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ABSTRACT: Group III oxides, such as In,O; and Ga, 03, have proved to be
good candidates as active materials for novel electronic devices, including
high-mobility transistors, gas sensors, and UV photodetectors. The ability to
tune optical and electronic properties is provided by alloying In, Ga, ,,O;
(InGaO) in a broad compositional range. Further development of InGaO
compounds in the form of nanowires (NWs) would overcome the
technological limitations, such as the substrate crystal lattice mismatch and
the inability to fabricate high quality structures above the critical thickness. In
this work, optical properties of alloyed InGaO NWs in a wide compositional
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range are carefully assessed. Unlike classical optical characterization methods,

photoacoustic spectroscopy reveals the fundamental absorption edge despite the strong light scattering in porous and randomly
oriented nanowires structure. An unusual compositional band gap dependence is also observed, giving insight into the phase
segregation effect and increased quality of mixed NWs. In addition, photoacoustic measurements disclose potential applications
of InGaO NWs in remote, light-driven loudspeakers because of intense photoacoustic effect in nanowire ensembles in this

material system.
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B INTRODUCTION

Group III oxides (e.g, In,O; Ga,O; and their alloys of
In,,Ga,_,,0;, InGaO) are wide band gap semiconductors (3—
5 eV) covering UV-A to UV-C ranges.”” Even though these
thin film materials have already been widely explored for
various technological applications, including the resistive
oxygen sensors and others,’ advanced preparation in the
form of nanowires (NWs) would further lead to the realization
of many novel devices, such as high electron mobility field-
effect transistors (FETs)* and highly efficient solar-blind
photodetectors.””” Controlled anisotropy and large surface-to-
volume ratio typically serve as the specific attributes facilitating
all high-performance nanostructured devices. These NWs
would also enable the effective device integration with
silicon-based technology since the growth of crystalline NWs
here is not restricted by any lattice mismatch issue of the
underlying substrate and, hence, overcoming the notorious
critical thickness limitation of other epitaxial nanostructures.
In general, the mixed compounds of In,O; and Ga,O; are
scientifically interesting because this semiconductor alloying
technique with varying In and Ga concentrations in
In,,Ga, ,,0; is a well-known method for reliably tuning the
band gap energy, which can directly manipulate the optical and
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electrical properties of the materials. It is also noted that the
local atomic aggregation and crystal defect formation would
significantly deteriorate physical properties of the alloy
compounds; therefore, it is essential to accurately characterize
the materials to further optimize their growth and processing
methods for the enhanced properties. For instance, the
improved electron mobility has been obtained in alloyed
InGaO NW FETs as compared to the devices made of pure
In,0; NWs because of the diminished density of oxygen
vacancies.'” Despite it being crucial to evaluate the optical
properties of NWs for the design of advanced optoelectronic
devices, the literature reports mostly focus on pure In,O5 and
Ga,0; NWs with limited information about their alloys of
In,,Ga,_,,0;. Density functional theory calculations exhibited
the different composition dependence of their energy band gap
of monoclinic and cubic bixbyite InGaO crystals."' Exper-
imental data revealed the linear dependence for compounds
with the high Ga content suggesting the monoclinic structure,
while supporting the parabolic dependence for In-rich
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Figure 1. Schematic of optical effects in the surrounding of semiconductor nanowires (a), SEM images of pure Ga,0O; (b), and InGaO (precursor

In and Ga mixing ratio of 1:1) nanowires grown on the Si substrate (c).

compounds with a bowing parameter of 3.18 eV. According to
the same theoretical study, the fundamental transition was
supposed to be forbidden with a smaller bowing parameter,
which led to a large difference of ~0.75 eV between the
allowed and dark states in pure In,O;. In this regard, there
have been few experimental studies assessing the band gap and
their corresponding information about In, Ga, ,,0; using
optical transmission,'*"? hotoconductivity,13 diffuse reflec-
tance,'* and ellipsometry'” for an in-depth understanding.

To the best of our knowledge, until now, there is no study
available on the optical absorption of alloyed InGaO NWs.
One probable reason could be that the technicalities of
conventional optical spectroscopic methods make it difficult to
characterize NWs properly. At the same time, since NWs may
contribute the substantial difference to their optical properties
as compared with the bulk 3D counterparts, such as the
possible quantum confinement size effect leading to the blue-
shift of their band gap, it is necessary to accurately evaluate
their optical properties. In particular, information about their
compositional band gap behavior is important for validating
the materials’ usefulness, implicitly in electronic devices for
maximizing the on/off current ratio of FETs and explicitly in
photosensors and photovoltaic cells to enhance the device
efficiency.

In this work, we demonstrate the use of photoacoustic
spectroscopy to reveal the unique optical properties of
randomly oriented and crystalline In,,Ga, ,,O; NWs,
spanning the value of x all the way from 0 (Ga,O;) to 1
(In,05). Utilizing the photoacoustic method, direct measure-
ments of the light absorption characteristics of NWs with
neglecting the scattering effect would give a powerful
alternative to resolve the issues of conventional transmission
and reflectance techniques. Importantly, the obtained spectra
of In,,Ga,_,,0; as well as pure Ga,0; and In,0; NWs can
effectively lead to the determination of their band gap energies
along with understanding the effect of phase segregation in
InGaO on the optical response of NW ensembles. All these
findings indicate evidently the promising potency of using
remote sound generation arose from the intense photoacoustic
signals from NWs, which can provide valuable optical
properties of nanostructures that are not easily assessed by
other techniques.

B RESULTS AND DISCUSSION

Figure 1a shows a schematic of optical effects occurring around
the investigated structures. While illuminating a bare silicon
substrate, the incident light is specularly reflected, with
intensity depending on the surface quality. A small part of
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the light is also transmitted; however, the product ad, where a
is the optical absorption coefficient and d is the sample
thickness, in the case of typical substrates with d > 100 pm
exceeds the optimal value of 1 near the fundamental band gap,
causing sample opaqueness. Being wide-gap semiconductors,
In,0; and Ga,0; in their bulk form are transparent to visible
light.16 In contrast, the investigated nanowires form white and
porous structure on top of the substrate, suggesting strong light
scattering. Scanning electron microscope (SEM) images shown
in Figure 1b,c reveal random, net-like orientation of nanowires.
As shown in the transmission electron microscope (TEM)
image in Figure Sla, the representative In; 3Gay,0; NW has a
thin diameter of 28 nm. The crystalline nature of the
In,; 4Gay,0; NW is evidenced by the SAED patterns. In
specific, the clear lattice spacing of In,Ga;,0; NW is
measured to be ~2.5 A, corresponding to the {400} planes
of cubic In,0;, further confirming the decent crystallinity of
the NW. As seen in the XRD pattern of the same sample
(Figure S2), all the diffraction peaks can be indexed to cubic
In,0; (JCPDS Card No. 06-0416), suggesting the phase purity
of Ga-doped In,O; NWs. The diffuse-dominated reflection
from the sample surface hinders the ability to obtain intrinsic
transmission spectrum of nanowires, following the standard
procedure for determining optical absorption and material
band gap. The combination of substrate opaqueness and light
scattering makes it desirable to look for alternative, non-
destructive characterization methods in studies of nanowires.

Photoacoustic and photothermal methods are known to be
insensitive to scattered light, since the generated signal is
proportional to the optical absorption coefficient of the
investigated material.'” When excited with a modulated light
beam from the top side, the absorption causes periodic
pressure changes inside the measurement cell, i.e., acoustic
waves of frequency equal to the modulation frequency. The
technical advantages of photoacoustic spectroscopy have been
used in determining optical spectra of semiconducting
nanowires,'®'? quantum dots,’®*' and other challenging
structures, including powdered or amorphous materials,
fluorescent compounds, 2D layered semiconductors,”” > or
biological samples.27 In addition, time- and frequency-resolved
measurements of the photoacoustic signal can also be used to
obtain thermal and carrier transport properties of materials,
including thermal diffusivity and conductivity,” nonradiative
lifetimes, and carrier diffusion coefficient.””*° Recent advances
in contactless determination of thermal conductivity by means
of photoacoustic and photothermal methods®' ~** pave the way
for further studies of emergin§ electronic nanostructures®* >’
and thermoelectric materials.**~*°
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Figure 2. Representative room temperature transmission (a) and reflectance (b) spectra of reference Si substrate and pure In,05/Ga,O; nanowires,
a summary of quantitative analysis supporting the prediction of strong light scattering by nanowires (c), and a comparison of photoacoustic spectra

of the investigated materials (d).

In principle, wide-gap material nanostructures deposited on
macroscopically thick Si substrate necessary for proper device
assembly cannot be probed by classic optical spectroscopy.
The transmitted light intensity has to drop after passing the Si
band gap, leaving the system insensitive to any absorption
features occurring at higher photon energies. To verify this
hypothesis, we show a comparison of room temperature optical
transmission (Figure 2a) and reflectivity (Figure 2b) spectra of
pure In,0;/Ga,O; nanowires grown on a Si substrate and a
clean substrate for reference. The thick, pristine silicon is
transparent in the infrared range up to ~1.1 eV when it starts
absorbing light, leading to a rapid decrease in the transmitted
light intensity, in agreement with the indirect band gap of
crystalline Si. Corresponding transmission measurements of
nanowires grown on a Si substrate reveal significantly smaller
signal with no characteristic features in the spectral region of
interest. In the case of Ga,03/Si, the below-gap transmission
decrease ratio with respect to the clean substrate reaches 65. At
energies above 1.3 eV it seems that the Ga,0; sample becomes
more transparent than the reference substrate indicating
weaker absorption, but the calculation of optical absorption
involves the reflectivity which is the strongest for bare Si
substrate. For In,O; nanowires sample the diminishment of
optical response is even stronger, with an order of magnitude
cut in transmission and reflectivity as compared to Ga,O;. This
observation coincides with higher volume of the material
deposited on top of the substrate (see a photograph of the
samples in Figure S3) and supports the prediction of strong
influence of light scattering in classic optical spectroscopy
experiments. It is important to note that macroscopic
transmission and reflectivity measurements are sensitive to
any local roughness which add up affecting the response within
the probing light spot.

The same procedure was applied to mixed InGaO
nanowires. The table in Figure 2c summarizes the quantitative
analysis taking the optical transmittance and reflectivity at 1.0
eV, an energy chosen assuming negligible contribution of band
gap absorption to light extinction. Among the studied samples,

19262

the relative loss in transmission is more substantial than in
reflectivity with a difference of 2 orders of magnitude in the
extreme cases.

To confront the obtained results, we performed photo-
acoustic measurements on the same set of samples. The
spectra shown in Figure 2d reveal the common below-gap
photoacoustic signal for reference Si and Ga,0;/In,0,
nanowires. Its value is recognized as the background level
inside the measurement cell coming from the absorption of the
cell walls and transmission window as well as the intrinsic noise
of the system. The amplitude spectrum of the reference Si
substrate exhibits an absorption edge in the 1.05—1.20 eV
range, saturating at higher energies. The band-gap-related
origin of the measured signal is confirmed by the phase shift in
the same spectral region, attributed to the heat wave caused by
periodic temperature oscillations near the sample surface.

The spectra of In,O3 and Ga,O; nanowires remain flat up to
2.0 eV, showing no absorption coming from the Si substrate.
This result expands our previous findings on GaAs/GaAsBi
core—shell nanowires,'® where the substrate-related signal is
significant at low modulation frequencies and can be reduced
by tuning the frequency up to the thermally thick limit, when
the thermal diffusion length is comparable with the sample
thickness. We assign these differences to distinct arrangement
of nanowires. As opposed to perpendicularly oriented (normal
to the substrate surface) GaAsBi nanowires studied previously,
InGaO ones promote strong light scattering before reaching
the substrate surface due to random orientation and higher
filling factor.

Broadband photoacoustic spectra of pure In,0;, Ga,03, and
mixed In, Ga, ,,O; nanowires are presented in Figure 3. The
absorption dependence is relatively flat in the visible range,
with a small bump around 2.4 eV interpreted as defect-related
absorption (see the inset). For pure In,O;, at photon energies
of ~2.7 eV the photoacoustic signal amplitude rapidly
increases, revealing a fundamental absorption edge and
drawing the low-energy optical response limit for selected
compounds. A broad shoulder forms in the 3.2—3.6 eV range,
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Figure 3. Photoacoustic spectra of pure and mixed In, Ga, ,,0;
nanowires with different stoichiometry. The inset shows zoomed-in
low-energy absorption.

when eventually the signal saturates at a constant value. A
similar behavior is observed on pure Ga,0; in deep ultraviolet,
with steeper edge and no saturation due to limited measure-
ment system sensitivity when approaching 5.0 eV. The spectra
of mixed InGaO nanowires fit between pure In,O; and Ga,0;,
very close to each other regardless of the stoichiometry. This
effect can be explained by phase segregation of In,O; and
Ga,O; within nanowires, possible for alloys with Ga content
exceeding 10%.'" In such a case, the In,O, absorption is
expected to be dominant in the optical spectrum. The 200
meV blue-shift of the observed optical gap might result from
decreased defect-related absorption of O, vacancies as a
consequence of higher Ga—O atomic binding energy. To
support this claim, we performed X-ray photoelectron
spectroscopy on mixed InGaO NWs, shown in Figure S4.
The component labeled as Oy located at 532.15 eV, with a
higher binding energy, is usually attributed to the presence of
loosely bound oxygen (e.g, H,O or O,) on the surface of
NWs. The medium binding energy component at 530.8 eV,
labeled as Oy, is related to the O*~ ions that are in the oxygen-
deficient regions. The component at the lower binding energy
(529.5 eV), labeled as Oy, represents the O> ions located in
the In,O; lattice. The area ratio of O; /Oy in In; §Ga,,0; NWs
was determined to be 2.4, which is larger than that of pure
In,0; NWs (e.g, 1.4; as reported in our recent paper”).
Because the Ga—O bonds typically have larger bond energies
(353.5 kJ/mol) than that of In—O bonds (320.1 kJ/mol), the
Ga incorporation in In,O; NWs can improve the effectiveness
of oxygen bonding with metal constituents and hence decrease
the density of oxygen vacancies.

The standard Tauc plot analysis was performed to determine
band gap energies from photoacoustic spectra. Assuming the
direct character of the fundamental band gap, (Ahv)* is plotted
versus the excitation photon energy (Figure 4). All processed
traces are well approximated with a linear function (R* > 0.99).
By extrapolating the fitted lines to zero, the band gap energy is
taken at the intercept point.

Band gaps of In,O; and Ga,0; are determined to be 3.01 +
0.02 and 4.71 + 0.02 eV, respectively. The value for Ga,0;
agrees well with the original transmission spectroscopy result
on a single crystal (4.7 eV).” Both there and in our work
unpolarized light was used in the optical setup. Further studies
show that the use of linearly polarized beam oriented toward
different crystallographic axes gives absorption edges varying
from 4.54 to 4.90 eV.*' A shoulder at 4.65 eV was observed in
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Figure 4. Tauc plots for direct allowed transition used to determine
band gap energies of In,0; Ga,0; and alloyed InGaO nanowires.
The inset zooms in the small energetic shift region of mixed InGaO
compounds.

some orientations, coinciding with a transition seen in the
reflectivity spectrum measured with the electric vector parallel
to the c-axis. In the case of In,0;, the band gap nature is
intensively discussed in the literature. Early studies show an
absorption edge at 3.75 eV corresponding to a direct allowed
transition, with supposed indications of the presence of an
indirect gap at much lower energies reaching 2.619 eV.* X-ray
spectroscopy reports confirmed the direct fundamental gap
character, with a conduction band elevated by 2.9 eV above the
valence band minimum at the I" point of the Brillouin zone."
Another report contains band gap determination from detailed
optical measurements on cubic and rhombohedral In,0;
crystals, with a gap difference of 90 meV between the two
phases.' Our result matches both band gaps within the
uncertainty, with the absolute value almost identical to the one
reported for the rhombohedral phase (3.02 eV). Even though
the authors determined the band gaps from the weak
absorption tail, our spectra reveal a strong absorption edge
in this region. This effect can be explained by high sensitivity of
photoacoustic measurements to low optical absorption
coefficients, often surpassing the abilities of transmission
spectroscopy. The agreement of our band gap energies with
literature values for bulk crystals suggests the lack of quantum
confinement in the studies nanowires, with the smallest
dimension (the nanowire diameter) larger than the quantiza-
tion limit.

Band gaps of alloyed InGaO nanowires are ~400 meV
higher than for pure In,O;, spread over a range of only 50 meV
(from 3.38 to 3.43 eV) despite big stoichiometric differences.
The band gap increases with the Ga content, following the
expected trend. Such small changes in the compositional band
gap dependence cannot be explained by flattening caused by
the bowing parameter, held true only for high In contents.'" In
the proposed interpretation we state that the In,0;/Ga,0;
phase separation leads to dominating contribution of In,Oj; in
the measured absorption. The significant blue-shift might
originate from a simple fact of smaller In/Ga volumetric ratio.
The band gap energies determined in our analysis compared
with literature values are summarized in Figure S.

Figure 6 shows room temperature photoluminescence (PL)
spectra of the investigated nanowires compared with their
Tauc plots to study the Stokes shift. For pure In,O3 and Ga,0;
the spectra consist of one broad (fwhm of ~500 meV) peak,
located at 2.15 eV (576 nm) and 3.18 eV (390 nm),
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Figure 6. Room temperature photoluminescence spectra plotted with
absorption edges of pure and alloyed InGaO nanowires. The sharp
feature at 2.33 eV is an artifact arising from scattered light of a
residual second harmonic present in the 1064 nm pumped excitation
laser beam.

respectively. The emission intensity is the strongest for the
Ga,0; sample, almost covering up an experimental artifact
present at 532 nm (2.33 eV) in the other spectra. For mixed
InGaO nanowires, an exceptionally broad emission covering
the green and blue spectral range occurs, most likely arising
from two separate peaks. In all cases the PL emission is located
at lower energies than the absorption, with no signs of band
edge recombination. The blue emission is ?}pically assigned to
the donor level of oxygen vacancies; "**® however, another
explanation based on the strong electron—phonon coupling
was recently Eroposed for the big red-shift of PL emission in
bulk Ga,0;.*" For a better understanding of the PL spectra
from the nanowire ensemble it would be interesting to study
PL from individual nanowires and correlate these spectra with
their local structural properties, which is planned as further
work.

The spectra shown in Figure 3 are corrected with respect to
the reference spectrum of the setup and normalized to the
maximum value in the saturation region. It is worth
mentioning that the absolute photoacoustic signal intensities
obtained on mixed InGaO nanowires in the saturated part of
the spectrum exceed the intensity of the reference spectrum,
reaching relative values as high as 4. Strong evidence for robust
nonradiative energy transfer in the form of the photoacoustic
effect was also noticed during photoluminescence measure-
ments. Upon sample illumination with a pulsed laser at the
repetition rate of 1 kHz a distorted, audible sound could be
heard near the sample, even without enclosing it and using
special measurement equipment. A demonstration of acoustic
waves generation inside the measurement cell while illuminat-
ing the sample with a 213 nm laser is shown in Video S1, with
the output signal taken directly from the measurement
microphone. Intense photoacoustic conversion was recently
reported on graphene foam,** leading to a proof-of-concept
remotely driven, wireless loudspeaker. Our observation
strongly suggests that nanowires, treated as porous nanostruc-
tures, could also be considered for such applications.

Bl CONCLUSIONS

Photoacoustic spectroscopy was demonstrated as an alternative
and powerful tool for determining optical properties of porous,
randomly ordered NWs, which overcame the light scattering
effect limiting the usefulness of classic reflectivity and
transmission measurements. Band gaps of pure In,O; and
Ga,0; NWs determined from Tauc plots of amplitude
photoacoustic spectra agree very well with literature values
for their bulk counterparts. The first observation of small
compositional band gap dependence of alloyed In, Ga, ,,0;
NWs is reported, attributed to the phase segregation causing
the dominating contribution of In,O; in absorption spectra.
Broadening of the photoluminescence spectra of alloyed
In,,Ga, ,,O; NWs confirms the phase segregation effect.
Possible applications in remote sound generation arise from
intense photoacoustic effect in the investigated NWs because
of efficient nonradiative energy transfer. The presented
approach to optical characterization of NWs by photoacoustic
spectroscopy paves the way for further studies of porous
structures, metamaterials, and other challenging systems.

B EXPERIMENTAL SECTION

Nanowires Growth and Characterization. Si/SiO, (50 nm
thick thermally grown oxide) substrates with a layer of 0.1 nm
(nominal thickness) Au film predeposited by thermal evaporation was
used for the growth of NWs by a typical CVD method. For the
growth of pure In,O; and Ga,0; NWs, high purity 1.5 g of In or Ga
metal granules (1—2 mm in size; 99.999% in purity; China Rare
Metal) was used as the In or Ga source. For the growth of InGaO
NWs, the metal granules of both Ga and In (1—2 mm in size;
99.999% in purity; China Rare Metal) were used as the In and Ga
source materials with different mixing ratios (e.g, 3:1, 1:1, and 1:3;
1.5 g in total) to control the stoichiometry of the NWs. Also, 0.5 g of
graphite powder (<20 um in size, synthetic; Sigma-Aldrich) was
mixed with metal source as the precursor. A small quartz tube (10 cm
in length and 1 cm in diameter) with precursor mixture in the sealed
end and substrate in the open end was used as the container for the
growth. The entire setup was then placed at the center of a large
quartz tube (1 in. in diameter), which was located in a single-zone
horizontal tube furnace. Next, a mixed gas of oxygen (99.999% in
purity) and argon (99.9995% in purity) with a volume ratio of 4:96
was introduced into the quartz tube, which acted as carrier gas and
provided oxygen for the reaction. The temperature for the synthesis
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was 1040 °C with a holding time of 30 min, and the heating rate was
about 30—35 °C/min. Eventually, the fluffy white product could be
found on the substrate. Afterward, the NW morphologies were
examined using scanning electron microscope (SEM, XL30, FEI).
The crystal structure and crystallinity of the obtained NWs were
determined by collecting XRD pattern on a Philips powder
diffractometer and imaging with a high-resolution transmission
electron microscope (HRTEM, JEOL 2100F). To prepare the TEM
samples, NWs were first suspended in high-purity anhydrous ethanol
solution and then drop-casted on a Cu grid. The chemical state of the
as-prepared NWs was examined by X-ray photoelectron spectroscopy
(XPS, ULVAC-PHI 5802).

Photoacoustic Spectroscopy. The microphone detection
configuration was used for photoacoustic measurements. The samples
were mounted inside a cylindrical aluminum cell sealed with a quartz
transmission window. The light beam from a 450 W xenon arc lamp
(ozone-free Osram XBO450) was modulated with a mechanical
chopper at 40 Hz, dispersed with a Czerny—Turner grating
monochromator (Horiba iHR, 320 mm focal length, 1800 grooves/
mm ruled grating), and focused on the sample surface forming a spot
of I mm X 2 mm in size. Acoustic waves generated inside the cell
were detected by a 1/4 in. condenser electret microphone capsule,
separated from the sample space with a funnel to minimize the
parasitic signal coming from scattered light. Amplitude and phase
components of the photoacoustic signal were measured with a lock-in
amplifier (SRS SR830) at the time constant of 10 s. A thin layer of
powdered carbon was used to obtain the reference spectrum for
normalization. All measurements were performed at room temper-
ature, using ambient air as the gas medium for acoustic wave
propagation. To record Video S1 demonstrating the photoacoustic
signal generation in In,; gyGay,,O; nanowires, the same 213 nm laser
as used for photoluminescence spectroscopy was used to excite the
sample.

Photoluminescence Spectroscopy. A 213 nm pulsed nano-
second laser (CryLaS GmbH FQSS213-Q3-STA) with the average
power of 3 mW was used as the excitation source. The photo-
luminescence collected in the backscattering mode was acquired with
a compact Si CCD spectrophotometer (Ocean Optics HR4000) with
a resolution of 1 nm.

Transmission and Reflectance Spectroscopy. A tunable light
source consisting of a 150 W quartz tungsten halogen (QTH) lamp
coupled with a monochromator (300 mm focal length) was used for
optical transmission and reflectance measurements. Samples were
mounted in the focal point of the beam. For transmission, the light
passed through the sample was detected in the same optical axis, while
for reflectance, the sample was tilted at a small angle to ensure near-
normal incidence, allowing efficient light collection. An amplified
InGaAs photodiode was used as a detector in both configurations.
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