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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 spectrosco@AICISS) and by convergent beam electron diffracti@BED).

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-pd&rion-polay ZnO film can be grown on
Ga-polar(cation-polay GaN by inserting a G5 layer at the interface, while Zn-polar ZnO is grown on GaN
without forming an interface layer. A single-crystalline monoclinic,Ga 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, G#;, and GaN is determined as[2-l-1O]Zno|\[Olo]GazoJ\[Z-l-lo]GaN and
(0001)20ll(001)g4,0,(0001)san. 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 mixtuaaddt/2

planes with a ratio of about 50:50. The ZnO film with a,Ga 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 polérityn Ga polar to O polar This
indicates that we can control the polarity by engineering interfaces.
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I. INTRODUCTION plate grown by metal organic chemical vapor deposition
(MOCVD) has Ga-polar nature as evidenced by coaxial im-
A recent investigation of ZnO has revealed that this mapact collision ion scattering spectroscopgAICISS), the
terial is promising for exciton-based photonic devices in thegrowth of ZnO without causing oxidation would result in
ultraviolet region:3 High-quality ZnO films have been suc- Zn-polar layers. Hence Zn pretreatment has been adopted to
cessfully grown both on AD; substrates® and on protect oxidation and thereby helps grow Zn-polar ZnO lay-
GaN/ALO; template§ by plasma-assisted molecular beamers. In order to invert polarity from a cation-polar to an
epitaxy (P-MBE). Those high-quality ZnO films are grown anion-polar surface, a G@; interface layer, which was
with the growth direction parallel to theaxis, which inevi-  formed by oxidizing Ga-polar GaN templates with O plasma,
tably results in either Zn- or O-polar films. As has been demhas been inserted in between the ZnO layer and the GaN
onstrated in the case of GaN epitdxy? the lattice polarity template. Since G&®; has inversion symmetry with O sur-
of a wurtzite-structure film has crucial effects on growth pro-faces both at the top and bottom, the resultant ZnO layers
cesses, material properties, and impurity doping. It is reshould show O polarity. The polarity of the ZnO films has
ported that the growth mechanism, surface morphology, antdeen confirmed by CAICIS&Ref. 12 and convergent beam
structural properties of ZnO layers show considerable differelectron diffraction(CBED). We would like to note, how-
ence between homoepitaxial growths on Zn- and O-polaever, that lattice polarity is different from surface termina-
surfaces? tion. Lattice polarity is a bulk property as determined by the
Very recently we have reported success in controlling thébond sequence in the crystal, while surface termination by
growth of Zn- and O-polar ZnO films on GaN templates byatoms terminating the surface. Consequently, there are four
changing the pregrowth treatmentsSince the GaN tem- types of wurtzite ZnQQ0001} surface structures as schemati-
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gen plasma were used as zinc and oxygen sources, respec-
tively. We have also tried prolonged oxygen exposure for 20
min to investigate the effects of overexposure of oxygen
s s plasma on the oxidized surface layer and the growth process
20 @un [1-100] of ZnO.
o @ @ ZnO films were grown at 700 °C directly on the GaN

(d) . "
templates without depositing low-temperature buffer layers
to investigate the effects of the surface polarity of GaN tem-
plates on the growth processes and material properties, al-

FIG. 1. Four kinds of wurtzite-structuf®001 ZnO surfaces: f[hough the crystal q_gality of ZnO epilayers had been greatly
(a) Zn-polar surface with Zn-atom terminatiof) O-polar surface IMProved by depositing low-temperature Zn0O buffer layers
with Zn-atom termination(c) Zn-polar surface with O-atom termi- at 300°C on GaN templaté§.We have confirmed that for
nation, and(d) O-polar surface with Zn-atom termination. the lattice polarity of ZnO layers therefore the interface

structure has been basically determined by the pretreatments
cally shown in Fig. 1: (1) Zn-polar surface with Zn-atom of GaN templates not by the growth conditions of ZnO at
termination[Fig. 1(a)], (2) Zn-polar surface with O-atom ter- |east under the growth conditions we have examined. In the
mination[Fig. 1(c)], (3) O-polar surface with O-atom termi- znO growth, Zn flux was set to about 0.15-0.20 nm/sec,
nation[Fig. 1(b)], and(4) O-polar surface with Zn-atom ter- \which was monitored by a quartz thickness monitor before
mination [Fig. 1(d)]. Detailed analysis is needed to and after growth. O-plasma conditions were set to 400 W of
determine both the lattice polarity and the surface terminapgwer with an oxygen gas flow rate of 3.5 SCGBCCM
tion of the ZnO films. Additionally, the effect of lattice po- §enotes cubic centimeter per minute at §TBrowth condi-
larity on growth processes and the materials properties of,< \with such a flux ratio were oxygen rich and typical

ZnO layers have not k_Jeen_fuIIy addressed yet. . working pressure was>10~° Torr. The thickness of ZnO
The purposes of this article are to perform detailed analyfilms was about 150 nm

sis of the structure of ZnO films grown on GaN templates As expected, RHEED did not show any appreciable

with different pregrowth treatments and to discuss the eﬁeCt%han e by Zn exoosure. which indicates a small adsorption
on lattice polarity and structural properties. ge by P ' P

of Zn as is the case of Zn adsorption onto a GaAs surface.
Nevertheless, the Zn preexposure protected from selenida-
tion of a GaAs substrate surface during ZnSe epita8imi-

We used 4am-thick Ga-polar GaN epilayers grown by larly, the GaN template surface did not show any trace of
MOCVD on (000)) Al,O5 as templates for ZnO epitaxy. The oxidation in terms of transmission electron microscopy
GaN template was thermally cleaned at 700—750 °C in ultra(TEM) investigation as will be discussed later, although the
high vacuum for abadul h after being decreased in acetonegrowth of ZnO starts with impinging O plasma onto the GaN
and methanol. The reflection high-energy electron diffractiorsubstrate, while Zn had been kept exposed. RHEED showed
(RHEED) pattern from the GaN surface showed a streakyonly a slight change from the streaky pattern of a GaN clean
feature after this procedure indicative of a cleaned GaN sursurface at the very beginning of ZnO epitaxy, which supports
face. the TEM investigation. As the growth proceeded, however,

Since the substrates used in this study is of Ga-polar Galthe streaky RHEED pattern turned into a spotty one due to
(cation-polay, the growth of Zn-polar ZnO films would be the onset of three-dimensional growth triggered presumably
possible if we could form “N-Ga-O-Zn” bonding at the in- by the generation of misfit dislocatioh¥We would like to
terface. However, the formation of such an interface wouldhote that the critical thickness for the generation of misfit
not be so easy because of the high reactivity of Ga withdislocations is estimated to be about 7 nm for ZnO growth on
oxygen, which leads to the formation of an oxide layer at theGaN?®
interface during the initial growth of Zn& Therefore, in On exposing oxygen plasma onto a cleaned GaN surface
order to form “N-Ga-O-Zn” bonding at the interface and to without Zn preexposure, however, the RHEED pattern
grow Zn-polar ZnO films on Ga-polar GaN, Zn preexposureshowed an appreciable change from streaky to diffusive due
was adopted, which may prevent preferential reaction of @ the onset of oxidation. The growth of ZnO started with
Ga-polar GaN surface with energetic O plasma. In order tompinging Zn, while the oxygen plasma was kept on. The
convert the bond sequence, a.,Ga interface layer was RHEED initially showed diffused streaks and gradually
formed by oxidizing the GaN surface prior to ZnO epitaxy. changed into a spotty pattern indicating three-dimensional

Two types of pregrowth treatments were examined in orgrowth. As the preexposure time of oxygen plasma was pro-
der to control the interface bonding between the ZnO epilHonged, the RHEED became more diffusive. With a pro-
ayer and GaN template:(1) Zn preexposure for 2—3 min to longed preexposure of oxygen plasma longer than 15 min,
achieve Zn-polar growth an@®) O-plasma preexposure for diffraction spots eventually disappeared, indicating the for-
3-5 min to form a GgO3 interface layer, which should lead mation of amorphous layers at least at the surface. The
to O-polar ZnO growth on the Ga-polar GaN template. TheRHEED pattern showed essentially the same features even
Zn or O-plasma preexposure was carried out at 700 °C, imfter annealing at higher temperature of 760°C and for a
which a conventionaK cell and a radio frequenciyf) oxy-  longer time é 4 h under UHV. By depositing 20-nm-thick

Il. PREGROWTH TREATMENTS AND MBE GROWTH
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FIG. 3. (a) Ga,05 unit cell viewed along th€010] direction.(b)
schematic diagram showing presumable in-plane lattice matching
where the GgO; unit cell and hexagonal unit of Gafér ZnO) are
overlapped.

crystalline. The distances between the diffraction planes
marked by the arrows are 0.52.01, 0.53-0.01, and 0.47
+0.01 nm. These interplane spacings can be assigned to
the (001), (—200), and (—201) diffraction planes of mono-

FIG. 2. HRTEM micrographs showing ZnO films on Ga-polar Clinic G&Oz; and the zone axis can be assigned to
GaN templates wittia) Zn preexposure(b) O-plasma preexposure, [010]. Detailed analysis of the interface layer suggested
and (c) prolonged O-plasma preexposure. The insetbinshows a  that the interface layer was indeed of 8g.1" The orienta-
diffraction pattern obtained from the interface layer. tion relationship between ZnO, @&a;, and GaN

would  be [2-1-10/z70lI[010]ga,0,[2-1-10gan  and

ZnO on the amorphous layers, a weak-diffusive ring RHEED(0001);,0l(001)g,0,/(0001)s,. It is noted that both inter-
pattern appeared. As the growth proceeded, the ring RHEERces of ZnO/Gg0; and GaO,/GaN are sharp with small
pattern gradually evolved into a spotty one. With the depointerface fluctuation. In the case of prolonged O-plasma pre-
sition of a ZnO layer thicker than 50 nm, the RHEED patternexposure[Fig. 2(c)], the interface of ZnO/G®; shows a
completely changed to a spotty one. The observed evolutiopyrge fluctuation as compared to the Ga/GaN interface,

of the RHEED pattern showed a structural change frongjthough the thickness of the @ interface layer is about
amorphous to single crystalline via a polycrystalline phase.3 5 nm as well.

We have further investigated possible in-plane atomic ar-
rangements at the interface based on the observed orientation
relationship using the unit cells of bulk €&, GaN, and

The interface structure of the ZnO/GaN heteroepitaxialZnO. Figure 8a) shows a GgO3 unit cell viewed along the
layers has been investigated by high-resolution transmissio®10] direction. A unit cell of GaO; contains 8 Ga and 12 O
electron microscopy(HRTEM). The interface structure atoms and 10 fractional planes along thdirection. Figure
showed drastic difference between the Zn preexposure ari?(b) shows a projection view of two G&5 unit cells along
O-plasma preexposures. No interface layer was formed ithe direction normal to th€001) plane, in which one hex-
between the GaN template and ZnO overlayer in the case @fgonal unit cell of GaNor ZnO) is overlapped onto a G&;

Zn preexposuréFig. 2(a)], while an interface layer was ob- unit cell in accordance with the observed orientation rela-
served for the O-plasma preexposure cHSigs. 2b) and  tionship. In this schematic diagram, we have not considered
2(c)]. Figure 2Zb) shows a cross-sectional HRTEM micro- the in-plane or out-of-plane rearrangement of atoms at the
graph of a ZnO/GaN interface with O-plasma preexposurénterface. Although the lattice constant of £ along the

for 3 min. The interface layer thickness measures 3.5 nm.010] direction (0.304 nm is slightly smaller than the in-
As indicated by the Fourier transform of the interface layerplane lattice constants of Ga(0.319 nm and ZnO(0.325
image shown in the inset, the interface layer is singlenm), the lattice constant of G&; along the[100] direction

IIl. INTERFACE STRUCTURE ANALYSIS BY TEM
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(1.223 nm is about 4 times larger than the corresponding [~ -+ ~ + .+~ ' T T
lattice parameters of GaN and ZnO. Because of such a larg,, [
difference in the lattice constant between,Gaand ZnO(or
GaN), one-to-one direct matching of the three unit cells is
impossible. Instead, lattice matching of one unit of,Ga
along the[100] direction and four unit cells of GaN or ZnO
along the[01-1Q] direction is possible considering domain
matching epitaxy® This situation may facilitate the epitaxial
growth of single-crystalline ZnO in spite of the large lattice
misfit with the GaO; interface layer. Thus the lattice misfits
along the[010] (b=0.304 nm) and[100] (a=1.223 nm)
axes of GaO; with the[2-1-10] (a=0.319 nm) and01-10]
(4v3a/2=1.105 nm) directions of GaN are reduced to

Intensity of scattered H

—4.7% and 10.7%, respectively. The corresponding lattice Flight time (usec)
misfits between G#; and ZnO are—6.5% and 8.6%, re-
spectively. FIG. 4. TOF spectrum obtained from the ZnO film.
IV. SURFACE STRUCTURE ANALYSIS BY CAICISS flight, and the velocity of backscattered ions, respectively.

) ) . _ Remembering thamV,%/2=qV, whereq is the electronic

CAICISS s low-energy ion scattering spectroscopy Withcharge anaV is the acceleration voltage of 2 keV in the
an incident beam energy at a few keV and has been frgsresent measurements, the total times of flight for & ke
quently used to determine the lattice polarity of crystdlS”  scattered by Zn and O atoms are estimated to be 4.3 and 5.2
Compared with Rutherford backscattering Spectroscopy,sec, respectively. The observed sharp peak apée® and
(RBS) with a few MeV ions, the diameter of a shadow conethe shoulder at 5.:sec in Fig. 4 correspond to backscat-
(or a blocking congis large due to the significant screening tereq He ions by Zn and O atoms, respectively. Because of
effect of electrons in low-energy ion scatterffigrherefore,  the smaller scattering cross section of O atoms, the intensity
the shadowing effedi.e., the formation of shadow conésy — of O atoms is weaker than that of Zn atoms. By monitoring
incident ions, the blocking effecfi.e., the formation of the change of the intensity of scattered Hiens by Zn at-
blocking conep by scattered ions, and the focusing effectys as a function of polar and azimuth angles, we have

(i.e., the focusing of ion flux at the edge of a cof@ve  ,piained CAICISS spectra, which should have information
important influences on the CAICISS spectra, which makeg), the |attice polarity of the films.

this technique surface sensitive. Since the experimental scat-
tering angle of CAICISS is nearly 180° due to coaxial back-
scattering, it is possible to understand the features observed B. CAICISS spectra of ZnO films

iq a CAICISS spectrum based on a simple geometricz_al con- Figures %a) and 5b) show experimentalsolid squares
sideration of the surface structure, taking the shadowing efy 4 simulatedopen circles CAICISS spectra as a function
fect by incident ions and the focusing effect by scattered ion%f incident angle &90°—polarangle) from Zn- and

Into account. O-plasma-preexposed ZnO films, respectively. The simula-
_ _ _ tion program used is based on a three-dimensional two-atom
A. Time-of-flight spectrum from the ZnO film model. Using this program, the scattering cross section of

Primary He ions with an energy of 2 keV were used for farget atoms arbitrarily placed in three-dimensional space
CAICISS measurementShimadzu Co., TALIS 9700 CA- can be calculatetf The spectra show significantly different
ICISS signal intensities were measured either by varying thééatures for both types of samples. The measured CAICISS
incident angle with its azimuthal direction alofigl-20] or ~ SPectrum of the Zn-preexposed ZnO film is characterized by
by varying the azimuth angle around tk@001) direction three dommant_ peaks at=24°, 50°, and _74°. The simulated
with an incident angle of 58.5°. After installing a sample into SPectrum obtained for Zn-polar ZnO with the topmost sur-
the CAICISS chamber, the sample was heated at 200 °C fdace being terminated with Zn atoms shows dominant peaks
30 min to remove contamination from the sample surface. at =24°, 50°, and 74°. Although the linewidth and inten-

Figure 4 shows a typical time-of-flightffOF) CAICISS  Sity of the peaks in the simulated spectrum show difference
spectrum from a zZnO film. The total time of flight, from the experimental ones, the essential features of the

(=T,+T,) can be expressed as follows: simulated spectrum agree with the CAICISS spectrum of the
Zn-preexposed ZnO film. We noted that any of the simulated
M +m CAICISS spectra for Zn-polar ZnO with the topmost surface
M—m)' (1 being terminated with O atoms or O-polar ZnO with both
surface terminations are far different from the CAICISS
HerelL,, T, andv, are distances from the ion source to thespectrum of the Zn preexposed ZnO film. In the case of
sample surface, the time of flight, and the velocity of theO-plasma-preexposed ZnO films, four dominant peak8 at
incident ion, respectivel\.,, T,, andv, are the distances =22°, 36°, 54°, and broad peak in the range 72°-76° char-
from the sample surface to the mass analyzer, the time adcterize the experimental CAICISS spectrum. The essential

L L L L
T=Ti+T,=—+ —2=—42
vy VU2 Uy Uy
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ICISS measurements. It should be noted, however, that the

0 T

'E {a) Zn pre-exposed <0001> He same conclusions as CAICISS are obtained by CBED on the
5 . 0 [11-20] polarity of the ZnO layers as will be discussed later.

5 —=&— Experimental o Figure 6 shows the azimuth angle dependence of the Zn
= —O— Simulated signal at an incident angle of 58.5° féa) Zn-preexposed

-.N6 e} ./ and(b) O-plasma-preexposed samples. Figures énd Gd)

- show simulated azimuth spectra for Zn-polar and O-polar
3 W/ /o ZnO with various surface terminations. The observed fea-
§ ,J\ o\® i.o/ \. tures in the CAICISS spectra will be discussed in Sec. VI.
£ £ .l. B;: o/ o e QN

g Oc.;mf V. BULK STRUCTURE ANALYSIS BY CBED

» I . l . I ‘ l . I ‘ l . , ‘ 8‘0 ‘ 80

0 10 20 3 4 50 60 70 Because the polarity is a bulk property and not a surface
Incident angle, 6 (deg.) property, CBED has been widely used to determine the po-

larity of a wurtzite-structure materi&:® Compared with
CAICISS, CBED has the advantage that we can analyze sev-

w eral multiple layers, at the same time, such as the ZnO/GaN
g (b) O-plasma pre-exposed o heterostructure. The probed region by CBED is of nanometer
4 —m—E . | ! scale, and the symmetry of a pattern is very sensitive to
5 ®— Experimenta . strain and defects in the film. In this study, CBED experi-

= | O Simulated / SN ments are performed using JEOL 2000 TEM at 100 keV with
% - - u a minimum probe size of 5 nm. The CBED patterns are
> / '\- .’li / o \ obtained with about a 20-nm probe for several regions per
‘@ W v/ \. ./ﬂn [ | /O o sample with the zone axis ¢2-1-10]. Experimental CBED

§ r o\ % \!-F/ i_/ 4 \l\ patterns from ZnO and GaN layers are compared with
£ [ / / \ [ the simulated patterns for TEM specimen thicknesses of
E ¢ Qoo™ 00 O\Q:gf 10-80 nm.

'vE; ‘ . . ' . . . , Figure 7a) shows experimental CBED patterns of an up-

0 10 20 3 40 - 50 60 70 80 90 per ZnO and a lower GaN film from a Zn preexposed
Incident angle, 0 (deg.) sample. The arrow indicates the growth direction. The ex-
perimental CBED patterns from the upper ZnO and the lower
FIG. 5. Polar-angle-dependent CAICISS spectra from ZnO filmsGaN films are nearly the same. This may indicate that the
with (@) Zn preexposure andb) O-plasma preexposure. Solid polarity of the upper ZnO film is of Zn polarity because we
squares and open circles indicate experimental and simulated spggave used MOCVD-grown Ga-polar GaN templates as sub-
tra[Zn polar for(a) and O polar for(b)], respectively. The spectra  strates and the CBED patterns from GaN and ZnO are most
are plotted as a function of an incident angle, where 90° minus ey very similar considering the structural similarity be-
polar angle is an incident angle. tween ZnO and GaN. Figurdly) shows experimental CBED

features of the spectrum agree with the simulated spectruff@ttérns of an upper ZnO and a lower GaN film from an
obtained for O-polar ZnO with O-atom termination, which O-plasma preexposed sample. Note that the experimental
shows dominant peaks at 22°, 36°, 58°, 72°, and 78°. WEBED patterns from the upper ZnO and lower GaN films
note again that none of the simulated spectra for the surfacd’P€ar opposite. This may imply tha; the polarity of the ZnO
structures of Figs. (&), 1(c), and 1d) can represent the ex- film IS opposite tp th_at of the underlying GaN, and h‘?”CE the
perimental features better. By simply comparing Fig&) 5 polarity of ZnO film is of O polar. In order to determine the

and 3b), it is easy to see that the calculated spectrum fOIpoIarity without ambiguity, comparisons with simulated

O-polar ZnO cannot simulate the experimental one for znCBED patterns from ZnO and GaN are performed. Figure

preexposed ZnO and that the simulated spectrum for ZnZ(C) shows simulated CBED paiterns from wurtzite ZnO and
polar ZnO is different from the measured one for O—pIasma—GaN' The simulated patterns correspond to 28- and 45-nm-
exposed ZnO. thick ZnO and GaN, in which the upward directions are

Let us comment on the origin of the observed discrepancf?”gned to Zn- and Ga-polar, respectively. Comparison of the

between the experimental and the simulated CAICISS SIOe(gxperimental and simulated CBED patterns directly indicates
at the polarity of ZnO film with O-plasma preexposure is

tra. First of all, the simulated spectra are calculated assumin . . .

the bulk structure of ZnO without taking surface reconstruc- f O-polar af‘d that of Z_nO film with Zn preexposure is of
tion into account. Additionally, the scattered signal can beZn-Polar, which agree with the CAICISS results.

more affected by surface contamination when the incident

angle is small. Since a Zn-terminated, Zn-polar surface is VI. DISCUSSION

easily contaminated in ambient air before measurement, the
observed discrepancy at lower incident angle can be ascribed
to residual surface contamination, although the specimen In order to understand the origin of the features in the
was thermally cleaned at 200 °C for 30 min before the CA-CAICISS spectra, we must know the shape of shadow cones

A. Interpretation of CAICISS spectra
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FIG. 6. Azimuth-angle-dependent CAICISS spectra from ZnO films vaitZn preexposure antb) O-plasma preexposure, afc) a
simulated spectrum for Zn-polar afd) a simulated spectrum for O-polar ZnO.

formed by Zn and O atoms. The atoms in the shadow conshadow cones at the surfaces of Zn-polar ZR@s. 9a) and
cannot participate in the scattering process of the primar@(b)] and O-polar ZnQFigs. 9c) and 9d)] for incidence
ions. Hence no signal will be detected at such an incidencangles of 369Figs. 9a) and 9c)] and 50°[Figs. 9b) and
angle. The shape of a shadow cone formed by an atom ig(d)]. The ZnO structure in Fig. 9 is viewed along tte

expressed by the following formufa:

Re

2\bl

=1.0-0.12¢+ 0.01a?

=0.924-0.182 Ine+0.008«

(for 4.5=a<100).

whereZ, and Z, are, respectively, atomic numbers of the not shadow each other and hence consideration of the

(for Osa<4.5

)

Here Rc is the radius of the shadow cone=Z,Z,e?/E,

incident ion and the target atomjs the electron charg& is
the energy of the incident ion in eVe=2\bl/a, a

=0.4685 (JZ,+\Z,) %3 andl is the distance behind the

100 direction. Solid circles and hatched circles represent Zn
and O atoms, respectively. Larger circles and smaller circles

are located on differed2-20G planes along thé1-100 di-

rection. Here it should be noted that interplane spacing of

adjacent{2-200 planes in bulk ZnO is 0.141 nm, which is

much larger than the radius of the shadow cone of a Zn atom.
Note that the radius of the shadow cone of a Zn atom even
behind a 1-nm depth, for example, is 0.132 nm as shown in

Fig. 8. Therefore, the atoms on differef®200 planes do

shadow cones for atoms on the sag®20Q planes is

enough.

In the case of a Zn-polar surface, Zn atoms on the second
target atom. Figure 8 shows calculated radii of the shadovand fifth layers are shadowed respectively by O atoms on the

cones for Zn and O atoms formed by the incident ions at Zecond and fourth layers at an ion incident angle of[B&g.

kV. The shadow cone for a Zn atom has a larger radius due t8(a)]. Therefore, when the incident angle is 36°, the signals
scattered by Zn atoms will not be observed. At an incident

the larger atomic number.

Considering the shadow cones and the structure of wurtzangle of 50°[Fig. 9b)], the signals due to scattering by Zn

ite ZnO, it is possible to understand the observed features iatoms will be detected, since Zn atoms on the third layer are
the CAICISS spectra. Figure 9 shows the schematics ofiot shadowed by O atoms on the second layer and Zn atoms
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ZnO GaN

FIG. 9. Schematic illustration for shadowing cones far Zn-
polar with Zn-atom termination for an incident angle of 3@3)
Zn-polar with Zn-atom termination for an incident angle of 5@,
O-polar with O-atom termination for an incident angle of 36°, and
(d) O-polar with O-atom termination for an incident angle of 50°.

36°. Additionally, the focusing effect will occur because Zn
atoms in the fourth layer are located at the edge of the
shadow cones formed by O atoms in the first layer, which
will enhance the strong signal due to scattering by Zn atoms
FIG. 7. Experimental CBED patterns of the upper ZnO andin the fourth layer. At an incident angle of 5(Big. 9(d)], Zn
lower GaN films from(a) Zn-preexposed sample afi) O-plasma-  atoms in the fourth and sixth layers are shadowed by O at-
preexposed sample, arfd) simulated CBED patterns of wurtzite oms in the first and third layers, respectively. Therefore,
ZnO and GaN with the zone axis of tf@-1-1q direction. The  when the incident angle is 50°, the signal scattered by Zn
arrow indicates the growth direction. The simulated patterns correatoms will be weak and difficult to be observed from the

spond to 28 and 45 nm thicknesses of ZnO and GaN, respectivelyy_polar ZnO surface. This will explain the observed features
in which the upward directions are aligned to Zn and Ga polaritiesin Fig. 5b).

There are two other surface structures as described in Fig.
on the fifth layer are not shadowed by O atoms on the fourtii: O-polar with a Zn-atom termination and Zn-polar with an
layer. Furthermore, the focusing effect would occur at thisO-atom termination. When finishing the growth, the Zn shut-
incidence angle, because those atoms are located at the edge was closed and simultaneously O plasma was turned off.
of the shadow cones formed by Zn atoms on the first layetHowever, the inside of the growth chamber was still under
The flux of scattered ions will be concentrated at this inci-oxygen ambient at least for a few minutes until the residual
dence angle, which results in an enhancement of the signalxygen gas was fully evacuated. Furthermore, the samples
intensity due to scattering by Zn atoms on the fifth layer.were exposed to air prior to the CAICISS measurements,
Therefore, a strong peak should be observed at an incidene@dthough the samples were thermally cleaned in the CA-
angle of 50° in the CAICISS spectrum of a Zn-polar ZnO ICISS chamber just before measurement. Therefore, the top-
surface. This is the case as is observed in Fig).®On the  most surface of the ZnO samples might have been more or
other hand, in the case of an O-polar surfgeg). 9(c)], Zn less terminated by O atoms resulting in either Zn-polar ZnO
atoms in the fourth and sixth layers are not shadowed by Qvith O termination instead of O-polar ZnO with O termina-
atoms in the first and third layers at an ion incident angle otion. Consequently, our interest is how to distinguish be-

02 1.50 .-_ M T T T T T T T T M T M T T T T T N 1 _-
o 125F Zn O -~ 8 . . " ]
g 100k l ._/.____—-o—————‘ - - » ]

075 [ —— " - 7
[x] N S ]
3 050 F ./:ﬁ/' ]
© o025 p-’ 7

8 _ ]
@ 0.00 [ ]
S 025 h-\ 7]
- 050 | -y
g 050F T 3
w075 F \'\. . . . 3
S0 T, . 7
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FIG. 8. Calculated shadow cones for Zn and O atoms formed by 2-KV ibies.
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ones. Let us comment on the origin of these discrepancies.
When simulating the CAICISS spectra, we have assumed
that the crystal structure of ZnO at around the surface does
not undergo rearrangement of atoms. Multiple scattering was
not taken into account. It is likely that those factors may
have evoked the observed discrepancies between the simu-
lated and experimental CAICISS spectra. Nevertheless, we
would like to stress again that the essential features of the
observed CAICISS spectra are well simulated based on the
(b) models that Zn-polar ZnO is grown on Zn-preexposed GaN,
e — while O-polar ZnO is grown on O-plasma-preexposed GaN.
* ] Now we discuss the azimuth angle dependence of the CA-
ICISS spectra. The azimuth angle dependence at a fixed in-
i . ] cident angle reveals the terminating topmost plane in addi-
([ tion to the polarity of a filn?* The stable termination of a
wurtzite-structure(0001) surface is eitherc or, c/2 plane,
where ¢ is the unit cell length along thE0001] direction.
Here it should be noted that the surface terminatezoaic/2
o . plane has the same polarity and hence such a termination
cannot be distinguished in the incidence angle dependence of
o0 3 w0 0 e 7 e w CAICISS spectra. Figured® and d) show simulated azi-
Incident angle, © (degree) muth spectra for Zn- and O-polar surfaces terminatingat
¢/2 plane and for mixtures of andc/2 planes at a ratio of
FIG. 10. Schematic illustration for showing cones fay Zn-  50:50. Although the main peak and dip positions are the
polar with O-atom termination for an incident angle of 36°, &bd  same for the three cases, the relative peak intensity ratios and
simulated CAICISS spectra for O-polar with O-atom terminationthe positions of the small peaks at around 60° and 120° show
(solid circle and Zn-polar with O-atom terminatiapen circle. some difference. Careful comparison between the experi-
mental CAICISS spectra and the simulated spectra reveals

tween the two casegl) O-polar with O-atom termination that the experimental CAICISS spectra for a Zn-preexposed
and (2) Zn-polar with O-atom termination. Figure @ £nO layer and O-plasma-preexposed ZnO layer are best
shows schematics of the shadow cones for an O-atoniMmulated by assuming that the topmost surface of ZnO is
terminated Zn-polar surface at an incident angle of 3g°Mixed with c andc/2 steps at a ratio of 50:50, respectively,
Since Zn atoms in the second and fourth layers are shadow%]r both Zn-and O-pplar Zn0. ltis likely that the_ agreement
by O atoms in the first and third layers in this case, no signa etween the e_xpenment_al spegtra and _the simulated one
will be expected at this incidence angle as is shown in thé’"Ould bg more improved |f.the.m|xture ratio of .the two steps
simulated CAICISS spectrum for Zn-polar ZnO with O ter- were adjusted.'Hoyvever, In view of &N ratio, a more
mination. On the other hand, as illustrated in Figo)9a detailed analysis will be meaningless.
strong signal is expected from a O-atom-terminated O-polar
surface due to the focusing effect, which should give rise to
a strong peak at an incidence angle of 36° in the simulated
CAICISS spectrum. The simulated CAICISS spectra for The CAICISS and CBED analyses reveal that we can se-
these two cases are shown in Fig()0 By comparing the lectively grow both Zn- and O-polar ZnO films by P-MBE
simulated CAICISS spectra shown in Fig. (0 with the  even on Ga-polar GaN templates by engineering the inter-
experimental CAICISS spectrum for the O-plasma-face. Let us discuss the mechanism for inversion of the po-
preexposed ZnO sample shown in Figb) it is readily larity in the ZnO/GaN heterostructure. The growth of
concluded that the surface structure of the sample is o®-polar (anion-polaj ZnO on Ga-polar(cation-polay be-
O-atom-terminated O-polar ZnO not Zn-polar with O-atom comes possible by the formation of the/Gg interface layer
termination. These results would imply that adsorbed oxygemvith a monoclinic structure in between the GaN and ZnO
on as-grown Zn-polar surface was effectively removed byfilms. By definition, the polarity is caused by a lack of inver-
the treatments prior to measurement. sion center as cases for wurtzite-structure crystals. If a crys-
The CAICISS signals for other incident angles can betalline layer whose crystal structure has inversion symmetry
understood similarly in terms of the shadowing and focusings deposited on a surface of a Ga-polar GaN surface, for
effects. Although all the features support the conclusions thatxample, it would be possible to interrupt the propagation of
the ZnO layers grown on an O-plasma-treated GaN templatkttice polarity to the overlayer on the interface layer to in-
grew as O-polar ZnO with the topmost surface being oxygerwert the polarity. The monoclinic G&; interface layer has a
atoms, while the Zn preexposure on a GaN template helpedenter of symmetry, since the space group of,@ais
grow Zn-polar ZnO layers, there still remain discrepanciesC2/m. Hence it becomes possible to interrupt the propaga-
between the measured CAICISS spectra and the simulataibn of the lattice polarity from GaN to ZnO by inserting a

—e— O-polar

Signal intensity of Zn (arb. units)
.
®
3
 ——
79’/;?

B. Polarity control by interface engineering
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monoclinic GaOj, interface layer in between to convert the both ZnO and GaN are much larger than that for the ZnO/
lattice polarity. We would like to stress again that the presenf5aN. All of those would contribute to the degradation of the
results suggest a generalized method to control the latticénO overlayers with O polarity.
polarity of films by inserting an interface layer with a center
of symmetry: thereby, the conversion of lattice polarity be-
comes possible. It should be noted that the proposed method
for controlling lattice polarity is more general than any of the A general method for polarity control has been proposed
previous method using inverted domafig® with the demonstration of the growth of Zn-polération-
polan and O-polar(anion-polay ZnO films on Ga-polar
(cation-polay GaN templates by engineering the interface.
The key is inserting an interface layer that has a center of
symmetry because the polarity comes from the lack of the
Let us compare the crystal quality of the Zn-preexposedenter of symmetry. By inserting a single-crystalline,Ga
films with those of the O-plasma-preexposed ZnO films. Thdayer, which has a center of symmetry, in between ZnO and
full width at half maximum(FWHM) values of symmetric Ga-polar GaN, the ZnO film was grown as O polar, while
(0001 and asymmetri¢10-10 x-ray rocking curves for an Zn-polar ZnO film without forming an interface layer. There
O-plasma-preexposed Zn@n-preexposed ZnLfilm were  was no formation of planar and faceted inversion domain
0.19°(0.11° for symmetric and 0.28(0.219 for asymmetric  boundaries inverting the polarity. The orientation relation-
diffractions. The total dislocation densities evaluated byship and plausible in-plane lattice matching for
TEM and HRXRD ranged in the middle of 4@n? for = ZnO/Gg0;/GaN were determined. Induced larger lattice
O-plasma-preexposed ZnO films and in low/dr? for Zn-  misfit by the GaOj; layer resulted in degradation of the crys-
preexposed ZnO films. The observed degraded crystal qualal quality of ZnO films. The features of CAICISS spectra
ity in O-plasma-preexposed ZnO layers can be ascribed twere analyzed by considering shadow cones of Zn and O
the presence of the monoclinic &2 interface layer at the formed by incident ions and shadowing and focusing effects.
ZnO/GaN interface. It should be noted again that a pro-
longed exposure of O plasma changed the monoclingOga
into amorphous. Furthermore, we noted that the TEM dif-
fraction spots from the G&®; layer are diffusive, indicative S.-K.H. would like to thank the International Communi-
of degraded crystallinity. Additionally, the lattice misfits with cations FoundatiofICF) for its financial support.

VII. CONCLUSIONS

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