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Abstract

We report results of structural, optical and electrical transport studies of
indium oxide (I0) thin films grown by Pulsed Laser Deposition (PLD) under
various oxygen gas pressures and using different substrates at 350 °C. We find
that the morphology and electrical resistivity of these films which are highly
transparent changes drastically as Oy pressure increases into mbar range, irre-
spective of substrate. A systematic increase in resistivity, coming mainly from
a drop in the electron concentration, is observed as oxygen pressure varies from
0.0004 to 1 mbar. This could permit modulation of IO thin—films’ electrical
parameters by more than three orders of magnitude suggesting that PLD grown
films could be an attractive material for optoelectronic applications.
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1. Introduction

Transparent conducting oxide (T'CO) films are used in multiple applications,
from touch panels and flat panel displays to low emissivity windows, and gas
sensors [1}, 2, B, @] [5]. Indium oxide (IO) is one of the most widely applied TCO
materials, not only as a conducting electrode but also as an active component
of devices [6], [7]. Its research has been centered almost entirely on heavily
doped n-type films in search of highly transparent material with nearly metallic
conductivity. In particular, indium oxide doped with tin (ITO) is probably the
most studied TCO. The tin doping increases the carrier concentration, most
likely by substituting for indium and acting as a singly charged donor on an
indium site. In spite of many reports, some fundamental properties of 10 are
only just coming out. Thus, an important improvement in material quality
has enabled to establish the nature of the IO band gap [§]. Nevertheless, the
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origin of a high free—electron concentration in as-grown thin films remains under
dispute. In part, it follows from the fact that existing models for InoO3 doping
are inconclusive [9, 10,111, [12], although it is clear that native defects are relevant
as dopants in this transparent oxide. In addition, systematic studies focused on
tailoring of the indium oxide electrical properties in a broad range are missing
although such research would open the way to new applications in thin film
opto—electronics, particularly in photovoltaics [I3] 14, 15, [16].

Indium oxide crystallizes in a cubic bixbyite structure, which derives from the
fluorite structure when one fourth of the oxygen atoms is removed. The struc-
tural vacancies in the bixbyite structure are actually empty interstitial positions
which can serve as fast oxygen diffusion paths and thus favor easy incorporation
of oxygen ions into the material [I7]. As—grown IO samples show rather high
conductivities, most likely brought about by presence of oxygen vacancies which
act as a shallow donor. This has been corroborated by first—principles calcula-
tions [I11 [I8] and annealing experiments [I9]. It is now generally accepted that
oxygen doping plays the fundamental role for indium oxide physical properties
[20, 2T]. In the thin—film form, the unique crystal-defect structure of bixbyite
based materials prompts segregation of oxygen at the grain boundaries (GB).
This can give rise to charged interface states and, consequently, to GB poten-
tial barriers. Such barriers can affect, to a large extent, electronic transport of
polycrystalline thin films [22], in particular of indium oxide [23]. On the other
hand, the surface accumulation layer seems to contribute insignificantly to the
I0-film conductivity [24].

The great majority of the published papers on TCO is limited to description
of fabrication methods and improvement of ensuing film properties. Surpris-
ingly, only few reports deal with physical mechanisms behind the measured
properties at the fundamental level. In this report, we show how the oxygen
ambient affects the microstructure and electrical behavior of IO thin films grown
by pulsed laser deposition (PLD). We choose to study indium oxide and not ITO
in order to avoid ambiguities related to the tin doping which gives rise to sev-
eral defect complexes [25]. To elucidate the physical mechanism behind found
behavior, we have performed a careful structural characterization of the films,
in addition to electrical and optical measurements. We find that films mor-
phology and its electrical properties, which vary in a systematic way with Oq
background pressure applied during PLD growth, are closely correlated. The
background oxygen promotes stoichiometric film formation as oxide deposition.
It also leads to the conductivity decrease since the number of donor oxygen va-
cancies in films becomes smaller upon Oy doping during growth. Even though
at lower pressures the presence of oxygen favors a highly textured columnar
growth with smooth surface, at elevated pressures it gives rise to more defec-
tive structures with more localized electronic transport. The observed behavior
can be attributed to variations in the plume of ejected material and in surface
diffusion brought about by changes in oxygen pressure in the PLD process [33].

The PLD deposition method has successfully been used to obtain 10 [26] 27
28, 29] and indium—tin—oxide thin films [30} [31]. It yields high-quality films of a
variety of materials and is simple in operation as only a few parameters such as



the laser energy density, the pulse repetition rate, the substrate temperature,
and the deposition pressure need to be controlled. Although usually obtained
as a highly conducting n-type material, our IO thin films grown by PLD under
various Og pressures, up to 1 mbar, show systematic increase in resistivity which
spans more than two (four) orders of magnitude at 300 K (4 K). The resistivity
increase is coming mainly from the electron concentration decrease; however, the
carrier mobility variation for Oy pressures beyond 0.1 mbar is also important.
This finding offers a new opportunity to tune IO films properties by choosing
proper growth parameters. The optical transparency of all films is high (= 80%)
in the spectral range from 400 to 800 nm.

2. Experiment

We have grown IO thin films by pulsed laser deposition from a ceramic
IO commercial target in a vacuum system with a base pressure better than of
~ 1 x 107% Torr. Fused-quartz, GaAs(100), and Si(100)-oriented wafers have
been used as substrates which were kept at a constant temperature between 350 ©
and 500°C. The O gas pressure during deposition was fixed at various values
between 0.0004 and 1 mbar. A total of 2500 pulses with repetition rate of 10 Hz
was applied, using a KrF excimer laser at energies of 65 mJ and a fluence of 1.8
J/cm?. After deposition, the films were cooled down to room temperature (RT)
at the oxygen pressure used for the growth. The cooling rate of 20 °C/min was
employed down to 250 °C, followed by free cooling to RT. For the x-ray diffrac-
tion (XRD) characterization, a Siemens D-5000 (A[Cu K,]= 1.541840 A) and a
Bruker-AXS D8 Advance diffractometer with general area detector diffraction
system (GADDS) were used. The crystallinity of IO films was evaluated from
the full-width at half maximum (FWHM) of the (222) diffraction peak in XRD
spectra. Field emission scanning electron microscope (FESEM), in both plane
and cross-section views, was used to study films’ morphology. We applied low
voltage to get our FESEM images in order to ensure more sensitivity to surface
features and to be able to observe directly nonconducting samples. The Van der
Pauw method was used to obtain the resistivity and Hall effect data in magnetic
fields of up to 1 T. Experimental errors coming from geometrical effects were
minimized by placing contacts on the corners of a ~ 3 mm x 3 mm squares cut
from the films. At least two samples, cut from the same batch, were measured
in order to check for homogeneity. We used an electrometer with a guarding
option to perform measurements on high resistance films. Ohmic contacts to
the layers were done using Au or silver paste. Optical transmission spectra of
the films were measured by a dual-beam Cary spectrophotometer.

3. Results and Discussion

3.1. Structural and morphological properties

All the layers deposited by PLD on Si(100) and GaAs(100) substrates were
found to crystallize in the pure bixbyite structure. In these films only peaks



Figure 1: (Color online) Full XRD scans for films deposited at po,= 0.1 mbar on Si(100)
and GaAs(100) substrates. The inset shows two-dimensional GADDS image for a Inp O3 film
grown on GaAs(100). The dot and the ring correspond to the (002) substrate and (222)
cubic reflections of the film, respectively. The distribution of intensity indicates a texture
perpendicular to the surface.
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Figure 2: (Color online) (a) (222) diffraction peak for films deposited at po,= 0.1 mbar on
Si(100) and GaAs(100) substrates; (b) normalized and smoothed (for a better visualization)
X-ray diffraction spectra at their corresponding peak maximum for InoOgz films grown by
PLD at various Oz pressures on Si(100) substrate; (c) pressure variation of mean crystalline
domain size (left axis) and of film thickness (right axis).



corresponding to (222) and (444) planes are clearly distinguished in the XRD
patterns indicating preferential (111) texture. This is seen in Fig. [1| which
shows full scans for films grown at po,= 0.1 mbar on Si(100) and GaAs(100)
substrates. For the latter, the (444) peak is hardly discerned but it can be
unambiguously identified. The texture found is expected for the In, O3 bixbyite
phase, since it corresponds to the lowest surface free energy. The (222) and (444)
peaks, approximately at 31° and 64°, appear very close to the peaks from the
crystalline substrates. The observed growth is columnar, of Volmer—Weber type
(not epitaxial), with a high degree of texture which depends on oxygen pressure
but with a poor in-plane (lateral) order between columns, even in the best
films. The films preferentially grow along the diagonal cubic lattice direction,
perpendicular to the substrate surface. The inset of Fig. [I] shows the GADDS
image for the film on GaAs(100) substrate. The image is centered on the (002)
substrate peak and exhibits a ring with the maximum intensity at the (222)
IO film reflection. This corroborates the vertical (111) texture, in agreement
with the fact that the (222) plane has the lowest surface energy. On the other
hand, the 2D diffraction patterns (GADDS), obtained at different azimuthal
angles up to 100° for the films, show no intensity variations (see Fig. S1 of the
Supplementary Material). Therefore, the degree of texture is much lower in the
surface plane, indicating lack of lateral order. We found no substantial variation
between films grown at temperatures between 350° and 500°C (see Fig. [1|and
Fig. S2 of the Supplementary Material). In what follows, we present the results
for films grown at the substrate temperature of 350 °C with the aim to compare
them to those obtained for films deposited by dc magnetron sputtering that we
had studied earlier [21] 23].

Figure[2|(a) shows the main (222) peak in the XRD spectra obtained for the
films grown on Si(100) and GaAs(100) substrates at po,=0.1 mbar. Higher in-
tensities were systematically recorded for Si(100) although similar peak widths
are found in both cases. On the other hand, clear variations in the peak width
are observed varying the Oy pressure. This is illustrated in Fig. [2(b) which
shows the normalized (222) peak width for various values of pp,. The perpen-
dicular crystallite size in the layers was estimated from the FWHM of the (222)
diffraction peaks, such as shown in Fig. (b), applying the Debye—Scherrer
formulae. The values thus obtained (after deconvolution of the instrumental
resolution) are plotted as a function of oxygen pressure in the Fig. c). Over-
all, the mean sizes of crystallites do not depend on the nature of the substrate
as they are nearly the same for Si(100) and GaAs(100). They do mainly depend
on the Oy pressure applied during growth: the increase in po, up to 0.1 mbar
gives rise to larger crystallites. Beyond this pressure value the size of the coher-
ent crystalline domains systematically decreases. A slight variation in the peak
position, observed at very low Og pressures (see Fig. b)), can be attributed
to changes in the oxygen content and to possible relaxation effects associated to
texture. The peak at (222) reflection, for the film deposited on Si(100) substrate
at po,= 0.5 mbar, is barely seen. This particular layer, as shown below, is less
dense and more disordered than the others. Hereafter (in absence of any other
specification), by “domain size” or “crystallite size” in the text we mean the
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Figure 3: Surface and cross-sectional FESEM images of InoO3 grown by PLD at 350°C on
Si(100) substrate at various Oz pressures: (a),(e) 4x10~% mbar; (b),(f) 0.1 mbar; (c),(g) 0.5
mbar, and (d),(h) 0.7 mbar.

size perpendicular to the surface.

Figure |3 shows how the films’ morphology and texture varies with oxygen
pressure in FESEM plane and cross—sectional views. No significant differences
are seen in the film growth between Si(100) and GaAs(100) substrates. There-
fore, we show representative images only from the Si(100) deposition. The
grain boundaries in the films are easily distinguished from the surface morphol-
ogy. However, intra—granular fractures during cleavage cause the boundaries
less visible in cross—sectional views. The border between the substrate and the
10 film, although not exactly flat, is abrupt for all films studied. At the lowest
Og pressure (po, = 4 x 10~4 mbar), the (222) peak is broader and its intensity is
of about 25 times weaker than that in the best film. Even though the crystalline
grains seem to have dimensions close to 60 nm, as estimated from the top SEM
view (Fig. 3(a)), the coherence of the crystalline domains perpendicular to the
surface is around 10 nm (Fig. ) In addition, the typical columnar growth is
hardly appreciable in Figs. 3(a,e). The films’ quality becomes better as the Oy
pressure gets higher. The films grown at po, = 0.1 mbar exhibit much smaller
FWHMs of (222) peaks than the other layers. The corresponding growth is
columnar through the films thickness (=~ 200 nm) although some discontinuities
along columns direction can be observed (see Fig. [3|f)). The perpendicular di-
mension of the crystals, estimated from the XRD spectra, is about 30 nm, quite
close to the columns width seen in the SEM images. Moreover, several regions
with identically oriented crystals can be distinguished in the plane view of these
films (Fig. Bb)). Similar growth morphology is observed for films obtained at
475°C (Fig. S3 of Supplementary Material).

At oxygen pressures beyond 0.1 mbar, the films’ growth remains highly tex-
tured although some distinct trends emerge in FESEM images (see Fig. [3).
The films are more polycrystalline, with less dense structures, and more rough
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Figure 4: Surface and cross-sectional FESEM images of InaO3 grown by PLD at 350°C on
fused quartz substrate at (a),(c) 4x10~% mbar and (b),(d) 1.0 mbar Oz pressure. The image
(d) corresponds to cross-sectional view of a free-standing piece of the film.

surfaces than the layers deposited at lower oxygen pressures. The increased
surface roughness comes in part from prismatic faceting which appears at these
pressures. The perpendicular grain size decreases from approximately 30 nm
to 20 nm as the Og pressure increases to 1 mbar. Interestingly, the columnar
grains exhibit lateral nano—dendrites, perpendicular to the growth direction. No
such features have been observed in the sputter—grown IO films. Most likely,
this comes from the effects of the background oxygen pressure on the ablation
process through the plume slowing and/or its thermalization [33]. The misori-
entation of grains is larger for the IO layers grown on amorphous quartz (see
Fig. 4 and Supplementary Material) than for the films deposited on Si(100) or
GaAs(100).

The morphological evolution of the IO thin films studied can tentatively be
explained by variations in the plume features and in surface diffusion arising
from changes in oxygen pressure. First, we note that the films structural prop-
erties show very weak dependence on the nature of the substrate as they are
nearly the same for Si(100) and GaAs(100). This points to the presence of native
oxides on both substrates. Therefore, the first few atomic layers of the 10 films
would be almost randomly oriented as they do not nucleate epitaxially anchored
to the surface. The preferred (111) orientation, which minimizes the surface en-
ergy, is gained later in the growth when the film thickness develops [34] [35].
The IO films deposited at very low O pressures are quite disordered and show
some intercolumnar porosity. It may be attributed to the plume splitting into a
fast (collision—less) and a slow (scattered) component in the deposition process
and/or to low atomic mobility. As the pressure of the background oxygen gets
higher, it promotes stoichiometric film formation as oxide deposition. With a
PLD target-substrate distance around a few centimeters, the plume particles



can thermalize completely at po, 2 0.1 mbar. In addition, the deposition rate
increases leading to larger adatom energies. Since the surface diffusion is sig-
nificant at the substrate temperature of 350 °, the IO films grow as crystalline
columns with less defects and larger grain size. Further increase in the O2 pres-
sure, however, decreases the energy of particles reaching the substrate due to
collisions of the ablated particles with gas molecules. Consequently, the par-
ticle migration on substrate surface diminishes and ensuing columnar growth
becomes less crystalline with smaller grain size, which may be facetted at the
surface. The elevated oxygen pressure can also constrain the expansion of the
plume of ejected material in the PLD process and enhance probability of mate-
rial re-deposition onto the target surface [33].

Summarizing, we find that the morphology of the IO films grown by PLD
depends strongly on the oxygen pressure but not on the nature of substrate and
only slightly on its temperature in the range studied. Both FESEM and XRD
studies show a high degree of (111)-textured columnar growth for IO layers
deposited at oxygen pressure close to 0.1 mbar on Si(100) and GaAs(100) sub-
strates. However, these films demonstrate a large lateral disorder with various
in—plane orientations.

3.2. Electrical transport and optical properties

Let us now discuss electrical transport in the PLD grown thin films. Figure
shows how the resistivity p of the thin films grown in Oy environment varies
with temperature. All films, except the ones obtained at the lowest Os pressure,
show semiconducting behavior. Remarkably, the rise in the Os pressure from
about 0 to 1.0 mbar leads to more than three orders of magnitude increase in
the resistivity of the films. This increase is mainly brought about by a decrease
in carrier concentration as ambient oxygen pressure during PLD growth gets
higher. This is shown in the upper panel of Fig. [l Nevertheless, carrier
mobility decrease for po, = 0.1 mbar is also important (see the lower panel
of Fig. |§[) Interestingly, in the range studied, the room-temperature carrier
concentration n(300K) varies nearly as inverse of the square root of oxygen
pressure (n o< 1/,/po,). It is not so for 5 K where n starts to drop more rapidly
at po, 2 0.2 mbar.

The PLD films are of n-type at 300 K as confirmed by the sign of the Seebeck
and Hall effects. The room-temperature carrier mobility (~ 25 cm?/Vs) of the
films grown at low oxygen pressure compares favorably with MBE-grown single-
crystalline 10 films [36]. Larger values of pp, during growth lead to smaller
values of carrier mobility although not so low as for the films grown by sputtering
at 350 °C and 1 mbar of Oy (which are below 1 cm?/Vs at 300K). However, the
sputter—grown films in oxygen ambient exhibit p-type conductivity [21]. Positive
sign of the Hall effect at low temperatures is found as well for the film deposited
at 0.5 mbar on Si(100). As can be seen from the XRD patterns and FESEM
images (Fig. , the structure of this film is less dense and more disordered
than that of other films. Its surface is quite irregular and electrical resistivity
abnormally high as compared to the rest of the IO layers. For these reasons, we
do not include results obtained for this particular film in our discussion.
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Table 1: Transport and variable-range hopping parameters obtained for InaOgs films from
resistivity measurements.

InyO3 on (100)Si InyO3 on (100)GaAs
(0 [ PBOK) [pAK) [ To | NEr) [pB0K) [ pAK) | To | N(Br)
mbar Q cm Q cm K |evV-ltem™3 Q cm Q cm K |eVlem™3
0.5 0.425 35 — — 0.204 1.89 4650 1.1-10%2
0.7 0.249 1.82 | 3340 | 1.6-10%2 0.188 1.55 | 4750 | 1.07-10%2
1.0 0.275 3.12 5500 9.2.10%! 0.253 3.17 6000 8.6-10%1

The 10 films grown by PLD in O2 ambient are disordered systems near to
the Anderson—localization regime in their electrical transport properties. None
of grain—barrier contributions to electrical transport is found in the films. This
is to be expected since the electron mean free path A = (h/e)kpp, which in our
films is below 30 A, is much smaller than the crystalline grain size. Here, kp =
(372n)1/3 is the Fermi wave number and p is the electron mobility. The films
grown at p &~ 0 show almost metallic behavior of degenerated semiconductor
(see inset of Fig. |5). In these films, the electron concentration is above the
critical Mott concentration of metal-insulator transition (npseu &~ 5.5 X 1018
em ™~ for IngyO3) [37,39]. In the IO films grown at higher Oy pressures, current
carriers become localized. The transport models for systems in this regime
involve mainly phonon-assisted hopping or tunnelling. As shown below, the
variable-range hopping (VRH) model fits p(T) data best for our films grown
at po, > 0.5 mbar. However, none of the hopping versions fits the data for
the films deposited at intermediate po, pressure (0.1 mbar). We find that the
fluctuation-induced-tunnelling (FIT) model which has been applied to several
disordered metallic systems and metal-insulator composites [41] is appropriate
to calculate the conductivity for this case.

Figure [7| show how log(p(T)/T"/?) varies with 1/T*/* for the films grown
on (100)Si and (100)GaAs substrates at po, > 0.5 mbar. The experimental
data points for these films fall on straight lines for T' < 120 K. Therefore, the
resistivity of these films follows the variable-range hopping (VRH) behavior:
p(T)/TY? = py exp[(To/T)**] [37] at low temperatures. The parameter Ty of
the VRH model is given by: Ty = 18/kpa®N(Er) [38], where kp is Boltzmann
constant, a is the localization length, and N(EF) is the density of states at
the Fermi level, respectively. Fitting the above relation to the experimental
resistivity results, we obtain Tj values shown in Table I. It is then possible to
calculate N(EF). To this end, we assume that the electronic localization length
is equal to the effective Bohr radius of the shallow donors. For InyOs, its value
is of 1.6 nm for the major shallow donors, such as oxygen vacancies or hydrogen
impurity atoms [39]. The estimated in this way values of N(EFr) (see Table
I) are comparable to other oxide films [40]. Solid lines in the inset of Fig.
display the fit of the VRH model to the experimental data for two films grown
on (100)GaAs substrate.

The resistivity of the PLD films grown at po, = 0.1 mbar does not follow the
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hopping models nor grain boundary scattering predictions. The solid lines in
Fig. [flare calculated according to the FIT model [41], for which p o exp[Ty /(T+
Tb)]- In this model, the charge transport is limited by tunnelling across thin
insulating barriers which separate large conducting regions. The tunnelling
probability, and hence also the conductivity, depends on the fluctuation of the
thermal voltage across the barriers. The parameters 77 and Ty are related to
the properties of the insulating barriers between the conducting regions. We
find T3 ~ 170 K (380 K) and Ty =~ 150 K (310 K) for the layers grown on
(100)Si ((100)GaAs), which is close to the values found for tin-doped indium
oxide nanoparticles systems [42].

In general, it is clear from our transport data that the oxygen ambient in
the PLD growth affects importantly electrical properties of IO films leading to
more resistive layers as the Os pressure gets higher. The conductivity decrease
is readily understandable since the number of donor oxygen vacancies in films
becomes smaller upon Oy doping during growth. The presence of oxygen gives
also rise to more defective structures most likely through constraining the ex-
pansion of the plume of ejected material in the PLD process and an enhanced
probability of material re-deposition onto the target surface [33]. In addition,
collisions of the ablated particles with gas molecules lead to lower surface diffu-
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sion since the energy of particles reaching the substrate decreases. This affects
not only morphology of the films but also their electrical transport as the cur-
rent carriers become more localized. These two properties are correlated and
can be tailored by choosing proper growth’s parameters.

Finally, we comment on optical properties of indium oxide films obtained
in this investigation. Figure [8 shows how the transmittance of the films grown
on amorphous quartz varies with wavelength in the range from 200 to 800 nm.
Interference effects modulate somewhat the optical response but all films show
transparency beyond 80% in the visible range. Their transmittance is compa-
rable to that of n—type IO films [I]. The fundamental absorption starts from
about 380 nm. The absorption coefficient o reaches values exceeding 10° cm ™!
at the higher photon energies, as expected for direct-allowed transitions [43)].
We obtain « using the relation T' = exp(—ad), where T is the transmittance
and d is the film thickness. Thus, the optical band—gap can be estimated by
extrapolating to zero absorption the linear part of the plot which relates the
absorption coefficient and the incident photon energy hv: (ahv)? = A(hv — E,)
[44]. Here, A and E, are optical constant and optical band-gap, respectively.
The inset of Fig. |8 shows such plots for two films grown on amorphous quartz.
We observed that the band—gap decreases going from an almost metallic film
deposited at po,=4x10"* mbar to a highly insulating one grown at po,= 1
mbar, in agreement with Burstein-Moss shift which widens the optical energy
gap upon increasing doping [45].

3.8. Concluding remarks

In summary, crystalline indium oxide films with the cubic bixbyite structure
were obtained by PLD method at 350 °C in varying oxygen ambient. In addition
to their high transparency in the visible spectral range, the electrical properties
of the films can be tailored as a function of background gas pressure. The rise
in the Og pressure from about 0 to 1.0 mbar leads to increase in the resistivity
of the films by more than three orders of magnitude. This variation comes
mostly from a decrease in carrier concentration. The experimental data show
that the more resistive films are disordered semiconducting systems close to
the Anderson—localization regime. Their conductivity can be modeled by the
variable-range hopping and fluctuation-induced-tunnelling models. The films’
morphology variation with Os background pressure follows that of electrical
transport properties disclosing correlation between them. More conducting films
show denser columnar microstructure with fewer defects and smoother surfaces.

These findings reveal the importance of oxygen background gas for prop-
erties of indium oxide thin films grown by PLD. They also open way to the
optimization of the growth conditions in order to obtain transparent material
with desired carrier concentration for multiple uses as transparent conducting
electrodes or substrates in photovoltaic cells.
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