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ABSTRACT

Incorporating indium (In) atoms into the GaSb lattice provides broad tunability of the optical bandgap within the infrared spectral region. This research documents
the first instance in the literature of electrochemical liquid-liquid-solid (ec-LLS) growth of a ternary semiconductor alloy. Indium content of deposited In, Ga,_,Sb
samples was regulated by controlling the Ga/In ratio of the liquid metal electrode. All depositions were performed using a single-step growth method under
ambient pressure at 90 + 5 °C. X-ray diffraction analysis showed shifts of the (111) diffraction peaks toward the peak locations of cubic InSb for the x = 0.50,
0.60, and 0.70 samples, indicating a consistent increase in lattice parameter. However, the x = 0.28 and 0.41 samples displayed unexpected shifts toward larger
angles, possibly due to increased presence of Ga vacancies and antisites caused by Ga-rich growth conditions, as well as insufficient mixing of the liquid metal
electrode for x < 0.50. Optical bandgaps ranging from 0.594 to 0.707 eV were determined via the Tauc method and Kubelka-Munk theory applied to diffuse
reflectance data, and showed general agreement with measured lattice constants. Data obtained in this research supports In incorporation into the GaSb lattice for
samples with x > 0.50, but with significantly lower In compositions relative to the liquid metal electrode. No general trend was observed for average crystallite size
as a function of In composition, likely due to inconsistencies in the film harvesting process. This research provides further support for ec-LLS as a semiconductor
growth technique capable of crystalline growth and alloying of III-V semiconductors.

Introduction growth at temperatures below 500 °C (without additional thermal
treatments), high impurity densities, and a lack of precise stoichio-
metric control and uniformity throughout deposited films of binary,
ternary, and quaternary semiconductor systems [16-19].

The growth technique utilized in this research employs a hybrid
deposition method that takes advantage of the simple experimental
requirements associated with conventional electrodeposition, but with
the addition of a liquid metal electrode that serves several functional
roles that contribute to increased crystal quality of as-grown samples
[20]. The growth method, called electrochemical liquid-liquid-solid

Semiconductors are critical to many aspects of modern technology
due to desirable electronic and optical characteristics that are deter-
mined by material properties such as crystal structure and elemental
composition. Gallium antimonide (GaSb) is a direct band gap III-V
binary semiconductor with various optoelectronic [1-3] and energy
conversion applications [4,5]. By strategically incorporating In atoms
into the GaSb lattice to produce the ternary alloy In,Ga,_,Sb, the
optical bandgap can be tuned across the near infrared (NIR) and mid-
infrared (mid-IR) regions of the electromagnetic spectrum from 1.7 pm

to 7.3 pm [6]. This broad tunability accommodates further applica-
tions in infrared sensing and detection, environmental monitoring, data
communications, bioimaging, and thermovoltaics [7-10].

However, the most common deposition processes for producing
high-quality, crystalline semiconductors such as In,Ga,_,Sb include
molecular beam epitaxy (MBE), liquid phase epitaxy (LPE),
organometallic vapor phase epitaxy (OMVPE), and various other meth-
ods that all require high-cost, high-energy laboratory setups and in-
volve the use of toxic precursors and/or extreme experimental con-
ditions [11-14]. Electrodeposition is an alternative semiconductor
deposition method that eliminates the necessity of high-cost experimen-
tal setups, hazardous precursors, or extreme pressures [15]. However,
conventional electrodeposition methods pose several barriers to pro-
ducing semiconductors of high crystal quality, displaying amorphous
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(ec-LLS), was first realized by Carim et al. [21] and involves the use of
a liquid metal electrode to simultaneously drive the electroreduction of
compounds in solution and act as a growth platform for the resulting
semiconductor crystals [22]. Having emerged over the past few years,
ec-LLS has already displayed crystalline growth of Ge, Si, GaAs, GaSb,
and InSb using low-cost, benchtop setups operated under ambient
pressure and near room temperature [20-24].

This research tests the hypothesis that crystalline In Ga,_,Sb thin
films can be grown and alloyed in a controllable manner via ec-LLS
by modifying the elemental composition of the liquid metal working
electrode (WE). By varying the Ga/In mass ratio of the WE, the resulting
as-grown crystalline In,Ga,_,Sb samples were characterized to deter-
mine In incorporation through various crystallographic and optical
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Fig. 1. Schematics depicting (a) overhead and (b) lateral views of ec-LLS growth setup used in this work, and (c) step-by-step sequence of film harvesting process.

spectroscopy techniques. X-ray diffraction (XRD) was performed to
probe various crystal parameters and observe crystallographic changes
as a function of In composition of the WE. In addition, diffuse reflection
measurements were obtained via absorption spectroscopy to observe
shifts in the optical bandgap as the In content of the WE was varied.
This collective data was analyzed to quantify the degree of In incorpo-
ration into the GaSb lattice and to observe changes in crystal quality
and optical bandgap as a result of the variation in In content.

Experimental details

Gallium (99.99%) and indium (99.9999%) used in the liquid metal
electrode were obtained from Gallant Metals and Alfa Aesar, respec-
tively. Platinum wire (99.95%) for making connections to the working
and counter electrodes in solution was obtained from Surepure Chemet-
als, and a platinum mesh (>99.9%; ~2 cm?) used for the counter
electrode was obtained from VWR. For the precursor and electrolyte,
Sb,0; (99.999%) and anhydrous NaOH (>98%) were obtained from
Sigma-Aldrich. Water used throughout all depositions had a quoted
resistivity of >18.2 MQ cm and was sourced from a Labconco Water
Pro Plus purification system.

The electrochemical cell fabricated for this research was based on a
similar setup used in the work of DeMuth et al. [23] but was modified
slightly to accommodate a simpler, more maintenance-free design. As
shown in Fig. 1, the growth cell uses a three-electrode configuration
with the working and counter electrodes housed inside of a 150 mL
Pyrex beaker. During growth, the Ga/In liquid metal WE is seated inside
of a custom-made polytetrafluoroethylene (PTFE) crucible. Platinum
wire (isolated via PTFE heat-shrink tubing) was used to make electrical
contact to both the counter and working electrodes inside solution. In
order to make electrical contact with the liquid metal WE, the platinum
wire enters the PTFE crucible from underneath in order to minimally
disturb semiconductor film growth at the top surface of the liquid
metal. A single junction Al/AlICl reference electrode (RE) was connected
to the growth cell via a salt bridge to prevent film contamination from

the RE fill solution. The beaker was capped with a custom PTFE lid
and then placed inside of an aluminum sand bath for increased heat
retention. The deposition temperature was regulated via a hot plate and
glass thermometer.

Deposition parameters for all films grown in this research were
based off of a recent study conducted by DeMuth et al. on crystalline
GaSb growth [23]. Electric stimuli were applied across the growth cell
via a Gamry 1010E potentiostat. For all depositions, the liquid metal
WE was held at a constant potential of —1.47 V (vs the Ag/AgCl RE) for
60 min in chronoamperometric mode, and the deposition temperature
was maintained at 90 + 5 °C throughout depositions. The bias voltage
was applied across the cell just before submerging the CE and WE
assembly into the prepared aqueous electrolyte/precursor solution (0.6
M NaOH; 0.1 mM Sb,0;) to discourage oxidation of the liquid metal.
After the deposition process was completed, the PTFE crucible was
removed from the growth cell and placed in a freezer as a preliminary
step to film harvesting.

One major obstacle of ec-LLS as a thin film deposition process is the
curvature of the liquid metal electrode. Not only does the curvature
of the liquid metal surface inhibit large-scale sample growth, but it
also adds difficulty to the process of preserving the integrity of the
semiconductor layer during film harvest. As depicted in Fig. 1, once the
PTFE crucible containing the thin film atop the liquid metal electrode
is removed from the growth cell, it is placed in a freezer to allow
the liquid metal to solidify. Once the liquid metal has solidified, the
crucible is removed from the freezer and briefly warmed with a heat
gun to the point where the solid metal pellet is able to be removed from
the crucible. The metal pellet is then placed onto a glass slide with
the film facing upwards and heated until the underlying metal again
enters the liquid state. In the final step, the underlying liquid metal is
removed via a glass pipet, resulting in a thin film ready for analysis
and/or further treatments. While this process results in a reasonably
flat film to the naked eye, it became clear from XRD analysis (discussed
in ‘Results and Discussions’) that the surface flatness achieved with the
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Fig. 2. Stacked XRD powder scan data showing measured diffraction peaks for cubic In,Ga,_,Sb samples (compared to cubic GaSb peak locations indicated by dashed lines),
crystalline Ga (cubic phase indicated by * and orthorhombic phase indicated by ¢), and amorphous Ga,O; (indicated by a).

harvesting method described above requires improvement before ec-
LLS can be considered for optoelectronic material synthesis for device
applications.

In order to test the plausibility of using ec-LLS to produce a ternary
alloy via a single-step growth process, the Ga/In ratio of the lig-
uid metal electrode was varied for multiple depositions. While all
other deposition parameters were kept constant, depositions were per-
formed with various In,Ga,_, liquid metal compositions (x = 0, 0.28,
0.41, 0.50, 0.60, 0.70) of the WE. To achieve these compositions,
the appropriate masses of Ga and In were weighed and placed into
the PTFE crucible. Immediately after the bias voltage was applied
to the electrodes across the cell, the assembly was lowered into the
electrolyte/precursor solution to initiate the deposition process.

X-ray diffraction was performed on all samples via a Panalytical
Empyrean multipurpose diffractometer in powder scan mode. Diffuse
reflectance measurements were obtained for optical bandgap character-
ization via a Jasco V670 UV-VIS-NIR spectrophotometer with 150 mm
integrating sphere.

Results and discussion

Powder XRD measurements were obtained to determine crystal
phase, average crystallite size, and lattice constant as a function of In
composition of the WE. Full XRD powder scan plots for samples grown
with In,Ga,_, WE compositions of x = 0, 0.28, 0.41, 0.50, 0.60, and
0.70 are displayed in Fig. 2. Diffraction peak centroids were determined
from XRD data, and Bragg’s Law was used to obtain measured values
for the lattice constant of all samples. Bragg’s Law is given by

(€8]

where d,;, is the interplanar spacing, 4 is the K-alpha, X-ray wave-
length (1.540598 A), n is an integer, and 6 is the angle between incident
X-rays and a crystal plane (i.e. measured 26 diffraction angle divided
by 2). After determining d,,, using Eq. (1), measured values for the
lattice constant were determined using

2dy;5in0 = na,

a

dpg = ——=
Vh%+ k2 + 12
where h, k, and [ are the Miller indices of a given crystal plane and a

is the lattice constant. Fig. 3 shows a more detailed view of observed
shifts of the (111) diffraction peak for all samples.
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Fig. 3. Stacked XRD powder scan data of (111) diffraction peaks showing shifts
associated with increased In composition of In,Ga,_, liquid metal electrode.

The lattice constant of cubic GaSb (6.0959 f\) should increase and
approach that of cubic InSb (6.4974 A) as more In is incorporated into
the cubic crystal lattice [25]. As the In content of the WE is increased,
diffraction peaks should be observed to shift to smaller angles toward
the peak locations of cubic InSb to confirm In-alloying of deposited
samples. This behavior was consistently observed for the x = 0.50, 0.60,
and 0.70 samples, resulting in respective lattice constant measurements
of 6.1071 A, 6.1231 10\, and 6.1497 A, which correspond to actual In
concentrations of x = 0.03, 0.07, and 0.14 (according to Vegard’s law
[26] calculations). Conversely, the x = 0.28 and x = 0.41 samples
exhibited unexpected shifts of the (111) diffraction peak to slightly
higher angles (complete XRD data listed in Table 1). One feasible
explanation for these unexpected shifts observed for the x = 0.28 and
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Fig. 4. Percent difference between nominal and measured lattice constants of as-grown
samples as a function of In composition (x) of In,Ga,_, liquid metal electrode.

x = 0.41 samples is an excess of native acceptor species such as Ga
vacancies (V;,) and Ga antisites (Gag,) in samples grown under Ga-rich
conditions [27,28]. These crystal defects exhibit sub-bandgap absorp-
tion and have been shown to be effectively compensated through the
incorporation of metallic species such as beryllium and tellurium into
the GaSb lattice [27-30]. While XRD features attributed to amorphous
Ga,0; were found in all samples, the most prominent Ga,0; features
were generally found in samples with higher Ga/In ratios (x < 0.50)
in the liquid metal electrode, which could have also contributed to
the unexpected shifts observed for low x samples. Due to the presence
of residual Ga beneath harvested thin film samples, diffraction peaks
associated with cubic and orthorhombic phases of metallic Ga are
observed in XRD data for all samples.

Another probable cause for the disparities observed for the x = 0.28
and x = 0.41 samples is the preparation of the In Ga,_, liquid metal
electrode for these samples. Contamination of the liquid metal electrode
was a significant concern throughout experiments, so interaction with
the liquid metal mixture was minimized in attempts to discourage
contamination. Since Ga becomes liquid at ~30 °C, the x = 0 sample
was prepared by heating a Ga-filled vial via a hot water bath before
insertion into the PTFE crucible. For the x = 0.28 and x = 0.41 samples,
the Ga was prepared in the same way, and appropriate masses of In shot
were simply dropped into the Ga melt and allowed to dissolve without
any mechanical mixing. For samples with higher In content (x > 0.50),
the Ga/In mixtures were heated in a Pyrex beaker (to accommodate
increased melting points with increasing x) and gently swirled before
transferring to the PTFE crucible. As an overall trend observed for all
samples, the In composition was greatly reduced in deposited samples
compared to that of the In,Ga,_, liquid metal electrode. Additionally,
as the In composition of the liquid metal electrode was increased, the
disparity between nominal and measured lattice constants of deposited
samples displayed a small but nontrivial increase with increasing x
(shown in Fig. 4). All data obtained in this research supports the signif-
icance of full incorporation of the Ga/In species within the liquid metal
electrode, resulting in more effective preservation of the stoichiometry
from the liquid metal electrode to deposited semiconductor samples.

Measured values for average crystallite size in the (111) growth
direction were determined using the Scherrer equation [31,32], given
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Table 1

Experimental data and relevant measured quantities related to determination of lattice
constant (a,,,,.q), average crystallite size (Dy;;), and optical bandgap (E,) for all
samples as the In content (x) of the liquid metal working electrode was varied. XRD
data listed in this table were obtained from the (111) diffraction peak.

Aa, FWHM D, E AE,

x 20,0 @ a,

'measured ‘nominal ‘measured g g
(mol. (deg) (A @A) [0 (deg) (mm) (V)  (eV)
frac.)
0 25.257 6.1025 6.0959 0.0037 0.381 21.381 0.669 0.012
0.28 25.349 6.0809 6.2032 0.0018 0.144 56.377 0.698 0.024
0.41 25.351 6.0804 6.2530 0.0019 0.315 38.760 0.707 0.013
0.50 25.238 6.1071 6.2875 0.0054 0.748 10.877 0.662 0.026
0.60 25.171 6.1231 6.3258 0.0036 0.171 47.687 0.621 0.006

0.70 25.060 6.1497 6.3641 0.0036 0.289  28.173 0.594 0.011

by
KA
By cos0’

€))

Dy =

where D, is the average crystallite size in the direction perpendicular
to the hkl lattice plane, K is the crystallite shape factor [33] (K=
0.9 was used in this work), A is the X-ray wavelength, B, is the
full-width at half-maximum (FWHW) of the hk/ diffraction peak (in
radians), and 0 is the Bragg angle. While the x = 0.28 sample was
determined to have the largest average crystallite size of 56.377 nm,
no general trend was observed as a function of In content. This lack of
an observed relationship between crystallite size and In incorporation
is most likely due to the variability in the film harvesting process
discussed in the previous section and further supports the necessity to
refine post-growth harvesting methods.

Because of inhibited transmission due to the presence of a thin
layer of residual liquid gallium underneath harvested thin film samples,
diffuse reflectance measurements were performed to determine the
optical bandgap of all samples. Diffuse reflectance measurements were
converted to corresponding absorption spectra via the Kubelka—-Munk
function [34], given by

(1-R)?*
R, ©

0

F(Ry) = 4
where R, is the reflectance of an “infinitely thick” sample (ie. no
contributions from supporting background). This commonly used ap-
proximation is widely accepted [35,36] and allows for F(R,) to be
substituted for absorption (@) in the equation utilized in the Tauc
method determination of optical bandgap [37], given by

(@hv)'/" = C(hv - E,), )

where h is Planck’s constant, v is the photon frequency (in Hz), C is
a proportionality constant, E, is the bandgap, and » is a parameter
based on the electronic transition of the semiconductor bandgap. To
determine the appropriate value of n, direct allowed transitions require
n = % (which is the case for GaSb and InSb), while n = 2 is used
for indirect allowed transitions, n = % is used for direct forbidden
transitions, and n = % is used for indirect forbidden transitions [38,39].
Combining Egs. (4) and (5) for n = % yields

[F(R)hv]* = C(hv — E,), (6)

and plotting [F(R,)hv]* against the photon energy (#v) allows a mea-
sured value of the bandgap to be determined from the x-intercept of
the linear fit at the absorption edge.

Using this approach, Fig. 5 shows plots corresponding to each
sample with determined values for the optical bandgap. While the
abruptness of the absorption edge varied from sample to sample, dis-
tinct linear regions were identified and linear fits (indicated by the
red dashed lines in Fig. 5) were performed for each sample. At room
temperature, the documented bandgap of GaSb is 0.680 eV [40], which
is a 1.63% difference from the measured value of 0.669 + 0.012 eV
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Fig. 5. Tauc plots produced via Kubelka—Munk approximation and diffuse reflectance measurements showing measured bandgaps determined from linear fits at the absorption
edge for samples grown with (a) x =0, (b) x =0.28, (c) x =041, (d) x =0.50, (¢) x =0.60, and (f) x = 0.70 for the In Ga,_, liquid metal electrode.
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Fig. 6. Measured values of lattice constant (indicated by m) and optical bandgap
(indicated by o) as a function of In composition of In,Ga,_, liquid metal electrode.

determined for the x = 0 sample. Assuming increased In incorporation
into the GaSb lattice with increasing x of the liquid metal electrode,
the bandgap is expected to decrease and approach the documented
bandgap of InSb at room temperature, which is 0.17 eV [40]. Even
though a consistent decrease in bandgap was not observed with in-
creasing In composition of the liquid metal electrode, the measured
bandgap values mirrored the general trend observed in lattice constant

measurements determined from XRD data (as shown in Fig. 6). These
results are consistent with the notion that reduced atomic spacing
within a crystal generally results in an increased energy gap between
the valence and conduction bands. Uncertainties in bandgap and lattice
constant measurements were determined using standard error analysis
methods and are reported in Table 1 and Fig. 6 (via error bars).

Conclusions

This research documents the first instance of successful crystalline
growth of a ternary semiconductor alloy by means of the ec-LLS
deposition method. Several alloyed compositions of polycrystalline
In,Ga,_,Sb were deposited using an in-house, benchtop ec-LLS setup,
with all depositions performed under ambient pressure at 90 + 5 °C
in an electrolyte solution of 0.6 M NaOH with a precursor of 0.1 mM
Sb,0;. Shifts of the (111) diffraction peak for the x = 0.50, 0.60,
and 0.70 samples were observed, displaying clear shifts toward smaller
Bragg angles as the In composition was increased. However, the x =
0.28 and 0.41 samples displayed shifts in the (111) diffraction peak to
larger angles than that of cubic GaSb, which was an unexpected result.
Possible explanations for the unexpected shifts include increased pres-
ence of Ga vacancies (V,), Ga antisites (Gag,), and amorphous Ga,05
for samples grown under Ga-rich conditions, as well as insufficient
mixing of the In,Ga,_, liquid metal electrode for samples with x <
0.50. While measured values of lattice constant and optical bandgap
support In incorporation into the GaSb lattice for the x = 0.50, 0.60,
and 0.70 samples, the actual In compositions of deposited samples were
determined to be significantly lower than that of the corresponding
prepared liquid metal electrodes. The disparity between the In com-
position of the liquid metal electrode and deposited semiconductor
samples showed an increasing trend with increasing x of the In Ga,_,
liquid metal electrode. Measured values for the average crystallite size
of samples varied from 10.877 to 56.377 nm, but no general trend was
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observed as a function of In composition of deposited samples, likely
due to non-ideal film harvesting methods.

Diffuse reflectance data was obtained, and measured values for the
optical bandgap were determined via the Tauc method and Kubelka—
Munk approximation. Bandgap measurements ranged from 0.594 to
0.707 eV and showed general agreement with the measured values
for lattice constant determined from XRD data. It is evident from XRD
analysis that the resulting In composition of as-grown samples is sig-
nificantly lower than that of the corresponding liquid metal electrodes.
However, for depositions where the liquid metal electrode solution
was heated during the mixing process, the resulting deposited semicon-
ductor samples showed convincing evidence of In-alloying, both from
measurements of lattice constant and optical bandgap.

This study shows promise for the extension of using ec-LLS to
produce and alloy several other crystalline ternary and quaternary
semiconductor materials, and targeted improvements in the crystal
quality and alloying process could potentially be realized with appro-
priate revisions to the presented methods of mixing the liquid metal
electrode before deposition, as well as post-deposition film harvesting
methods. Otherwise, ec-LLS continues to emerge as a capable, low-cost,
benchtop semiconductor growth technique, operating under ambient
pressure and near room temperature.
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