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Tilting during island growth of In,O; on Y-stabilized ZrQ,(001)
revealed by high-resolution x-ray diffraction
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The growth of In,O5 islands on (001)-oriented Y-stabilized cubic ZrO, has been investigated using high-
resolution x-ray diffraction and the results compared with those from atomic force microscopy and electron
microscopy. Measurements were performed with wave-vector transfer both parallel to and perpendicular to the
surface normal. Transverse scans around the epilayer (004) and (008) reflections gave a characteristic three-
peak structure for wave-vector transfer along the [110] direction but a two-peak structure when the scan was
performed along the [100] direction. These results suggest that the atomic planes of the islands are not parallel
to those of the substrate but are tilted at an angle of about 0.7° from the four different in-plane (110) directions.
Tilting was also observed in real space by high-resolution transmission electron microscopy. The tilt helps to
relieve tensile strain arising from a —1.6% lattice mismatch between the epilayer and the substrate. The tilt
direction is shown to be determined by the elastic constants of the epilayer, which favor strain along (110)
directions rather than (100) directions. The x-ray results also indicated that the islands imaged by atomic force
microscopy are each built up from microdomains so that the coherence length deduced from x-ray scattering is
much smaller than the island size. Thus for islands with a thickness of 2500 A the coherence length was

estimated to be about 500 A.
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I. INTRODUCTION

In common with many other sesquioxide including
Mn,O5 and rare-earth oxides from La,O5 to Lu,05, indium
oxide (In,O3) adopts the cubic bixbyite structure. The crystal
structure is based on a slightly distorted face-centered-cubic
array of indium cations with % of the tetrahedral sites occu-
pied by oxygen ions. The unit cell is body centered and

belongs to the space group /a3. The structure can alterna-
tively be described as a 2 X2 X2 superstructure of fluorite
but with i of the anion sites vacant' so that each In ion is six
coordinated rather than eight coordinated as in fluorite itself.
There are 16 formula units (i.e., 32 In atoms) per unit cell
and the lattice parameter is usually quoted to be 10.117 A.
In,O5 is intrinsically n type due to donor defects. It was
believed for many years that oxygen vacancies gave rise to
shallow donor states, although recent calculations suggest
that V¥ gives an electronic state rather deep in the band gap.?
This has led to the suggestion that the native defect respon-
sible for conductivity is a singly charged interstitial complex
(In;"0")".3 In,03 is also amenable to n-type doping by sub-
stitution of Sn cations onto the In sites to give indium tin
oxide (ITO).# ITO is one of a very restricted range of ma-
terials that combines the properties of optical transparency in
the visible region with a high electrical conductivity. This
leads to applications in thin film solar cells and in liquid
crystal and electroluminescent display devices.

Despite the significant technological importance of ITO
(Refs. 4—6) many aspects of its fundamental physics have
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remained controversial, including the magnitude and nature
of the bulk band gap in In,Oj itself. Despite the fact that for
many years the band gap was quoted to be 3.75 eV or there-
abouts, recent work has shown that there is a direct but di-
pole forbidden absorption onset below 3 eV.”8 Moreover,
surprisingly little effort has been directed toward growth of
high-quality thin films of In,O5 or ITO. To date most work
on the growth of well-ordered In,0O5 films has concentrated
on deposition of In,O5 onto alumina or yttria-stabilized zir-
conia single-crystal substrates by pulsed laser deposition in
ultrahigh-vacuum  compatible  systems [i.e., “laser”
molecular-beam epitaxy (MBE)],>~!? although there are some
reports of single-crystal growth by metal-organic chemical-
vapor deposition!? and by MBE using conventional indium
Knudsen cells and oxygen atom plasma sources.'*!7 These
results have prompted us to initiate a program concerned
with growth of In,O5 and ITO thin films on cubic zirconia by
oxygen plasma-assisted MBE.!822 ZrO, itself has a low
symmetry monoclinic structure at room temperature but a
cubic phase can be stabilized by replacement of some of the
Zr** with the larger cation Y3*. The charge mismatch be-
tween Zr** and Y** is compensated by the introduction of
oxygen vacancies. The face-centered-cubic fluorite structure

of Y-stabilized ZrO, belongs to the space group Fm3m. For
the minimum Y concentration of around 17% required to
stabilize a cubic phase, the lattice parameter can be estimated
as a=5.142 A from extrapolation of lattice parameters for
more highly doped zirconia samples.”>> Thus at 17% Y
doping the mismatch m between 2a, for the Y-ZrO, and a,
for the In,O; epilayer as defined by the expression
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m=(a,-2a,)2a (1)

has a value m=-0.016, i.e., the mismatch is —1.6%. More-
over the two structures involve very similar cation arrays but
with 41-1 of the anion sites of the fluorite structure vacant in
In, O35 so that the cations are six coordinated rather than eight
coordinated as in the fluorite structure. Thus Y-doped ZrO,
appears to be an ideal substrate for growth of well-ordered
thin films of In,O5;. Our work to date has shown that the
growth of Iny,O5 on (001)-oriented Y-ZrO, at temperatures
around 650 °C by MBE leads to continuous epitaxial
films'®2! but growth at higher temperatures leads the films to
break up into micron-sized square islands or “dots.”!%?!

In this paper we report the results of high-resolution x-ray
measurements on a series of samples grown at 900 °C over
a range of deposition times. All samples were characterized
by an island growth mode. Initial measurements showed that
the broadening of the diffraction features was much more
pronounced than expected from the dimensions of the “is-
lands” derived from atomic force microscopy (AFM) and
transmission electron microscopy (TEM). However, further
experiments have shown that the x-ray scattering is sensitive
to the internal structure within the dots. In addition we have
found evidence for the tilting of the atomic planes in the
epilayer relative to those of the substrate along the four dis-
tinct in-plane (110) directions.

II. EXPERIMENTAL PROCEDURE

Indium oxide layers with an island morphology were
grown on 1 cmX 1 cm Y-stabilized ZrO,(001) substrates
with a nominal Y-doping level of 17% (as defined by the
formula Zr,_,Y,0,_,» with x=0.17) in an ultrahigh-vacuum
oxide MBE system (SVT, USA) with a base pressure of 4
X 107! Torr. This incorporated liquid-nitrogen-cooled cryo-
panels, a hot lip indium Knudsen cell and a radio-frequency
(rf) plasma oxygen atom source operated at 200 mW rf
power with an oxygen background pressure of 1.5
X 107> Torr. The deposition rate for the In metal was set at
0.01 nm s~ using a quartz crystal monitor offset from the
substrate position but the true growth rate of oxide at the
substrate position was found to be 0.04 nm s~! as gauged by
cross-sectional transmission electron microscopy. Substrates
were held by gravity in a recessed Mo mounting plate and
heated radiatively using a graphite filament. The sample tem-
perature was measured by a chromel-alumel thermocouple
spot welded to the cradle holding the sample mounting plate.
Substrates were cleaned by exposure to the oxygen atom
beam with a measured substrate temperature of 900 °C. Is-
land films were then grown at a substrate temperature of
900 °C in growth runs whose duration extended between
500 and 3000 s to give nominal average film thicknesses
between 200 and 1200 A (the thickness here is defined as
the thickness of indium oxide if the films had been uniform
across the substrate surface). The three samples studied in
detail by x-ray diffraction (XRD) involved growth times of
3000 s, 1000 s, and 500 s and are referred to as samples A,
B, and C respectively. Most of the data reported here are
from sample A. The thickness of the islands was roughly
2500 A for sample A.
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AFM images were recorded in a Digital Instruments Mul-
timode scanning probe microscopy instrument with a Nano-
scope IIla controller. This was usually operated in tapping
mode but images of the samples grown at 650 °C were re-
corded in contact mode. The measurements employed a “J”
scanner having a lateral range of approximately 100 um and
a vertical range of 6 um. Silicon probes (Nascatec GmbH
model NST NCHFR), with resonant frequencies of approxi-
mately 320 kHz were used. X, Y, and Z calibration of the
AFM was accomplished by scanning a 10 wm pitch with a
2000 A three-dimensional reference from Digital Instru-
ments. Additionally some samples were studied by cross-
sectional TEM, as described in detail elsewhere.?!

The x-ray measurements were made with a Panalytical
Materials Research Diffractometer with a focusing mirror
and a four bounce Ge (111) monochromator in the incident
x-ray beam. A slit before the detector was employed in most
measurements. However for some high-resolution measure-
ments, a triple bounce Ge analyzer crystal was inserted be-
fore the detector. The slit gives higher count rates but has a
considerably larger angular aperture than the triple bounce
analyzer. The limited angular resolution allows strong scat-
tering to be observed as a spurious peak when only the 26
angle is varied near a substrate Bragg reflection. This effect
influences the measurements shown in Fig. 4. The sample
was mounted on the sample stage with the [001] axis of the
substrate perpendicular to the stage and aligned horizontally
in the scattering plane to give maximum scattered intensity.
The tilt angle ¢ was also adjusted to ensure that [001] axis
lay within the scattering plane. The sample was then aligned
azimuthally with the [110] axis within the scattering plane by
reference to the (113) reflection. Azimuthal ¢ rotation about
the [001] axis could then be used to set an [010] axis or a
[110] axis in the scattering plane. Scans were performed with
the wave-vector transfer (AQ) parallel (longitudinal scans) or
perpendicular (transverse scans) to the [001] growth axis
close the (002), (004), (204), (113), and (115) Bragg reflec-
tions of the substrate, corresponding to (004), (008), (408),
(226), and (22 10) reflections of the epilayer. Throughout this
paper the wave-vector transfers are given in units of inverse
Angstrom. The vertical resolution of the instrument is con-
trolled by the vertical height of the monochromator and of
the analyzer or the slit before the detector. The estimated
vertical resolution of about 0.5° is much larger than the in-
plane resolution.

III. RESULTS

AFM images of representative areas of the three samples
studied in the present work are shown in Fig. 1. In each case
there is an obvious propensity for growth as square sided
islands with edges aligned along (110) directions of the sub-
strate. For sample A the typical lateral island size is around
1 wm. A similar island size is preserved in B although the
island density is lower for this sample. The sample C, which
was prepared with the lowest deposition time, has smaller
islands. The inset to the image for the thickest sample (A)
shows a cross-sectional TEM image which reveals an island
thickness of about 2500 A. It can also be seen that the is-
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500 nm

FIG. 1. (Color online) 10 umX 10 wm AFM images of the
three samples A, B, and C studied in the present work. The TEM
micrograph shown in the panel (A’) shows a cross of sample A
viewed down the (110) direction. The nominal average thicknesses
of the films are, respectively, 1200 A, 400 A, and 200 A for A, B,
and C assuming uniform surface coverage, although the islands are
thicker than this owing to incomplete coverage of the substrate.
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lands in fact have sloping sides faces built up mostly of {111}
facets, although {211} facets are also observed. AFM images
show the same facet structure, although due to finite tip size
effects, the side structure is not obvious in the topographic
AFM images themselves and only becomes apparent in AFM
“error” images.2! Most of the results presented here relate to
sample A, unless mentioned to the contrary.

Preliminary measurements showed that the zirconia sub-
strates had the fluorite structure. The lattice parameter was
found to be a=5.1460+0.0001 A, in good agreement with
the value expected. The mosaic spread was typically less
than 0.015°. The scattering from the indium oxide layer was
both more complicated and more interesting. Figures 2(a)
and 2(b) show 6-26 scans through the substrate (002) and
(004) peaks and the associated (004) and (008) reflections of
the thickest In,O5 film presented on a linear scale. Figures
2(c) and 2(d) shows the same data but presented on a loga-
rithmic scale in terms of the wave-vector transfer parallel to
the [001] growth direction. The full widths at half maximum
height of the In,O; peaks are 0.016+0.001 A~' for the
(004) peak and 0.025+0.001 A~' for the (008) peak. A
simple interpretation of these widths in terms of a coherent
scattering thickness r=27/AQ gives values of 390 A and
250 A, respectively, assuming that the islands are simple
square right prismatic blocks with rectangular edges and
overall Dy, point-group symmetry. These are very much
lower than values of about 2500 A inferred from cross-
sectional TEM. This disagreement and the difference be-
tween the results for the two different reflections are signifi-
cant discrepancies and more detailed experiments were
performed to understand them.

One possible source for the discrepancy is that the scat-
tering from a truncated square pyramidal block with Cy,
point-group symmetry is radically different from that of a
square right prismatic block defined above. In order to ex-
plore this possibility we carried out model calculations of the
scattering from both a square right prismatic island and a
square pyramidal island with the same base size. Note that
this simplified nontruncated pyramidal model geometry dif-
fers from the truncated square pyramidal geometry found
experimentally. It should however produce bigger differ-
ences in scattering profiles when compared with a square
right prismatic geometry and provides a simple means of
exploring whether geometrical effects are important or not.
The calculations were based on an idealized face-centered
array of atoms, corresponding approximately to the arrange-
ment of In atoms in In,O53. The pyramid had a base with N
X N atoms (where N is even) and sides with a length of

Na/\2 parallel to the [110] and [110] directions, where a is
the cubic lattice parameter. The edge in each successive layer
had one less atom than in the preceding layer so that the
sloping side facets were made up of {111} planes, as found
experimentally. The pyramid contained N atomic layer par-
allel to the surface and terminated in a single atom. The
calculations reported here relate to N=100 and were per-
formed by analytically summing the scattering amplitude
over each basal plane and then numerically summing up
these amplitudes to give the scattering amplitude for the
whole pyramid. The results for the scattering intensity from a
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FIG. 2. X-ray scattering measured by scans of the wave-vector transfer longitudinal through the (002) and (004) Bragg reflections from

the substrate and through the epilayer (004) and (008) reflections.

C,, square pyramid are shown in Fig. 3, where they are
compared with the scattering from a Dy, square right prism
with the same base and same height. For ease of visual com-
parison of the width of the peaks, the intensities have been
normalized to give the same maximum intensity for both
models. The scattering is shown for wave vectors near a
Bragg peak and along the cubic [110], [100], and [001] di-
rections without taking account of the form factors of the
atoms, etc. Not surprisingly, the scattering for the rectangular
block is narrower in wave vector than that from the pyramid
and our calculations suggest that in the [100], [110], and
[001] directions the pyramid gives an increase in the width
over that of the rectangular block by factors of 1.31, 1.29,
and 1.54, respectively. The scattering is most different for
wave vectors along the [001] direction where the scattering
from the square right prismatic block shows the expected
oscillations associated with thickness fringes while the scat-
tering from the pyramid steadily decreases and has a long
tail. The increase in the width of the scattering for the pyra-
mid is, however, far too small to account for the difference in
the width compared with the size of the islands measured by
atomic force measurements and by electron microscopy.
There must therefore be other contributions to the width and
the measurements reported below were performed to inves-
tigate these discrepancies.

Initially we discuss the scattering from the indium oxide
near the substrate (113) reflection, corresponding to the ep-
ilayer (226) reflection. This reflection was chosen because it
depends on wave-vector transfer both parallel and perpen-
dicular to the growth direction. Transverse scans were per-
formed with the wave-vector transfer scanned perpendicular
to the growth direction for a series of different values of
wave-vector transfers parallel to the growth direction. The
results are shown in Fig. 4(a) which presents a map of the
scattered intensity close to the (113) Bragg reflection from

the substrate. A cut through the map along the [110] direction
to include the maximum in the scattered intensity is also
shown in Fig. 4(b). As discussed in the experimental section,
a spurious intense line arises at the bottom of the map from
the use of a slit before the detector and only the broader
scattering at the top of the map arises from the In,O5 layer.
An interesting feature of the results is that the maximum in
the intensity is at roughly the same in-plane wave vector as
for the substrate for the largest perpendicular wave-vector
transfer. However, as the perpendicular wave-vector transfer
decreases, the peak in the in-plane wave vector transfer
moves steadily away from the value of 1.727 A~' character-
istic of the substrate. The observed change is approximately
0.045+0.005 A~" in the plane of the film for a change of
0.050+0.005 A~! parallel to the growth direction. The
In, 05 epilayer is placed under tensile stress by the mismatch
with the substrate. The results suggest that close to the inter-
face the indium oxide is laterally strained so that it is lattice
matched to the substrate in the growth plane. This leads in
turn to a contraction in d spacings parallel to the growth
direction through the Poisson effect and to larger values of
longitudinal wave-vector transfer than expected from the
bulk lattice parameter. Away from the interface the strain is
relaxed through formation of dislocations and the in-plane
lattice parameter decreases while the out-of-plane lattice pa-
rameter increases, so that the resulting layer has a more
nearly cubic structure. We thus find that the lattice param-
eters at the interface are not characteristic of a cubic material
but that the In,O5 elongates under tensile stress parallel to
the surface and contracts perpendicular to it. Moreover, the
scattering from the (226) epilayer reflection is very broad
with a width of approximately 0.08 A~! perpendicular to the
growth direction. There are a number of possible contribu-
tions to peak width, including from finite-size effects, varia-
tions in the lattice parameter perpendicular to the growth
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FIG. 3. (Color online) (a) The calculated scattering from a pyra-
mid and (b) a rectangular block. The dashed line is scattering when
the wave-vector transfer is along the [110] direction, one of the
sides of basal plane of the pyramid, the continuous line is the scat-
tering when the wave vector is along the [100] direction, also in the
basal plane but at 45° to the edges of the pyramid, and the dotted
line shows the scattering when the wave-vector transfer is along the
[001] direction perpendicular to the basal plane. The wave vector is
in units of 277/a and the number of lattice constants N is 100.

direction or from tilting of the atomic planes. Similar results
were obtained near the (115) and (204) Bragg reflections of
the substrate although these reflections were much weaker
and more difficult to study in detail. Taken together the re-
sults suggest, however, that the lattice parameters of the in-
dium oxide vary with distance from the interface and that the
changing lattice constants make a substantial contribution to
the x-ray linewidths in both longitudinal and transverse
scans.

As mentioned previously, the width of the peaks for
wave-vector transfer parallel to the growth direction is
0.016*+0.02 A~' for the (004) Bragg reflection and
0.025+0.05 A~! for the (008) Bragg reflection. Using these
two measurements we can surmise that there are two contri-
butions to the width of the peaks. One arises from the varia-
tion in the lattice parameter resulting from strain near the
interface. This is expected to vary as the wave-vector transfer
squared. The other arises from the finite size of the domains
that produce coherent scattering and is expected to be inde-
pendent of wave-vector transfer. The latter contribution to
the broadening is estimated to be 0.013 A~! while the wave-
vector-dependent contributions to the broadening are
0.003 A~! for the (004) reflection and 0.012 A~! for the
(008) reflection. We can thus infer that the coherent scatter-
ing length is (277/0.013) A, which is about 500 A. This
value is still less than the sample thickness of around
2500 A found by tunneling techniques and electron micros-
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FIG. 4. (Color online) (a) A contour map of the scattering near
the substrate (113) Bragg reflection presented on a logarithmic
scale. The spurious diagonal streak in the lower part of the map is
discussed in the text. The scattering from the In,O5 film is the
broader diffuse structure observed at larger AQ[001]. The zero of
the horizontal scale is defined by the position of the substrate Bragg
reflection for which AQ[110]=1.727 A~!. The lower panel shows a
transverse cut through the map passing encompassing the maximum
of the scattering from the In,Oj; epilayer with AQ[001]=3.71 A~
The cut is presented on linear scale.

copy but is significantly larger than the estimate which ne-
glects strain.

We also made a detailed study of transverse scattering
from the indium oxide close to the (002) and (004) Bragg
reflections of the substrate, corresponding to the (004) and
(008) reflections of the epilayer. Figure 5 shows the scatter-
ing observed when the wave-vector transfer is scanned par-
allel to the surface with either the [100] or [110] direction
within the scattering plane. The figure includes data for the
In,05 (004) peak in panels (a) and (b) and for the (008) peak
in panels (c) and (d). The wave-vector transfer normal to the
surface along the [001] direction was selected to include the
overall peak maximum of the indium oxide scattering. The
profiles are dependent on whether the [100] or [110] direc-
tion is in the scattering plane. The scattering observed in the
[110] direction for the epilayer (004) reflection has three
peaks, the central component having approximately twice the
intensity of the two side peaks. The two side peaks for the
(004) reflection were centered at +(0.030=0.002) A~! with
a width along the [110] direction of 0.020+0.004 A~' and
the peak in the center has a similar width. The comparable
scan when the [100] direction was in the scattering plane
showed only two peaks. Each peak is now centered at
+(0.022+0.002) A" which is very close to a 1/42 times
the separation between the two side peaks in the [110] direc-
tion while the width had approximately the same value of
0.020+0.005 A~'. It thus emerges that the scattering is not
isotropic perpendicular to the growth direction and is consis-
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FIG. 5. [(a) and (b)] Scans of scattered intensity close to the
(002) Bragg reflection of the substrate as a function of transverse
wave-vector transfer. The wave-vector transfer was varied along the
[100] direction in (a) and the [110] direction in (b). AQ[001]
=2.486 A~ in both cases. [(c) and (d)] Scans of scattered intensity
close to the (004) Bragg reflection of the substrate as a function of
transverse wave-vector transfer. The wave-vector transfer was var-
ied along the [100] direction in (c) and the [110] direction in (d).
AQ[001]=4.972 A~ in both cases. The peak in the center of scan
(d) is reduced in intensity as compared to figure (b) because of the
finite resolution perpendicular to the scattering plane.

tent with the pattern expected if there are four maxima dis-
placed along the four (110) directions, as shown schemati-
cally in Fig. 6. The side peaks in Fig. 5(b) arise from

scattering displaced in the [110] and [110] directions and the

central peak from scattering displaced in the [110] and [110]
directions. The latter are observed because of divergence per-
pendicular to the scattering plane: the vertical divergence in
these experiments is sufficient to capture intensity that is
close to the scattering plane. Experiments were also per-
formed with the analyzer crystal in place. This gives a re-
duced divergence perpendicular to the scattering plane and
the intensity of the central peak of the epilayer (004) Bragg
reflection was then about the same intensity as the side
peaks. As shown in Figs. 5(c) and 5(d) the results for the
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FIG. 6. (Color online) The upper panels of the figure shows a
schematic representation of the positions of the scattering in the
plane perpendicular to the [001] growth axis. There are four reflec-
tions displaced along the four distinct (110) directions. In the ex-
periment we observe the patterns projected into the lower panels
either by scanning the wave vector along a [100] direction or along
the [110] direction.

epilayer (008) peak are qualitatively very similar to the re-
sults for the epilayer (004) Bragg reflection except that peaks
are found at *(0.065*0.005) A~' for the [110] direction
and +(0.042+0.005) A~! in the [100] direction while the
widths are approximately 0.04=0.01 A~'. The scattering
along the [110] direction now has a weaker peak in the center
because the satellite peaks are further away from the scatter-
ing plane and so not all the scattering is observed in these
measurements. The displacements and widths are seen to be
approximately twice as large as those obtained near the (002)
Bragg reflections. This shows that the structural deviation
responsible for the displaced scattering from the indium
oxide is not a phononlike distortion because a distortion
of this sort has the same reduced wave vector in each
Brillouin zone. The displaced Bragg peaks instead suggest
that the indium oxide planes are tilted through a small
angle along the (110) directions. This tilt angle ¢t is de-
fined by the displacement in the transverse scan AQ[110]
divided by the position of the peak maximum in the longitu-
dinal scan AQ[001] because simple geometrical consider-
ations show that g1~ tan ¢;,;=AQ[110]/AQ[001]. In-
serting AQ[001]=2.486 A~! and AQ[110]=0.030 A~' for
the (004) Bragg peak gives if;61=0.69° while for the (008)
Bragg peak AQ[001]=4.972 A~ and AQ[110]=0.065 A~
gives i1;0)=0.75°. We thus have an average value of
0.72° £0.03°. The width of the (008) Bragg reflection in the
direction perpendicular to the growth direction is also double
that observed for the (004) Bragg reflection. Hence the
spread of the peak is constant in angle and corresponds to
approximately 0.45° = 0.10°.

Finally Q space scattering maps were constructed by
scanning the wave-vector transfer parallel to the surface for a
series of different values of the wave-vector transfer in the
growth direction. Results of this Q space mapping for sample
A are shown in Fig. 7 for both [100] and [110] directions.
The tail of the substrate scattering appears as a narrow streak
in the lower part of these figures. It can be seen from these
maps that for the largest values of AQ[001], the scattering is
weak and coincident with the peak of the substrate Bragg
reflection. This is similar to the results obtained near the
(113) Bragg reflection.
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FIG. 7. (Color online) Contour maps of the variation in scatter-
ing intensity observed near the (002) Bragg reflection of the sub-
strate for sample A. The scattering is shown for wave vectors in the
plane described by the [100] and [001] directions in (a) and for the
plane defined by the [110] and [001] directions in (c). The maps are
presented on a logarithmic scale. Panels (b) and (d) show cuts along
the [100] and [110] directions with AQ[001]=2.486 A~' presented
on a linear intensity scale.

Samples B and C gave results very similar to those for
sample A and we restrict ourselves to presentation of Q space
maps for these samples in Figs. 8 and 9, respectively. The
scattering from the layer was approximately a factor of 10
weaker for sample B than for sample A and a factor of 50
weaker for sample C than for sample A. Sample C represents
the lower limit of coverage for which it was possible to study
epilayer diffraction using a laboratory based x-ray source.
The maps show basically the same structure and displace-
ments as in Fig. 8, although the separate peaks were nar-
rower than for sample A. This is especially evident for the
thinnest sample C as shown in Fig. 10. Furthermore the con-
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FIG. 8. (Color online) Contour map of the variation in scattering
intensity observed near the (002) Bragg reflection of the substrate
for sample B. The scattering is shown for wave vectors in the plane
described by the [100] and [001] directions in (a) and for the plane
defined by the [110] and [001] directions in (c). The maps are
presented on a logarithmic scale. Panels (b) and (d) show cuts along
the [100] and [110] directions with AQ[001]=2.486 A~! presented
on a linear intensity scale.

tour maps in Figs. 9 and 10 show a sharp streak running
through the center of the epilayer scattering and aligned with
the Bragg reflections from the substrate in a way at least
similar to that expected for a crystal truncation rod from the
substrate. Possibly this is present because there are now very
large regions of the surface not covered by indium oxide dots
that can give this scattering while for the thicker sample
crystal truncation rods are not observed because of the more
closely placed islands and the much larger scattering from
those islands.

The conclusion that the island epilayer is tilted relative to
the substrate was confirmed by provisional high-resolution
TEM (HRTEM) observations. Tilt was apparent for sections
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FIG. 9. (Color online) Contour map of the variation in scattering
intensity observed near the (002) Bragg reflection of the substrate
for sample C. The scattering is shown for wave vectors in the plane
described by the [100] and [001] directions in (a) and for the plane
defined by the [110] and [001] directions in (c). The maps are
presented on a logarithmic scale. Panels (b) and (d) show cuts along
the [100] and [110] directions with AQ[001]=2.486 A~' presented
on a linear intensity scale.

cut to allow HRTEM observations down both [110] and
[010] directions, as shown in Figs. 10(a) and 10(b). To em-
phasize the tilt and measure the tilt angles we found it con-
venient to change the aspect ratio of the HRTEM images by
compression down the [001] axis by a factor of 5: this in-
creases the apparent tilt angle by the same factor. The results
of this procedure for the image of Fig. 10(a) are shown in
panel (c), from which it is found that the local tilt angle
down the [110] direction was about 1.7°. There were how-
ever significant variations in the local tilt angle, especially
for sections viewed down the [010] direction as in Fig. 10(b).
Thus the compressed version of this image shown in Fig.
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FIG. 10. (a) Cross-sectional HRTEM image of Y-ZrO,/In,0;
interface for sample grown under identical conditions to sample A
viewed down [110] direction; (b) as in (a) but for a different section
viewed down [010] direction; (c) the image as in (a) but with the
aspect ratio changed by a factor of 5 by compression in the [001]
direction and expansion in the [110] direction in order to emphasize
the tilt at the interface; (d) the image as in (b) but with the aspect
ratio changed by a factor of 5 by compression in the [001] direction
and expansion in the [100] direction; (e) compressed image similar
to (d) but from a different island with more pronounced tilt; (f)
compressed image similar to (c¢) viewed down [110] direction for a
continuous film sample grown at 650 °C.

10(d) reveals a local tilt of 2.0°, whereas the tilt in another
island within the same section shown in the compressed im-
age of Fig. 10(e) is 2.6° in the opposite direction to that in
Fig. 10(d). It is obvious that the strain state in a thin lamellar
slice prepared for HRTEM (where a typical thickness will be
on the order of 300 A) differs from the biaxially symmetric
strain state on the (001) surface of a cubic material. In addi-
tion preparation of samples for HRTEM may in itself intro-
duce defects and dislocations, which will in turn influence
the tilt angle.

As we have described elsewhere, rough but continuous
[001]-oriented thin-film samples can be prepared by deposi-
tion at lower substrate temperatures of around 650 °C.!8:2!
These samples gave no signature of tilt in XRD or in cross-
sectional HRTEM images [Fig. 10(f)]. However there is evi-
dence of misfit dislocations very close to the interface, as
seen, for example, toward the left-hand side of Fig. 10(f).
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These cause the atomic rows of the epilayer in the com-
pressed images to appear to bend in the vicinity of the dis-
locations. Misfit dislocations as well as tilt are found in the
images from the island samples grown at high 900 °C. This
is illustrated, for example, in the image shown in Fig.
10(e)—within this image there is one more epilayer atomic
row than the number of substrate atomic rows and a misfit
dislocation is clearly apparent in the right half of the image
(highlighted by an ellipse in the figure).

IV. DISCUSSION

Tilting at interfaces between mismatched materials is a
widespread phenomenon which has been observed in a di-
verse range of systems including SisN, on Si,?’ rare-earth
metals on body-centered-cubic transition metals,”® and ZnSe
on Ge.? Particular interest in this area has concentrated on
mismatched group IV, III-V, and II-VI systems with the zinc-
blende or diamond structures. In most of these cases the
lattice parameter for the epilayer is greater than that for the
substrate so that at an interface with a perfectly oriented
substrate the epilayer would be placed under compressive
stress. In this situation strain due to the mismatch is relieved
by tilting if the epilayer is grown on a vicinally offcut
substrate.’*33 The direction of the offcut basically deter-
mines the direction of the tilt. The use of vicinal substrates in
MBE growth of III-V materials is now widely used to im-
prove the quality of the epilayer. The situation in the current
system is somewhat different in that the lattice parameter for
the epilayer is less than the (doubled) lattice parameter for
the substrate so that the epilayer is placed under tensile stress
along both [100] and [010] directions. A simple geometric
construction then suggests that strain can be relieved by tilt-
ing with periodic introduction of tilt dislocations as shown
schematically in Fig. 11(a). The step heights in these dislo-
cations are determined by the distance between adjacent cat-
ion containing atomic planes within the epilayer. For In,O4
this distance is a,/4=2.59 A.

Lattice tilting as depicted in Fig. 11(a) only relieves the
lattice mismatch in the tilt direction. However, in a mis-
matched cubic system, biaxial mismatch is clearly present
along both the [100] and [010] directions. Mismatch along
the in-plane direction orthogonal to the tilt direction (which

is [010] for tilt along the [100] direction and [110] for tilt
along the [110] direction) must be accommodated by lattice
straining, and this incurs a penalty in terms of the elastic
strain energy. It is therefore informative to consider the rela-
tive magnitudes of the energies associated with in-plane
strains along the (100) and (110) directions, the former being
associated with the tilt along the (100), and the latter with the
tilt along the (110) directions, respectively. Due to the ab-
sence of large single-crystal samples, reports on the elastic
properties of In,O5 are sparse. However, an interatomic po-
tential model for In,O; has recently been developed,’* based
on the Born model of ionic solids. This reproduces the struc-
tural, elastic, and defect properties of bixbyite, as well as a
number of high-pressure phases. Using this model, the three
independent elastic constants (c;;=298 GPa, ¢;,=142 GPa,
and c,4=76 GPa) were obtained from the second derivate of
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FIG. 11. (a) Schematic of tilt at the mismatched interface of two
cubic materials viewed down the [010] direction where the lattice
parameter of the epilayer is less than that of the substrate such that
f=0.98, v=0. The figure shows how registry can be maintained by
tilting with a tilt angle =10.5° with the introduction of periodic tilt
dislocations and a sawtooth variation in compressive and tensile
strain at the interface. See text for definition of f, v, and ¢. (b)
Schematic of a more strongly mismatched interface between cubic
materials as in (a) but with f=0.82. Misfit is now accommodated by
introduction of both tilt dislocations and periodic misfit dislocations
with v=1 giving a tilt angle ¥=9.6°.

the energy with respect to lattice strain. The energy density
associated with uniaxial elastic strain in {100) directions is
determined by c(jgpy=c;;=298 GPa. The corresponding
stiffness constant along the (110) direction is given by
cai0y=(2¢11+2¢1+¢44)/4=239 GPa. In other words, the
strain energy penalty associated with straining (and tilting)
along the (110) directions is approximately 20% lower than
that for the (100) directions. This simple reasoning shows
that, in agreement with the experiment, lattice tilt along
(110) directions with accompanying strain in an orthogonal
(110) direction is favored over tilt along (100) directions.
There are clear analogies between the current results and
those found for RbI(111) islands on basal plane mica sur-
faces. In this system the epilayer is also under tensile stress
and tilting was found along symmetry-related azimuthal
directions.®

The tilt angle suggested by the construction of Fig. 11(a)
assuming that (i) the epilayer (and substrate) remain un-
strained and (ii) that the number n of cation planes between
tilt dislocations is such that n,=n, (where s refers to the
substrate and e refers to the epilayer) has a value 00 de-
termined by the lattice matching factor f=a,/2a,, where the
a are lattice parameters for the substrate s and the epilayer e,
respectively (remember that 2a,~a,),
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€cos i1 =1 (2)

This translates into a tilt along the [110] direction ¢t de-
fined by

Yii0]= tan™'(\2 X tan Yri00) (3)

with f=0.984, this analysis gives a tilt angle if;19=14.5°,
which is very much bigger than observed. This suggests that
the misfit is accommodated by a combination of both tilt and
misfit dislocations, such that the number of In containing
cation planes within a given lateral distance is greater than
the number of Y/Zr-containing planes in the substrate i.e.,
n,>n, This situation is illustrated schematically in Fig.
11(b). The two types of dislocation may be further accompa-
nied by elastic strain in the epilayer such that dyy <dg0,
where the d are interplanar spacings. A generalized geometri-
cal model to deal with the occurrence of both tilt and misfit
dislocations (but not elastic strain) has recently been devel-
oped by Yamada et al.3® Following these authors, we define v
by

v=n,—n,. (4)

Neglecting long-range strain in the In,O; other than very
close to the interface we can write

p(1-£7)
v+ AN +p(l=F)]

where p is an aspect ratio determined by the ratio of spacings
between atomic layers in the [001] and [110] directions. Tak-
ing p=12 and v=1 gives a tilt angle Y1101=1.20° while v
=2 gives i1,01=0.63°. The latter value is very close to that
which is observed. HRTEM images such as that shown in
Fig. 10(e) provide direct evidence for occurrence of the mis-
fit dislocations required by these considerations. The model
developed by Yamada er al. further predicts a transition be-
tween strained pseudomorphic growth and tilted growth for a
critical thickness in the epilayer. As discussed above, even
our thinnest samples show evidence of tilt and it has not been
possible to study the ultralow coverage regime, where
pseudomorphic growth is to be expected, using a laboratory-
based diffractometer. In the future we will explore the tran-
sition from untilted to tilted growth using synchrotron-based
diffraction techniques applied to ultrathin samples.

We were also unable in the current study to experimen-
tally determine whether the displaced peaks postulated in
Fig. 6 arise from a concerted tilt in one direction for each
single island or whether there are differently tilted domains
within each island. The HRTEM observations we have made
so far have not revealed a change in tilt direction within a

(5)

tan ip;,0)=
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given island but we cannot exclude this possibility. The issue
is only resolvable using microdiffraction techniques and we
plan further experiments using focused synchrotron radiation
where it should be possible to study diffraction from single
micron-sized islands. The width of the peaks in the scattering
parallel to the [110] direction for the (004) reflection of the

epilayer correspond to coherent domain size of about 300 A.
The 0.73° average tilting of the domains implies that the
periodicity for tilt dislocations parallel to_the surface along
the [110] direction is given by 2.59/[v2 Xsin(0.73°)] A,
i.e., 144 A and our assumption that v=1 or 2 implies that
misfit dislocations are found with similar periodicity. These
periodicities are in the same ball park as the coherence length
and suggest that the dislocations which determine the coher-
ence length in x-ray scattering may propagate from either tilt
or misfit dislocations.

V. CONCLUDING REMARKS

Epitaxial islands of In,O; grown on (001)-oriented
Y-stabilized cubic ZrO, have been studied by high-resolution
x-ray diffraction in conjunction with high-resolution trans-
mission electron microscopy and atomic force microscopy. It
was found that the atomic planes in the islands are tilted
relative to the planes of the substrate with tilt down the four
in-plane (110) directions. This tilt direction is determined by
minimization of strain energy arising from lattice mismatch
orthogonal to the tilt direction. To set the current results in a
broader context, we note that there is no evidence of tilt for
continuous thin-film samples grown of (001)-oriented sub-
strates at lower temperatures or for films grown on (111)- or
(110)-oriented substrates. The thermodynamically favored
growth morphology is determined by a complex interplay
between tilt and tilt dislocations, pseudomorphic strain, and
misfit dislocations. We hope to develop atomistic modeling
procedures which will allow us to clarify why tilt is only
observed in the In,03/Y-ZrO, system for island growth on
(001)-oriented substrates at elevated temperatures. We also
plan to undertake synchrotron-based x-ray diffraction mea-
surements to study ultrathin samples where strained pseudo-
morphic growth may be favored and to explore whether there
are differently tilted domains within a single In,O; island.
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