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Abstract

Zr-doped In,O3 (Zr-In,O3) thin films with various degrees of crystallography ((2 2 2)-epitaxial, (2 2 2)-textured, and randomly oriented films)
were grown on various substrates by rf magnetron sputtering. Atomic force microscopy images demonstrate that the substrate profoundly affects
the topography of the Zr-In,Oj3 films. The surface of the Zr-In,Oj3 epilayer on the Al,O3(0 0 0 1) substrate comprises a three-dimensional island-
like structure. Some discrete mounds were found on the Zr-In,O5 film grown on the ZnO(0 0 2)-buffered Al,O3(0 0 0 1) substrate. Large triangular
grains contribute to the largest root mean square surface roughness of the polycrystalline Zr-In,O5 film on the Si(1 0 0) substrate. Current maps
obtained by conductive atomic force microscopy show that the current distribution depends on the surface topography. Comparatively, the surface
of the Zr-In,O; epilayer on the Al,O3(0 0 0 1) substrate exhibits a smooth feature, and the corresponding spatial distribution of current images
reveals a more homogeneous current map than that of the textured and polycrystalline films.
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1. Introduction

Transparent conducting oxides (TCOs) are extensively used
as transparent electrodes in various optoelectronic devices due
to their unique optical and electrical properties [1-4]. A great
number of TCO thin films have been extensively investigated
recently [5-7]. Among TCOs, indium oxide (In,O3), a wide
band gap semiconductor, is known as the most common
optically transparent electronic conductor. Recently, the
improvement of the optoelectronic properties of In,O; was
realized by doping with higher valence cations [1,6]. Most
studies of the structural characteristics of impurity-doped In,O3
films have focused on the effects of process conditions [6,8].
However, understanding the surface morphology of this class of
materials depends on characterizing the growth of a film on
various substrates. Studies on the physical properties of
heteroepitaxial Sn-doped In,O; films on single crystal
substrates and polycrystalline In,O3 thin films with mixed
crystallographic orientations have been undertaken [6,9,10].
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However, research is continuing to improve their physical
properties for practical applications. Till now, no conclusive
study of the effects of the substrate on the surface morphology
for a particular crystallographic orientation under identical
process conditions and on the properties of In,O5 films is
available. In particular, understanding of the local structure and
electrical properties of such films on the nanometer scale is
lacking. This is a crucial issue for TCO films being used as
contact electrode for nanodevices. Conductive atomic force
microscopy enables the electrical properties to be correlated
with the surface topography on the nanometer scale, and this
technique has been applied to semiconductor hetero-structures
[11]. The crystallographic effects on the surface morphology
and nanostructural conductive properties of zirconium-doped
indium oxide films that originate in different substrates are
reported in this work.

2. Experimental

Zr-doped In,O3 (Zr-In,O;) films were grown on
Al,05(0001), ZnO(002)-coated Al,030001), and
Si(1 0 0) substrates using rf magnetron sputtering. The target
adopted in the experiment was prepared by mixing the 5 wt%
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Fig. 1. XRD patterns of the Zr-In,O5 films on various substrates.

ZrO, and 95 wt% In,O3 precursor oxide powders, pressing the
powders into pellets, followed by sintering to high density. The
thickness of the Zr-In,O; is fixed at about 210 nm. The
thickness of the ZnO buffer layer is ~100 nm. The growth
temperature of the Zr-In,O3 and ZnO films was kept at 350 °C.
The gas pressure of deposition for Zr-In,O; films was fixed at
5 mTorr with a pure Ar atmosphere. The gas pressure of
deposition was fixed at 5 mTorr with an Ar/O, ratio of 4:1 for
the ZnO buffer layer. The atomic percentages of the as-
deposited films are calculated from the X-ray photoelectron
spectroscopy (XPS) spectra of Zr3d, In3d5 and Ols regions.

The crystallographic structures of the Zr-In,O5 films were
analyzed by X-ray diffraction (XRD). The surface morphology
of the Zr-In,O; films was investigated by atomic force
microscopy (AFM). The cross-section image of the Zr-
In,03/ZnO-coated Al,O3(000 1) was investigated using
transmission electron microscopy (TEM). The surface current
images of the Zr-In,O; films were also observed using
Conductive atomic force microscopy (CAFM) with Ptlr tips.

3. Results and discussion

Fig. 1 presents the Zr-In,O5 films with intense (22 2)
Bragg reflections on the Al,O3(0001) and ZnO-coated
Al,O3(0 00 1) substrates. The absence of ZrO, phase in the
XRD patterns indicates a good solid solution of Zr in the In,O;
films. The ZnO buffer layer is orientated such that its (0 0 2)
direction is parallel to the (0 0 0 1) direction of Al,Os. Yi et al.
[12] proposed the planes of bixbyite In,O3 and wurtzite ZnO
with the most densely packed oxygen to be parallel to (2 2 2)
and (0 0 2), respectively, suggesting that the ZnO(0 0 2) buffer-
layer provides a good template for the growth of In,O5(2 2 2)
films. The phi-scans of the Zr-In,O5(0 0 4) Bragg reflections
show a clear sixfold rotational symmetry of the Al,03(000 1)
substrate (not shown here), revealing excellent in-plane
crystalline orientation of the Zr-In,O;3 film on AlLO3(000 1)
substrate. However, no Zr-In,O3(0 0 4) Bragg reflection was
detected showing that the Zr-In,O5 films grown on the ZnO-
coated Al,03(000 1) are polycrystalline with a preferred
(2 2 2) orientation. Moreover, the Zr-In,O5 films grown on the
Si(1 0 0) substrates are polycrystalline and yield various Bragg
reflections, which correspond to the cubic bixbyite In,O5 phase
[8].

Wide scan XPS spectra of the Zr-In,O; films grown on
various substrates are presented in Fig. 2(a) which shows four
major peaks corresponding to zirconium (Zr3d and Zr3p),
indium (In3d) and oxygen (O1s). The atomic percentages of the
films are calculated from the narrow scan XPS spectra of Zr3d,
In3dS and Ols regions. Moreover, the dependence of the Ols
peak of the Zr-In,O5 films on the various substrates can be
observed on the Gaussian-resolved results in Fig. 2(b)—(d). The
lower binding energy Ols component (at ~530.3eV) is
attributed to oxygen in the oxide crystal and the higher binding
energy Ols component (at 531.2 eV) represents the oxygen
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Fig. 2. (a) Wide scan XPS spectra of the Zr-In,O; films grown on various substrates, (b) O1s peak of Zr-In,05/A1,05(0 0 0 1), (c) Ols peak of Zr-In,O3/ZnO(0 0 2)-

buffered Al,03(000 1), and (d) Ols peak of Zr-In,O5/Si(1 0 0).
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Fig. 3. Surface topography of the Zr-In,O; films grown on various substrates.
(a) A1,03(000 1), (b) ZnO(0 0 2)-buffered Al;03(000 1), and (c) Si(1 0 0).

ions in the oxygen-deficient regions. The films have a
composition of In1_892f0_110237, In1.892r0,110235, and
In1_89Zr0_1102_37 for Zr-In203/A1203(0 00 1), Zr-In203/ZnO-
coated Al,03(000 1), and Zr-In,O5/Si(1 0 0) films, respec-
tively. These films have nearly the same oxygen content which
deviates from the stoichiometric value. The cause of the non-
stoichiometry of the oxygen content herein may arise from the
deposition of the film in an oxygen deficient atmosphere [6].

The surface of the Zr-In,Oj3 epilayer on the Al,O; substrate
comprises a three-dimensional (3D) island-like structure with
an root mean square (rms) surface roughness of 0.75 nm
(Fig. 3(a)). The Ilarge mismatch (—13.2%) between
In,03(2 2 2) and Al,O3(000 1) results in a transition from
two-dimensional to 3D growth when the growth thickness of
In,O3 exceeded one monolayer [13]. Accordingly, the Zr-In,O3
film growth proceeds in an incoherent mode, developing 3D
features. A surface undulation that develops to relieve strain
under a large lattice misfit is observed in most heteroepitaxy
systems [14,15]. The relatively rough surface of the Zr-In,O3

Fig. 4. Cross-sectional TEM image of the Zr-In,O; film on ZnO(0 0 2)-
buffered Al,03(000 1).

film on the ZnO-buffered Al,O; substrate exhibits some
protrusions, as shown in Fig. 3(b). The AFM surface structure
herein is similar to the finding of Bourlange et al. [16]. The
mechanism for the formation of discrete mounds herein might
differ from that of the literature (high process temperature
above 750 °C using MBE). Further investigation is needed to
clarify the cause of discrete mounds formed on the Zr-In,O3/
ZnO-buffered Al,O5 film. These mounds are much higher than
the features observed on the film grown on a plain Al,O3
substrate. The film surface is rougher than the film grown on
plain Al,O3 substrate, with an rms roughness of 1.56 nm. The
mismatch between the average O-O distance of the crystal-
lographic plane In,O5(2 2 2) and that in the ZnO(0 0 2) plane is
3%, which is far below the value associated with heteroepitaxial
In,03(2 2 2)/A1,03(0 0 0 1). However, the surface roughness of
the Zr-In,O5 film on the ZnO-buffered Al,O5 is almost twice
that of the film on the Al,Oj3 substrate. Lattice mismatch may
not the main cause of the aforementioned phenomenon. The
surface roughness of the plain Al,O3 substrate is ~0.45 nm.
The rms surface roughness of the ZnO buffer layer on the Al,O3
substrate is 0.87 nm. The buffer layer may be responsible for a
relatively large geometrical shadowing effect during the film
growth, which further roughens the as-deposited film surface
[17]. Moreover, the TEM image (Fig. 4) shows a clear columnar
structure of the Zr-In,O5 film on the ZnO-buffered Al,O5. It
was assumed that surface mobility of adatoms was limited by
the grain boundaries of the ZnO buffer layer. This further
induced the coalescence of individual smaller nuclei along the
(2 2 2) orientation in which the crystallites may possess lower
surface energy at the surface of the ZnO-buffered Al,O;
substrate. These columnar grains might also account for the
higher surface roughness of the (2 2 2)-textured Zr-In,O3 film
compared to the Zr-In,O; epitaxy. The surface of the
polycrystalline Zr-In,O3 film on the Si(1 0 0) substrate consists
mainly of triangular grains (Fig. 3(c)) whose height can reach
~40 nm, as determined by section analysis. Polycrystalline
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Fig. 5. The corresponding current images from Fig. 3. (a) AlLO3(0 00 1), (b)
Zn0O(0 0 2)-buffered Al,05(0 00 1), and (c) Si(1 0 0).

Sn-doped In,O5 films sputtered on glass substrates have multi-
shaped surface features. The grains of sputtered Sn-doped
In,0; films with (4 0 0) axes normal to the substrate surface are
square and those with (2 2 2) and (4 4 0) axes are triangular and
rectangular shapes, respectively [18]. However, the intensity
ratios of the crystallographic planes (4 0 0)/(2 2 2) and (4 4 0)/
(222), calculated from XRD are ~3 and 1.6%, respectively,
which are far below the values derived from the standard In,O;
samples (29.2 and 32.5% for (4 0 0)/(22 2) and (4 4 0)/(22 2),
respectively, JCPDS no. 89-4595). In the present work, the
crystallographic plane of (222) dominates the Ilattice
characteristics of the sputtered deposited Zr-In,O3 film in an
Ar atmosphere on the Si substrate. Large triangular grains
contribute to the largest rms surface roughness, 4.76 nm,
among all the samples.

Fig. 5 shows the current image at an applied bias during
AFM scanning (the corresponding AFM images were shown in
Fig. 3), which reflects the local nanostructural conductivity of
the films. The surface of the Zr-In,O5 epilayer on the Al,O;
substrate exhibits a smooth feature, and the corresponding

current image in Fig. 5(a) reveals a more homogeneous current
map than for the films on the other substrates. Furthermore, a
trace of the enhanced current conductions at the edges of the
surface grains was found. The Zr-In,O; film on the ZnO-
buffered Al,O5 substrate, however, is associated with a wide
range of variation of the current in the conducting region,
suggesting that the conducting property is localized. Structural
information reveals large currents in large crystallites that
protrude from the surface. Enhanced current conduction at the
edges of the grains was also observed in the film surface. The
high protrusions exhibit a much larger current conduction than
the relatively planar regions. These protrusions constitute a
highly conductive path on the film. The current image of the
polycrystalline Zr-In,O5 on the Si substrate is a high contrast
map, as shown in Fig. 5(c). A highly nonhomogeneous current
distribution was thus observed. The edges of the triangular
grains conduct a large current with respect to that of the matrix.
Most high currents are detected along the edges of prominent
features, indicating that the crystallographic planes at such
locations are more electrically active than other planes in the
matrix. Similarly, an enhanced conduction inhomogeneity has
been measured in amorphous HfAIO, films upon annealing at
high temperatures, which also has been attributed to the
formation of polycrystalline structures [19]. The hexagonal
island surface feature of an as-grown GaN film is also
associated with increased conduction in the island sidewalls
[11]. The randomly oriented Zr-In,O5 film on the Si substrate
clearly yields a markedly nonhomogeneous current map; this
might further deteriorate the reliability of nanodevices when
Zr-In,05/Si is used as contact electrode.

4. Conclusions

Zr-In,O5 films with various degrees of crystallography were
grown on Al,O3(0 00 1), ZnO-buffered Al,03(000 1), and
Si(1 0 0) substrates by rf magnetron sputtering. The Zr-In,O3
film on the Si(1 0 0) substrate has a polycrystalline structure
with mixed crystallographic orientations. The large mismatch
between the Zr-In,O; film and the ALLO3(0001) is
responsible for the 3D island-like feature of the epilayer.
The ZnO buffer layer on the Al,O5(0 00 1) substrate might
further roughen the as-deposited Zr-In,O; film. The poly-
crystalline Zr-In,O3 film has the largest rms surface roughness
of the systems of interest. Comparatively, the Zr-In,Oj
epilayer on the Al,O3(000 1) substrate exhibits a more
homogeneous current map as required for use as contact
electrode for optoelectronic nanodevices.
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