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a b s t r a c t
Thin ﬁlms of In2O3 have been grown on Y-stabilised ZrO2(100) substrates by oxygen plasma assisted
molecular beam epitaxy over a range of substrate temperatures between 650 °C and 900 °C. Growth at 650 °C
leads to continuous but granular ﬁlms and complete extinction of substrate core level structure in X-ray
photoelectron spectroscopy. However with increasing substrate temperature the ﬁlms break up into a series
of discrete micrometer sized islands. Both the continuous and the island ﬁlms have excellent epitaxial
relationship with the substrate as gauged by X-ray diffraction and selected area electron diffraction and
lattice imaging in high resolution transmission electron microscopy.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Stoichiometric indium oxide (In2O3) is a transparent insulator. It is
amenable to degenerate n-type doping with Sn cations to give socalled indium tin oxide (ITO). ITO is one of a very restricted range of
materials which combines the property of optical transparency in the
visible region with a high electrical conductivity. The optimal
conductivity in ITO is higher than in related materials such as Sbdoped SnO2 and thus ITO is the transparent conducting oxide of choice
in many technological areas [1–4]. Despite the near ubiquitous
application of ITO in liquid crystal displays, solar cells and electroluminescent display devices, little effort has been directed toward
growth of high quality single crystal thin ﬁlms of In2O3 or ITO. Not
surprisingly then many aspects of the fundamental physics of In2O3
have remained controversial, including even the magnitude and
nature of the bulk bandgap. Absorption measurements on single
crystal In2O3 carried in 1967 showed a weak absorption onset at
around 2.67 eV, attributed to indirect optical transitions [5], with a
stronger absorption onset at 3.75 eV. Nonetheless the bandgap of
In2O3 was for many years quoted to be 3.75 eV [6–8]. However the
valence band onset in photoemission measurements is less than 3 eV
below the Fermi energy [9]. This observation is inconsistent with a
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bandgap of 3.75 eV unless there is pronounced upward band bending
at the surface [10,11]. However it has recently been shown the
bandgap is in fact direct, but transitions from states toward the top of
valence band into the conduction band are either dipole forbidden or
have minimal dipole intensity: this explains the ~1 eV shift between
weak and strong optical absorption onsets [12].
To date most work on growth of high quality single crystal In2O3
ﬁlms has concentrated on deposition of In2O3 on alumina [13] and
yttria-stabilised zirconia single crystal substrates by carefully controlled pulsed laser deposition (PLD) [14–16] (i.e. “laser” molecular
beam epitaxy), although there are some reports of single crystal
growth metalloorganic chemical vapour deposition [17] and by
molecular beam epitaxy (MBE) [18–20] using conventional indium
Knudsen cells and oxygen atom plasma sources. These considerations
have prompted us to initiate a programme concerned with growth of
In2O3 thin ﬁlms on cubic zirconia by oxygen plasma assisted MBE. ZrO2
itself has a low symmetry monoclinic structure at room temperature,
but a cubic phase can be stabilized by replacement of some of the Zr
(IV) with larger cations such as Ca(II) or Y(III), with concomitant
introduction of compensating oxygen vacancies. The face centred cubic
ﬂuorite structure of Y-stabilised ZrO2 belongs to the space group
Fm3 m. The lattice parameter of this phase increases with Y doping
level. For the minimum Y concentration of around 17% required to
stabilize the cubic phase the lattice parameter can be estimated as
a = 5.1423 Å [21–23], whilst for 28% Y-doping a = 5.2100 Å [21]. The
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body centred cubic bixbyite structure of In2O3 belongs to the space
group Ia3 [24] and has a tabulated cubic lattice parameter
a = 10.1170 Å. It is derived from a 2 × 2 × 2 superstructure of the
ﬂuorite structure with 1/4 of the anion sites vacant. Thus at 17% Ydoping there is a mismatch of 1.6% between 2a for Y-ZrO2 and a for
In2O3, increasing to 3.0% at 28% Y doping. Moreover the two structures
involve basically similar cation arrays but with 1/4 of the anion sites of
the ﬂuorite structure vacant in In2O3 so that the cations are 6-coordinate
rather than 8-coordinate as in ﬂuorite. Thus Y-doped ZrO2 appears to be
an ideal substrate for growth of well-ordered thin ﬁlms of In2O3.
In the present communication we explore the mode of growth of
In2O3 on Y-stabilised ZrO2(100) substrates. The main parameter that
has been varied is the substrate temperature. It emerges that for ﬁlms
with a nominal thickness of about 120 nm, growth at 650 °C leads to
near-continuous epitaxial ﬁlms, but with a columnar or granular
structure and a high density of macroscopic imperfections. However
as the growth temperature is increased the ﬁlms break up into islands
and at the highest temperature studied of 900 °C there is spontaneous
development of a growth mode which leads to striking arrays of
highly oriented truncated square pyramidal micrometre sized epitaxial
“dots” with a narrow size distribution. We have also studied the
variation in growth morphology with coverage for ﬁlms grown at
900 °C and the inﬂuence of high temperature annealing on ﬁlms
deposited at 650 °C.
2. Experimental details
Indium oxide layers were grown on 1 cm × 1 cm Y-stabilised ZrO2
(100) substrates with a nominal Y doping level of 17% (as deﬁned by
the formula Zr1-xYxO2-x/2 with x = 0.17) in an ultrahigh vacuum oxide
MBE system (SVT, USA) system with a base pressure of 5 × 10− 8 Pa
[25,26]. This incorporated liquid nitrogen cooled cryopanels, a
conventional indium Knudsen cell and a radio frequency plasma
oxygen atom source operated at 200 mW RF power with an oxygen
background pressure of 2 × 10− 3 Pa. The nominal deposition rate was
set at 0.01 nm s− 1 using a quartz crystal monitor offset from the
substrate position but the true growth rate on the substrate was found
to be 0.04 nm s− 1. Substrates were held by gravity in a recessed Mo
mounting plate and heated radiatively using a graphite ﬁlament. The
sample temperature was measured by a chromel-alumel thermocouple spot welded to the cradle holding the sample mounting plate.
They were cleaned by exposure to the oxygen atom beam with a
measured substrate temperature of 900 °C. Films were then grown
over a range of substrate temperatures between 650 °C and 900 °C in
growth runs whose duration extended between 1 × 103 s and
12 × 103 s, although most growth runs involved a deposition time of
3 × 103 s (50 min).
Atomic force microscopy (AFM) images were recorded in a Digital
Instruments Multimode Scanning Probe Microscopy instrument with
a Nanoscope IIIa controller. This was usually operated in tapping mode
but images of samples grown at 650 °C were recorded in contact
mode. The measurements employed a ‘J’ scanner having a lateral
range of approximately 100 µm and a vertical range of 6 µm. Silicon
probes (Nascatec GmbH model NST NCHFR), with resonant frequencies of approximately 320 kHz were used. X, Y, and Z calibration of the
AFM was accomplished by scanning a 10 µm pitch 200 nm 3D
reference from Digital Instruments.
High-resolution X-ray photoelectron spectra (XPS) were measured
in a Scienta ESCA 300 spectrometer. This incorporates a rotating anode
Al Kα (hν = 1486.6 eV) X-ray source, a 7 crystal X-ray monochromator
and a 300 mm mean radius spherical sector electron energy analyser
with parallel electron detection system. The X-ray source was run with
200 mA emission current and 14 kV anode bias, whilst the analyser
operated at 150 eV pass energy with 0.8 mm slits. Gaussian
convolution of the analyser resolution with a linewidth of 260 meV
for the X-ray source gives an effective instrument resolution of
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450 meV. Sample charging was problematic and it was necessary
to stabilise the surface charge with an electron ﬂood gun delivering
low energy electrons. Binding energies were referenced to the weak
residual C 1 s peak, which was assigned to a binding energy of
284.8 eV. θ–2θ X-ray diffraction scans were performed on a Philips
Xpert diffractometer using monochromatic CuKα radiation
(λ = 1.54060 Å).
Thin lamellar slices for analysis by high resolution transmission
electron microscopy (HRTEM) were prepared in a Zeiss NVision 40
focused ion beam (FIB) instrument incorporating a Ga liquid metal ion
source and in situ scanning electron microscopy (SEM) imaging using
a thermal ﬁeld emission source. The areas selected for ion beam
cutting were protected by an amorphous carbon overlayer and further
covered with a Pt strap which was eventually welded to a
micromanipulator probe to allow removal of the cut section and
transfer to a copper grid. Finally the slices were ion beam polished to
electron beam transparency. Slices were prepared with cuts along
both b100N and b110N directions. HRTEM observations were carried
out using a JEOL 4000EX microscope operating at 400 kV.
3. Results
3.1. AFM studies of growth morphology
AFM images over a 10 µm × 10 µm area of In2O3 deposited on 17% Ydoped ZrO2(100) in 3 × 103 s (50 min) deposition runs over a range of
substrate temperatures between 650 °C and 900 °C are shown in Fig. 1.
Deposition at 650 °C leads to continuous ﬁlms, but with an obvious
granular or columnar structure deﬁned by square edges (Fig. 1a). Cross
sectional transmission electron microscopy (TEM), discussed below,
gave a ﬁlm thickness of 120 nm. The root mean square (RMS)
roughness of the ﬁlm in 10 µm × 10 µm AFM images is estimated as
9.5 nm. Upon increasing the substrate temperature to 750 °C, the
granular structure becomes better deﬁned with obvious island edges
aligned along mutually orthogonal directions, although some connectivity remains in the ﬁlm. At the same time the RMS roughness
increases to 29 nm over a 10 µm × 10 µm image (Fig. 1b). These trends

Fig. 1. 10 µm × 10 µm topographic AFM images of In2O3 on Y-stabilised ZrO2 grown in at a
series of different temperatures in 50-minute growth runs. (a) 650 °C. The vertical range
extends over 150 nm. (b) 750 °C. The vertical range extends over 250 nm. (c) 820 °C. The
vertical range extends over 500 nm. (d) 900 °C. The vertical range extends over 350 nm.
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are maintained as the substrate temperature increases to 820 °C at
which temperature the vertical range in the AFM image increases to
500 nm, with an RMS roughness of 113 nm (Fig. 1c). Finally at the
highest deposition temperature of 900 °C, we observed complete break
up of the In2O3 ﬁlm into an array of square islands with lateral
dimensions of the order of 1 µm and a mean height of around 250 nm

Fig. 3. 3 µm × 3 µm AFM images of an individual In2O3 island grown at 900 °C as in Fig. 1
(d). (a) Topographic image with height range of 500 nm, (b) Deﬂection image with
range of 60 meV.

Fig. 2. Wide area (50 µm×50 µm) topographic AFM images of island ﬁlm grown at 900 °C as
in Fig. 1(d). (a) Image from centre of ﬁlm. The vertical range extends over 350 nm. (b) Image
from edge of ﬁlm. The vertical range extends over 350 nm. (c) Histogram of lengths of island
sides from image (a) above. (d) Histogram of lengths of island sides from the area just outside
the “edge” of the ﬁlm shown in (b) as above.

(Fig. 1d). Larger area AFM images of an island ﬁlm grown at 900 °C are
shown in Fig. 2 over selected areas toward the centre of the ﬁlm (a) and
at the edge of the ﬁlm (b) where the ﬂux of indium is attenuated by the
mounting plate. A histogram of the lengths of the island edges in
the centre of the ﬁlm shown in Fig. 2(c) gives a mean dimension of
1.1 µm ± 0.2 µm. The islands display remarkable uniform azimuthal
orientation, with square edges aligned along b110N directions of the
substrate. In the region off the edge of the island ﬁlm shown in Fig. 2(b)
the islands retain their square shape and orientation but are more
sparsely distributed. Somewhat surprisingly the mean island size in
this region where the In ﬂux must be reduced by the cut-off of the
substrate mask increases to about 2 µm. The large area AFM images
presented in Figs. 1 and 2 display the islands as essentially ﬂat topped
squat pillars. However images taken over smaller scan ranges of
3 µm × 3 µm as shown in Fig. 3 suggest that the islands are bounded by
sloping side facets. This is especially apparent in AFM deﬂection
images which are recorded simultaneously with the topographic
images and measure the “error” signal detected in the feedback loop.
Thus the deﬂection image in 3(b) shows very clear indications that the
islands are in fact truncated square pyramids. These observations are
conﬁrmed by scanning electron microscopy and transmission electron
microscopy as discussed in section 3.4.
The ﬁnding of “break-up” of the In2O3 ﬁlms under high temperature
MBE growth prompted us to explore the effects of high temperature
post-annealing of ﬁlms deposited at lower temperatures. Fig. 4 shows
AFM images of a ﬁlm deposited at 650 °C as in Fig. 1 and off ﬁlms
deposited at 650 °C and then annealed at 5 min and 30 min respectively
under the oxygen beam at 900 °C. There are very pronounced changes in
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the surface morphology revealed by AFM (Fig. 5(d)), there is now almost
extinction of the substrate In 3d structure.
3.3. θ–2θ scans in X-ray diffraction

Fig. 4. 5 µm × 2.5 µm AFM images of In2O3 on Y-stabilised ZrO2 grown at 650 °C with
initial thickness of 120 nm showing effects of annealing in UHV. (a) As grown ﬁlm with
height range of 150 nm. (b) After annealing at 900 °C for 5 min with height range of
100 nm. (c) After annealing at 900 °C for 30 min with height range of 80 nm.

θ–2θ X-ray diffraction scans for thin ﬁlm samples grown in 50-minute
runs at 650 °C and 900 °C are shown in Fig. 8. Owing to the face centred
cubic structure of the substrate allowed reﬂections are restricted to values
(2n 0 0) where n is an integer: within the angular range up to 80° only
(200) and (400) peaks are visible. To high angle of the substrate peaks
(400) and (800) reﬂections from the In2O3 epilayer are found, with a weak
(600) reﬂection between these two peaks. The XRD scans are therefore
consistent with completely dominant (100) texture in the In2O3 ﬁlms.
From the measured positions of the diffraction peaks we derive a
value of 10.2714 Å for 2a for the substrate. This is somewhat less than
the value of 10.2846 Å that may be deduced from extrapolated data for
17% Y-doped ZrO2. The 0.1% discrepancy could easily arise from a Y
doping level in the substrate slightly lower than the nominal value.
The value for the interplanar separation in the In2O3 epilayer is
10.0616 Å for the continuous ﬁlm grown at 650 °C and 10.0937 Å for
the ﬁlm grown at 900 °C. These values are both signiﬁcantly lower
than the value of 10.1170 Å quoted for bulk In2O3 in the literature.
Due to the mismatch between 2a for the substrate and a for the
In2O3 epilayer, the latter is placed under tensile stress which leads to a
lateral expansion [28]. This in turn will lead to a decrease in the
interatomic separations normal to the surface between atomic planes,
as is observed for the continuous ﬁlm grown at low temperature. The
strain will be relieved to some extent by break up of the continuous
ﬁlm into islands, consistent with the observed increase in the
interatomic separation for the ﬁlm grown at 900 °C.
3.4. Cross sectional TEM studies

morphology after the 900 °C anneals and square island structure begin
to emerge even after a 5-minute anneal but with typical island edge
dimensions around 0.2 µm i.e. much smaller than obtained in direct
growth at 900 °C. Annealing at 900 °C for 30 min leads to emergence of
even smaller islands, as shown in Fig. 4(c).
Finally we explored the inﬂuence of deposition time on the
morphology in high temperature 900 °C growth. AFM images of ﬁlms
deposited in runs extending between 1 × 103 s and 12 × 103 s (corresponding to notional average coverages between 40 nm and 480 nm if
there had been layer by layer growth) are shown in Fig. 5. It was found
that the island-like growth mode characteristic of the notional 120 nm
ﬁlm persisted down to the lowest notional thickness of 40 nm. As the
average thickness increases to 240 nm the islands grow and coalesce, as
seen in 5(c). Finally after again doubling the coverage to 480 nm, the
islands further coalesce to give a continuous but very rough ﬁlm.

Fig. 9 presents a series of SEM and ion beam images taken in the
Zeiss FIB system which shows the sequence of steps involved in

3.2. XPS investigations
Widescan XPS data for the series of samples grown in 50-minute runs
over the range of temperatures between 650 °C and 900 °C are shown in
Fig. 6. For the sample grown at 650 °C the only core lines that are visible
are associated with the indium oxide epilayers, as well as a weak C 1 s peak
associated with adventitious carbon contamination. For the sample
grown at 750 °C weak core lines associated with the Y-stabilised ZrO2
substrate become apparent. These become progressively stronger for
samples grown at 810 °C and 900 °C. Expanded scans of the In 3d and Zr
3d core lines are shown in Fig. 7, which also shows the variation in atomic
ratio between Zr and In determined from these core lines after correction
with standard tabulated atomic sensitivity factors [27]. The emergence of
strong structure associated with the substrate with increasing growth
temperature is evident from these ﬁgures, in agreement with the changes
in growth morphology revealed by Fig.1. Finally the plot of ratios of Zr to In
also includes data for the sample grown at 900 °C but with a notional
average coverage of 480 nm rather than 120 nm. Again in agreement with

Fig. 5. 10 µm × 10 µm AFM images of In2O3 on Y-stabilised ZrO2 grown at 900 °C for a
series of different deposition times (a) 1 × 103 s (≡ 40 nm) with height range of 500 nm.
(b) 3 × 103 s (≡120 nm) with height range of 350 nm. (c) 6 × 103 s (≡ 240 nm) with
height range of 250 nm. (d) 12 × 103 s (≡ 480 nm) with height range of 800 nm. The
notional average thicknesses assuming there had been layer by layer growth are given
in parentheses.

4290

A. Bourlange et al. / Thin Solid Films 517 (2009) 4286–4294

Fig. 6. Widescan XPS scans for In2O3 ﬁlms grown on Y-stabilised ZrO2(100) to a notional average thickness of 120 nm at the four different substrate temperatures indicated.

preparation of samples for cross sectional HRTEM: the sequence
shown is for one of the island samples deposited in 50-minute growth
runs at 900 °C. The surface is ﬁrst imaged by low voltage SEM and then
an area for preparation of a lamellar slice is identiﬁed and highlighted
in the FIB software. Care is taken to include cuts through several
islands. The highlighted area is then coated with a layer of amorphous
carbon to protect the sample during the ion beam cutting and
thinning. Next a layer of Pd is deposited on top of the carbon to
provide an anchor to which a probe can ultimately be welded to the
lamellar slice. The areas into which trenches will be cut are then
deﬁned and fed into the FIB software and an “autocutting” routine is
then initiated. Next a probe is welded to the Pd strap, the lamellar slice
is undercut to free it from the substrate and ﬁnally transferred to a Cu
HRTEM grid, to which it is welded. The transfer probe is then cut free
and the lamellar slice is thinned by the ion beam to electron
transparency which can be assessed in situ using the SEM beam.

Finally the lamella are transferred to the HRTEM system on the Cu
grid.
Fig. 10 shows cross sectional images of samples grown at 650 °C
(10a) and 900 °C (10b,c). The image for the sample grown at 650 °C is
taken down b110N, whilst for the sample grown at 900 °C images are
taken down both b110N and b100N directions. The sample grown at
650 °C displays a continuous growth mode, in accordance with AFM
and XPS data. There are however microscopic defects and imperfections in the ﬁlm, including an obvious grain boundary at the extreme
left of the image of Fig. 10a. The TEM images for the sample grown at
900 °C reveal an island growth mode, again consistent with AFM and
XPS. The islands are truncated pyramids with sloping side facets. From
the measured angles of slope of the facets relative to the substrate
surface it is found that most of the facets expose {111} faces, although
occasionally higher index {211} faces are found. This is consistent with
orientation of island edges along b110N directions. Note that the
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interface (Fig. 12a continuous ﬁlm grown at 600 °C; 12b island ﬁlm
grown at 900 °C).
A HRTEM image of a ﬁlm grown at 600 °C and taken down b110N is
shown in Fig. 13. This shows an abrupt but not completely ﬂat
interface region. Nonetheless there is almost perfect registry between
atomic positions within the substrate and in the epilayer. Excellent
registry is also found in HRTEM images of a ﬁlm grown at 900 °C, both
for images taken down b110N (Fig. 14a) and down b100N (Fig. 14b).
However local tilting of the In2O3 epilayer reminiscent of that seen in
the diffraction patterns is evident in the image taken down b100N.
4. Discussion
The combination of AFM, XPS and HRTEM establishes that In2O3
grows on 17% Y-doped ZrO2(100) as a continuous epitaxial ﬁlm for a
substrate temperature of 650 °C. There is however evidence for
signiﬁcant strain in the ﬁlms and the surface is quite rough over length
ranges of the order 1 µm. The obvious columnar structure suggests
incipient break up of the ﬁlm into the islands characteristic of higher
temperature growth. Hall effect measurements discussed in detail
elsewhere [29] show that the carrier concentration in these nominally
undoped ﬁlms is typically around 7.5 × 1018 cm− 3 probably due to
oxygen vacancy or indium interstitial donor states. The measured
mobility of 30 cm2 V− 1 s− 1 is quite low but nonetheless comparable
with values of 30 cm2 V− 1 s− 1 for ITO (111) grown on a-plane sapphire
by pulsed laser deposition [13]; 55 cm2 V− 1 s− 1 for In2O3(111) grown
on Y-stabilised ZrO2(111) again by PLD with a substrate temperature of
600 °C [14]; and 35 cm2 V− 1 s− 1 for Sn-doped In2O3 grown on Y-doped
ZrO2 (100) by PLD [30]. Somewhat higher mobilities of 110 cm2 V− 1
s− 1 have been observed in nominally undoped In2O3 ﬁlms grown on Ystabilised ZrO2(111) at 770 °C substrate temperature [16]. Again these
ﬁlms were grown by PLD but under a high oxygen partial pressure of
4 Pa. These oxygen rich conditions give carrier concentrations as low

Fig. 7. (a) XPS scans of In 3d and Zr 3d core levels for In2O3 ﬁlms grown on Y-stabilised
ZrO2(100) as in Fig. 6 at the three different substrate temperatures indicated. (b) Closed
circles: Zr/In atomic ratios derived by correcting peak areas from (a) by atomic
sensitivity factor. The closed triangle shows the corresponding ratio for a 480 nm ﬁlm
grown at 900 °C.

islands appear bigger when the lamellar slice is taken along b100N
rather than b110N as the cut is then along the face diagonal direction of
the islands rather than parallel to the island edges.
The TEM images of Fig. 10 reveal what appear to be abrupt but not
completely ﬂat interfaces. Selected area electron diffraction patterns
for an island sample grown at 900 °C are shown in Fig. 11. The
diffraction patterns are taken down both b110N (11a and 11b) and
b100N (11c and 11d) directions. The diffraction patterns both conﬁrm
the orientation of the islands and demonstrate the excellent epitaxial
relationship between the substrate and the islands. The doubling of
the unit cell dimension between Y-ZrO2 and In2O3 is also immediately
apparent from the appearance of half order superstructure spots in the
diffraction patterns from the epilayer. Somewhat surprisingly there is
evidence of a small rotation in the diffraction pattern of the epilayers
relative to that of the substrate for down both b110N and b100N
directions. The epitaxial relationship between the substrate and both
the continuous and island ﬁlms is further demonstrated by selected
area electron diffraction patterns taken across the Y-ZrO2/In2O3

Fig. 8. (a) θ–2θ X-ray diffraction scan of In2O3 epitaxial ﬁlm with thickness of 120 nm
grown on Y-ZrO2(100) substrate at 650 °C. (b) Expanded scans around substrate (200)
peak for 120 nm ﬁlms grown at 650 °C and 900 °C.
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Fig. 9. Sequence of SEM images showing preparation of lamellar section of epitaxial In2O3 sample grown at 900 °C for HRTEM study. (a) Secondary electron SEM image of island
sample taken with 1.5 kV electron beam taken at 54° to sample surface. Image width is 10 µm. (b) Image as above following deposition of protective carbon layer across a series of
islands. Image width is 36 µm. (c) Image as in (a) following deposition of Pt strap on to of C layer. Image width is 32 µm. (d) FIB (3 kV) image showing location marker and deﬁnition
of trenches for autocutting. Image width is 57 µm. (e) FIB (3 kV) image after trenches have been cut to either side of the lamellar section. Image width 60 µm. (f) SEM image (3.0 kV)
after welding probe to Pt strap. Image width 30 µm. (g) SEM image (3.0 kV) after lifting lamellar section free from sample. Image width 71 µm. (h) SEM image (5.0 kV) after welding
Pt strap to Cu HRTEM grid. Image width 31 µm. (i) SEM image (5.0 kV) after cutting probe free from lamellar section. Image width 58 µm. (j) SEM image (5.0 kV) after polishing
section to electron beam transparency. Image width 15 µm.

A. Bourlange et al. / Thin Solid Films 517 (2009) 4286–4294

4293

Fig. 12. Selected area electron diffraction patterns taken in the HRTEM down b110N direction
across the Y-ZrO2/In2O3 interface (a) continuous sample grown at 650 °C, (b) island sample
grown at 900 °C.

Fig. 10. Cross sectional TEM images of lamellar slices of ﬁlms with notional average
thickness of 120 nm. (a) Film grown at 650 °C viewed down b110N. (b) Film grown at
900 °C viewed down b110N. (c) Film grown at 900 °C viewed down b100N.

as 6.6 × 1018 cm− 3. Detailed consideration of the temperature
dependence of the mobility and comparison between mobilities in
single crystal and polycrystalline ﬁlms suggest that the mobility is
limited by ionised impurity scattering.
The morphology of the deposited ﬁlms changes as the substrate
temperature increases, with break up of the continuous ﬁlm obtained
at 650 °C into discrete islands, allowing some release of strain. The
island structure becomes increasingly well-deﬁned as the substrate
temperature increases and ﬁlms deposited at 900 °C consist of a
reasonably monodisperse array of square pyramidal islands with an
edge dimension of about 1 µm. There is no indication of a wetting

Fig. 11. Selected area electron diffraction patterns taken in the HRTEM for island sample
of In2O3 on Y-ZrO2 (a) substrate down b110N, (b) In2O3 epilayer down b110N, (c)
substrate down b100N, (d) epilayer down b100N.

layer between the islands as is usual in heteroepitaxial growth of
quantum dot structures in systems such as InAs on GaAs [31–33].
The islands are oriented with edges parallel to b110N directions of
the substrate and have sloping facetted sides usually with {111}
orientation. This suggests that (111) surfaces have a favourable surface
energy, promoting a growth orientation which allows development of
these facets: if square islands grew with edges parallel to b100N
directions, the lowest index sloping side facets would have {110}
surfaces. For the parent ﬂuorite structure the (110) surface belongs to
type I in Tasker's classiﬁcation with a stacking of charge-neutral ionic
planes parallel to the surface [34]. By contrast the (111) surface
belongs to type II, with charged ionic planes. However these may be
grouped to give a sequence with a repeating quadrupole moment but
no net dipole normal to the surface. Calculations on the ﬂuorite oxide
UO2 suggest that the (111) surface should in fact have the lower
surface energy than the (110) surface [35]. The atomic structure of the
(111) surface has recently been studied by Diebold et al. [20]. Low
energy electron diffraction indicated an un-reconstructed (1 × 1)
surface. Theoretical calculations suggest a model for the (1 × 1)
surface which involves 12 ﬁve-fold coordinate In atoms per unit cell
and 12 corresponding 3-coordinate O atoms. In addition there are 4
six-fold coordinate In atoms and 12 four-fold coordinate O atoms.
Calculated relaxations were found to be small. In contrast to (111) and
(110) surfaces, the (100) surface of the ﬂuorite structure belongs to
the Tasker type III group [34] with alternating cation and anion planes
giving a repeating dipole normal to the surface and therefore in
principle an inﬁnite surface energy. However it has been shown that a

Fig. 13. HRTEM image of In2O3 epilayer grown at 650 °C showing interface with the YZrO2 substrate.
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1 µm. The switchover from continuous to island growth is associated
with relief of strain in the epilayers. The orientation of islands with
edges parallel to b110N directions of the substrate appears to be driven
by the possibility of formation of sloping {111} side facets and the
lower energy of {111} surfaces as compared with {110} surfaces. The
propensity for island growth on Y-stabilised ZrO2(100) suggests that
substrates with this orientation are not ideal for growth of good
quality continuous epitaxial ﬁlms and we are therefore now exploring
growth on Y-stabilised ZrO2(111).
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