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Control of crystal polarity in a wurtzite crystal: ZnO films grown by plasma-assisted
molecular-beam epitaxy on GaN
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ZnO/GaN heterointerfaces are engineered to control the polarity of ZnO films grown by plasma-assisted
molecular beam epitaxy on Ga-polar GaN templates. The polarity of ZnO films is determined both by coaxial
impact collision ion scattering spectroscopy~CAICISS! and by convergent beam electron diffraction~CBED!.
Polarity inversion can be achieved by inserting an interface layer with a center of symmetry, because the
polarity comes from a lack of the center of symmetry. An O-polar~anion-polar! ZnO film can be grown on
Ga-polar~cation-polar! GaN by inserting a Ga2O3 layer at the interface, while Zn-polar ZnO is grown on GaN
without forming an interface layer. A single-crystalline monoclinic Ga2O3 layer, which has a center of
symmetry, is formed by O-plasma preexposure on the Ga-polar GaN surface prior to ZnO growth, while
the ZnO/GaN interface without any extra layer is formed by Zn preexposure. The orientation relationship
between ZnO, Ga2O3 , and GaN is determined as@2-1-10#ZnOi@010#Ga2O3

i@2-1-10#GaN and
(0001)ZnOi(001)Ga2O3

i(0001)GaN. The CAICISS results reveal the growth of an O-polar ZnO film on
O-plasma-preexposed GaN, while a Zn-polar ZnO film on Zn-preexposed GaN. The origin of the observed
features in polar-angle-dependent CAICISS spectra can be analyzed by considering the shadow cones of Zn
and O atoms formed by incident ions and shadowing and focusing effects of scattered ions. Azimuthal-angle-
dependent CAICISS spectra reveal the surfaces of both Zn- and O-polar ZnO films as mixture ofc and c/2
planes with a ratio of about 50:50. The ZnO film with a Ga2O3 interface layer shows a degradation in the
crystal quality as evidenced by a broadening of the x-ray rocking curves. The CBED results for the O-plasma-
preexposed samples reveal Ga-polar GaN and O-polar ZnO for the O-plasma-preexposed samples, which
directly confirms polarity inversion from cation to anion polar. On the other hand, Zn-polar ZnO CBED
patterns are obtained from ZnO films grown on Zn-preexposed Ga-polar GaN, which indicates the same cation
polarity for a ZnO/GaN interface without the formation of an interface layer. It is noted that no planar or
faceted inversion domain boundaries are formed to invert the polarity~from Ga polar to O polar!. This
indicates that we can control the polarity by engineering interfaces.

DOI: 10.1103/PhysRevB.65.115331 PACS number~s!: 68.35.Fx, 81.05.Dz, 68.35.Ct
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I. INTRODUCTION

A recent investigation of ZnO has revealed that this m
terial is promising for exciton-based photonic devices in
ultraviolet region.1–3 High-quality ZnO films have been suc
cessfully grown both on Al2O3 substrates4,5 and on
GaN/Al2O3 templates6 by plasma-assisted molecular bea
epitaxy ~P-MBE!. Those high-quality ZnO films are grow
with the growth direction parallel to thec axis, which inevi-
tably results in either Zn- or O-polar films. As has been de
onstrated in the case of GaN epitaxy,7–10 the lattice polarity
of a wurtzite-structure film has crucial effects on growth p
cesses, material properties, and impurity doping. It is
ported that the growth mechanism, surface morphology,
structural properties of ZnO layers show considerable dif
ence between homoepitaxial growths on Zn- and O-po
surfaces.11

Very recently we have reported success in controlling
growth of Zn- and O-polar ZnO films on GaN templates
changing the pregrowth treatments.12 Since the GaN tem-
0163-1829/2002/65~11!/115331~10!/$20.00 65 1153
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plate grown by metal organic chemical vapor deposit
~MOCVD! has Ga-polar nature as evidenced by coaxial
pact collision ion scattering spectroscopy~CAICISS!, the
growth of ZnO without causing oxidation would result
Zn-polar layers. Hence Zn pretreatment has been adopte
protect oxidation and thereby helps grow Zn-polar ZnO la
ers. In order to invert polarity from a cation-polar to a
anion-polar surface, a Ga2O3 interface layer, which was
formed by oxidizing Ga-polar GaN templates with O plasm
has been inserted in between the ZnO layer and the G
template. Since Ga2O3 has inversion symmetry with O sur
faces both at the top and bottom, the resultant ZnO lay
should show O polarity. The polarity of the ZnO films ha
been confirmed by CAICISS~Ref. 12! and convergent beam
electron diffraction~CBED!. We would like to note, how-
ever, that lattice polarity is different from surface termin
tion. Lattice polarity is a bulk property as determined by t
bond sequence in the crystal, while surface termination
atoms terminating the surface. Consequently, there are
types of wurtzite ZnO$0001% surface structures as schema
©2002 The American Physical Society31-1
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cally shown in Fig. 1: ~1! Zn-polar surface with Zn-atom
termination@Fig. 1~a!#, ~2! Zn-polar surface with O-atom ter
mination@Fig. 1~c!#, ~3! O-polar surface with O-atom termi
nation@Fig. 1~b!#, and~4! O-polar surface with Zn-atom ter
mination @Fig. 1~d!#. Detailed analysis is needed t
determine both the lattice polarity and the surface termi
tion of the ZnO films. Additionally, the effect of lattice po
larity on growth processes and the materials properties
ZnO layers have not been fully addressed yet.

The purposes of this article are to perform detailed ana
sis of the structure of ZnO films grown on GaN templa
with different pregrowth treatments and to discuss the effe
on lattice polarity and structural properties.

II. PREGROWTH TREATMENTS AND MBE GROWTH

We used 4-mm-thick Ga-polar GaN epilayers grown b
MOCVD on ~0001! Al2O3 as templates for ZnO epitaxy. Th
GaN template was thermally cleaned at 700–750 °C in ul
high vacuum for about 1 h after being decreased in aceto
and methanol. The reflection high-energy electron diffract
~RHEED! pattern from the GaN surface showed a strea
feature after this procedure indicative of a cleaned GaN
face.

Since the substrates used in this study is of Ga-polar G
~cation-polar!, the growth of Zn-polar ZnO films would be
possible if we could form ‘‘N-Ga-O-Zn’’ bonding at the in
terface. However, the formation of such an interface wo
not be so easy because of the high reactivity of Ga w
oxygen, which leads to the formation of an oxide layer at
interface during the initial growth of ZnO.13 Therefore, in
order to form ‘‘N-Ga-O-Zn’’ bonding at the interface and
grow Zn-polar ZnO films on Ga-polar GaN, Zn preexposu
was adopted, which may prevent preferential reaction o
Ga-polar GaN surface with energetic O plasma. In orde
convert the bond sequence, a Ga2O3 interface layer was
formed by oxidizing the GaN surface prior to ZnO epitax

Two types of pregrowth treatments were examined in
der to control the interface bonding between the ZnO e
ayer and GaN template:~1! Zn preexposure for 2–3 min to
achieve Zn-polar growth and~2! O-plasma preexposure fo
3–5 min to form a Ga2O3 interface layer, which should lea
to O-polar ZnO growth on the Ga-polar GaN template. T
Zn or O-plasma preexposure was carried out at 700 °C
which a conventionalK cell and a radio frequency~rf! oxy-

FIG. 1. Four kinds of wurtzite-structure$0001% ZnO surfaces:
~a! Zn-polar surface with Zn-atom termination,~b! O-polar surface
with Zn-atom termination,~c! Zn-polar surface with O-atom termi
nation, and~d! O-polar surface with Zn-atom termination.
11533
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gen plasma were used as zinc and oxygen sources, res
tively. We have also tried prolonged oxygen exposure for
min to investigate the effects of overexposure of oxyg
plasma on the oxidized surface layer and the growth proc
of ZnO.

ZnO films were grown at 700 °C directly on the Ga
templates without depositing low-temperature buffer lay
to investigate the effects of the surface polarity of GaN te
plates on the growth processes and material properties
though the crystal quality of ZnO epilayers had been grea
improved by depositing low-temperature ZnO buffer laye
at 300 °C on GaN templates.14 We have confirmed that fo
the lattice polarity of ZnO layers therefore the interfa
structure has been basically determined by the pretreatm
of GaN templates not by the growth conditions of ZnO
least under the growth conditions we have examined. In
ZnO growth, Zn flux was set to about 0.15–0.20 nm/s
which was monitored by a quartz thickness monitor bef
and after growth. O-plasma conditions were set to 400 W
power with an oxygen gas flow rate of 3.5 SCCM~SCCM
denotes cubic centimeter per minute at STP!. Growth condi-
tions with such a flux ratio were oxygen rich and typic
working pressure was 931025 Torr. The thickness of ZnO
films was about 150 nm.

As expected, RHEED did not show any appreciab
change by Zn exposure, which indicates a small adsorp
of Zn as is the case of Zn adsorption onto a GaAs surfac15

Nevertheless, the Zn preexposure protected from selen
tion of a GaAs substrate surface during ZnSe epitaxy.15 Simi-
larly, the GaN template surface did not show any trace
oxidation in terms of transmission electron microsco
~TEM! investigation as will be discussed later, although t
growth of ZnO starts with impinging O plasma onto the Ga
substrate, while Zn had been kept exposed. RHEED sho
only a slight change from the streaky pattern of a GaN cle
surface at the very beginning of ZnO epitaxy, which suppo
the TEM investigation. As the growth proceeded, howev
the streaky RHEED pattern turned into a spotty one due
the onset of three-dimensional growth triggered presuma
by the generation of misfit dislocations.16 We would like to
note that the critical thickness for the generation of mis
dislocations is estimated to be about 7 nm for ZnO growth
GaN.16

On exposing oxygen plasma onto a cleaned GaN sur
without Zn preexposure, however, the RHEED patte
showed an appreciable change from streaky to diffusive
to the onset of oxidation. The growth of ZnO started w
impinging Zn, while the oxygen plasma was kept on. T
RHEED initially showed diffused streaks and gradua
changed into a spotty pattern indicating three-dimensio
growth. As the preexposure time of oxygen plasma was p
longed, the RHEED became more diffusive. With a pr
longed preexposure of oxygen plasma longer than 15 m
diffraction spots eventually disappeared, indicating the f
mation of amorphous layers at least at the surface.
RHEED pattern showed essentially the same features e
after annealing at higher temperature of 760 °C and fo
longer time of 4 h under UHV. By depositing 20-nm-thick
1-2
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ZnO on the amorphous layers, a weak-diffusive ring RHE
pattern appeared. As the growth proceeded, the ring RHE
pattern gradually evolved into a spotty one. With the de
sition of a ZnO layer thicker than 50 nm, the RHEED patte
completely changed to a spotty one. The observed evolu
of the RHEED pattern showed a structural change fr
amorphous to single crystalline via a polycrystalline phas

III. INTERFACE STRUCTURE ANALYSIS BY TEM

The interface structure of the ZnO/GaN heteroepitax
layers has been investigated by high-resolution transmis
electron microscopy~HRTEM!. The interface structure
showed drastic difference between the Zn preexposure
O-plasma preexposures. No interface layer was formed
between the GaN template and ZnO overlayer in the cas
Zn preexposure@Fig. 2~a!#, while an interface layer was ob
served for the O-plasma preexposure case@Figs. 2~b! and
2~c!#. Figure 2~b! shows a cross-sectional HRTEM micro
graph of a ZnO/GaN interface with O-plasma preexpos
for 3 min. The interface layer thickness measures 3.5
As indicated by the Fourier transform of the interface lay
image shown in the inset, the interface layer is sin

FIG. 2. HRTEM micrographs showing ZnO films on Ga-pol
GaN templates with~a! Zn preexposure,~b! O-plasma preexposure
and ~c! prolonged O-plasma preexposure. The inset in~b! shows a
diffraction pattern obtained from the interface layer.
11533
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crystalline. The distances between the diffraction plan
marked by the arrows are 0.5260.01, 0.5360.01, and 0.47
60.01 nm. These interplane spacings can be assigne
the ~001!, ~2200!, and ~2201! diffraction planes of mono-
clinic Ga2O3 and the zone axis can be assigned
@010#. Detailed analysis of the interface layer sugges
that the interface layer was indeed of Ga2O3.17 The orienta-
tion relationship between ZnO, Ga2O3, and GaN
would be @2-1-10#ZnOi@010#Ga2O3

i@2-1-10#GaN and

(0001)ZnOi(001)Ga2O3
i(0001)GaN. It is noted that both inter-

faces of ZnO/Ga2O3 and Ga2O3 /GaN are sharp with smal
interface fluctuation. In the case of prolonged O-plasma p
exposure@Fig. 2~c!#, the interface of ZnO/Ga2O3 shows a
large fluctuation as compared to the Ga2O3 /GaN interface,
although the thickness of the Ga2O3 interface layer is abou
3.5 nm as well.

We have further investigated possible in-plane atomic
rangements at the interface based on the observed orient
relationship using the unit cells of bulk Ga2O3, GaN, and
ZnO. Figure 3~a! shows a Ga2O3 unit cell viewed along the
@010# direction. A unit cell of Ga2O3 contains 8 Ga and 12 O
atoms and 10 fractional planes along thec direction. Figure
3~b! shows a projection view of two Ga2O3 unit cells along
the direction normal to the~001! plane, in which one hex-
agonal unit cell of GaN~or ZnO! is overlapped onto a Ga2O3
unit cell in accordance with the observed orientation re
tionship. In this schematic diagram, we have not conside
the in-plane or out-of-plane rearrangement of atoms at
interface. Although the lattice constant of Ga2O3 along the
@010# direction ~0.304 nm! is slightly smaller than the in-
plane lattice constants of GaN~0.319 nm! and ZnO~0.325
nm!, the lattice constant of Ga2O3 along the@100# direction

FIG. 3. ~a! Ga2O3 unit cell viewed along the@010# direction.~b!
schematic diagram showing presumable in-plane lattice matc
where the Ga2O3 unit cell and hexagonal unit of GaN~or ZnO! are
overlapped.
1-3
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~1.223 nm! is about 4 times larger than the correspond
lattice parameters of GaN and ZnO. Because of such a l
difference in the lattice constant between Ga2O3 and ZnO~or
GaN!, one-to-one direct matching of the three unit cells
impossible. Instead, lattice matching of one unit of Ga2O3
along the@100# direction and four unit cells of GaN or ZnO
along the@01-10# direction is possible considering doma
matching epitaxy.18 This situation may facilitate the epitaxia
growth of single-crystalline ZnO in spite of the large latti
misfit with the Ga2O3 interface layer. Thus the lattice misfit
along the @010# (b50.304 nm) and@100# (a51.223 nm)
axes of Ga2O3 with the @2-1-10# (a50.319 nm) and@01-10#
(4)a/251.105 nm) directions of GaN are reduced
24.7% and 10.7%, respectively. The corresponding lat
misfits between Ga2O3 and ZnO are26.5% and 8.6%, re-
spectively.

IV. SURFACE STRUCTURE ANALYSIS BY CAICISS

CAICISS is low-energy ion scattering spectroscopy w
an incident beam energy at a few keV and has been
quently used to determine the lattice polarity of crystals.19–22

Compared with Rutherford backscattering spectrosc
~RBS! with a few MeV ions, the diameter of a shadow co
~or a blocking cone! is large due to the significant screenin
effect of electrons in low-energy ion scattering.23 Therefore,
the shadowing effect~i.e., the formation of shadow cones! by
incident ions, the blocking effect~i.e., the formation of
blocking cones! by scattered ions, and the focusing effe
~i.e., the focusing of ion flux at the edge of a cone! have
important influences on the CAICISS spectra, which ma
this technique surface sensitive. Since the experimental s
tering angle of CAICISS is nearly 180° due to coaxial bac
scattering, it is possible to understand the features obse
in a CAICISS spectrum based on a simple geometrical c
sideration of the surface structure, taking the shadowing
fect by incident ions and the focusing effect by scattered i
into account.

A. Time-of-flight spectrum from the ZnO film

Primary He1 ions with an energy of 2 keV were used fo
CAICISS measurements~Shimadzu Co., TALIS 9700!. CA-
ICISS signal intensities were measured either by varying
incident angle with its azimuthal direction along@11-20# or
by varying the azimuth angle around the^0001& direction
with an incident angle of 58.5°. After installing a sample in
the CAICISS chamber, the sample was heated at 200 °C
30 min to remove contamination from the sample surfac

Figure 4 shows a typical time-of-flight~TOF! CAICISS
spectrum from a ZnO film. The total time of flightTt
(5T11T2) can be expressed as follows:

Tt5T11T25
L1

v1
1

L2

v2
5

L1

v1
1

L2

v1
S M1m

M2mD . ~1!

HereL1 , T1 , andv1 are distances from the ion source to t
sample surface, the time of flight, and the velocity of t
incident ion, respectively.L2 , T1 , andv1 are the distances
from the sample surface to the mass analyzer, the tim
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flight, and the velocity of backscattered ions, respective
Remembering thatmV1

2/25qV, whereq is the electronic
charge andV is the acceleration voltage of 2 keV in th
present measurements, the total times of flight for a He1 ion
scattered by Zn and O atoms are estimated to be 4.3 and
msec, respectively. The observed sharp peak at 4.3msec and
the shoulder at 5.2msec in Fig. 4 correspond to backsca
tered He1 ions by Zn and O atoms, respectively. Because
the smaller scattering cross section of O atoms, the inten
of O atoms is weaker than that of Zn atoms. By monitori
the change of the intensity of scattered He1 ions by Zn at-
oms as a function of polar and azimuth angles, we h
obtained CAICISS spectra, which should have informat
on the lattice polarity of the films.

B. CAICISS spectra of ZnO films

Figures 5~a! and 5~b! show experimental~solid squares!
and simulated~open circles! CAICISS spectra as a functio
of incident angle (590°2polar angle) from Zn- and
O-plasma-preexposed ZnO films, respectively. The simu
tion program used is based on a three-dimensional two-a
model. Using this program, the scattering cross section
target atoms arbitrarily placed in three-dimensional sp
can be calculated.24 The spectra show significantly differen
features for both types of samples. The measured CAIC
spectrum of the Zn-preexposed ZnO film is characterized
three dominant peaks atu524°, 50°, and 74°. The simulate
spectrum obtained for Zn-polar ZnO with the topmost s
face being terminated with Zn atoms shows dominant pe
at u524°, 50°, and 74°. Although the linewidth and inte
sity of the peaks in the simulated spectrum show differe
from the experimental ones, the essential features of
simulated spectrum agree with the CAICISS spectrum of
Zn-preexposed ZnO film. We noted that any of the simula
CAICISS spectra for Zn-polar ZnO with the topmost surfa
being terminated with O atoms or O-polar ZnO with bo
surface terminations are far different from the CAICIS
spectrum of the Zn preexposed ZnO film. In the case
O-plasma-preexposed ZnO films, four dominant peaks au
522°, 36°, 54°, and broad peak in the range 72°–76° ch
acterize the experimental CAICISS spectrum. The essen

FIG. 4. TOF spectrum obtained from the ZnO film.
1-4
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features of the spectrum agree with the simulated spect
obtained for O-polar ZnO with O-atom termination, whic
shows dominant peaks at 22°, 36°, 58°, 72°, and 78°.
note again that none of the simulated spectra for the sur
structures of Figs. 1~a!, 1~c!, and 1~d! can represent the ex
perimental features better. By simply comparing Figs. 5~a!
and 5~b!, it is easy to see that the calculated spectrum
O-polar ZnO cannot simulate the experimental one for Z
preexposed ZnO and that the simulated spectrum for
polar ZnO is different from the measured one for O-plasm
exposed ZnO.

Let us comment on the origin of the observed discrepa
between the experimental and the simulated CAICISS sp
tra. First of all, the simulated spectra are calculated assum
the bulk structure of ZnO without taking surface reconstr
tion into account. Additionally, the scattered signal can
more affected by surface contamination when the incid
angle is small. Since a Zn-terminated, Zn-polar surface
easily contaminated in ambient air before measurement,
observed discrepancy at lower incident angle can be ascr
to residual surface contamination, although the specim
was thermally cleaned at 200 °C for 30 min before the C

FIG. 5. Polar-angle-dependent CAICISS spectra from ZnO fi
with ~a! Zn preexposure and~b! O-plasma preexposure. Soli
squares and open circles indicate experimental and simulated
tra @Zn polar for ~a! and O polar for~b!#, respectively. The spectr
are plotted as a function of an incident angle, where 90° minu
polar angle is an incident angle.
11533
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ICISS measurements. It should be noted, however, that
same conclusions as CAICISS are obtained by CBED on
polarity of the ZnO layers as will be discussed later.

Figure 6 shows the azimuth angle dependence of the
signal at an incident angle of 58.5° for~a! Zn-preexposed
and~b! O-plasma-preexposed samples. Figures 6~c! and 6~d!
show simulated azimuth spectra for Zn-polar and O-po
ZnO with various surface terminations. The observed f
tures in the CAICISS spectra will be discussed in Sec. V

V. BULK STRUCTURE ANALYSIS BY CBED

Because the polarity is a bulk property and not a surf
property, CBED has been widely used to determine the
larity of a wurtzite-structure material.25,26 Compared with
CAICISS, CBED has the advantage that we can analyze
eral multiple layers, at the same time, such as the ZnO/G
heterostructure. The probed region by CBED is of nanome
scale, and the symmetry of a pattern is very sensitive
strain and defects in the film. In this study, CBED expe
ments are performed using JEOL 2000 TEM at 100 keV w
a minimum probe size of 5 nm. The CBED patterns a
obtained with about a 20-nm probe for several regions
sample with the zone axis of@2-1-10#. Experimental CBED
patterns from ZnO and GaN layers are compared w
the simulated patterns for TEM specimen thicknesses
10–80 nm.

Figure 7~a! shows experimental CBED patterns of an u
per ZnO and a lower GaN film from a Zn preexpos
sample. The arrow indicates the growth direction. The
perimental CBED patterns from the upper ZnO and the low
GaN films are nearly the same. This may indicate that
polarity of the upper ZnO film is of Zn polarity because w
have used MOCVD-grown Ga-polar GaN templates as s
strates and the CBED patterns from GaN and ZnO are m
likely very similar considering the structural similarity be
tween ZnO and GaN. Figure 7~b! shows experimental CBED
patterns of an upper ZnO and a lower GaN film from
O-plasma preexposed sample. Note that the experime
CBED patterns from the upper ZnO and lower GaN film
appear opposite. This may imply that the polarity of the Zn
film is opposite to that of the underlying GaN, and hence
polarity of ZnO film is of O polar. In order to determine th
polarity without ambiguity, comparisons with simulate
CBED patterns from ZnO and GaN are performed. Figu
7~c! shows simulated CBED patterns from wurtzite ZnO a
GaN. The simulated patterns correspond to 28- and 45-
thick ZnO and GaN, in which the upward directions a
aligned to Zn- and Ga-polar, respectively. Comparison of
experimental and simulated CBED patterns directly indica
that the polarity of ZnO film with O-plasma preexposure
of O-polar and that of ZnO film with Zn preexposure is
Zn-polar, which agree with the CAICISS results.

VI. DISCUSSION

A. Interpretation of CAICISS spectra

In order to understand the origin of the features in t
CAICISS spectra, we must know the shape of shadow co

s

ec-

a

1-5
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FIG. 6. Azimuth-angle-dependent CAICISS spectra from ZnO films with~a! Zn preexposure and~b! O-plasma preexposure, and~c! a
simulated spectrum for Zn-polar and~d! a simulated spectrum for O-polar ZnO.
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formed by Zn and O atoms. The atoms in the shadow c
cannot participate in the scattering process of the prim
ions. Hence no signal will be detected at such an incide
angle. The shape of a shadow cone formed by an atom
expressed by the following formula:27

RC

2Abl
51.020.12a10.01a2 ~ for 0<a<4.5!

50.92420.182 lna10.008a

~ for 4.5<a<100!. ~2!

Here RC is the radius of the shadow cone,b5Z1Z2e2/E,
where Z1 and Z2 are, respectively, atomic numbers of th
incident ion and the target atom,e is the electron charge,E is
the energy of the incident ion in eV,a52Abl/a, a
50.4685 (AZ11AZ2)22/3, and l is the distance behind th
target atom. Figure 8 shows calculated radii of the shad
cones for Zn and O atoms formed by the incident ions a
kV. The shadow cone for a Zn atom has a larger radius du
the larger atomic number.

Considering the shadow cones and the structure of wu
ite ZnO, it is possible to understand the observed feature
the CAICISS spectra. Figure 9 shows the schematics
11533
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shadow cones at the surfaces of Zn-polar ZnO@Figs. 9~a! and
9~b!# and O-polar ZnO@Figs. 9~c! and 9~d!# for incidence
angles of 36°@Figs. 9~a! and 9~c!# and 50°@Figs. 9~b! and
9~d!#. The ZnO structure in Fig. 9 is viewed along the^1-
100& direction. Solid circles and hatched circles represent
and O atoms, respectively. Larger circles and smaller circ
are located on different$2-200% planes along thê1-100& di-
rection. Here it should be noted that interplane spacing
adjacent$2-200% planes in bulk ZnO is 0.141 nm, which i
much larger than the radius of the shadow cone of a Zn at
Note that the radius of the shadow cone of a Zn atom e
behind a 1-nm depth, for example, is 0.132 nm as shown
Fig. 8. Therefore, the atoms on different$2-200% planes do
not shadow each other and hence consideration of
shadow cones for atoms on the same$2-200% planes is
enough.

In the case of a Zn-polar surface, Zn atoms on the sec
and fifth layers are shadowed respectively by O atoms on
second and fourth layers at an ion incident angle of 36°@Fig.
9~a!#. Therefore, when the incident angle is 36°, the sign
scattered by Zn atoms will not be observed. At an incid
angle of 50°@Fig. 9~b!#, the signals due to scattering by Z
atoms will be detected, since Zn atoms on the third layer
not shadowed by O atoms on the second layer and Zn at
1-6
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on the fifth layer are not shadowed by O atoms on the fou
layer. Furthermore, the focusing effect would occur at t
incidence angle, because those atoms are located at the
of the shadow cones formed by Zn atoms on the first la
The flux of scattered ions will be concentrated at this in
dence angle, which results in an enhancement of the si
intensity due to scattering by Zn atoms on the fifth lay
Therefore, a strong peak should be observed at an incid
angle of 50° in the CAICISS spectrum of a Zn-polar Zn
surface. This is the case as is observed in Fig. 5~a!. On the
other hand, in the case of an O-polar surface@Fig. 9~c!#, Zn
atoms in the fourth and sixth layers are not shadowed b
atoms in the first and third layers at an ion incident angle

FIG. 7. Experimental CBED patterns of the upper ZnO a
lower GaN films from~a! Zn-preexposed sample and~b! O-plasma-
preexposed sample, and~c! simulated CBED patterns of wurtzit
ZnO and GaN with the zone axis of the@2-1-10# direction. The
arrow indicates the growth direction. The simulated patterns co
spond to 28 and 45 nm thicknesses of ZnO and GaN, respecti
in which the upward directions are aligned to Zn and Ga polarit
11533
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36°. Additionally, the focusing effect will occur because Z
atoms in the fourth layer are located at the edge of
shadow cones formed by O atoms in the first layer, wh
will enhance the strong signal due to scattering by Zn ato
in the fourth layer. At an incident angle of 50°@Fig. 9~d!#, Zn
atoms in the fourth and sixth layers are shadowed by O
oms in the first and third layers, respectively. Therefo
when the incident angle is 50°, the signal scattered by
atoms will be weak and difficult to be observed from t
O-polar ZnO surface. This will explain the observed featu
in Fig. 5~b!.

There are two other surface structures as described in
1: O-polar with a Zn-atom termination and Zn-polar with a
O-atom termination. When finishing the growth, the Zn sh
ter was closed and simultaneously O plasma was turned
However, the inside of the growth chamber was still und
oxygen ambient at least for a few minutes until the resid
oxygen gas was fully evacuated. Furthermore, the sam
were exposed to air prior to the CAICISS measureme
although the samples were thermally cleaned in the C
ICISS chamber just before measurement. Therefore, the
most surface of the ZnO samples might have been mor
less terminated by O atoms resulting in either Zn-polar Z
with O termination instead of O-polar ZnO with O termin
tion. Consequently, our interest is how to distinguish b

e-
ly,
.

FIG. 9. Schematic illustration for shadowing cones for~a! Zn-
polar with Zn-atom termination for an incident angle of 36°,~b!
Zn-polar with Zn-atom termination for an incident angle of 50°,~c!
O-polar with O-atom termination for an incident angle of 36°, a
~d! O-polar with O-atom termination for an incident angle of 50
FIG. 8. Calculated shadow cones for Zn and O atoms formed by 2-kV He1 ions.
1-7
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tween the two cases:~1! O-polar with O-atom termination
and ~2! Zn-polar with O-atom termination. Figure 10~a!
shows schematics of the shadow cones for an O-at
terminated Zn-polar surface at an incident angle of 3
Since Zn atoms in the second and fourth layers are shado
by O atoms in the first and third layers in this case, no sig
will be expected at this incidence angle as is shown in
simulated CAICISS spectrum for Zn-polar ZnO with O te
mination. On the other hand, as illustrated in Fig. 9~c!, a
strong signal is expected from a O-atom-terminated O-p
surface due to the focusing effect, which should give rise
a strong peak at an incidence angle of 36° in the simula
CAICISS spectrum. The simulated CAICISS spectra
these two cases are shown in Fig. 10~b!. By comparing the
simulated CAICISS spectra shown in Fig. 10~b! with the
experimental CAICISS spectrum for the O-plasm
preexposed ZnO sample shown in Fig. 5~b!, it is readily
concluded that the surface structure of the sample is
O-atom-terminated O-polar ZnO not Zn-polar with O-ato
termination. These results would imply that adsorbed oxy
on as-grown Zn-polar surface was effectively removed
the treatments prior to measurement.

The CAICISS signals for other incident angles can
understood similarly in terms of the shadowing and focus
effects. Although all the features support the conclusions
the ZnO layers grown on an O-plasma-treated GaN temp
grew as O-polar ZnO with the topmost surface being oxyg
atoms, while the Zn preexposure on a GaN template he
grow Zn-polar ZnO layers, there still remain discrepanc
between the measured CAICISS spectra and the simul

FIG. 10. Schematic illustration for showing cones for~a! Zn-
polar with O-atom termination for an incident angle of 36°, and~b!
simulated CAICISS spectra for O-polar with O-atom terminati
~solid circle! and Zn-polar with O-atom termination~open circle!.
11533
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ones. Let us comment on the origin of these discrepanc
When simulating the CAICISS spectra, we have assum
that the crystal structure of ZnO at around the surface d
not undergo rearrangement of atoms. Multiple scattering w
not taken into account. It is likely that those factors m
have evoked the observed discrepancies between the s
lated and experimental CAICISS spectra. Nevertheless,
would like to stress again that the essential features of
observed CAICISS spectra are well simulated based on
models that Zn-polar ZnO is grown on Zn-preexposed Ga
while O-polar ZnO is grown on O-plasma-preexposed Ga

Now we discuss the azimuth angle dependence of the
ICISS spectra. The azimuth angle dependence at a fixed
cident angle reveals the terminating topmost plane in ad
tion to the polarity of a film.24 The stable termination of a
wurtzite-structure~0001! surface is eitherc or, c/2 plane,
where c is the unit cell length along the@0001# direction.
Here it should be noted that the surface terminated atc or c/2
plane has the same polarity and hence such a termina
cannot be distinguished in the incidence angle dependenc
CAICISS spectra. Figures 6~c! and 6~d! show simulated azi-
muth spectra for Zn- and O-polar surfaces terminating atc or
c/2 plane and for mixtures ofc andc/2 planes at a ratio of
50:50. Although the main peak and dip positions are
same for the three cases, the relative peak intensity ratios
the positions of the small peaks at around 60° and 120° s
some difference. Careful comparison between the exp
mental CAICISS spectra and the simulated spectra rev
that the experimental CAICISS spectra for a Zn-preexpo
ZnO layer and O-plasma-preexposed ZnO layer are b
simulated by assuming that the topmost surface of ZnO
mixed with c andc/2 steps at a ratio of 50:50, respective
for both Zn-and O-polar ZnO. It is likely that the agreeme
between the experimental spectra and the simulated
would be more improved if the mixture ratio of the two ste
were adjusted. However, in view of theS/N ratio, a more
detailed analysis will be meaningless.

B. Polarity control by interface engineering

The CAICISS and CBED analyses reveal that we can
lectively grow both Zn- and O-polar ZnO films by P-MB
even on Ga-polar GaN templates by engineering the in
face. Let us discuss the mechanism for inversion of the
larity in the ZnO/GaN heterostructure. The growth
O-polar ~anion-polar! ZnO on Ga-polar~cation-polar! be-
comes possible by the formation of the Ga2O3 interface layer
with a monoclinic structure in between the GaN and Zn
films. By definition, the polarity is caused by a lack of inve
sion center as cases for wurtzite-structure crystals. If a c
talline layer whose crystal structure has inversion symme
is deposited on a surface of a Ga-polar GaN surface,
example, it would be possible to interrupt the propagation
lattice polarity to the overlayer on the interface layer to
vert the polarity. The monoclinic Ga2O3 interface layer has a
center of symmetry, since the space group of Ga2O3 is
C2/m. Hence it becomes possible to interrupt the propa
tion of the lattice polarity from GaN to ZnO by inserting
1-8
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monoclinic Ga2O3 interface layer in between to convert th
lattice polarity. We would like to stress again that the pres
results suggest a generalized method to control the la
polarity of films by inserting an interface layer with a cent
of symmetry: thereby, the conversion of lattice polarity b
comes possible. It should be noted that the proposed me
for controlling lattice polarity is more general than any of t
previous method using inverted domains.25,26

C. Comparison of the structural properties of ZnO films with
different polarities

Let us compare the crystal quality of the Zn-preexpos
films with those of the O-plasma-preexposed ZnO films. T
full width at half maximum~FWHM! values of symmetric
~0001! and asymmetric~10-10! x-ray rocking curves for an
O-plasma-preexposed ZnO~Zn-preexposed ZnO! film were
0.19°~0.11°! for symmetric and 0.28°~0.21°! for asymmetric
diffractions. The total dislocation densities evaluated
TEM and HRXRD ranged in the middle of 109/cm2 for
O-plasma-preexposed ZnO films and in low 109/cm2 for Zn-
preexposed ZnO films. The observed degraded crystal q
ity in O-plasma-preexposed ZnO layers can be ascribed
the presence of the monoclinic Ga2O3 interface layer at the
ZnO/GaN interface. It should be noted again that a p
longed exposure of O plasma changed the monoclinic Ga2O3
into amorphous. Furthermore, we noted that the TEM d
fraction spots from the Ga2O3 layer are diffusive, indicative
of degraded crystallinity. Additionally, the lattice misfits wit
r
2
n
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T

.
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u

T

r
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both ZnO and GaN are much larger than that for the Zn
GaN. All of those would contribute to the degradation of t
ZnO overlayers with O polarity.

VII. CONCLUSIONS

A general method for polarity control has been propos
with the demonstration of the growth of Zn-polar~cation-
polar! and O-polar ~anion-polar! ZnO films on Ga-polar
~cation-polar! GaN templates by engineering the interfac
The key is inserting an interface layer that has a center
symmetry because the polarity comes from the lack of
center of symmetry. By inserting a single-crystalline Ga2O3
layer, which has a center of symmetry, in between ZnO a
Ga-polar GaN, the ZnO film was grown as O polar, wh
Zn-polar ZnO film without forming an interface layer. Ther
was no formation of planar and faceted inversion dom
boundaries inverting the polarity. The orientation relatio
ship and plausible in-plane lattice matching f
ZnO/Ga2O3 /GaN were determined. Induced larger lattic
misfit by the Ga2O3 layer resulted in degradation of the cry
tal quality of ZnO films. The features of CAICISS spect
were analyzed by considering shadow cones of Zn and
formed by incident ions and shadowing and focusing effec
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