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We report on the growth of polarity-controlled ZnO epilayers by plasma-assisted molecular-beam
epitaxy and the measurement of valence-band offset at the ZnO/GaN heterointerface. The polarity
of ZnO epilayers is determined by coaxial-impact-collision ion-scattering spectroscopy. The band
offset is determined by ultraviolet and x-ray photoelectron spectroscopy. The high-resolution
transmission electron microscopy study reveals the formation of an interface layer between the ZnO
and GaN epilayers in O-plasma preexposed samples, while no interface layer is formed in Zn
preexposed samples. Zn preexposure prior to ZnO growth results in Zn-polar ZnO epilayers~Zn
face!, while O-plasma preexposure leads to the growth of O-polar ZnO epilayers~O face!. The
interface layer is identified to be single-crystalline, monoclinic Ga2O3. The estimated valence band
offset at the ZnO/GaN~0001! heterojunction with Zn preexposure is 0.8 eV with a type-II band
alignment. © 2001 American Vacuum Society.@DOI: 10.1116/1.1374630#
de
le
gt
w
ts
m
o

b
ub
ee
p-
a

iti
th

ol
e

ar
-
e
a
to

t
e

io-
De-
wth

car-
-

mi-
s

ble
of
hile

ck-
ith
re-
he
ic

he

ma
I. INTRODUCTION

GaN, ZnO, and related alloys are wurtzite-structure wi
band-gap semiconductors and have attracted considerab
tention because of their applications to short-wavelen
light-emitting devices. Those materials have been gro
with thec axis parallel to the growth direction, which resul
in either cation-polar or anion-polar layers. It has been de
onstrated that the lattice polarity has strong effects
growth, material property, and device performance.1

Epitaxial layers with opposite polarity can be easily o
tained by changing the polarity of the substrate, if polar s
strates with both polarities are available. There have b
only few reports on the control of the lattice polarity of e
ilayers grown on nonpolar substrates. The growth of G
epilayers with different lattice polarities on nonpolar Al2O3

substrates has been achieved by employing different in
processes, including surface nitridation, buffer-layer grow
and annealing. In the case of ZnO epilayers on nonp
Al2O3 substrates, only O-polar ZnO growth has be
reported.2

This article will report the plasma-assisted molecul
beam epitaxy~PMBE! growth of polarity-controlled ZnO ep
ilayers on Ga-polar~0001! GaN templates by engineering th
ZnO/GaN heterointerface, and band alignment at a ZnO/G
heterointerface, determined by ultraviolet and x-ray pho
electron spectroscopies~UPS and XPS!. We note here tha
there have been no experimental studies on the band offs
a ZnO/GaN heterointerface.

a!Author to whom correspondence should be addressed; electronic
skhong@imr.tohoku.ac.jp
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II. GROWTH OF POLARITY-CONTROLLED ZnO
EPILAYERS ON GaN TEMPLATES

The substrates used in this study are Ga-polar~0001! GaN
epilayers~4 mm-thick!, grown onc-Al2O3 by metal-organic
chemical-vapor deposition~MOCVD!. ZnO epilayers were
grown on the GaN templates by PMBE using a rad
frequency oxygen-plasma source and a Zn solid source.
tailed procedures for substrate cleaning and PMBE gro
conditions have been reported elsewhere.3 Zn- or O-plasma
preexposure after thermal cleaning of GaN surfaces was
ried out at 700 °C for 3 min prior to ZnO growth. ZnO ep
ilayers were grown at the same temperature.

Figure 1 shows high-resolution transmission electron
croscopy~HRTEM! micrographs of the ZnO/GaN interface
for ~a! Zn- and~b! O-plasma preexposures. The remarka
difference in these two types of interface is the formation
an interface layer in the case of O-plasma preexposure, w
no interface layer is formed by Zn preexposure. The thi
ness of the interface layer at the ZnO/GaN interface w
O-plasma preexposure is estimated to be about 3.5 nm
gardless of O-plasma preexposure time for 1–15 min. T
interface layer is identified as single-crystalline monoclin
Ga2O3 by diffraction pattern analysis in which the~001!
plane of Ga2O3 is parallel to the~0001! plane of GaN or
ZnO.

The epitaxy relationship between ZnO and GaN with t
Ga2O3 interface layer was found to be

@2-1-10#ZnOi@010#Ga2O3
i@2-1-10#GaN

and

~0001!ZnOi~001!Ga2O3
i~0001!GaN.il:
14291Õ19„4…Õ1429Õ5Õ$18.00 ©2001 American Vacuum Society
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This epitaxial relationship would give rise to lattice strain
the Ga2O3 interface layer due to lattice misfit with the Ga
substrate or with the ZnO overlayer. Although the latti
constant of Ga2O3 along the@010# direction ~0.304 nm! is
slightly smaller than the corresponding lattice parameter
GaN ~0.319 nm! and ZnO ~0.325 nm! along the@2-1-10#
direction, the lattice constant of Ga2O3 along a@100# direc-
tion ~1.223 nm! is about four times larger than those of Ga
and ZnO along the@01-10# direction. Therefore, we hav
adapted the concept of domain matching epitaxy:4 matching
of one unit of Ga2O3along @100# with four units of GaN or
ZnO along@01-10#. Accordingly, the lattice misfits along th
@010# (b50.304 nm! and the@100# (a51.223 nm! axes of
Ga2O3 with the corresponding GaN@2-1-10# (a50.319 nm!
and @01-10# (4A3a/251.105 nm! directions are reduced t
24.7% and 10.7%, respectively. The lattice misfits of Ga2O3

and ZnO along the corresponding directions are also redu
to 26.5% and 8.6%, respectively.

The different interface structures for Zn- and O-plas
preexposures offer a possibility of controlling the lattice p
larity of ZnO epilayers. On exposing Zn beams onto a G
polar ~0001! GaN surface, Ga–Zn bonds may be initial
formed at the surface. It is likely, however, that the Zn ato
will be replaced with O atoms to form stronger Ga–O–Zn
bonding during ZnO growth, since the Zn–Ga~cation–
cation! bonding is weak and unstable5 compared with Ga–O
and Zn–O~cation–anion! bondings. The bond energies o
Ga–O and Zn–O are 353.6 and 270.7 kJ/mol, respective6

Although no data are available for Zn–Ga bonding, it is m
likely that the bonding energy of Zn–Ga is much weak
than Ga–O and Zn–O because of weaker metallic bond
Therefore, a ‘‘N–Ga–O–Zn’’ stacking sequence at the inte
face can be expected in the Zn preexposed samples, w
should result in a Zn-polar~0001! ZnO epilayer.

FIG. 1. HRTEM micrographs for~a! Zn preexposed and~b! O-plasma pre-
exposed samples viewed along the@2-1-10# direction. There is no interface
layer between the ZnO/GaN heterointerface for the Zn preexposed sa
~a!, while a 3.5-nm-thick interface layer is formed between the ZnO/G
heterointerface for the O-plasma preexposed ZnO sample~b!. The interface
layer is identified as monoclinic Ga2O3 . Details are described in the text.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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In the case of O-plasma preexposure, the existence
Ga2O3 interface layer affects bonding sequence at the in
face. The atomic plane in a Ga2O3 unit cell parallel to the
interface is either the O or Ga plane. It is most likely that
O plane is formed in the Ga2O3 layer at the Ga2O3/GaN
interface to form O–Ga bonding with the topmost Ga ato
at the GaN template surface. If this is the case, the Ga2O3

interface layer must have an O-terminated top surface, s
half of the unit cell parallel to the interface also has
O-terminated surface and half of the unit cell satisfies
ratio of Ga/O as 2/3 as well as a unit cell, which satisfies
stoichiometry of Ga2O3. Other terminations do not satisf
the 2/3 ratio of the Ga/O, which implies that the O termin
tion at half of the unit cell or one unit cell parallel to th
interface is stable. Here, it should be noted that the HRT
micrograph@Fig. 1~b!# of the Ga2O3 interface layer shows
well-defined planes parallel to the interface with the int
plane distance corresponding to one or half of the Ga2O3 unit
cell. Therefore, it is most likely that the O plane is formed
form O–Ga bondings at the Ga2O3/GaN interface. The ex-
posure of the Zn and O flux for ZnO growth followed by th
O-plasma preexposure will lead to strong and stable Zn
bondings at the ZnO/Ga2O3 interface. The resultant stackin
sequence at the interface in the O-plasma preexpo
samples is a ‘‘N–Ga–~Ga2O3 Interface layer!–Zn–O,’’
which implies the growth of an O-polar~000-1! ZnO epil-
ayer.

III. POLARITY OF Zn- AND O-PLASMA
PREEXPOSED ZnO EPILAYERS

The lattice polarity of the ZnO epilayers was determin
by coaxial-impact-collision ion-scattering spectroscopy~CA-
ICISS! ~Shimadzu Co., TALIS 9700!. Primary He1 ions
with energy of 2 keV were used for the measurements. T
polar angle dependence of CAICISS signals along the
muth direction of@11-20# was measured. Figure 2 show
experimental data~closed squares! and simulated~open
circles! polar angle dependence of Zn signals from~a! Zn-
and~b! O-plasma preexposed ZnO epilayers~here, the spec-
tra are plotted as a function of incidence angle, which
equal to 90° minus the polar angle!. The spectra for the two
samples are significantly different. In the case of Zn pre
posed ZnO epilayers, the observed angle dependence is
acterized by three dominant peaks atu524°, 50°, and 74°.
This feature agrees well with the simulated spectrum
tained for the Zn-polar ZnO. In the case of O-plasma pre
posed ZnO epilayers, the experimental angle dependen
characterized by four dominant peaks atu522°, 36°, 54°,
and a broad peak ranging from 72° to 76°. This feature a
agrees well with the simulated spectrum obtained for
O-polar ZnO. The simulation algorithm used was based
the three-dimensional two-atom triple-scattering model.7 It
should be noted that the present results agreed well with
reported CAICISS spectra from the Zn- and O faces of b
ZnO.2 Therefore, we conclude that Zn preexposed ZnO
ilayers have a characteristic of Zn polarity, while O-plasm
preexposed ZnO epilayers have a characteristic of O pola

ple
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The CAICISS results clearly indicate that we have sel
tively grown ZnO epilayers with both polarities by PMB
even on Ga-polar GaN. We stress that the observed pol
of the ZnO epilayers is the direct consequence of the in
face bonding discussed in Sec. II.

The origin of such different characteristics of the C
ICISS spectra can be understood by considering the sur
structures of Zn- and O-polar ZnO, shadow cones formed
the surface Zn and O atoms, focusing, and shadowing eff
of scattered ions. For example, in the case of a Zn-p
surface with an ion-incident angle of 36°, Zn atoms on
third and fifth layers are shadowed by O atoms on the sec
and fourth layers, respectively. Therefore, signals scatte
from the Zn atoms are not observed. On the other hand
the case of an O-polar surface with an ion-incident angle
36°, Zn atoms on the second and fourth layers are not s
owed by O atoms on the first and third layers. Additional
the focusing effect would occur because the Zn atoms on
fourth layer are located on the edge of shadow cones for
by the O atoms on the first layer, which results in stro
signals scattered from the Zn atoms. The CAICISS spectr
other incident angles can be understood similarly.

FIG. 2. Incidence-angle~u590°, polar angle! dependence of the Zn signa
measured by CAICISS from the~a! Zn preexposed and~b! O-plasma pre-
exposed ZnO epilayers. The setup for the measurements is the same fo
experiments and are shown in~a!.
JVST B - Microelectronics and Nanometer Structures
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IV. VALENCE BAND OFFSET AT THE ZnO ÕGaN
HETEROINTERFACE

As shown in Fig. 1~b!, an O-plasma preexposed ZnO e
ilayer on a GaN template has an interface layer between
ZnO and GaN epilayers. Hence, measurement of the b
offset has been carried out for a Zn preexposed sam
which has no interface layer. Here, we used ann-type,
MOCVD grown ~0001! Ga-polar GaN epilayer on Al2O3

with a carrier concentration of 8.1831018 cm23 and a mo-
bility of 197 cm2/V s. The ZnO epilayers showedn-type
conductivity.8

The method used to measure the valence-band discon
ity at the ZnO/GaN interface is similar to that of Waldro
and Grant.9 The basic scheme of this approach is to meas
the valence-band maximum~VBM ! energy relative to the
core-level energy for each semiconductor and then use
measured difference between the two core-level energies
junction between the two semiconductors to determine
discontinuity of the VBM. Based on this approach, t
valence-band offset (DEV) can be described by the follow
ing formula:

DEV~ZnO/GaN!5~3d2VBM !bulk
GaN2~3d2VBM !bulk

ZnO

2~3dGaN23dZnO! interface. ~1!

This method has been successfully applied for the evalua
of band offsets for various heterojunctions including AlN
GaN, GaAs/ZnSe, InN/GaN, and InN/AlN.9–12

In order to estimate the valence-band offset, we have
amined three kinds of samples:~1! A 4-mm-thick Ga-face
GaN epilayer on sapphire grown by MOCVD, which wa
used as a substrate for the ZnO epilayer, for the determ
tion of the VBM and Ga3d energies of GaN.~2! A 65-nm-
thick ZnO epilayer grown by PMBE for determination of th
VBM and Zn 3d energies of ZnO.~3! A 2-nm-thick ZnO
epilayer for determination of the difference between the
3d and Zn3d core-level energies at the ZnO/GaN heteroi
erface.

All UPS and XPS measurements were performedex situ
using an ultrahigh-vacuum~middle 10211 Torr! XPS/UPS
combined system. We have used ARUPS 10~VG Co., Ltd.!,
equipped with a HeI source~21.22 eV! with an energy reso-
lution of 61.5 meV for the UPS measurements, and CLAM
~VG Co., Ltd.!, equipped with x-ray sources of AlKa
~1486.5 eV! and MgKa ~1253.6 eV! for the XPS measure
ments. The measured binding energies are calibrated by
ing the Au 4f 7/2 level ~for XPS! and the Fermi edge of Au
~for UPS!. The UPS and XPS measurements were carried
after Ar1 ion sputtering at an ion-beam voltage of 1.0–1
kV and current of 30–40/mA for 10–120 s in order to re-
move surface contaminations. The cleanness after Ar1-ion
sputtering is checked by monitoring the intensities and po
tions of C 1s and O 1s peaks. All measurements were carrie
out at 40.2 K.

The difference in the VBM and the Ga3d energies is
determined to be 17.5 eV, which agrees well with previou

oth
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1432 Hong et al. : ZnO epilayers on GaN templates 1432
reported values of 17.1–18.4 eV.12 The VBM of GaN was
determined to be 1.9 eV from UPS measurements, wh
agrees well with the reported value.13 The binding energy of
the Ga3d core level was determined to be 19.4 eV by XP

FIG. 3. ~a! UPS VB spectrum from the 65-nm-thick ZnO epilayer.~b! XPS
Zn 3d core-level spectrum from the 65-nm-thick ZnO epilayer.~c! XPS
spectra~the Ga3d level was set to be the origin of the energy axis! of Ga3d
and Zn3d core levels from a 2-nm-thick ZnO epilayer grown on a 4-mm-
thick GaN epilayer.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
h

measurements, which also agrees well with the repo
value.13

Figure 3~a! shows an UPS VB spectrum of a 65-nm-thic
ZnO epilayer. The features of the VB spectrum agree v
well with the previously reported UPS spectrum of~0001!
ZnO.14 From Fig. 3~a!, we have determined the VBM energ
to be 3.4 eV, which agrees well with the reported value14

The core-level energy of Zn3d determined by the XPS mea
surement is 10.7 eV, as shown in Fig. 3~b!, which also agrees
well with the reported values.14,15 Therefore, the difference
in the VBM and the Zn3d energies is determined to be 7
eV.

Figure 3~c! shows the relative energy positions~the center
of the Ga3d peak is set as zero! of the Ga3d and Zn3d
core-level peaks obtained from a 2-nm-thick ZnO samp
The difference between the core-level energies between
3d and Zn3d is determined to be 9.4 eV. Based on the XP
and UPS data from the thick ZnO and thick GaN epilay
and the ZnO/GaN interface, we have determined the valen
band offsets at the ZnO/GaN heterointerface to be 0.8
with a type-II band alignment. Figure 4 shows a schema
flatband diagram for the~0001! ZnO/GaN heterojunction de
termined in the present study. We note that the theoret
valence-band offset for ZnO/GaN heterointerfaces is 1.0–
eV.16

V. CONCLUSIONS

We have selectively grown both Zn- and O-polar Zn
epilayers by PMBE on Ga-polar GaN templates and exp
mentally determined the valence-band offset at the~0001!
ZnO/GaN heterointerface. Zn preexposure prior to Z
growth leads to the growth of Zn-polar ZnO epilayers, wh
O-plasma preexposure prior to ZnO growth results in
growth of O-polar epilayers. An interface layer was form
between the ZnO and GaN epilayers in the O-plasma pre
posed sample and it is identified as single-crystalline, mo
clinic Ga2O3. No interface layer is formed in the Zn preex
posed sample. The origin of the different lattice polarities
the ZnO epilayers on Ga-polar GaN can be explained s
cessfully by the proposed bonding sequences at the he

FIG. 4. Schematic band diagram for the ZnO/GaN heterointerface with
preexposure determined by UPS and XPS measurements.
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1433 Hong et al. : ZnO epilayers on GaN templates 1433
interfaces for the two types of samples based on bond
stability and HRTEM observations. From UPS and XP
measurements, the valence-band offset at the~0001! ZnO/
GaN heterointerface without the interface layer is determi
to be 0.8 eV with a type-II band alignment.
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