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Abstract

Transmission electron microscopy is used to investigate the structural characteristics of epitaxial ZnO thin films g
(LaAlO3)0.3(Sr0.5Ta0.5O3)0.7(111) (LSAT) by rf plasma-assisted molecular beam epitaxy. It is found that the growth te
ature plays a key role in the formation of microstructures in ZnO film. Growth temperature dependence of rotation
interface and dislocation structures is studied, and the mechanism for polarity selection is discussed.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is a wurtzite wide band gap(Eg = 3.37 eV)

semiconductor with large exciton binding energy
60 meV. Recently, ZnO has attracted much atten
in terms of its potential applications in blue and
traviolet light emitters[1,2]. To prepare high quality
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ZnO films, various substrates, such as ScAlMgO4 [3],
CaF2 [4], MgAl2O4 [5], have been used. Since la
tice defects, such as threading dislocations, stac
faults and rotation domains, seriously affect the p
formance of ZnO-based optoelectronic devices, it i
great importance to characterize these defects and
velop some techniques to reduce their density.

LSAT is a solid solution between LaAlO3 (LAO)
and Sr2AlTaO6 (SAT) with a mol ratio of 3/7, which
shows a mixed perovskite structure with the sa
C6 symmetry as wurtzite ZnO along the (111) pla
.
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Therefore, LAST(111) is a good candidate as subst
for ZnO epitaxy,[6] although the lattice mismatch
as large as 19%. No investigations, however, have b
performed on the microstructure properties of Z
film. In this Letter, high resolution transmission ele
tron microscopy (HRTEM) is used to investigate t
microstructures and interfaces of the ZnO films
LSAT(111) with different growth temperatures, aim
ing to understand the role of growth temperature in
tation domain suppression and dislocation reduct
The dislocations in ZnO are studied by dark field i
ages. We also use convergent beam electron diffrac
(CBED) to characterize the polarity of the films[7].

2. Experiment

The ZnO films were grown on (LaAlO3)0.3(Sr0.5-
Ta0.5O3)0.7(LSAT)(111) by radio frequency plasma
assisted molecular beam epitaxy. The substrates
degreased in trichloroethylene and acetone and rin
with deionized water before introduced into the loa
lock. Then, the substrates were treated by oxygen
icals before the conventional two-step growth of Zn
i.e., low temperature buffer and high temperature e
layer. Two samples with different buffer-layer grow
temperatures were studied. For sampleA, a thin buffer
layer was deposited at 380◦C before the epilaye
growth at 620◦C. For sampleB, the growth temper
ature of the buffer layer was increased to 500◦C. The
HRTEM observations were performed with a Phili
CM-200FEG system operating at 200 kV. The sp
imens were prepared by standard procedures, w
include mechanically polishing, dimple grinding, a
low angle ion milling.

3. Results and discussion

Rotation domains were observed in the ZnO bu
layer grown at low temperature, which disappear co
pletely when the growth temperature of the buf
layer was increased.Fig. 1(a) shows the cross-sectio
HRTEM images near interface region of sampleA.
Two domains with different in-plane orientation
were observed. The azimuth for the left domain
[101̄0]ZnO, whereas the azimuth for the right one
[112̄0] . Thus, the two domains have an in-pla
ZnO
Fig. 1. (a) HRTEM image of sampleA with the electron beam alon
[112̄] zone axis of LSAT. Sharp interface and 30◦ rotation domain
are observed. (b) HRTEM image of sampleB with the electron
beam along[112̄0] azimuth of ZnO. The interface is coarse.

30◦ rotation along[0001]. However, in sampleB, no
rotation domains are observed.Fig. 1(b) shows a typi-
cal HRTEM image of this sample. The rotation doma
suppression is further confirmed with selected a
diffraction pattern (SADP).

Fig. 2(a) shows the SADP taken from the Zn
layer in sampleA. As indicated by the arrows, tw
sets of scattering points appear, indicating the co
istence of two kinds of domains. On the other ha
for sampleB only one set of diffraction pattern is ob
served (seeFig. 2(c)), suggesting that single doma
ZnO film was formed at higher buffer-layer grow
temperature. In order to check the crystallographic
entation relationships between ZnO and LSAT, SA
is also taken near interface region in a main dom
of sampleA, the result is shown inFig. 2(b). The
main epitaxial relationship is(0001)ZnO//(111)LSAT,
and [112̄0]ZnO//[1̄10]LSAT which is the same as tha
of sampleB. FromFig. 2(b), the lattice mismatch be
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Fig. 2. (a) The SADP near a domain boundary on the Z
layer showing that there are 30◦ rotation domains in this film
by two sets of points. One is for[112̄0] zone axis, another i
for [101̄0], as indicated by narrows. (b) Composite SADP
the main domain region in the ZnO epilayer and LSAT su
strate of sampleA recorded near the interface. The electron be
is parallel to the[112̄0]ZnO zone axis. The epitaxial orienta
tion relationship is(0001)ZnO//(111)LSAT, [112̄0]ZnO//[1̄10]LSAT,
[1̄100]ZnO//[112̄]LSAT. (c) SADP of large area of ZnO film of sam
ple B . In this pattern the spots are slightly arched, indicating
existence of small angle grain boundaries. There is only one s
points indicating a single domain film.

tween ZnO and LSAT substrate is also determined
the main domains in sampleA. From the formula

D =
(

1

R22̄00ZnO
− 1

R2̄2̄4LSAT

)/ 1

R2̄2̄4LSAT

(R is the distance between the scattering and trans
ted points), the lattice mismatch was measured to
about 19%, in good agreement with the theoretical
tice mismatch between ZnO and LAST. In additio
it should be noticed that inFig. 2(c), the diffraction
spots are slightly arched, indicating the existence
small angle grain boundaries in this film[8].

The structure of rotation domains in sampleA is
further characterized with dark field images, as sho
Fig. 3. Dark field images and corresponding SADP taken in s
ple A. (a) underg = (112̄0) near [101̄0] zone axis. (b) Unde
g = (101̄0) near[112̄0] azimuth (c) SADP, identifying that the con
trast strips are rotated 300 with each other.

Fig. 4. The CBED pattern of the ZnO film of sampleA, indicating
an oxygen polarity of ZnO film.

in Fig. 3. Fig. 3(a) was taken underg = (112̄0) near
[101̄0]ZnO zone axis, andFig. 3(b) alongg = (101̄0)
near[112̄0]ZnO azimuth. We can determine the rot
tion domain according to the SADP of the contr
strips (Fig. 3(c)). From the contrast, the domain co
umn size is estimated to be∼ 50 nm.

The oxygen polarity of the ZnO film was dete
mined by CBED pattern, as shown inFig. 4. The
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Fig. 5. (a) The schematic viewed in[111] projection. The Ca-type sublattice and the O sublattice are in the same plane while the
sublattice is about 12−1/2a (a is the lattice parameter) below the Ca and O sublattice. Two types of hexagons indicate the two O-lay
dashed hexagon shows the Oa-layer and the large one the Ob-layer which is the same as Ca-type sublattice. (b) The configurat
lattice-mismatched (18.9%) epitaxial growth of ZnO on O sublattice of LSAT. (c) The configuration of small lattice-mismatch (2.9%) e
growth of ZnO on Ca sublattice. There is 30◦ rotation between (b) and (c). (d) The schematic diagram of the epitaxial relationships be
ZnO and LSAT for sampleB . The ZnO and LSAT are viewed in the[112̄0] and[1̄10] projections respectively. And the lattice ratio betwe
ZnO and LSAT is about 5/3.
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fringes in the(0000) disk were symmetrical for th
electron beam parallel to the(0001) face. If the film
is Zn-polarized, the central fringes in the(0002) and
(000̄2) should appear bright and dark, respectively,
cause the reflection from the(0001)Zn face is stronge
than that of(000̄1)O face[9].

There are steps on the surface of perovskite c
tal (111) plane[10]. So, the LSAT(111) plane ha
two termination surfaces, one is constitutive of cop
nar O and Ca-type ions, the other is formed with
type ions only. The epitaxial relationships betwe
ZnO and the substrates are schematically illustra
in Fig. 5. Fig. 5(a) corresponds to the projection
the LSAT(111) plane. The Ca-type and O sublatti
are in the same plane, while the Ti-type sublattice
below (or above) the Ca and O sublattice. On o
gen terminated LSAT(111) surface, one dangling bo
for each O is expected after the sufficient O-plas
pretreatment. Thus, the outermost surface is form
by two O layers; one is coplanar with Ca-type io
(we call it as ‘Oa-layer’); the other (Ob-layer) is th
one adsorbed on the Ca-type ions (seeFig. 5(a)). On
the other hand, the O layer on the Ti-type surface
the same sublattice as Oa-layer because of the n
of 6-coordination of Ti-type ion in LSAT, e.g., eac
surface Ti-type ion is bonded with three adsorbed
atoms. Therefore, after oxygen radical treatment,
LSAT(111) surface is consisted of the dominant
layer and minor Ob layer.

On such surface, two kinds of in-plane epitaxial
lationships between ZnO and LSAT will be forme
at low temperature as shown inFig. 5(b) and (c).
Fig. 5(b) is for the case with the Oa layer, which r
sults in the formation of main domains in sampleA.
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The other one (Fig. 5(c)) originates from the Ob laye
forming the minor domains. It is very clear that the
is in-plane 30◦ rotation between them. The structu
of this kind of 30◦ rotation domains is quite differen
from that of 60◦ rotation domains observed in Pt fil
grown on SrTiO3(111) reported in Ref.[10]. The 60◦
rotation domain has a same in-plane orientations
but a different stacking sequences, i.e., fcc for m
domains and fcp for 60◦ rotation domain[10]. The co-
existence of these two stacking sequences is not
in metal films.

Rotation domains are completely suppressed w
the buffer layer growth temperature is increas
which is probably attributed to the desorption of t
Ob layer from the Ca-type ions, leaving only one ki
of oxygen layer (Oa layer) on LSAT(111) surface. T
Ca-type atoms are 12-coordinated in bulk LSAT, 6
plane, 3 below and 3 above the plane. Therefore, t
bonding strength with absorbed oxygen atom is
atively weak when they are at topmost layer. At hi
temperature, the desorption of the Ob layer is expe
to happen. If the deposition rate of ZnO is small at h
temperature (in the case of the buffer layer growth
sampleB), no ZnO nucleus on Ca-type atoms will b
formed due to the short adsorption lifetime of ox
gen atoms. This assumption is confirmed by the
that no Zn-polar inversion domains were found in
buffer layer of sampleB, which will be discussed late
Therefore, we can conclude that the coexistence o
Oa- and Ob-layers at low temperature results in
formation of rotation domains, while at higher tem
perature, single domain ZnO is achieved due to
desorption of the Ob layer.

Now, we discuss the polarity of the ZnO film
Fig. 5(d) is the projection of the cross section ne
the interface along ZnO[112̄0] zone axis. An oxy-
gen terminated LSAT surface with one dangling bo
for each O is expected after oxygen plasma pretr
ment. When ZnO deposition begins, Zn atoms of
first Zn–O bilayer will bond to the topmost O atoms
LAST, resulting in the O-face of Zn–O bilayer upwar
e.g., the O-polar ZnO film, as shown inFig. 4. On the
other hand, Zn-polar domains would be formed if Zn
would nucleate directly on the Ca-type atoms. In t
case, O atoms of the first Zn–O bilayer will first for
bonds with the topmost Ca-type atoms of LAST. Ho
ever, this situation does not happen when the gro
temperature is high because adsorption lifetime of
oxygen atoms is short. Our TEM also shows no inv
sion domains in sampleB.

Fig. 5(d) illustrates that the ratio of lattice dis
tance in ZnO and LSAT is close to 5/3. This domain-
matched epitaxy leads to the formation of a la
density of misfit dislocations.Fig. 6 shows the dark
field cross-section images taken under g= (112̄0) and
g = (000̄2) near[101̄0] azimuth of the ZnO film. Two
specimens have almost the same thickness. There
we are able to compare the densities of threading
locations between them. Many vertical dislocatio
lines originating from the interface and the thread
dislocations through film have been observed al
[0001]. The dislocation density at interface is mu
higher than the upper region. There are three ty
of threading in hexagonal compact structures,
a-type dislocation (Burgers vector 1/3〈112̄0〉, edge
dislocation), a+ c-type dislocation (Burgers vecto
1/3〈112̄3〉, mixed dislocation), and c-type disloc
tion (Burgers vector〈0001〉, screw dislocation)[11].
They can be unambiguously characterized by{112̄0}
and (000̄2) dark field images according to the ru
of g • b = 0. a-type dislocations are in contrast
the {112̄0} dark field and extinguished in the(000̄2)

dark field images, c-type dislocation are in contras
the (000̄2) dark field and extinguished in the{112̄0}
dark field images. Meanwhile, a+ c type dislocations
are in contrast in both dark field images. As sho
in Fig. 6, there are more edge-dislocations than sc
and mixed dislocations. Also no inversion domains
ist in sampleA and sampleB as no contrast inversion
are observed in the two multiple dark field images
der theg = (000̄2) andg = (0002) with the electron
beam along the noncentrosymmetric[112̄0] axis[12].
We find many strips inFig. 6(a) and (c) resulting from
the small grain boundaries. The density of thread
dislocation in upper region of sampleB is estimated to
be approximately 4× 109/cm2, while in sampleA it
is three times higher. It is well known that the intera
tion between threading dislocations and the forma
of half-loops will reduce the density of threading d
locations in upper region. The half-loops in sampleB

shown inFig. 6(b) are higher than that in sampleA
(Fig. 6(d)), leading to a lower density of threading d
locations in sampleB. Therefore, we speculate th
higher buffer layer temperature enhances the thre
ing dislocation interactions near the interface, and t
more dislocation annihilation and fusion will appea
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Fig. 6. Dark field cross-section images of ZnO film under reflecti
g = (112̄0), (a) and (c)g = (000̄2), (b) and (d) near[101̄0] azimuth.
(a) and (b) are performed on sampleA, (c) and (d) sampleB .

4. Summary

We have used TEM to characterize the microstr
ture of epitaxial ZnO films on LSAT(111). The crysta
lographic orientation relationship was determined
SDAP. Defect characterization shows that only thre
ing dislocations exist in our films. From dark fie
images and HRTEM, 30◦ rotation domains were ob
served for ZnO grown at low temperature. They can
suppressed when higher growth temperature for bu
layer is adopted. The oxygen polarity of ZnO film
was confirmed by CBED. Although single domain a
unipolar ZnO film has been obtained, the defect d
sity is still high because of the large lattice mismat
Further efforts are still needed for the improvemen
the crystal quality.
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