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Abgtract. Thepotentialsof InO_microcrystallinethin filmsfor novel chemical and optoel ectronic applications
areinvestigated. In particular, these films are candidates for gas sensor applications due to their sensitivity
to reactive gas environments such as ozone. This sengitivity is recorded as the result of the variation of the
film conductivity level up to six orders of magnitude, whichisattributed to the formation of oxygen vacancies.
The microcrystalline nature of the films is investigated by X-ray Diffraction (XRD) and Transmission
Electron Microscopy (TEM) while film surface characteristics are revealed by Atomic Force Microscopy
(AFM). Depth profiling is examined by Auger Electron Spectroscopy (AES) while the stoichiometry of the
filmsis determined by Energy Dispersive X-Ray analysis (EDX). Finally, the photorefractive properties of
InO, films as well astheir potential for the fabrication of optical gratings for novel telecom and waveguide

applications are discussed.

1. INTRODUCTION

Indium oxide (InO,) is a very important material for
microelectronic applications. It is an insulator in its
stoichiometric form, whereas in its non-stoichiometric
form it behaves as a highly conducting semiconductor
with awide optical band-gap (~3.7 eV), providing high
transparency in the visible light range and high
reflectivity intheinfrared (IR) light range. Thisunique
combination of electrical and optical propertieshasled
numerous researchers to a thorough investigation of
the growth and characterization of thin semiconduct-
ing indium oxide films because of their obvious appli-
cation in optoelectronic devices, such as solar cells,
diffusion barriersin Al/InO /Si stuctures and flat panel
displays and as a photosensitive overlayer in telecom
and sensor waveguide applications. Several deposition
techniques have been employed for the growth of poly-
crystalline indium oxide films, such as dc and rf sput-
tering [1-3], reactive evaporation [4-9], evaporation of
metallic indium and subsequent oxidation [10,11],
chemical vapour deposition [12], spray pyrolysis
[13,14] and laser ablation [15]. In the mgjority of the
reported studies, InO, films have been prepared by
reactive sputtering and evaporation, since these tech-
niques seem to give the best results and combine
reproducibility and low cost. Of these two methods,

the sputtering process has the advantage of producing
films that are mechanically stable and with good sub-
strate adhesion.

Over the last few years, it has been shown by
Fritzsche et a. [16-19] that the stoichiometry and elec-
trical properties of amorphousInQO, films (with athick-
ness below 80 nm) prepared by dc reactive sputtering
can dramatically change under exposure to ultraviol et
(UV) light (hv=3.5 eV) in vacuum or in an inert gas
atmosphere. It has been demonstrated that the
conductivity can be increased by about six orders of
maghnitude by exposing thefilmto ultraviolet (UV) light
in vacuum, while by subsequently exposing the same
film to an oxidizing atmosphere, the film reverts to
the insulating state. In a previous article [20] of our
group, it has been demonstrated that these large
reversible conductivity changes produced by UV pho-
toreduction and oxidation are not limited to amorphous
InO,_ but are also characteristic of microcrystallineInO,
films of larger thickness (well above 80 nm). The
mechanism responsible for these changes in
conductivity isbelieved to berelated to the UV-induced
production of oxygen vacancies that act as doubly
charged donors resulting in a degenerate electron gas
in the conduction band [21]. Oxygen vacancies are
equiva ent to oxygen deficiency with respect to stoichio-
metric composition.
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By means of transmission electron microscopy and
electron diffraction it has been found that the structure
of thefilms, i.e. the crystallinity and the microstucture,
are greatly dependent on the substrate temperature as
well as on the film thickness [5]. An amorphous to
polycrystallinetransition occurs by increasing substrate
temperature and film thickness. Annealing of the
amorphous indium oxide films at 200 °C gives also
rise to the transition [2,22], while further annealing of
the polycrystalline phase at temperatures higher than
400 °C may cause a change in the microstructure of
the films (both in size and shape of the crystallites)
[23]. The oxygen partial pressure during deposition
affects not only the electrical but also the optical and
structural properties of the films [6]. Thus by increas-
ing the oxygen partial pressure, an increase in the di-
rect optical band gap value from 3.67 to 3.92 eV, well
known as Burstein-M oss shift, and aprogressive crystal
growth resulting in an increase of the grain size of the
films have been observed. Although extensive work
has been published about the electrical, optical and
structural properties of InO, films, there have so far
been only a few studies concerning chemical
characterization of these films [24-31].

In this article previous work on the photorefractive
and oxidation studies of thin InO, films is extended
with in-depth structural, optical and chemical studies.
The potential of InO_ thin films for gas sensor and
photorefractive applicationsisdemonstrated. Structural
analysis of the samples and topological analysis of the
film surfaces have been performed by X-ray diffrac-
tion (XRD) and atomic force microscopy (AFM), while
the surface and depth composition of films has been
examined by Auger electron spectrosopy (AES)
combined with depth profileanaysis. It isdemonstrated
that the microcrystalline InO, films prepared by dc
reactive sputtering exhibit good in-depth uniformity
regardless of their film thickness in the range of
120-1600 nm. Quantitative Auger and energy disper-
sive X-Ray (EDX) analyses have been applied to de-
termine the stoichiometry of InO, films. An oxygen
deficiency of 2-5% has been observed with respect to
the stoi chiometric composition. The effect of film thick-
ness and oxygen content in the sputtering gas on the
stoichiometry has been examined. Both AES and EDX
analyses have confirmed that the stoichiometry is
invariant for these parameters.

Finally, the photorefractive properties of thesefilms
have been investigated [15, 32-34] and optical grat-
ings (~0.65 nm) have been produced utilizing two
coherent 325 nm beams and recording conductivity
related holographic dynamics. By utilizing a 193 nm
excimer laser source, permanent recording
charcteristics have been obtained giving rise to a new

range of potentia applicatons for InO, films as photo-
sensitive overlayer in telecom and sensor waveguides.

2. EXPERIMENTAL DETAILS

Microcrystalline indium oxide (InO,) thin films were
deposited on Corning glass substrates by dc magne-
tron sputtering. They were grown in a mixture of
argon-oxygen plasma at total pressure of 8-10° mbar
using a 99.999% pure indium target (the oxygen vol-
ume fractions in the argon-oxygen plasma used were
F=0.4,0.5, 0.6, 0.7, 0.8, 0.9 and 1.0). The thickness of
the films was in the range of 120-1600 nm. All details
of the preparation of the films are provided elsewhere
[20]. Photoreduction and oxidation experiments were
carried out on the as-deposited microcrystalline InO,
films. The apparatus used was aglass chamber pumped
down by arotary pump. A miniature short-wave pen-
cil mercury lamp from Edmund Scientific Co. with an
average intensity of 4 mW/cm? at A=254 nm, which is
normally used for wavelength calibration of spectrom-
eters, served as an ultraviolet (UV) light source at a
distance of 3 cm from the samples. For photoreduction
the samples were exposed directly to UV light in
vacuum. Oxidation was carried out in the same chamber
with the samples exposed to ozone produced by the
UV light source in 600 Torr of O,, while the samples
were shielded from direct exposureto UV light. A field
of about 1 V/cm was applied to the samples and the
current was measured with a Keithley 616 electrom-
eter. Optical measurements of both transmission and
absorption were carried out on InO, films deposited
onto Desag glass substrates with an absorption edge at
330 nm, using a Perkin-Elmer VIS/UV spectrometer.

The deposited films were analyzed in an XRD sys-
tem using a CuK, source (A=1.54506 A) in the 6/26
geometry. The surface of the filmswasinvestigated by
atomic force microscopy in air, using a Digital
Instruments Nanoscope Il1ain both tapping and contact
mode with Si,N, or Si tips respectively.

For the transmission electron microscopy (TEM) and
electron diffraction studies, InO_ films with a thickness
of about 100 nm were deposited onto freshly cleaved
NaCl singlecrystals. After the deposition, thefilmswere
removed from the NaCl substrates by dissolving the salt
in distilled water and were mounted onto copper grids.
The sampleswere examined using aJEOL Temscan 100
CX microscope operated at 100 kV.

Surface and depth composition analyses of thefilms
were carried out in an ion- and turbo- pumped stain-
less steel UHV chamber with facilities for Auger
analysis. The chamber was pumped to a base pressure
of 1-10 mbar after mild baking and samples were
exchanged viaaload lock chamber. The primary elec-
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Fig. 1. Schematic representation of the experimental set-up R, R : recording beams at 325 nm, P: HeNe probe beam at 632.8
nm, S_: diffracted HeNe beams, BS: beamsplitter, PM: powermeter-head, ID: iris diaphragm.

tron beam energy and current were 2.5 keV and 5 pA
respectively. The Auger signal, dN(E)/dE, was
measured with alock-in amplifier using atime constant
of 750 ms and a modulation voltage of 5 V
peak-to-peak. An argon ion beam with energy of 1 keV
was employed for depth profiling analysis. This beam
spot was rastered over an area of 4-4 mm?. Data acqui-
sition, storage and processing were accomplished us-
ing a computer program for sputter profiling analysis
written in LABVIEW™,

To examine the average stoichiometry of the films,
an energy dispersive x-ray analysis (EDX) system at-
tached to a scanning el ectron microscope (Philips SEM
535 with EDAX equipment) was used. Quantitative
analysis with standards was carried out for InO_ films
deposited on silicon substrates, which were produced
with various mixtures of oxygen in argon (F = 0.4,
0.5, 0.6, 0.8 and 1.0). Asstandards, indium oxide grade
1 powder (purity of 99.995%) supplied by the Johnson
Matthey Company was employed.

The set-up for the photorefractive studies is shown
schematically in Fig.1. The beam of aHeCd laser emit-
ting at A=325 nm wasdivided intwo mutually coherent
beams, by means of a dielectric beam splitter. The two
beamsR, and R, with intensities of 300 mW/cm? each,
were subsequently directed onto the sample, forming
an intensity interference pattern. Numerous recordings
at various fringe spacing values (A\) have been studied.
AnHeNelaser beam was used to monitor therecording
of the holographic grating. The 5.7 mW HeNe probe
beam, P, wasincident normally onto the surface of the
film. Two scattered beams, S, of equal intensity were
observed corresponding to the +1 diffraction orders of
the recorded sinusoidal grating. By using an optical

power meter and a storage oscill oscope, one of the dif-
fracted beams was monitored, in order to investigate
the temporal characteristics of the recorded gratings.
Permanent hol ographic recording in sputtered InO,
thinfilmshasal so been recorded utilizing UV radiation
at 193 nm by an ArF excimer laser. The photosensitiv-
ity of thefilmswasinvestigated by exposing the samples
to UV radiation with coherent pulses of 23 nsduration
(FWHM) and beam energy of 100 mJ per pulse.

3. RESULTS

Photoreduction and oxidation. The conductivity of the
as-deposited films was of the order of 104-10°Q*cm?
and increased up to the order of 10'-10? Q-*cm* by ex-
posureto ultraviolet (UV) light in vacuum. Fig. 2 shows
very clearly this large change of conductivity for two
films with thickness 240 and 210 nm, deposited with
F=0.5 and 1.0 respectively. In Fig. 2, the conductivity
of thefilmsincreased up to a saturation value by direct
exposure to UV light. This is an induced change in
dark conductivity by UV-light because the conductivity
valuesremained constant whenthe UV light wasturned
off. Following the UV exposure, the same films were
exposed to an oxidizing atmosphere by introducing 600
Torr of oxygen into the chamber. Under this exposure,
the films were effectively reoxidized and their
conductivity decreased by about six orders of magni-
tude to its as-deposited level. The processes of pho-
toreduction and oxidation arefully reversible. The pho-
toreduction and oxidation cycles were repeated many
times and the conductivity regained the high satura-
tion values of the same level, as shown in Fig. 2.
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Fig. 2. (a)-(b). Photoreduction and oxidation of 240 and
210 nm thick as-deposited microcrystalline InO_films produced
in a plasma having an oxygen fraction of (a) F=0.5 and (b)
F=1.0, respectively.

Fig.3 shows the dependence of the ozone sensitiv-
ity on the thickness of the InO, films. The sensitivity
is defined as the difference in conductivities between
the two states expressed in orders of magnitude. It can
be seen that the sensitivity decreases with increasing
film thickness from about 5 for very thin films with
thicknesses around 10-20 nm to below 3.5 for InO,
films with thicknesses more than 1000 nm.

The as-deposited microcrystalline InO,_ films were
found to be highly transparent in the visible light
region, as seen in Fig.4. A direct optical energy gap
Eg:3.7010.05 eV was determined for these films from
optical absorption measurements [20]. The optical
energy gap of all films was essentially the same for
oxygen contents between F=0.5 and 1.0 in the sput-
tering gas.

Structural characterization of the InO_ films. All
the deposited films but especialy the thinnest, with a
thickness of 10 nm, showed some diffraction peaks.
Peaks belonging to the cubic structure of In,O, could
only beidentified, giving evidence for the existence of
single phase. From the XRD data the lattice constant
was calculated. The lattice constant varies between
10.378 A and 10.174 A and decreases with increasing
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Fig. 3. Dependence of indium oxide film thickness on
sensitivity to ozone.
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Fig. 4. a® vs hv plot of as-deposited microcrystalline InOX
films.

film thickness. The value of the lattice constant is in
accordance with the literature value of 10.118 A for
the structure of stoichiometric indium oxide. This
revealsthat the films under discussion in thiswork are
close to stoichiometric In,O,. From the FWHM of the
diffraction line peaksthe crystallite sizewas cal cul ated
using Scherrer’sformula[20]. Thecrystallite sizeswere
found to be in the range of 100 to 150 A almost inde-
pendent from the film thickness. Therefore, it can be
concluded, that the topology of the film isaccording to
Zone 1 of Thorntons Zone-Structure-Model [35]. The
films are consisting of small grains that are separated
by grain boundaries. There are no indications for
columnar grain growth under the deposition conditions
chosen in this work.

The surface of the filmswasinvestigated by atomic
force microscopy in air, using a Digital Instruments
Nanoscope I lain both tapping and contact mode using
Si,N, and Si tips respectively. Several AFM images of
different scalesfrom (0.5-0.5) to (10-10) pm? weretaken
for each sampleto estimate surface roughnessand grain
sizein dependence on different process conditions. The
evolution of grain size and surface roughness rms ver-
sus deposition time is shown in Fig.5.
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Fig. 5. Relation between grain size respectivelly surface
roughness and film thickness.

Fig. 6. (a)—(e). Electron diffraction patterns of the same selected area of an InO_ film with thickness of about 100 nm as a

function of the film exposure time to the focused electron beam. The initial mainly amorphous phase, (a), is transformed, (b)—

(d), to a phase typical of a microcrystalline In,O, film, (e), during in-situ recrystallization caused by the electron beam.

TEM studies carried out on InO, filmswith athick-
ness of about 100 nm showed that an electron beam
induced recrystallization mechanism takes placein situ
in these films. Fig.6 shows a sequence of electron dif-
fraction patterns produced from the same selected area
of an InQ, film by increasing the time of film exposure
to the focused electron beam. As seen in Fig.6(a), the
diffraction pattern of the film initially consisted of dif-
fuseringswith only afew crystallites embedded in the
uniform matrix indicating mainly an amorphous phase
with atrace of crystalline InO, . Thisis dueto the small
thickness of the film. Usually, InO, films deposited by

dc reactive magnetron sputtering at room temperature
in a mixture of argon-oxygen plasma exhibit a micro-
crystalline structure in their as-deposited state when
they have a thickness above about 100 nm. The films
used for TEM studies in the present work had a thick-
ness d<100 nm, being therefore at the limit between
microcrystalline and amorphous phase. Thicker films
have also been produced for TEM observations, how-
ever, they proved to be electron-impenetrable in this
particular TEM system operated at 100 kV. Longer
exposure of the film of Fig.6 (@) to the electron beam
led to a diffraction pattern of Fig.6 (b). It is clear in
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Fig. 7. Bright-field electron micrograph with magnification
66.000 of the InO _film in Fig.6 after crystallization occured.

this figure that the crystallites embedded in the
amorphous phase are now numerous and dightly larger,
indicating a mixture of the amorphous and the micro-
crystalline phase. The fraction of the microcrystalline
phase increased, while the fraction of the amorphous
phase decreased, by extending the exposure time, as
seen in Fig.6 (c). The diffraction pattern is now en-
tirely composed of crystallites, which are so many that
the diffraction pattern starts to form sharp rings as-
cribed to the In,O, cubic structure. A further increase
in the sharpness of the rings can be seen in Fig.6 (d).
Finaly, in Fig.6 (€), the sharp diffraction rings observed
indicate that the initially mainly amorphous phase
crystallized around the already present crystallites. This
diffraction patternistypical of amicrocrystalineIn,O,
film. These results are very interesting from the point
of view that one can see very simply the transforma
tion from the amorphous to the microcrystalline phase
in one and the same film without involving any
conventional post-deposition heat treatment. Fig.7
shows the corresponding bright-field electron micro-
graph with magnification 66.000 of the InO, film after
crystallization occurred. This micrograph exhibits a
grainy structure which consists of many small grains
of relatively uniform size forming a morphologically
homogeneousfilm. However, two different regionscan
be easily recognized in this micrograph. Thelower part
of the micrograph corresponds to an area of the film
exposed for longer time to the focused electron beam
than the area shown at the upper part of the micro-
graph. As a result, a crystal growth appears in this
area. Thisis a clear indication that the electron beam
causes annealing of the film.

The lattice spacings d., were calculated from the
diffraction relationship:
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Fig. 8. Identification of the crystallographic planes

corresponding to the observed diffraction rings in the electron
diffraction pattern of the InOx film in Fig. 6 after crystallization
occured.

where A is the de Broglie wavelength which can be
calculated from the accel eration voltage after applying
the relativistic correction, L is the distance between
the sample and the photographic film, known as the
cameralength, and D isthe diameter of the diffraction
rings. To eliminate uncertainties in the acceleration
voltage and cameralength, astandard thallium chloride
(TICI) crystal was used as a reference for the diffrac-
tion measurements. From the most clearly visible dif-
fraction ring in the diffraction pattern of TICI
corresponding to the (110) plane with alattice spacing
d,,,=2.727A-mm according to the ASTM diffraction
data card 06-0486, the quantity A-L (Linmmand A in
A) was determined by measuring the diameter D of
thering, and it was found to be A-L=111.4 A-mm. Sub-
sequently, this value was used to calculate the lattice
spacings of the InO, film by measuring the diameter D
of the diffraction rings in the diffraction pattern and
using the Eq. 1. In this case, the relativistic correction
was hot necessary to be used, since the diffraction pat-
terns of the standard TICI crystal and the InO_ film
were produced under the same experimental conditions.
Thelattice spacingsd,, calculated for theInO, arelisted
in the Table 1 together with the corresponding d,, val-
uesof the standard In,O, powder providedinthe ASTM
diffraction data card 6-0416, for comparison. In Fig.8
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Fig. 9 (a)—(b). Typical Auger spectrum of a microcrystalline
InQ film for (a) the as-deposited state and (b) after 8 nm
sputtering.

the crystallographic planes corresponding to the ob-
served diffraction rings are identified.

Chemical characterization of the films. A typi-
cal Auger spectrum of a microcrystalline InO, film is
shownin Fig. 9. Theindium doublet which corresponds
to MNN transitions appears at energies of 400 and 406
eV, while the oxygen peak which corresponds to KLL
transitions appears at the energy of 511 eV. These
energy values are in good agreement with those previ-
oudly reported [36] (404, 410 and 510 eV, correspon-
dingly). Asseen from Fig. 9a, asmall amount of carbon
appears at the surface of the as-deposited films. This
carbon layer always appears in an Auger spectrum of
as-deposited indium oxide films as a contaminant and
comes either from the deposition process or during
handling of the filmsin air after the deposition. In this
case, the carbon layer was not thicker than about 8 nm
and removed completely after about 5 min of sputter-
ing, resulting in a large increase in the transition in-
tensities of indium and oxygen, as seen in Fig.9b.

Auger depth profiling analysis was carried out on
films with thickness from 120 to 1600 nm. All films
exhibited an extremely good indepth uniformity,
regardless of their thickness, all the way to the inter-
face with the glass substrate. The depth profiles are
displayed in two ways. The Auger peak-to-peak sig-
nals of indium and oxygen are presented graphically
versus sputter depth. By presenting the datain thisway
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Fig. 10 (a)—(c). Auger depth profiles of (a) 120 nm, (b)
900 nm and (c) 1600 nm thick microcrystalline InOx films.

it is allowed to compare the trends at indium and oxy-
gen in the same film. Alternatively, the Auger spectra
of indium and oxygen collected during a depth profile
are shown in a montage plot. Displaying the data in
this way allows to establish possible variations, both
of peak intensity and position. Fig.10 shows the Auger
peak-to-peak signalsversus sputter depth for threefilms
with thickness 120, 900 and 1600 nm. The data in
Fig.10 were normalized with respect to the reflected
electron current. It is striking that even for 21600 nm
thick film the composition stability with depth is
comparable to that of the thinner films. The sharp de-
crease of the oxygen peak-to-peak signa in Fig.10 iden-
tifies the interface between film and glass substrate.
Fig.11 shows, in amontage plot, all of the Auger spec-
traof indium and oxygen collected during a depth pro-
file from a given analysed area for a film with thick-
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Table 1. Lattice spacings d,, values as determined for our

InQ films from electron diffraction data and comparison with

values of the ASTM diffraction data

the corresponding d,

card 6-0416 for standard In,O, powder.

ASTM 6-0416 Calculated data from
TEM
d(A) I, hk Dmm d(A)
413 14 211 55 4.05
292 100 222 77 2.89
2.7 2 321
253 30 400 89.5 2.49
239 8 411 94.5 2.36
226 2 420
216 6 332 104.5 2.13
207 2 422
198 10 431 114 1.95
18 4 521
179 35 440 126.5 1.76
174 4 530
169 2 600
164 6 611 137.5 1.62
16 2 620
156 4 541
153 25 622 148.5 1.50
146 6 631
146 6 444
143 2 243

ness 400 nm. The datain Fig.11 were normalized to 1
MA electron current. The shift in the oxygen peak
energy position at the interface between film and glass
substrate observed in Fig.11, aswell asachangein the
oxygen peak shape and height, is a clear indication
that the bonding configuration of oxygen is changing
at the interface from InQ, to SIO,.

Quantitative Auger analysis was carried out to de-
termine the atomic concentration of indium and oxy-
geninthefilms. The method used isbased on thesimple
calculation of relative sengitivities between the elements
of interest, indium and oxygen, and silver, from the
handbook of standard Auger spectra [36]. All details
of the application of this method to our films can be
found in a previous work [37]. The fact that the depth
profiles exhibited a constant ratio of In to O in the
oxide bulk, independently of the thickness, allowed the
use of this method for the calculation of the atomic
concentrations of In and O throughout the whole thick-
ness of the film, i.e. for each newly exposed surface
after a sputter cycle. Fig. 12 shows the atomic
concentrations of In and O versus sputter depth for
two InQO_ films with thickness 440 and 1600 nm de-
posited with F=0.4 and 1.0 respectively. It is obvious
from Fig. 12 that the atomic concentration is constant

Dala is normatized 10 1 WA
200 [Doto s normatized o 10A

100 +

[
0= il
4 (a)
350 H0O 450
200
Oxugen
100
0
450 500 550

Fig. 11 (a)—(b). Montage plot of the Auger spectra collected
during a depth profile of 400 nm thick InOX film. (a) Indium
Auger peaks, (b) Oxygen Auger peaks.

with depth. Similar results with that of Fig. 12 were
found for al of the films, independently of thickness
and oxygen content during the deposition. The
uniformity of the atomic concentration throughout the
bulk of the oxide allowed the cal culation of an average
atomic concentration of In and O in each film from the
values of the atomic concentration in different depths
during a depth profile. This way of presenting the
results was convenient for abetter comparison between
the different films. Table 2 shows the average atomic
concentration of some representative InO, films pre-
pared with various thicknesses in various mixtures of
oxygen in argon during the deposition. The atomic
ratios of oxygen to indium listed in Table 2 should be
compared to 1.5 for the stoichiometric In,O,. From
Table 2 it appearsthat thereis an oxygen deficiency of
about 2-5% in the InO_ films compared to stoichio-
metric In,0, (60% at. Oxygen and 40% at. Indium).
This is in good agreement with previously reported
values [29] of oxygen/metal atomic ratios calculated
from the surface of indium oxide films by quantitative
Auger analysis using a standard In,0, sample with a
known composition. Deviations from stoichiometry up
to a maximum of about 10% from one sample to the
other have been reported by other researchers[11] us-
ing the technique of energy dispersive x-ray anaysis.
The quantitative Auger analysis presented here gave
an oxygen concentration which variesfromO, . t0 O, .
for the examined films. Thisisin good agreement with

the result O, ,,, ., Obtained from high accuracy
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Table 2. Average atomic concentration of In and O in InO _films as determined by AES quantitative analysis.

Oxygen volume Thickness  Average Averege Atomic ratio
fraction, F (nm) a.% In at.% O OlIn
0.4 440 46 54 12
0.5 600 46 54 12
0.6 1200 44 56 13
0.8 900 43 57 13
1.0 1600 42 58 14

wavelength dispersive x-ray analysis (WDX) carried
out by Bellinghamet al. [21] on InO_ filmswith athick-
ness of 700 nm produced by ion beam sputtering.
Quantitative analysis with reference to standard
In,O, powder of known concentration has been carried
out on InQO, films by using the energy dispersive x-ray
analysis technique, in which the sample is bombarded
by an electron beam, causing the emission of
characteristic x-rays. In this case, the quantitative
analysis was carried out through comparison of the
EDX spectra of the films with that from the standard
In,O, being in the form of fine grained powder. This
method was applied to determine the average stoichi-
ometry of as-deposited InO, films produced in various
mixtures of oxygen in argon during the deposition onto
silicon substrates. Fig. 13 shows the EDX spectra of
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Fig. 12 (a)—(b). Atomic concentrations of In and O versus
sputter depth of 440 and 1600 nm thick InO _films produced
in a plasma having an oxygen fraction of (a) F=0.4 and (b)
F=1.0, respectively.

the standard and a microcrystalline InO, film with
thickness of 600 nm deposited with F = 0.5 onto glass
substrate. The spectrum in Fig. 13 was made with an
acceleration voltage of 5.5 kV. This voltage was
carefully chosen (details are available in a previous
work [37]) to avoid excitation of oxygen in the glass
substrate and to make sure that all the x-ray producing
volume would be inside the film. For the best accu-
racy, the standard was mounted in the system along
with the sample examined. In this way, the spectra of
the standard and the InO_ film were taken under the
same conditions, i.e. same accel eration voltage, incident
angle, detector settings etc. In the EDX quantitative
analysis carried out on the InO_films deposited onto
silicon substrates, the standard was analysed two times
and the average result was used for the comparison.
Alsointhis case, the samples of interest were mounted
in the system along with the standard sample. Table 3
shows the results of the EDX quantitative analysis for
InO, films prepared under the same deposition
conditions with those in Table 2. It is seen from the
Table 3, that the as-deposited INO, filmsseemto consist
of 71-72 at. % oxygen, which would be 11-12 at. %
more than the stoichiometric composition. This is not
in agreement with the results of the quantitative Au-
ger analysis given above. The reason for this discrep-
ancy is clearly that the standard was in the form of
powder with grainsinthe micron range, whilethefilms
have very smooth surfaces and grains of the size of
20.6 nm. This makes the surface of the powder appear
as a very rough system compared to that of the InO,
films. For the indium x-ray signal with an energy of
3.3keV thisisnot so critical, but for the oxygen x-rays
with an energy of only 0.525 keV it becomes a signifi-
cant disturbance. The oxygen K x-rays are strongly
absorbed by the indium atoms, so a surface roughness
causes variationsin the path length of x-rays emerging
from the sample, resulting in alarger absorption of the
oxygen x-rays. This effect has also been observed by
Bellingham et al. [21]. The effect is also confirmed by
the fact that the indium signal has about the same in-
tensity in the samples as in the standard, whereas the
oxygen signal is strongly reduced in the standard, as
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Table 3. Average atomic concentration of In and O in InO_
films as determined by EDX quantitative analysis.

Oxygenvolume Thickness  Average Avereg

fraction, F (nm) a%lIn a%o0o
0.4 440 29.0 71.0
0.5 600 29.0 71.0
0.6 1200 285 715
0.8 900 28.1 719
1.0 1600 294 70.6

shown in Fig. 13. The only way to obtain a reliable
EDX andysis of an InO, film is by using a standard
with the sameroughnessasthefilm. Thiswasnot avail-
able for the measurements. Nevertheless, the results
are important in the sence that all films exhibited the
same stoichiometry, independently of the oxygen
content used during growth, and from this point of view
the EDX results arein perfect agreement with those of
AES analysis.

Photorefractive properties. A typical sequence of ho-
lographic grating recording (parts A and B) and decay
(part C) in InO, films is depicted in Fig. 14. A maxi-
mum diffraction efficiency of N~10*is observed for a
grating recorded in 600-800 nm thick InOx films. In
the rising part of the trace all three (recording and
probe) beams are present, while the decay is observed
inthe absence of both recording beams. The HeNebeam
is aways present to probe the evolution of the grating
being recorded. It was observed that the probe beam
does not affect the recording characteristics that are
solely associated with the UV radiation. No darkening
or coloration of the film was observed. Nevertheless
the existence of an absorption component of the gratin
cannot be excluded.

[llumination with UV light in air increases the
conductivity of an InO, film by two orders of magni-
tude. Fig. 15 depicts the absolute change of the dif-
fraction efficiency and the conductivity of InO, film
upon illumination with an HeCd laser beam of inten-
sity 1=40 mW/cm?. The new electrical state of the film
is maintained until the film is exposed to an ozone
atmosphere. It is noted that with the 50 Q termination
at the oscilloscope we were restricted in monitoring
only the high current values, thus enabling us to ob-
serve only the high conductivity levels, which
correspond to saturation. The similarity of the two
curves and the correspondence of the two phenomena
are apparent indicating a direct relation between
conducting state and recording efficiency. A rapid rise
of the diffraction efficiency isrelated to the increasein
conductivity while the dynamics of the decay
characteristics are almost the same in both actions.
Although the conductivity level remains constant dur-
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Fig. 13 (a)-(b). EDX spectra of (a) the standard In,O, in
the form of fine-grained powder and (b) 600 nm thick as-
deposited microcrystalline InO _film onto Corning 7059 glass
substrate.

ing recording, the diffraction efficiency behavior seems
to be affected by two processes. A fast rise occursim-
mediately after theinterference of the recording beams
(part A), whichisfollowed by adlight reduction and a
stabilization stage (part B). In the absence of ultravio-
let radiation both conductivity and diffraction efficiency
decay exponentially (part C).

The hologram decay does not follow a simple ex-
ponential form. Double exponential decay curves
[n=Aexp(-t/t)) + Aexp(-t/t,)] fit well to the decay
data (mean square error 10°). Time constantsof 1,=6.3
s and 1,=43.5 s have been extracted from the fitting
procedure. The decay time constants remain practically
the same for all values of A in the range of 0.6-3 pum.
This is in contrast with the well-known case of non-
localized photorefractive materials involving charge
diffusion or drift, verifying the localized nature of the
observed effects.

For the permanent holographic recording utilizing
UV radiation of 193 nm emitted by an ArF excimer
laser, the recording dynamics are depicted in Fig.16
showing the results of asequence of 9 laser pulsesused
to achieve saturated grating recording at an energy
fluence of 18 mJcm? per pulse. Corresponding AFM
analysis of the illuminated area (Fig. 17) shows a sur-
face relief pattern of periodicity A=0.65 um. The dy-
namics of the above two processes are discussed in the
following.
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Fig. 14. Typical holographic recording behavior observed in

InO_samples. Decay times were measured in region C. Typical
values calculated were T,=6.3 sec and T,=43.5 sec.

4. DISCUSSION

It has been shown that, under the present deposition
conditions, high quality microcrystalline InO, films
have been produced at room temperature. The results
presented above demonstrate that the electrical, opti-
cal and chemica properties of these films do not de-
pend critically on the growth parameters, i.e. film thick-
ness and oxygen content during the deposition. From
this point of view, it becomes clear that reactive dc
magnetron sputtering from a pure In target has the
advantages of high reproducibility and good control of
film properties over other deposition techniquesfor the
preparation of transparent indium oxide films.
Microcrystalline InO_filmswith high transparency
in the visible light region have been prepared using
reactive sputtering of pure In at room temperature. It
has been shown that the conductivity of these films
can be changed in a controlable and fully reversible
manner by about six orders of magnitude by aternately
exposing the films to UV light in vacuum and
reoxidizing them in an ozone atmosphere. These ob-
servations do not depend critically on the preparation
conditions. The same results have been essentially
found for InO, films produced with oxygen contents
between F = 0.4 and 1.0 in the sputtering gas. The
mechanism responsible for these large changes in
conductivity is believed to be the UV induced produc-
tion of oxygen vacancies, which act as doubly charged
donors providing electrons to the conduction band. An
oxygen vacancy is formed when an oxygen atom in a
normal lattice siteisremoved, whichisusually equiva-
lent to atransformation of an oxygen atom in anormal
site to the gaseous state. Considering that in binary
oxides the oxygen ions in the regular sites have a va-
lency of -2, in this process, the two electrons of the
oxygen ion are left in the vacant site. If both of these
two electrons are localized at the oxygen vacancy,
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Fig. 15 (a)-(b). Simultaneous recording of: (a) the dynamics
of the holographic grating and (b) conductivity.

charge neutrality is preserved and the oxygen vacancy
has zero effective charge. If one or both of thelocalized
electrons are excited and transferred away from the
vacancy, the oxygen vacancy becomessingly or doubly
ionized, respectively. Since electrons are removed, the
ionized oxygen vacancy will have an effective positive
charge to conserve the electrical neutrality of the ma-
terial. The charged oxygen vacancy becomes an elec-
tron trapping site but in this process one or two elec-
trons are available for conduction. The process of for-
mation of doubly charged oxygen vacancies can be
described by the following defect equation [38]:

_ 1
0, = V;+2e+0,®. @

From Eq. 2 it arises that the presence of oxygen vacan-
ciesisequivalent to the existence of oxygen deficiency
with respect to the stoichiometric composition. There-
fore, the large conductivity changes observed in the
films under UV photoreduction result directly from a
deviation in the stoichiometry of these films. The for-
mation of charged oxygen vacancieslead to the forma-
tion of complimentary free electrons. During photore-
duction, a large increase in the free electron
concentration occurs due to the increase in the number
of charged oxygen vacancies. Subsequently, during
oxidation, the incorporation of oxygen leads to
annihilation of the charged oxygen vacancies, and
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Fig. 16. Chart recorder traces of the diffracted signal, showing the dynamics of recording and decay of a grating in sputtered

indium oxide film grown under 50%0O,/50%Ar pressures, 9 consecutive pulses were used to achieve saturation.

henceto adrasticfall in thefree electron concentration.
For the polycrystaline films it is visualized that oxy-
gen produces a state bel ow the conduction band, which
removes one el ectron from the conduction band for each
oxygen chemisorbed. Since indium oxide is an n-type
semiconductor, the effect of oxygen diffusionisto de-
crease the dark conductivity. When an oxygen vacancy
isinitialy formed, the chemical bonds of an oxygen
atom to the neighboring atoms are broken. Therefore,
it is expected that the process of formation of an oxy-
gen vacancy is related to the oxygen bond strength in
the oxide. From this point of view, indium oxide is
considered as a chemically relatively unstable mate-
ria, so that it is relatively easy to be reduced and oxi-
dized.

All the investigated samples were microcrystalline
with a grain size between 10 nm (detection limit) and
100 nm. With increasing temperature the roughness
increases only slightly while the grain size remains
nearly constant. InO, layers on corning glass with dif-
ferent layer thickness (i.e. different sputtering times)
at otherwise constant growth conditions were exam-
ined. A perculated layer with adistinct grain structure
was already found for the thinnest layers (10 nm). The
grain size as estimated by XRD corresponds well to
thelayer thickness, whilethelateral grain sizeby AFM
is exceeding this value. With progressing deposition
this grain size drops down to a minimum after which
it isincreasing monotonically with the layer thickness.
In contrary, on silicon substrates the grain size was
increasing all over the investigated range. Thus the
nucleation of the InO_layersisstrongly affected by the
roughness of the substrate. At layer thicknesses exceed-
ing 200 nm the grains are starting to aggregate to
clusters. As expected the surface roughnessisincreas-
ing monotonically with progressing deposition time.
The scaling exponent for the surface roughness (0.55)

isin good agreement with theoretical descriptions for
“random deposition” [39].

The sensitivity of the conductivity of InO, on a
reactive gas environment shows its potential as athin
film gas sensor. However, the detection of gases using
thin film sensors requires an interaction with the sur-
face of the thin active layer. Therefore structure and
effective surface area of thislayer are expected to have
an influence on the sensitivity. Moreover thegrain size
is known to dictate the conductivity of polycrystalline
materials. Thus the knowledge and the control of the
grain size and the surface morphology is an important
factor for abetter understanding of the detection mecha-
nism of oxidizing gases and the optimization of a sen-
sor device.

The TEM studies carried out on InO, films with a
thickness of about 100 nm showed that the films
consisted of a large area of intergranular amorphous
phase. In situ electron beam recrystallization was ob-
served to take placein these films. This effect was also
observed by Rauf [40] for indium oxide films prepared
with the reactive thermal evaporation technique. The
electron diffraction pattern of the as-deposited InO,

o

Fig. 17. AFM scans of the illuminated area revealing a surface

relief pattern of periodicity A=0.65mm.
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films consisted mainly of diffuse ringswith only afew
crystallites embedded in the uniform matrix. This was
due to the small thickness of the film (of about 100
nm). The same selected area of the film after about 10
min of irradiation with the focused electron beam ex-
hibited an electron diffraction pattern consisting of
sharp diffraction rings, typical of a microcrystalline
In,O, film. Thismeansthat theinitial amorphous phase
crystallized around the already present crystallites. This
can be interpreted as a rapid growth of initial
neighboring crystallites to new, highly ordered
crystallites by electron beam induced annealing. Rauf,
using a high-resolution JEOL 2000EX transmission
electron microscope, observed that indium oxide films
containing both amorphous and crystalline phases are
usually highly disordered. Even crystalline grains ob-
served in these films seemed to have high defect den-
sities. These defects include stacking faults, disloca-
tions, impurity atoms and oxygen vacancies. The elec-
tron beam irradiation brings the amorphous phasein a
higher-energy state so that the ordering processin this
region is very fast. Rapid growth of the originally ex-
isting neighboring crystallites occurs forming highly
ordered recrystallized crystallites into the amorphous
phase, by annealing the defects out to the boundaries
separating these crystallites. By migration of defects
toward grain boundaries the material has a tendency
to crystallizearound theinitially formed highly ordered
crystallites. Kasiviswanathan and Rangargjan [41] have
produced indium oxide films with a thickness of 70
nm by dc reactive magnetron sputtering in the pres-
ence of pure oxygen at room temperature and observed
that the as-deposited films exhibited a clear microc-
rystalline structure which was evident by the well de-
fined rings in the electron diffraction patterns. This
probably results from the fact that the growth of these
films occured in a pure oxygen atmosphere, since the
films prepared in the present work with a thickness of
about 100 nm in a mixture of argon-oxygen plasma
were found to be mainly amorphousin their as-depos-
ited state. The existence of more oxygen in the plasma
may lead to a faster chemical reaction with the avail-
able In bonds at the first stage of the deposition pro-
cessand thereforeto afaster growth of In,O, crystallites.
A crystallite size of 20 nm was reported, also by
Kasiviswanathan and Rangargjan, for dc sputtered in-
dium oxide films. The lattice spacings d,,, values
calculated for the InO, films in the present work dif-
fers by about 1% from the corresponding ones of the
ASTM standard In,O, powder. Similar variation of
about 1% from the standard values has also been found
by Kasiviswanathan and Rangargjan by applying the
relativistic correction for the calculation of the de
Broglie wavelength from the accelerating potential. It

should also be noted that the crystal planes (400), (411)
and (611), which are absent in the x-ray diffraction
pattern of the as-deposited microcrystalline InO_films,
clearly appear in the electron diffraction pattern of thin-
ner films (d<100 nm) after crystallization occured. This
is because very few grains are oriented in these direc-
tions. As seen from the electron diffraction pattern,
thereflectionsfrom individual grainscan berecognized
as separate spotsin the diffraction rings of these planes,
whereas the reflections from the preferred orientation
planeslike (222) and others, are so numerous that they
make up continuous rings.

The Auger depth profiling analysis showed that the
composition of the InO, films remains constant all the
way from the surface down to the interface with the
glass substrate, regardless of the thickness of thefilms.
Even for films with thickness of 900, 1200 and 1600
nm, the depth profiles are comparable to those of the
thinner films. This shows that the growth process it-
self is extremely well controlled to produce films with
high homogeneity at room temperature. The quantita-
tive AESand EDX analyseswere carried out on batches
of films produced in the same sputtering deposition
runs. Both AES and EDX analyses have confirmed that
the composition of the films is invariant for a varia-
tion of the oxygen volume fraction between F = 0.4
and 1.0 in the growth plasma. However, the results of
the AES analysis indicate the existence of an oxygen
deficiency of 2-5 % in the films with respect to the
stoichiometric composition, while those of the EDX
analysis seemed initially to indicate an oxygen excess
(metal deficiency) of 11-12% with respect to the sto-
ichiometric composition. This discrepancy was attrib-
uted to the roughness of the standard material used in
the EDX analysis, compared to the very smooth sur-
face of the films. Because of this roughness, which is
significant compared to the depth of x-ray production
in the standard, the oxygen signal of the standard ap-
peared strongly reduced compared to the oxygen sig-
nal from the sample. For thisreason, the EDX analysis
was not able to provide the correct stoichiometry in
the case of these films. However, the accuracy of the
method itself is evaluated in terms of providing avery
good compositional comparison between the films. All
of the films produced with oxygen contents between F
= 0.4 and 1.0 in the sputtering gas exhibited essen-
tially the same stoichiometry ((071% O, [29 % In). This
means that even at an oxygen concentration of F = 0.4
there is enough oxygen in the plasmato react with the
available In bonds to transform the material from a
metallic into a semiconducting/insulating transparent
state. This, in turn, is an evidence that the excess oxy-
gen in the deposition plasma does not contribute to the
chemical composition of thefilm but merely to the sput-
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tering rate. The deviation of 2-5 % from the stoichio-
metric composition as consistently revealed by the
present AES analysis, is in good agreement with pre-
viously reported results from Auger quantitative
analysis and comparable with those of EDX and WDX
analysis carried out by other researchers. Therefore,
the above AES results can be safely used as an absolute
measurement of composition for the InO, films.

Since InO, in its slightly non-stoichiometric form
discussed above is a material that contains significant
amount of localized centers with trapped electrons, it
is a candidate behaving as other well know
photorefractive materials for which the trapped elec-
trons may be excited by light of an appropriate
wavelength. It was this property of InO, that was ex-
ploited during the present study. Thus two coherent
beams of light (the writing beams) interfering in the
InO_ films caused the excitement of electrons from the
traps to the conduction band at rates proportional to
thelight intensity at any given point. Subsequently this
gives rise to an inhomogeneous concentration of free
electrons that drift and diffuse away from the region of
high-intensity light (interference maxima) and are
collected (trapped) in regions of low-intensity light (in-
terference minima). Asaresult it is noticed a net accu-
mulation of a negative and positive space charge in
regionsexhibiting asinusoidal interference pattern with
acorresponding strong spatially periodic electric field.
Thisdc field causesthe deformation of the crystal lattice
leading to a refractive index modulation and the sub-
sequent production of a phase hologram.

A possible explanation of the origin of the observed
behavior may involve active centers, such as oxygen
vacancies, related to the growth conditions and spe-
cific nature of the material. These localized states can
be altered by UV radiation and their decay to theinitial
condition is associated with characteristic time
constants that depend on the specific nature of the ac-
tive centers and the material. It is noted here that holo-
graphic recording measurements were performed with
a large variety of specimens. Even though they were
grown during different runs of the sputtering machine,
they all exhibited identical temporal behavior under
the same experimental conditions.

The dynamics of the recording and decay can be
understood in terms of coexistence of two different types
of non shifted gratings within the material. The first
corresponds to UV induced electrical conductivity
changes, exhibits unusually large coupling strengths
and adynamic behavior associated with localized modi-
fication of the optical properties of the material and a
thermal decay of the conductivity grating. This behav-
ior is as stated above, attributed to the existence of ac-
tive centersin the material and associateswith the pres-

ence of oxygen vacancies in the film lattice. The sec-
ond is attributed to structural gratings, which remain
after the thermal decay of the conductivity grating. The
interpretation of the results are in line with the model
of Szorenyi et a [42], in which excimer laser radiation
causes changes of optical properties of ITO films by
melting and resolidification processes for fluences be-
low the ablation threshold. Thuswe éttribute this stable
grating recording to spatial periodic modifications of
the concentration of defects induced by the interfer-
ence of the intense UV radiation.

5. CONCLUSIONS

InO_ thin films deposited by dc sputtering show novel
sensor and optoel ectronic properties. They exhibit high
reversible conductivity changes, in the range of six
orders of magnitude, caused by photoreduction in UV
light and subsequent oxidation in 0zone atmosphere.
Consequently, InO_ thin films can potentially be ap-
plied as ozone sensors. Their sensitivity to ozone is
dependent on their thickness. It decreases smoothly
with increasing film thickness. The crystallinity and
microstucture of InO_thin films are greatly dependent
onthe substrate temperature aswell ason the film thick-
ness. An amorphous to polycrystalline transition oc-
curshby increasing substrate temperature and film thick-
ness. InO, films prepared by dc sputtering exhibit good
in-depth uniformity regardless of their film thickness
in the range of 120-1600 nm. An oxygen deficiency of
2-5% has been observed with respect to the stoichio-
metric composition. Finally, permanent holographic
recording has been realized in thin films using UV
radiation at 193 nm emitted by an ArF excimer laser.
The photorefractive properties of InO_films are very
promising for novel telecom and waveguide applications.
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