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a b s t r a c t

We report on the demonstration of (InxGa1-x)2O3 (InGaO)-based UV photodetectors realized using a low
temperature (~200 �C) microwave irradiation-assisted deposition technique. By irradiating a solution of
the substituted acetylacetonate (acac) complex, namely In0.6Ga0.4(acac)3, employed as the “single-source
precursor”, InGaO film was deposited on sapphire substrate, and found to be poly(nano)crystalline, with
root mean square (r.m.s). roughness of 8.9 nm. However, the indium content of the film (0.26 mol
fraction) was considerably less than in the metal complex (0.6 mol fraction). The optical band gap of the
filmwas found to be 4.5 eV from Tauc’s plot, indicative of a low indiummole fraction. This was confirmed
using X-ray photoelectron spectroscopy measurements, from which the indium mole fraction was found
to be 0.26. Further, the nature of band gap was determined and defect analysis was carried out using,
respectively, Tauc’s plot and cathodoluminescence (CL) measurements. A planar, interdigitated metal-
semiconductor-metal (MSM) photodetector fabricated with the InGaO film exhibited a high responsivity
of 16.9 A/W at a bias of 20 V, corresponding to a band edge at ~ 276 nm, with a high photo-to-dark
current ratio of ~105.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Wide band gap (WBG) semiconducting oxides such as MgO [1],
ZnO [2], In2O3 [3], and SnO2 [4] have drawn the attention of re-
searchers of late due to their properties being conducive to
photodetector applications. Recently, Ga2O3 has been studied
extensively for power electronic devices [5], photodetector appli-
cations [6], gas sensing [7], transparent conductive oxide [6], etc.
owing to its large bandgap, high critical electric field, and excellent
chemical and thermal stability. Ultraviolet photodetectors have
(UV-PD) potential applications in flame detection, early missile
warning, and biological sensing [8e10]. UV PDs have been realized
using various WBG materials like GaN [11], In2O3 [12], ZnO [13],
Ga2O3 [14]. Depending on the application regime, a particular
material system is opted for. Although Ga2O3 detectors are widely
reported [15e17], alloys of the same, particularly InGaO, would
Muazzam), shivu@iisc.ac.in
enable tuning of the band edge, and hence would be particularly
attractive for applications that require UV detection at different
wavelengths. Such alloys would also offer possibilities of realizing
heterojunctions between InGaO/GaO, and between dissimilar
compositions of InGaO, for designing versatile opto-electronic
devices.

Whereas InGaO is reported to have been deposited or grown
using techniques like molecular beam epitaxy (MBE) [18], mist-
chemical vapour deposition (mist-CVD) [19], sol-gel [20], metal-
organic vapour phase epitaxy (MOVPE) [21], pulsed laser deposi-
tion (PLD) [22,23] and radio frequency (RF) sputtering [24], we
report here on the deposition of In0.26Ga0.74O using microwave
irradiation-assisted solution-based, low temperature process
(T < 200 �C) that involves relatively safe precursors and requires a
shorter run time. We have employed a single-source precursor,
namely, a substituted metal complex, for depositing the film of the
substituted metal oxide, InGaO.
2. Experimental section

InGaO films were deposited from a solution, in ethanol and 1-
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decanol, of the substituted acetylacetonate complex, InxGa1-
x(acac)3, where x ¼ 0.6. The substituted complex with x ¼ 0.6
was prepared using the metal nitrates, following the procedure
detailed in the supplementary information. All chemical reagents
used were of analytical-grade purity. To deposit the desired oxide
film, a solvent mixture was first prepared using ethanol and 1-
decanol in the ratio of 3:5; then 1 mmol of InGa(acac) was added
to it, after which the mixture was stirred for 2 h to ensure the
complete dissolution of InGa(acac) in the solvent mixture. The
substrate used for film deposition was a 1 cm2 piece of c-plane
sapphire. With the substrate immersed in it, the prepared solution
was irradiated with microwaves at a power of 300 W for 10 min
(Focused microwave reactor, Discover Model, CEM Corp., USA). It
was found (by inspection) that a film had been deposited on the
substrate, which was ultrasonicated in ethanol for 15 s to remove
debris.
Fig. 1. XRD q-2q plot of InGaO. Vertical black lines shows peak position of g-Ga2O3.
3. Results and discussion

3.1. Material properties

The resulting film was characterized by X-ray diffraction (XRD,
Rigaku SmartLab, CueK⍺ radiation). The diffraction pattern ob-
tained (Fig. 1) shows broad peaks at 2q value of 34�, 74� and 76�,
making them close to the peaks of g-Ga2O3 reported in previous
studies [25]. Furthermore, the average crystallite size was esti-
mated using the Scherrer equation assuming spherical crystallites:

D¼ Kl
bcosðqÞ (1)

where D is crystallite size, K ¼ 0.94 (for cubic symmetry), and b is
the peak width. Using the b for the (311) reflection at 2q ¼ 34�, the
crystallite size is estimated to be ~2.8 nm for the polycrystalline
film. Thus, the film is very fine-grained, as evident from the weak
and noisy XRD pattern.

X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos
Analytical) measurement of the as-deposited film was carried out.
Fig. 2a and b shows the XPS spectrum of In3d5/2 and Ga3d, respec-
tively. The peaks at binding energy value of 20.2 eV and 444.4 eV
correspond respectively to the GaeO bond and IneO bonds [26,27].
The stoichiometry of metals in the film was calculated using the
relation:

x
1� x

¼AreaIn3d5=2
AreaGa3d

� RSFGa3d
RSFIn3d5=2

(2)

Here, x is the mole fraction of indium (In) in the film, and RSF is
the “relative sensitivity factor”. The mole fraction of Inwas found to
be 26.6%, which shows that the film is Ga-rich. In the substituted
binary oxide InGaO, the incorporation of indium is difficult because
the GaeO bond is stronger than the IneO bond. That is, Ga etches
the IneO bond and forms the GaeO bond because it is thermody-
namically more favourable; by contrast, In does not etch the GaeO
bond [18].

Based on the IneGa composition of the oxide film deduced from
XPS data, the lattice constant of the substituted oxide can be
calculated. This is because InGaO has been shown to follow
Vegard’s law [28] for the relating the lattice constant a of the
substituted oxide to its composition. Thus, using data in Refs. [3,29],
we have:

aðInxGa1�xÞ2O3 ¼X: aIn2O3 þ ð1�XÞ: aGa2O3 (3)
aIn2O3 ¼10:117�A½3�

aGa2O3 ¼ 8:238 �A½29�
From these aðInxGa1�xÞ2O3 is found to be equal to 8.738 Å.

dhkl ¼
aðInxGa1�xÞ2O3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þ k2þ l2

p (4)

for (3 1 1) reflection we have d311 ¼ 2.634 Å.
Bragg’s angle for (3 11) reflection can be found from Bragg’s law

as

2q ¼ 2sin�1
� l

2d311

�
(5)

¼ 34.008�

This is the same as what is obtained experimentally, confirming
that themole fraction of gallium in the film is higher than it is in the
precursor compound.

The morphology of the film was examined by field-emission
scanning electron microscopy (FE-SEM, GEMINI Ultra 55, Carl
Zeiss). The deposited film was smooth with uniform coverage, as
shown in Fig. 3a. The energy-dispersive X-ray spectrum (EDS)
(Fig. 3b) confirms that the film is Ga-rich. The thickness of the film
was determined using cross-sectional SEM and was found to be
104 nm (Fig. 3c). The r.m.s. roughness was measured using atomic
force microscopy (Dimension ICON, Bruker) in the tapping mode
and found to be 8.9 nm (Fig. 3d).

To determine the band gap of the substituted oxide, Tauc’s plot
was obtained from the absorption coefficients measured using a
UVeViseNIR spectrophotometer (UV-3600, Shimadzu). The band
gap, deduced by extrapolating the linear region to the energy axis
(Fig. 4a), was found to be 4.4 eV, showing a slight deviation from
Vegard’s law. This deviation could be because of “defect tails”
spanning the bandgap [30]. As can be seen from Fig. 4a, there is an
exponential onset in the Tauc plot, known as the Urbach tail. An
analysis of the Urbach tail was therefore carried out. The span of
defect tail can be found by plotting log(a) vs. energy, where a is the
absorption coefficient; the inverse of the slope of the resulting line
gives the “Urbach energy”. From inset of Fig. 4a, the Urbach energy
is found to be 0.47 eV. To deduce the nature of the bandgap in the
substituted oxide, Tauc’s relation was plotted on the log scale:



Fig. 2. XPS fitting for (a) In 3d5/2 spectrum of InGaO (b) Ga 3d core level spectrum.
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log(ahn) ¼ log(B) þ nlog(hn - EG) (6)

where n is the slope of the curve and log(B) is a constant. The slope
was found to be 0.55, which implies the band gap in InGaO (of the
present composition) is direct (Fig. 4b).
3.2. Device properties

To characterize InGaO optically, anMSMPDwas fabricated using
the deposited film, with an interdigitated electrode geometry ob-
tained from the i-line lithography process. The device comprises 36
interdigitated fingers, with finger width of 4 mm and finger spacing
6 mm, resulting in an effective detector area of 260 � 300 mm2. The
schematic of the MSM PD is shown in Fig. 5a, with Fig. 5b showing
Fig. 3. (a) SEM micrograph of the as-deposited polycrystalline InGaO film (b) EDS sp
104 nm (d) R.M.S roughness of film is 8.9 nm.
an optical micrograph of the same.
Spectral responsivity (SR) of the fabricated MSM PD was

measured using a quantum efficiency setup, the details of which
are reported elsewhere [31]. The SR spectra show a band-edge at
275.5 nm, which matches well with the UVeVis measurement.
Fig. 5c shows the variation of SR with wavelength at different
voltages, on the linear scale (5 V, 10 V, 15 V and 20 V), whereas
Fig. 5d shows the variation on the semilog scale. The peak SR is at
275.5 nm. The UV-to-visible rejection ratio (UVeVis RR) was
calculated by dividing the SR value at 275.5 nm by the SR value at
400 nm. The UVeVis RR observed at 5 V was found to be ~103. The
peak SR value of 16.9 A/W is measured at a bias of 20 V.

There are two kinks in the spectral response plot - one at
289 nm and the other at around 329 nm. To investigate the origin of
ectrum showing a Ga-rich film (c) cross-sectional SEM image gives thickness of



Fig. 4. (a) Extracted bandgap from Tauc’s plot is 4.5 eV, Inset shows variation of absorption coefficient with incident photon energy in semilog scale gives Eu ¼ 0.47 eV (b) Tauc’s
relation plotted in log-log scale reveals that the bandgap is direct.
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the kinks, cathodoluminescence (CL) spectra were obtained. The CL
spectra exhibit peaks at 326 nm, 398 nm, 554 nm, and 650 nm
measured at a gun voltage of 10 keV (Fig. 5e). The peak at 326 nm is
due to self-trapped holes [19]. The kink at 289 nm vanishes as
applied voltage increases; this can be attributed to dissociation of
excitons. which can exist in oxide semiconductors even at room
temperature because of the large Fr€ohlich coupling coefficient
Fig. 5. (a) Schematic of MSM PD on InGaO (side view) (b) Shows optical micrograph of MSM
function of voltage in linear scale (d) variation of spectral response with wavelength as a f
~103 at 5 V (e) CL spectra of InGaO measured at 10 keV gun voltage.
attributable to the highly polar metal-oxygen bond [32,33].
Fig. 6a shows the current-voltage (IeV) characteristic of the

MSM PD. The measured dark current was found to be 200 pA at a
bias of 20 V, increasing to 35 mA upon illumination with 276 nm
wavelength, at a bias of 20 V. Thus, under UV illumination, the
current increases by five orders of magnitude. This ratio of photo-
to-dark current (PDR) gives information about the signal-to-noise
PD on InGaO (top view) (c) Shows variation of spectral response with wavelength as a
unction of voltage in log scale. Also can be seen that the UVeVisible rejection ratio is



Fig. 6. (a) Variation of photocurrent (at 276 nm) and dark current with applied voltage (b) Variation of peak SR (at 276 nm) with applied voltage.

Table 1

S$NO Deposition method Peak SR (A/W) PDR UVeVis RR Reference

1 PLD 0.5 e 103 [38]
2 Sputtering 6.9 � 10�5 102 1.5 � 104 [24]
3 PLD 6.12 102 e [23]
4 Sol-gel 0.4 e e [20]
5 PLD 30 e e [22]
6 Microwave irradiation 16.9 105 103 This work
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ratio, which is determined by the following formula:

PDR¼ IPhoto � IDark
IDark

(7)

where IPhoto is the photocurrent and IDark is the dark current.
Fig. 6b shows the variation of the peak SR with the applied

voltage under illumination at 276 nm. The peak SR was found to
increase with increasing applied voltage. The peak SR at 20 V is 16.9
A/W, which is much larger than the theoretical SR calculated
assuming 100% external quantum efficiency (h). The theoretical SR
of a photodetector can be calculated using the following
expression:

RTh ¼
qh
hy

(8)

where q is the electronic charge and hy is the photon quantum
energy.

The measured responsivity is determined using the following
relation:

R¼ IPhoto � IDark
POptical

(9)

where POptical is the optical power employed.
The theoretical SR value at 275.5 nm comes out to be 222.17mA/

W. This value is much less than the peak SR measured at 275.5 nm,
implying that there is gain in the device [34e36]. This gain may be
attributed to photo-induced barrier lowering. Metal oxides are
notorious for strong hole-phonon coupling (self-trapped hole) [37],
which makes the mobility of holes much lower than that of elec-
trons. This leads to transit time gain in the device additionally when
UV light falls on the device; that is, due to band bending in the
depletion region, holes move towards the semiconductor-metal
interface, which has lots of trap states in the forbidden gap. These
holes get trapped there, making the interface region positively
charged. To maintain charge neutrality, band bending decreases,
because of reduction in depletion charge. This leads to a reduction
in barrier height, known as photoinduced barrier lowering [36].
Table 1 lists the properties of the photodetectors fabricated by
different groups in the InGaO material system.

4. Conclusions

In conclusion, we have reported microwave irradiation-assisted
deposition of (InxGa1-x)2O3 on c-plane sapphire substrate,
employing a substituted metal complex as the “single-source pre-
cursor” to the substituted oxide. The deposited filmwas found to be
poly(nano)crystalline with a Ga-rich composition, and was char-
acterized by XRD, XPS, CL, SEM, AFM and UVeVisible spectroscopy.
A solar-blind UV photodetector with good spectral response was
demonstrated on the (InxGa1-x)2O3 deposited on sapphire
substrate.
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