epitaxy
relationship is determined by RHEED and TEM
as follows: ZnO(0001)//CrN(111)//Al2O3(0001)
and ZnO½2110�//CrN½011�//Al2O3½1010�.

(2) The growth of O-polar ZnO films was obtained
by the formation of a Cr2O3 layer CrN/Al2O3.
The epitaxy relationship is as follows:
ZnO(0001)//Cr2O3(0001)//CrN(111)//Al2O3(0001)
and ZnO½2110�//Cr2O3½1010�//CrN½011�//Al2O3

½1010�.
(3) Possible interface bonding models are proposed

to explain the mechanism for polarity control on
rock-salt CrN and rhombohedral Cr2O3 buffer
layers on Al2O3(0001).

(4) Structural/optical properties reveal the feasibil-
ity of Cr-compound buffer layers, not only for
polarity control, but also for the growth of high-
quality ZnO layers.

(5) The simultaneous growth of Zn-/O-polar ZnO
films was demonstrated by using stripe-pat-
terned CrN buffer layers on an Al2O3 substrate.
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