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Microstructure and the boson peak in thermally treated InxO films
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We report on the correlation between the boson peak and the structural changes associated with thermally
treating amorphous indium-oxide films. In this process, the resistance of a given sample may decrease by a
considerable margin whereas its amorphous structure is preserved. In the present paper, we focus on the changes
that result from the heat treatment by employing electron-microscopy, x-ray, and Raman spectroscopy. These
techniques were used on films with different stoichiometry and, thus, different carrier concentrations. The main
effect of heat treatment is material densification, which presumably results from elimination of microvoids.
The densified system presents better wave-function overlap and more efficient connectivity for the current flow.
X-ray and electron-beam diffraction experiments indicate that the heat-treated samples show significantly less
spatial heterogeneity with only a moderate change in the radial-distribution function metrics. These results are
consistent with the changes that occur in the boson-peak characteristics due to annealing as observed in their
Raman spectra.
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I. INTRODUCTION

Disorder plays a major role in the properties of solids. The
study of disorder is a challenge in terms of being able to con-
trol, characterize, and quantify it. A significant effort in this
vein was invested in the field of electronic transport. In par-
ticular, the need for modifying and quantifying disorder is an
essential ingredient in the field of disorder-induced phenom-
ena. Prime examples in this category are the metal-insulator
transition and the superconductor-insulator transition. The
system resistivity is sometimes used as an empirical measure
of disorder in these studies. Electric conductivity of a solid is
arguably its most sensitive property, and it may be affected by
different means, not all of them may be attributed to disorder.
A change in carrier concentration, for example, naturally af-
fects conductivity whereas only a small (and indirect) change
in disorder may be incurred in the process.

Restricting the lateral dimensions of the sample has been
widely used to increase scattering. This is, in particular, a
viable technique to change disorder in transport studies of
thin films. However, to introduce strong disorder in a three-
dimensional system, one may have to resort to alloying or
use a two-component mixture; a granular system. An effective
method that was employed to introduce disorder in a metallic
system was exposure to neutron or α-particle radiation. This
technique was employed in modifying the transport properties
of A-15, MgB2, and other materials by introducing point
defects and grain-boundary spacing [1].

A complementary backward procedure is thermal anneal-
ing. This is an effective way to reduce disorder when the
system is disordered to start with, a common situation in vac-
uum deposited or quench-cooled systems. Thermal annealing
has been successfully used in various transport experiments

as a means of fine-tuning the disorder of amorphous indium-
oxide (InxO) films. It has been shown that thermally treating
InxO films may result in resistance change of up to four to
five orders of magnitude at room temperature with only a
small change in carrier concentration measured by the Hall
effect. It seems, therefore, that the huge change in resistance
is due to enhanced mobility, suggestive of a less disordered
system. The range of disorder attainable with this method
allows studies of both sides of the metal insulator and the
superconductor-insulator transitions of this material. It was
argued that the main reason for the resistance change is
densification [2]. This was supported by demonstrating the
similarity of the change in the optical gap during thermally
annealing InxO films, and in studies of pressure-induced den-
sification of glasses.

Another property known to be sensitive to disorder in
solids is the boson peak (BP), which has been widely studied
in amorphous systems and glasses [3–12]. The BP is a feature
that appears at the low-energy vibrational-density of states of
amorphous and disordered systems. This feature may be re-
solved by heat-capacity, neutron-scattering experiments, and
by Raman spectroscopy. There are several competing theo-
retical models that purport to account for the mechanism that
underlies the BP. The common ingredient in the great majority
of them is spatial disorder [4,5,8,13–16]. This makes the char-
acteristics of the BP a relevant probe for monitoring changes
in disorder. This is of particular relevance for amorphous
systems where quantifying disorder is a challenge. In addition
to the lack of long-range order, most amorphous solids exhibit
mass density that is lower than their crystalline counterpart.
This is presumably due to their being formed by fast cooling
from the liquid or gaseous phase [17]. The latter preparation
method, quench cooling the material from the vapor phase

2475-9953/2021/5(8)/085602(8) 085602-1 ©2021 American Physical Society

https://orcid.org/0000-0002-6358-9532
https://orcid.org/0000-0002-4032-1904
https://orcid.org/0000-0002-6153-2102
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.085602&domain=pdf&date_stamp=2021-08-26
https://doi.org/10.1103/PhysRevMaterials.5.085602


ITAI ZBEDA, ILANA BAR, AND Z. OVADYAHU PHYSICAL REVIEW MATERIALS 5, 085602 (2021)

onto a cold substrate, usually results in a porous structure
that has many microvoids reducing the material bulk specific
gravity. Consequently, an appreciable volume change may be
affected in these structures upon application of pressure and
by thermal treatment [2].

In this paper we attempt to further elucidate these issues
using several versions of amorphous indium oxide as a model
system for a metallic glass. This allows us to track changes
in the BP due to quantifiable changes of disorder. Raman
spectroscopy taken from as-made and annealed InxO films of
different composition, reveal significant changes in the BP
magnitude and shape. It is noted that Raman spectroscopy
may not faithfully convey the detailed shape of the BP as com-
pared with, for example, heat-capacity measurements [18].
However, it is still a viable tool to identify relative changes
in the spectra caused by modification of the system structure.
Our Raman spectra results are discussed in conjunction with
the microstructure information based on x-ray and electron-
diffraction experiments made on these samples. In particular,
our study illustrates how various aspects of structural disorder
affect electronic properties, such as conductivity as compared
with their effect on the BP shape and magnitude. The simi-
larities and differences with the behavior of the BP in other
glasses were pressure was used to modify the structure are
pointed out.

II. EXPERIMENT

A. Samples preparation and characterization

The InxO films were e-gun evaporated onto room-
temperature substrates using a 99.999% pure In2O3 sputtering
target. Deposition was carried out at the ambience of 3 ±
0.5×10−5- to 4 ± 0.5×10−4-Torr oxygen pressure main-
tained by leaking 99.9% pure O2 through a needle valve
into the vacuum chamber (base pressure �10−6 Torr). Dif-
ferent substrates were used for the samples prepared for the
different measurement techniques. Undoped silicon wafers
were used as substrates for electrical measurements, x-ray
diffraction (XRD) and Raman spectroscopy measurements.
Carbon-coated copper grids were used for transmission elec-
tron microscopy (TEM) imaging and electron diffraction.
During deposition and thermal treatment the grids were an-
chored to glass slides by small indium balls pressed onto the
glass. The deposited film on the rest of the slide was used for
monitoring the sample resistance. X-ray reflectometry (XRR)
measurements were performed on samples deposited on
3.8-mm-thick float-glass slides.

Rates of deposition in the range of 0.3-2.5 Å/s were
used to produce films with different compositions; The InxO
samples had carrier-concentration N that increases with the
ratio of deposition rate to the oxygen partial pressure. For
the rate pressures used here N was in the range of 2×1019

to 5×1021 cm−3 as measured by the Hall effect at room
temperature using a Hall-bar control sample prepared simulta-
neously for each sample deposition. The evaporation source to
substrate distance in the deposition chamber was 45 ± 1 cm.
This yielded films with thickness uniformity of ±2% across
a 2×2-cm2 area. Lateral sizes of samples used for transport
measurements was typically 1×2 mm2 (width × length, re-

spectively), and 1×1 cm2 for the Raman spectroscopy. To
afford reasonable resolution for electron-microscopy thick-
ness of the films used for TEM work was typically d =
200 ± 10 Å.

Three batches of InxO with different carrier-
concentrations N = (4 ± 1)×1019, (1 ± 0.5)×1020, and
(9 ± 1)×1020 cm−3 were used for Raman spectroscopy.
For structural analysis we used films characterized by the
Ioffe-Regel parameter kF� = (3π2)2/3 h̄σRT

e2N1/3 in the range of
0.08–0.4. Here σRT is the room-temperature conductivity. This
range covers the critical value of kF� = 0.32 ± 0.2 where
the metal-insulator transition and superconductor-insulator
transition of InxO take place [19,20].

High-resolution TEM images and electron-diffraction pat-
terns were taken with the Philips Tecnai F20 G2 operating
at 200 kV. X-ray diffraction and reflectometry were taken
with Bruker diffractometer AXS D8 Advance equipped with a
Lynexeye XE-T silicon strip detector. The diffractometer has
step resolution of 10−4 ◦.

Raman spectroscopy at Ben-Gurion University of the
Negev was performed with a home-built ultra-low-frequency
Raman microscope confocal system that was assembled and
optimized for measurements down to 10 cm−1. The setup
employed a single longitudinal mode green laser operating
at 532 nm. The laser power used in the measurements was
typically 3 mW for a spot diameter of ≈2.6 μm. The scat-
tered signal was collected via high throughput 532 longpass
nanoedge filters and a single spectrometer [21]. Complemen-
tary Raman spectroscopy studies in the Hebrew University
were taken with a Renishaw inVia Reflex Spectrometer using
a laser beam with either 514- or 785-nm wavelength and
edge filter at ≈70 cm−1, therefore, these measurements were
limited to energies �80 cm−1.

B. The thermal-treatment protocol

The protocol we routinely use for monitoring the annealing
process involves the following steps: After removal from the
deposition chamber, the sample was mounted onto a heat stage
in a small vacuum cell wired to make contacts with the sample
for electrical measurements and a thermocouple attached to
the sample stage as a thermometer. Resistance measurements
were performed by a two-terminal technique using either the
computer-controlled HP34410A multimeter or the Keithley
K617. Next the heating stage is energized, and the resistance
and temperature are continuously measured throughout the
heating, relaxation, and cooling periods. A typical annealing
cycle is illustrated in Fig. 1: The sharp changes in the sample
resistance R when the heating is turned on and off are mostly
due to the temperature-dependent coefficient that in this dis-
order regime is negative. However, during the time that the
temperature has settled at the target value for annealing, R
continues to slowly decrease. Then, after cool down to room
temperature, the resistance slowly increases approaching an
asymptotic value that, ordinarily, is smaller than at the start of
the heat-treatment cycle.

These slow �R(t ) reflect changes in the system vol-
ume (densification and rarefaction, respectively). The change
in volume in the process of thermally treating InxO films
was demonstrated in an interference experiment using a
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FIG. 1. A typical protocol used in thermal treating InxO
films. Resistance data R(t ) are shown in squares and refer to
the left scale, the sample temperature above room’s �T (t ) ≡
T (heater)-T (room temperature) is plotted with circles and refer to
the right scale. The sample here has N ≈ 8.5×1020 cm−3, thickness
of 52 nm and lateral dimension of 1×1 mm2.

grazing-angle x-ray technique [22]. It was further correlated
with in situ resistivity and optical-spectroscopy measurements
[22]. For InxO, a system with the Fermi energy in the con-
duction band, higher density typically yields higher mobility.
This may be due to the enhanced overlap of wave functions
and improved connectivity. It will be shown below that there
is more to the improved mobility than just densification.

The time-dependent processes that occur whereas the tem-
perature is constant were qualitatively accounted for by a
heuristic model based on the two-level-systems that make
up the potential landscape of the disordered system [23]. A
similar approach was used in Ref. [24] to offer a platform for
accounting for thermal expansion of glasses.

III. RESULTS AND DISCUSSION

A. Raman spectra

Figure 2 shows the measured Raman spectra of three
batches of InxO films before and after thermal treatment.
The samples differ by their O-In ratio determined during the
deposition process. They are identified in the figure by their
carrier-concentration N measured by the Hall effect. These
three compositions were chosen to represent the high-N ,
medium-N , and low-N versions of InxO. The high-N and low-
N versions of InxO, in particular, exhibit different behavior in
transport [20], and as will be shown below, they differ in terms
of other material properties. To cater for the spatial intensity
variations of the scattered signal the Raman spectra were
normalized to the intensity of the as-made sample evaluated at
450 cm−1 (averaged value over the interval 440–450 cm−1).
This will be referred to as a “background” intensity I0. The
ratio IP/I0, where IP is the intensity at the BP maximum, turns
out to be a meaningful measure of the BP magnitude; I0 taken
at different points across a given specimen may vary by more
than ≈30% whereas IP/I0 appears to be constant to better
than 2%.

FIG. 2. The Raman spectra for the three studied batches of InxO
measured down to ≈10 cm−1 with a laser wavelength λ = 532 nm.
Spectra are shown before and after heat treatment. The Ioffe-Regel
parameters kF� for these samples are as folows: (a) before 0.11; after
0.39, (b) before 0.12; after 0.41, (c) before 0.078; after 0.42. Blue
curves are scaled-up copies of the heat-treated spectra (the factor
is chosen to match the intensity reading at the peak). Note that the
heat-treated curve shows a wider high-energy tail than the as-made
samples of both sample (a) and sample (b).

Qualitatively, the Raman spectra for the three batches in
Fig. 2 exhibit the same BP shape characteristic of other
amorphous and glassy systems [3–16]. There are, however,
two quantitative differences depending on the composition of
the material. First, the peak position increases with the O-In
ratio (Fig. 3). The position of the BP scales with the typical
phonon energy of the material which is naturally smaller for
the In-richer InxO, so this is just a consequence of the batch
composition. That the peak position appears at a frequency
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FIG. 3. The dependence of the energy of the BP maximum ωBP

on the InxO composition O/In. This is obtained through the relation
between N and the oxygen/indium mass ratio studied elsewhere
(Fig. 6 in Ref. [19]).

ωp(O/In) and does not shift due to the thermal treatment
is consistent with the finding that the Hall coefficient is un-
changed in the process [2].

Second, the heat treatment causes a more conspicuous de-
crease in the BP magnitude for the higher-N version whereas
having an indistinguishable change in the spectra of the low-N
version despite the comparable change in the samples resis-
tance during annealing. Also, for a comparable conductivity,
the relative magnitude of the BP, is larger the higher is the
carrier concentration.

The amount of disorder required to affect a given change in
the conductivity (or kF�) in a degenerate Fermi system, such
as InxO grows with the Fermi energy (thus, with N). This
correlation was demonstrated in the dependence of the optical
gap on kF� studied in situ in Ref. [2]. Figure 4 shows three
curves from this paper for samples with carrier concentration
that are close to these of the batches studied in Fig. 2. Note
that for a comparable change in kF� a larger change in the
optical gap occurred for the sample with the higher carrier
concentration, a similar trend to that observed in the depen-
dence of the BP on disorder (Fig. 2). The relative change
in the BP magnitude presumably reflects the degree of the
structural change that occurred during heat treatment. The
correlation between disorder (either chemical or electronic)
and IP/I0 (Table I) has the same reason—for a comparable kF�

TABLE I. Values of parameters for the three InxO batches mea-
sured in Fig. 2. The electronic disorder (characterized by kF�)
includes the contribution of the deviation from stoichiometry that is
relevant for phonon scattering vs electron scattering discussed in the
text below. Note the systematic dependence of the BP magnitude on
the batch disorder.

δ [O/In] WC (eV) IP/I0 as made IP/I0 annealed

0.3 2.21 5.3 4.2
0.2 0.51 4.1 3.4
0.14 0.28 3.1 3.1

FIG. 4. The dependence of the optical gap on the Ioffe-Regel
parameter kF� for different versions of InxO labeled by their carrier
concentration. Note that a larger change in Eg is required to affect a
given change in kF� the larger N is. The arrows mark the value of kF�

for the as-made and annealed states of the three samples of Figs. 2;
red, 2(a), green, 2(b), and blue, 2(c).

higher disorder yields a more conspicuous BP demonstrating
the common observation related to the phenomenon [12].

Table I includes the relative magnitude of the BP before
and after annealing with the batch chemical-disorder δ[O/In]
and a quantitative measure of disorder WC based on data of
electronic transport. The chemical disorder is taken here as the
deviation of the composition from that of the stoichiometric
In2O3 compound. WC is the critical disorder that Anderson
localizes the particular batch. WC ∝ EF ∝ N2/3 where EF is
the Fermi energy. For InxO the proportionality factor be-
tween disorder and Fermi energy was found to be as follows:
WC � 6.2EF [2] and EF of a given batch is obtained using
free-electron formulas.

B. Structural changes resulting from the heat treatment

Before proceeding with further analysis of the Raman
spectra we digress now to see what actually changes in the
system microstructure due to heat treatment. This was per-
formed by using customary tools of structural analysis; x-ray
and electron microscopies. Special emphasis was given to
the high-N version of InxO where the effect in terms of
Raman spectroscopy is manifestly large. Consider first the
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FIG. 5. Bright-field TEM images and the associated diffraction
patterns for a 20-nm-thick InxO sample deposited on a carbon-coated
Cu grid. (a) An as-made sample and (b) the same sample after heat
treatment. The control sample, deposited on a glass substrate, had a
kF� of 0.16 and 0.39 before and after treatment, respectively.

electron-diffraction and TEM images for a typical sample
shown in Figs. 5(a) and 5(b): Both diffraction patterns exhibit
broad rings characteristic of amorphous structure with no sign
of crystallization. In fact, it is hard to see a difference in the be-
fore and after patterns. On closer examination, the first strong
ring in the pattern is sharper in the annealed sample, and the
associated bright-field image appears somewhat softer.

FIG. 6. Intensity profile for the two diffraction patterns shown in
Fig. 5. Top: Scanned across the first strong ring diameter D. Bottom:
The profile of the first strong ring clearly showing the change in the
width 
 after heat treatment.

FIG. 7. X-ray diffraction taken over the first strong diffraction
ring of the sample that had kF� = 0.09 and kF� = 0.38 for as-made
and annealed samples, respectively. (a) Are the raw data, and the
dashed and dotted lines stand for the background intensities. These
background lines are subtracted from the raw data and fitted in (b) to
A exp[−0.5(

X -X 0
σ

)2] where A is the intensity amplitude and X ≡ 2θ .
The fits, shown as dashed lines, yield X0 = 31.78 ± 0.008; σ =
2.4 ± 0.01 and X0 = 31.98 ± 0.008; σ = 2.2 ± 0.01 for the as-
made and annealed plots, respectively. The larger intensity at the
peak (bottom graph) is due to the reduced background and the nar-
rower line width.

The changes in the diffraction pattern may be quantified
by recording the intensity profiles of the diffraction patterns
as illustrated in Fig. 6. The measurement confirms the eye
impression; the width of the ring 
 decreased by ≈12% in
the annealed sample. At the same time, the average ring diam-
eter indicated by D in the figure, increased by ≈0.4 ± 0.1%
suggesting a reduced interatomic separation due to annealing.

Similar results were obtained from XRD measurements on
this high-N sample as shown in Fig. 7. The small differences
between the XRD and the electron diffraction in terms of
the changes in D and ring width may be due to the different
substrates used.

On the basis of these measurements one might con-
clude that the volume-change −�V/V of this sample due to
the thermal treatment is on the order of 1.2%–1.8%. However,
the results of the XRR measurement suggest that �V/V for
this sample may be significantly larger [Fig. 8(a)]; Following
treatment the sample thickness was reduced by ≈3.3% imply-
ing a volume-change −�V/V of the order of ≈10%. Similar
−�V/V values during heat treatment were obtained in a pre-
vious study of InxO [2]. The difference in −�V/V derived
from the XRD versus that of the XRR suggest that the InxO
structure is made up of loosely packed aggregates of relatively
dense material. Such a porous medium is common in vapor-
deposited films and more generally in substances that were
quench cooled from high temperatures. Actually, porosity is
an abundant property of many materials. An extreme example
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FIG. 8. X-ray reflectometry for two versions of InxO films hav-
ing similar composition as that of the samples in Fig. 2. Plots
are shown for the before-and-after heat treatment (curves are dis-
placed along the ordinate for clarity). The thickness of the sample in
(a) changed during heat treatment from 56.2 ± 0.1 to 54.5 ± 0.1 nm
and the sample in (b) changed from 45.1 ± 0.1 to 45 ± 0.1 nm. The
films roughness parameters are: 1 ± 0.2 for the sample in (a) and
0.4 ± 0.1 for the sample in (b).

of such a structure is a cotton ball or a bundle of steel wool.
The volume of these substances may be greatly reduced when
pressed whereas their solid part remains essentially intact.

Figure 8(b) shows the XRR trace taken of a low-N sample
that was added for comparison. It exhibits a quantitatively
different behavior than the high-N sample in two aspects; the
visibility of the interference extends over a wider range of
angles, and the change in thickness during heat treatment is
much smaller (per the same change in the sample resistance).
Note that heat treatment enhanced the interference visibility
in both samples yet the low-N sample retains a smoother
film surface even when its resistance is considerably higher.
Evidently, for a similar kF�, the high-N version of InxO is
both, more disordered and has a rougher surface.

To understand how structural aspects affect conductivity
and the BP it may be useful to review the specific ingredients
responsible for scattering in InxO films.

C. The elements of disorder in amorphous indium-oxide films
and their effect on conductivity and the boson peak

As amorphous material InxO lacks long-range order which
by itself imposes limit on charge mobility. The vacuum-
deposited InxO films have ancillary sources of disorder that
lead to scattering and restrict their kF� value. First, there is

an off-diagonal disorder in the material that is related to the
distributed nature of the interatomic separation. The distri-
bution of interparticle distances gets narrower as the volume
decreases and the system approaches the “ideal” closed-
packed amorphous structure. This enhances wave-function
overlap and, therefore, it naturally affects the conductivity.
The diminishment of off-diagonal disorder during heat treat-
ment is clearly reflected in the reduced width of the electron
diffraction and in the XRD patterns (Figs. 5–7, respectively).
The latter has been often associated with the appearance
of medium-range order in the system [7]. This restructure
process is also reflected in the rate distribution of the glass
dynamics [23]. The “free volume” of the sample that is pre-
sumably eliminated is probably the most important single
element in giving rise to phonon scattering. In fact, a porous
nature of amorphous structures has been shown by detailed
simulation studies to be the major contributing factor in the
BP magnitude [12].

A clear correlation between a structural change and a mod-
ified BP is manifested in our paper whenever a significant
change in density takes place. This is observed most conspic-
uously for the heat-treated high-N sample where density is
reduced by ≈10% [Fig. 8(a)] and the Raman spectrum shows
a ≈30% reduction in magnitude [Fig. 2(a)]. The correlation
with the material density follows the trend reported in exper-
iments on other disordered systems where the magnitude of
the BP was observed to be smaller following densification by
pressure [25–34].

The main difference between heat treatment and applying
high pressure appears to be the shift of the BP position to
higher energy in the pressure experiments [25–34] whereas
no such shift is encountered in the Raman spectra for the
thermally annealed samples. In this regard the evolution of the
BP shape in our experiments followed the heterogeneously
distributed elastic constants scenario described by Schirma-
cher and Ruocco [8]. A similar behavior to our annealing
experiments was observed in the BP spectra of As2S3 samples
after it was cold quenched from a well-annealed state [35].

Another source of disorder in the amorphous indium-oxide
system is associated with deviation from stoichiometry—
chemical disorder. Relative to the ionic compound In2O3−x,
there are 5–30% oxygen vacancies in InxO spanning the
range of ≈1018–5×1021 cm−3 in terms of carrier concen-
tration. To preserve chemical neutrality some indium atoms
must assume a valence of +1 instead of the +3 they have
in the stoichiometric compound. When randomly distributed
this valence fluctuation forms a background potential with
an amplitude on the order of few eV (assuming an average
interatomic separation on the order of ≈0.3 nm). This type of
disorder is quite prevalent in nonstoichiometric compounds,
metallic-oxides, high-Tc materials, etc., and it seems to be a
main source of elastic scattering in both InxO and In2O3−x

[36]. On the other hand, the role chemical disorder plays in
the buildup of a BP is unclear. Deviation from stoichiometry
unaccompanied by other factors, does not necessarily promote
formation of a BP; polycrystalline films of In2O3−x exhibits
5–8% oxygen vacancies [36] whereas showing very small
magnitude of BP relative to the amorphous version [21]. This
probably means that oxygen vacancies and larger pockets of
free volume, such as divacancies, are evenly distributed such
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that density fluctuations over a phonon wavelength are rather
small.

Finally, the reduction of surface roughness during the
heat treatment revealed in the XRR data needs elaboration.
Changes in the interference visibility presumably reflect re-
arrangement of ions at the film surface. This seems to occur
even when changes in thickness were too small to be observed
[see Fig. 8(b)]. In principle, a rough film surface is a source
of scattering for both phonons and electrons, and it is natural
to expect less scattering when the surface roughness is re-
duced. Given that the mean-free-path � in our samples is much
smaller than the film thickness, the contribution of the surface
to scattering by either electrons or phonons is probably very
small. Electrical conductivity is sensitive enough to detect a
small change in disorder in the sample. For phonons, however,
the same structural change may be too small to affect the BP
magnitude [Fig. 2(c)]. In other words, a measurable change in
conductivity may be affected without a significant structural
change in a similar vein with the dependence of the optical-
gap Eg on kF� for a low-N sample where Eg remains almost
constant whereas kF� changes over a large range (Fig. 4).

IV. SUMMARY

We have followed by transport, structural tools, and
Raman spectroscopy the changes that occur during heat-
treating InxO films. Transport measurements were used to
quantify the degree of disorder in InxO samples with different
carrier concentrations before and after treatment. The disor-
der is characterized by assigning each sample a Ioffe-Regel
parameter kF�. The study reveals a correlation between the
system disorder defined in this way and the magnitude of the
BP. This correlation suggests that, in these systems, phonons
are scattered by the same elements of disorder that cause
scattering of electrons although not necessarily with the same
efficiency.

An element of disorder that has a large effect on the BP
magnitude is the presence of “free volume” in the system that
in InxO is presumably related to the spatial distribution of
oxygen vacancies. These are rearranged during the annealing
process to reduce the system volume, and the BP magnitude
is changed accordingly. Our study furnishes the experimental
support to the simulation work of Shintani and Tanaka that
identified the most conspicuous BP in low-density defective
structures [12]. This led them to conclude: “...the origin of the
boson peak (are) transverse vibrational modes associated with
low-density defective structures” [12].

The emerging picture is that heat-treating InxO is analo-
gous to the process of gently tapping a ground-coffee bag
to pack it tighter. Tapping supplies the energy necessary to
overcome local barriers allowing the powder to reduce its
gravitational energy. Temperature and the interparticle attrac-
tion, respectively, play the analogous roles in the process
of densifying InxO. Enhanced conductivity due to densifica-
tion follows from enhanced wave-function overlap as well
as from improved connectivity. This is accompanied by a
reduced disorder and, therefore, weaker heterogeneity which
is reflected in a smaller magnitude of the BP. The flexibility
that the InxO system offers in terms of fine-tuning disorder
by heat treatment makes it a prime candidate for the study
of electronic transport in glasses and as demonstrated in this
paper, also for other fundamental properties of amorphous
materials.
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