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Abstract
Indium antimonide (InSb) is a III-V compound semiconductor with a narrow bandgap and a high electron mobility, and is 
used in various optoelectronic devices. Electrodeposition represents a low-cost, scalable method for fabricating InSb films. 
In the literature, aqueous electrolytes and ionic liquids have commonly been applied. In this work, the electrodeposition of 
InSb films and nanowires from a dimethyl sulfoxide (DMSO)-based electrolyte was demonstrated. This electrolyte enabled 
electrodeposition in a broader potential range and at higher temperatures as compared to aqueous electrolytes. The electrolyte 
has a lower viscosity than ionic liquids, therefore exhibiting better mass transport properties for electrodeposition. It was 
shown that antimony(III) chloride, a precursor that is commonly used for InSb electrodeposition, leads to the formation of 
the metastable “explosive” antimony allotrope. Instead, self-prepared antimony(III) nitrate and indium(III) methanesulfonate 
were used, and were proven to be suitable precursors. Electrolytes with a 5:1 indium-to-antimony precursor molar ratio 
enabled electrodeposition of InSb films at 21 °C and 120 °C on platinum and n-type InSb(400), as well as electrodeposition 
of InSb nanowires in anodized aluminum oxide templates. The morphology, elemental composition and crystallinity of 
as-deposited InSb was analyzed using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) 
and X-ray diffraction (XRD), respectively. It was demonstrated that the film quality did not improve at 120 °C. Tauc plots 
from FT-IR transmission measurements were used for the determination of the bandgap of the deposits. The bandgap of the 
InSb films on platinum was 0.159 eV at 21 °C and 0.168 eV at 120 °C, whereas the bandgap of the InSb film deposited at 
120 °C on InSb(400) was 0.186 eV.

Introduction

III-V compound semiconductors have been intensively 
investigated over the last 50 years [1, 2]. Due to their unique 
properties, they find many applications and are incorpo-
rated in numerous electronic consumer products, as well as 
in advanced electronics and optoelectronics devices [3, 4]. 
One such binary III-V semiconductor is indium antimonide 
(InSb). This material exhibits a small band gap of 0.17 eV 
at 27 °C. Its hole mobility is 800  cm2  V−1s and its electron 
mobility is 78,000  cm2  V−1s at 27 °C, which are among the 
highest values of all semiconductors [5–7]. InSb has been 

fabricated in the form of films, nanowires, nanoparticles and 
quantum wells, and is primarily utilized in optoelectronics 
devices such as wide-range infrared detectors and sensors 
[6, 8–13]. It is typically produced via vacuum techniques 
such as chemical vapor deposition, vapor phase epitaxy or 
molecular beam epitaxy [14–18]. These techniques have 
been proven to provide high-quality monocrystalline materi-
als, yet, they require expensive equipment, toxic and volatile 
precursors and deposition rates are slow. To mitigate these 
disadvantages, various alternative, cheap (wet chemical) 
production methods such as electrodeposition have been 
explored [19]. Despite its inability to yield the ultra-flat 
monocrystalline materials fabricated by vacuum techniques, 
electrodeposition is a promising method for the production 
of a number of semiconductors and is particularly favorable 
due to its simplicity and flexibility, and its cost-effectiveness 
in terms of equipment and required chemicals [20–22]. 

InSb thin films and nanowires has been electrodeposited 
from a variety of aqueous electrolytes [23–32]. Although 
electrodeposition of InSb from aqueous solutions is 
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possible, it contends with hydrogen evolution if applied 
current densities are high, leading to the formation of 
porous, non-compact, rough films, or to the formation 
of indium(III) oxide [31, 33–36]. Furthermore, in some 
cases, heat treatment is required after electrodeposition to 
improve crystallinity [37]. InSb electrodeposition has also 
been explored from a variety of non-aqueous baths such as 
molten salts and ionic liquids [38–40]. These media enable 
electrodeposition in a broad potential range and at elevated 
temperatures. This results in higher deposition rates and 
thermal annealing may not be necessary. However, elec-
trochemically stable molten salts and ionic liquids are vis-
cous at room temperature, and can be expensive. In a pre-
vious study, we investigated the electrochemical behavior 
and electrodeposition of indium at room temperature and 
above its melting point, at 160 °C, from an electrolyte com-
posed of indium(III) methanesulfonate (In(CH3SO3)3) and 
dimethyl sulfoxide (DMSO) [41]. DMSO is a widely used 
solvent. Its electrochemical window is wider and its boil-
ing point (189 °C) is higher than that of water. Moreover, 
DMSO exhibits a lower viscosity and is less expensive than 
most electrochemically stable ionic liquids, and is therefore 
a more interesting alternative. Its electrochemical stabil-
ity allows for electrodeposition at higher current densities, 
and its high boiling point allows for electrodeposition at 
temperatures above 100 °C. In this work, we modified the 
electrolyte used previously for indium electrodeposition 
by addition of a suitable antimony precursor and investi-
gated the electrodeposition of crystalline InSb films at both 
room and elevated temperature. It was postulated and tested 
whether deposition at higher temperatures would improve 
the crystallinity of the film. Moreover, the electrodeposi-
tion of InSb nanowires was investigated using anodized 
aluminum oxide (AAO) substrates as templates.

Experimental

Products

Dimethyl sulfoxide (DMSO, anhydrous, 99.9%), silver 
nitrate  (AgNO3, 99.8%), antimony(III) chloride  (SbCl3, 
99.0%), and tetraethylammonium perchlorate  (TEAClO4, 
99%) were purchased from Sigma-Aldrich (Overijse, Bel-
gium). Indium(III) oxide  (In2O3, 99%)  and potassium 
bromide (KBr, 99%) were purchased from Thermo Fisher 
(Merelbeke, Belgium). Methanesulfonic acid (MSA, 99.5%) 
was purchased from Carl Roth (Karlsruhe, Germany). 
Hydrochloric acid (HCl 37%, analytical grade) and sodium 
hydroxide (NaOH, analytical grade) were purchased from 
VWR (Oud-Heverlee, Belgium).

Instrumentation

All electrochemical experiments were performed in an 
argon-filled glovebox with oxygen and moisture concen-
trations below 1 ppm. An Autolab PGSTAT 302 N poten-
tiostat, controlled by a computer with NOVA2 software 
was used in combination with a three-electrode setup. For 
recording cyclic voltammograms (CVs), a circular plati-
num (Pt) disk electrode (4 mm diameter) embedded in 
glass served as the working electrode (WE). for electro-
deposition experiments, platinum coated silica wafers with 
titanium buffer layers (25 nm Pt) and Si-coated n-type 
InSb wafers (25  nm InSb, donor conc. 5 ×  1016  cm−3) 
with an approximate surface area of 25  mm2 were used 
as substrates. For all experiments, the counter electrode 
(CE) consisted of a graphite rod whose area was at least 
five times larger than that of the WE. Prior to perform-
ing measurements, the electrodes were ultrasonicated in 
ethanol and air-dried. Platinum electrodes were ultrasoni-
cated in ethanol; subsequently washed with hydrochloric 
acid (35%), rinsed with demineralized water and ethanol, 
and air-dried. The reference electrode (RE) was a silver/
silver(I) (Ag/Ag(I))-based electrode consisting of a glass 
tube, filled with a solution of 0.01 M silver(I) nitrate 
 (AgNO3) and 0.1  M tetraethylammonium perchlorate 
 (TEAClO4) in DMSO, in which a silver wire with a diam-
eter of 1 mm was immersed. The potential of this refer-
ence electrode for acetonitrile instead of DMO has been 
reported to be roughly +0.36 V vs. SHE. It is assumed that 
our reference electrode likely exhibits a similar potential.

For nanowire electrodeposition, AAO films on alu-
minum foil (bought from InRedox, USA) were used as 
substrates. These AAO films had a thickness of 2 μm, 
with a pore density of 1.5 ×  109  cm2. The average pore 
diameter was 120 nm. Pieces were cut and mounted in a 
sample holder (bought from Redoxme AB, Sweden) with 
a nominal aperture of 1  cm2. Prior to use, the substrates 
were immersed in a 5 wt% phosphoric acid solution to 
etch away the barrier layer of the aluminum base. The 
substrate was washed with ethanol and subsequently air-
dried. After nanowire deposition, the AAO template was 
either partly or fully etched away by immersion in a 0.5 M 
of NaOH. A glass beaker was used as the electrochemical 
cell to which 10 mL of solution was added. CVs were 
always started at the open circuit potential (OCP) and 
scanned first towards cathodic overpotentials. All CVs in 
this work are the first recorded cycle. The structural mor-
phology of the prepared deposits was studied by scanning 
electron microscopy (SEM) on a FEI Nova 600 Nanolab 
NanoSEM. Energy-dispersive X-ray spectroscopy (EDX) 
with an octane elite super silicon drift detector (Ametek 
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EDAX) was used for elemental analysis. For all measure-
ments, the acceleration voltage was 10 keV. X-ray diffrac-
tion (XRD) was measured using a Bruker D2 Phaser X-ray 
diffractometer. For FT-IR measurements, samples were 
prepared by carefully scraping off InSb films that were 
electrodeposited on wafer substrates. 200 mg of InSb and 
1.8 g of dried KBr were subsequently mixed and grounded 
using an agate pestle and mortar. Pellets were then pressed 
with a Specac 13 mm pellet die and a Specac hydraulic 
pellet press. 8 tons of pressure was applied, while applying 
vacuum (1–3 mbar) using a Pascal 2015SD vacuum pump. 
FT-IR spectra were measured in transmission mode on a 
Bruker Vertex 70 FT-IR spectrometer from 4000  cm−1 to 
400  cm−1 at a resolution of 4  cm−1.

Synthesis

Sb(NO3)3 was synthesized by mixing 0.1 M of  SbCl3 and 
0.3 M of  AgNO3 in a molar ratio of 1:3 in 10 ml of DMSO 
(1). A small excess of  AgNO3 was added to avoid the pres-
ence of chlorides in the final solution.

The mixture was filtered to remove the precipitated 
AgCl. The small amount of silver ions left in the solution 
was removed by electrolysis, by applying −0.45 V vs.  Ag+/
Ag for 24 h on a cylindrical platinum-coated mesh elec-
trode. Here, the CE and RE were a graphite rod and the  Ag+/
Ag-based electrode, respectively. The solution was stirred 
at 700 rpm. After electrolysis, a thin layer of silver metal 
was observed on the mesh electrode. The final solution was 
transparent and colorless. In(CH3SO3)3 was synthesized fol-
lowing a procedure described in our previous work [41].

Results and discussion

Cyclic voltammetry of individual precursors

To achieve electrodeposition of stoichiometric InSb, under-
standing of the electrochemical window of the solvent and 
the overpotentials at which electrodeposition of the individ-
ual components takes place is necessary. Therefore, cyclic 
voltammograms (CVs) were recorded for electrolytes com-
posed of (Fig. 1a) 0.1 M of  TEAClO4 in DMSO, (Fig. 1b) 
0.1 M of In(CH3SO3)3 in DMSO, (Fig. 1c) 0.1 M of  SbCl3 
in DMSO, and (Fig. 1d) 0.1 M of Sb(NO3)3 in DMSO. 
Both commercial  SbCl3 and self-prepared Sb(NO3)3 were 
selected as potential antimony precursors as they exhibited 
sufficient solubilities (> 0.1 M) in DMSO. The CV in Fig. 1a 
shows the electrochemical window of DMSO.  TEAClO4 was 
used here as inert background salt. The blue lines mark the 

(1)SbCl
3
+ 3AgNO

3
→ Sb

(

NO
3

)

3
+ 3AgCl ↓

cathodic and anodic limits yielding a window of 4 V. CV in 
Fig. 1b shows the electrochemical behavior of In(CH3SO)3 
in DMSO. The observed features and the corresponding 
electrochemical processes have been thoroughly discussed 
in a previous work [41]. In summary, in the cathodic wave, 
indium(III) is reduced to both indium(I) and indium metal. 
Yet, reduction to metallic indium was found to be the pre-
dominant process, corresponding to 94% of the cathodic cur-
rent efficiency. The remaining 6% is likely due to formation 
of indium(I) species. This unstable species reacts away via a 
disproportionation reaction (3In(I) → In(III) + 2In(0)). Dur-
ing stripping, indium metal is oxidized to indium(I).

The CV in Fig. 1c and d show the electrochemical behav-
ior of  SbCl3 and Sb(NO3)3 in DMSO, respectively. For both 
CVs, the onset in reduction current in the forward scan initi-
ates at −0.55 V vs.  Ag+/Ag (indicated by the green lines). 
Notably, the reduction current for the Sb(NO3)3-containing 
electrolyte increases much more abruptly. Moreover, it forms 
a nucleation loop in the backward scan, which is indicative 
of metal(loid) electrodeposition. This is not the case for the 
CV recorded for the  SbCl3-containing electrolyte. Although 
it is assumed that the processes in both CVs involve the 
reduction of antimony(III) to antimony metal, the difference 
in the cathodic current trends in the two CVs indicates a 
disparity in antimony electrodeposition. Multiple studies 
demonstrate that the electrodeposition of antimony from 
chloride-containing electrolytes can lead to the formation of 
an amorphous allotrope, “explosive antimony”, which con-
tains significant amounts of halogen impurities [42–45]. A 
possible explanation for the observed difference in cathodic 
behavior between both CVs might therefore be the formation 
of this amorphous allotrope from the chloride-containing 
electrolyte, as opposed to the formation of pure antimony 
from the nitrate-containing electrolyte. Furthermore, the 
CVs both show oxidation peaks in the backward scan, ini-
tiating at −0.50 V vs.  Ag+/Ag and −0.33 V vs.  Ag+/Ag, 
respectively. These are ascribed to the stripping of the as-
deposited antimony to antimony(III) species. The accumu-
lated charge during the cathodic waves is larger than that of 
the stripping peaks, indicating that antimony electrodeposi-
tion is not fully reversible. Possibly, antimony nuclei formed 
(an) alloy(s) with the platinum substrate, which were not 
stripped in the investigated potential region [46]. 

Electrodeposition of indium and antimony

Subsequently, it was investigated whether pure antimony 
could be electrodeposited from the electrolytes composed 
of 0.1 M of  SbCl3 in DMSO, and 0.1 M of Sb(NO3)3 in 
DMSO, respectively, by applying −1.0 V vs.  Ag+/Ag on a 
platinum substrate at 21 °C. Indium was electrodeposited 
from 0.1 M of In(CH3SO3)3 in DMSO by applying −1.6 V 
vs.  Ag+/Ag on a platinum substrate at 21 °C. The resulting 
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antimony and indium deposits were analyzed using scanning 
electron microscopy (SEM). Figure 2a and b show the SEM 
images of electrodeposited antimony from the Sb(NO3)3-
based electrolyte. The deposited film consists of triangular-
shaped microstructures that overlap with each other. This 
morphology has been reported before for electrodeposited 
antimony from both aqueous and non-aqueous electrolytes 
[47–49]. Figure 2c and d show the SEM images of elec-
trodeposited antimony from the  SbCl3-based electrolyte. 
The images show that the morphology of the deposit is a 
cracked layer with nearly no features. Only a few spheres 
can be seen from the highest magnification SEM image 
insert in Fig. 2b. It is suspected that the deposited layer is 
the “explosive antimony” allotrope, formed by incorpora-
tion of chlorides that are present in the electrolyte. Wu et al. 
reported the electrodeposition of explosive antimony from 

an electrolyte composed of  SbCl3 in ethylene glycol, and 
demonstrated that the deposits were amorphous and had 
featherlike flat structures, not completely dissimilar to the 
structures seen here [43]. Figure 2d and e show the SEM 
images of electrodeposited indium. The film is composed 
of soft interwoven structures. This film morphology is typi-
cal for electrodeposited indium, and has been reported in 
various others works [50–52]. Energy-dispersive X-ray spec-
troscopy (EDX) spectra of the three deposits are shown in 
Fig. 3. The EDX spectrum of the deposit obtained from the 
Sb(NO3)3-based electrolyte is shown in Fig. 3a, and reveals 
that this layer is composed purely of antimony. The EDX 
spectrum of the deposit obtained from the  SbCl3-containing 
electrolyte is shown in Fig. 3b, and shows that the deposit 
contains chlorine impurities. Upon scratching the deposited 
layer, white fumes were observed, indicating that amorphous 

Fig. 1  a CV of 0.1 M of  TEAClO4 in DMSO, b CV of 0.1 M of In(CH3SO3)3 in DMSO, c CV of 0.1 M of  SbCl3 in DMSO, and d CV of 0.1 M 
of Sb(NO3)3 in DMSO, recorded on a circular platinum WE, at a scan rate of 20 mV  s−1, at 21 °C
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“explosive antimony” is indeed formed. Undoubtedly, the 
formation of this metastable phase is undesirable for the 
electrodeposition of InSb. The EDX spectrum of the indium 
deposit is shown in Fig. 3c, and shows that it is without 
impurities. This is in good agreement with the results from 
our previous study.

Cyclic voltammetry of the mixed electrolyte

Since In(CH3SO3)3 and Sb(NO3)3 enable pure indium and 
antimony deposits, they are appropriate precursors for 
InSb electrodeposition. Consequently, a mixed electro-
lyte was prepared composed of 0.1 M of In(CH3SO3)3 and 
0.02 M of Sb(NO3)3 in DMSO, and investigated for the 

electrodeposition of InSb. The molar ratio of indium to 
antimony was kept at 5:1 since the CVs of the individual 
components indicate that indium(III) reduction occurs at 
significantly more negative potentials than antimony(III) 
reduction (∆Vonset ≈ 600 mV). CVs were recorded for this 
mixed electrolyte at 21 °C (Fig. 4a) as well as at 120 °C 
(Fig. 4b). In the CV recorded at 21 °C, in the forward 
scan, three features can be observed; reduction peak R1 
located at −0.82 V vs  Ag+/Ag, cathodic wave R2, start-
ing at −1.00 V vs.  Ag+/Ag, and cathodic wave R2’ start-
ing at −1.33 V vs.  Ag+/Ag, at which the cathodic current 
significantly increases. From the CVs recorded for the 
individual components, R1 and R2 can be ascribed to the 
reduction of antimony(III) to antimony and indium(III) to 

Fig. 2  a, b SEM images of 
crystalline antimony, elec-
trodeposited from 0.1 M of 
Sb(NO3)3 in DMSO. c, d, SEM 
images of “explosive antimony”, 
electrodeposited from 0.1 M 
of  SbCl3 in DMSO. e-f, SEM 
images of indium, electrodepos-
ited from 0.1 M of In(CH3SO3)3 
in DMSO. All films were 
electrodeposited on platinum 
substrates at 21 °C. Both 
antimony deposits were made at 
−1.0 V vs.  Ag+/Ag, while the 
indium was deposited at −1.6 V 
vs.  Ag+/Ag. The applied SEM 
acceleration voltage equaled 
10 keV
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indium metal, respectively. The cathodic current increase 
observed at R2’ might be a consequence of electrodeposi-
tion of spontaneously formed InSb (ΔGf° InSb = −25.5 kJ 
 mol−1), occurring at increased rates over individual indium 
and antimony electrodeposition. However, this cannot be 

stated with full certainty. In the backward scan, the oxi-
dation peaks, O1 and O2, located at −0.85 V vs.  Ag+/Ag 
and 0.08 V vs.  Ag+/Ag, can be ascribed to the stripping 
of antimony and indium, respectively. Interestingly, O1 
and O2 are notably smaller than the stripping peaks of 

Fig. 3  a EDX spectrum of 
antimony, electrodeposited from 
0.1 M of Sb(NO3)3 in DMSO, 
b EDX spectrum of “explosive 
antimony”, electrodeposited 
from 0.1 M of  SbCl3 in DMSO, 
and c EDX spectrum of indium, 
electrodeposited from 0.1 M 
of In(CH3SO3)3 in DMSO. All 
electrodeposits were made on 
platinum substrates at 21 °C. 
Both antimony deposits were 
made at −1.0 V vs.  Ag+/Ag, 
while the indium was deposited 
at −1.6 V vs.  Ag+/Ag. The 
applied SEM acceleration volt-
age equaled 10 keV

Fig. 4  CVs of 0.1 M of In(CH3SO3)3 and 0.02 M of Sb(NO3)3 in DMSO, recorded on a circular platinum WE at 21 °C a and 120 °C b, at a scan 
rate of 20 mV  s−1
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indium and antimony in the CVs shown in Fig. 1b and d. 
The subtle shoulder-like oxidation feature O1’, observed 
between O1 and O2, might be ascribed to stripping of 
formed InSb. Its formation could explain why O1 and O2 
are smaller than the observed stripping peaks in the CVs 
of the individual components. In CV recorded at 120 °C, 
in the forward scan, analogous behavior is observed to that 
of CV (a). Features R1 at −0.75 V vs  Ag+/Ag, and R2, 
starting at −1.00 V vs  Ag+/Ag are once more ascribed to 
the reduction of antimony(III) to antimony and indium(III) 

to indium, respectively, whereas R2’ could be due to elec-
trodeposition of InSb. Observed current densities are 
higher compared to those in the CV recorded at 21 °C. 
This is due to increased kinetics of the electrochemical 
reactions and the lower viscosity of the electrolyte at 
120 °C, which improves mass transport of the electroactive 
species towards the electrode. In the backward scan, O1 
occurs as a subtle shoulder-like feature, followed by oxi-
dation peak O1’, at − 0.35 V vs.  Ag+/Ag. O2 is observed 
at 0.08 V vs.  Ag+/Ag. Clearly, O1’ is much larger here 

Fig. 5  a SEM images at 
various magnifications, b EDX 
spectrum, and c XRD diffracto-
gram of InSb electrodeposited 
at −1.6 V vs.  Ag+/Ag for 1 h 
on a platinum substrate at RT 
from an electrolyte composed 
of 0.1 M of In(CH3SO3)3 and 
0.02 M of Sb(NO3)3 in DMSO. 
The applied acceleration voltage 
for EDX and SEM was 10 keV
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than in CV (a). This might be due to the more prominent 
formation of InSb at 120 °C; during the cathodic wave, a 
larger amount of indium and antimony nuclei are formed, 
grow, make contact, and spontaneously alloy, or InSb 
nuclei are directly formed [53, 54]. Consequently, in the 
backward scan, the InSb that formed is stripped, leading 
to a bigger stripping peak. The observation of this InSb 
stripping feature has also been reported by Yang et al. 
[38]. Yet, it is important to point out that just from the 
recorded CVs, it can only be speculated what the nature 
of the additional anodic and features is. Further analysis 

is required to confirm the assignment to specific electro-
chemical reactions.

Electrodeposition of InSb films

First, electrodeposition of InSb at 21 °C was investigated. 
A potential of −1.6 V vs.  Ag+/Ag was applied for 1 h. 
on a platinum substrate using an electrolyte composed of 
0.1 M of In(CH3SO3)3 and 0.02 M of Sb(NO3)3 in DMSO. 
A stirring bar was added and rotated at 400 rpm to enhance 
mass transport. The attained deposit was analyzed using 

Fig. 6  a SEM images at various 
magnifications, b EDX spec-
trum, and c XRD diffractogram 
of as-deposited InSb gener-
ated by applying −1.6 V vs. 
 Ag+/Ag for 1 h. on a platinum 
substrate at 120 °C from an 
electrolyte composed of 0.1 M 
of In(CH3SO3)3 and 0.02 M 
of Sb(NO3)3 in DMSO. The 
applied acceleration voltage for 
EDX and SEM was 10 keV
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SEM, EDX and XRD (Fig.  5). SEM images (Fig.  5a) 
reveal that a smooth film is attained. From higher mag-
nification images, it is evident that this film consists of 
spherical-like particles that are grown together forming 
cauliflower-like structures. The EDX spectrum (Fig. 5b) 
shows peaks for antimony and indium. EDX indicates an 
approximate In/Sb ratio of 51/49 atomic %. This is a good 
approximation of the true In/Sb ratio, as the ratio given by 
EDX for a commercial InSb substrate was 50/50 atomic 
%. The XRD diffractogram (Fig. 5c) shows peaks for vari-
ous InSb phases, indicating that the film is polycrystal-
line. The sharp and narrow nature of the diffraction peaks 
implies good crystallinity.

As DMSO is thermally stable over a broad temperature 
range, InSb films were also electrodeposited at 120 °C. 
Analogously to room temperature deposition −1.6 V vs. 
 Ag+/Ag was applied for 1 h. on a platinum substrate, using 
0.1 M of In(CH3SO3)3 and 0.02 M of Sb(NO3)3 in DMSO. 
The InSb film was investigated using SEM, EDX and XRD 
(Fig. 6). SEM images (Fig. 6a) reveal that the morphology 
of the film is very similar to the morphology of the deposit 
attained at 21  °C, be it slightly rougher. Cross-section 
SEM images of both deposits are shown in Fig. S1 in the 
Electronic Supporting Information (ESI). Contrary to the 
deposits at 21 °C, cracks are observed. These cracks are 
most probably the result of tensile stress caused by the dif-
ference in thermal expansion between the substrate and the 
deposited material. Since the platinum layer is very thin, 
the substrate will expand by the thermal expansion of the 
thick silicon layer. The linear thermal expansion coefficient 
of crystalline inSb (αInSb) is 5.4 ×  10−6 °C−1 whereas that 
of silicon (αSi) is 2.6 ×  10−6 °C−1. The thermal strain (εTH) 
for the InSb film on the substrate can be calculated by [55]:

with Td the temperature during deposition (120 °C) and Tm 
the temperature after cooling down (21 °C). εTH is found to 
be 2.74 ×  10−4. The positive value indeed indicates a ten-
sile stress state. Stress can also be due to electrodeposition 
of the material itself (as growth stress), and due to the lat-
tice mismatch between InSb (sphalerite crystal structure) 
and platinum (face-centered cubic crystal structure). When 
InSb is prepared via vacuum deposition techniques, a buffer 
layer is typically incorporated with a low lattice mismatch, 
resulting in strain relief and crack-free deposits. These 
buffer layers comprise of materials with sphalerite crystal 
structures, and are typically semiconductors with varying 
bandgap, or electrical insulators [56]. When using electro-
deposition, such materials are either unusable or bring along 
additional challenges. As a consequence, the vast majority of 
studies reporting on the electrodeposition of InSb use met-
als or metal alloys as substrates. Several of them have also 

(2)�TH =
(

�lnSB − �Si

)(

Td − Tm
)

reported cracks in the as-deposited InSb films and ascribed 
their occurrence to the large lattice mismatches [34]. The 
EDX spectrum (Fig. 6b) shows only peaks for antimony and 
indium. Quantitative analysis indicates an approximate In/Sb 
ratio of 51/49 atomic %. The diffractogram (Fig. 6c) shows a 
small peak for indium metal and sharp peaks for InSb at sim-
ilar angles to those of the InSb deposited at 21 °C. However, 
due to the tensile stress in the layer, all peaks are shifted 
to slightly higher 2θ values. The shifts are in the order of 
0.1–0.2 ° and are listed in Table S1 (ESI). A Williamson-
Hall plot is constructed from the XRD data of the deposits 
generated at 21 °C and 120 °C and shown in Fig. S2 (ESI) 
and discussed in the ESI.

These results indicate that InSb can indeed be elec-
trodeposited at 120 °C. Yet, the InSb films show cracks, and 
contain a small quantity of pure indium. In addition, there 
is no evidence of increased crystallinity. Elevated tempera-
ture electrodeposition of InSb from a mixed electrolyte did 
not result in films of superior quality. However, the higher 
obtained cathodic current densities resulted in a faster depo-
sition rate, which can be regarded as an advantage.

As previously indicated, small mismatch buffers are 
often used for the vacuum deposition of InSb. To test if 
the morphology would differ from that seen on platinum, 
electrodeposition of InSb was carried out on n-type InSb 
at 120 °C. Since the deposited material’s characteristics 
are identical to those of the substrate, it may be possible to 
generate deposits without cracks. Due to its small bandgap 
and the elevated working temperature, n-type InSb could be 
used as a substrate for electrodeposition as electron transfer 
is readily possible. Naturally, electrodeposition of InSb on 
n-type InSb has no real applications. This experiment was 
only performed to investigate whether changes in morphol-
ogy would be observed as opposed to the deposited films on 
the platinum substrates. Electrodeposition was performed 
under analogous conditions as before, using the 5:1 elec-
trolyte composed of 0.1 M of In(CH3SO3)3 and 0.02 M of 
Sb(NO3)3 in DMSO, and a cathodic overpotential of −1.6 V 
vs.  Ag+/Ag was applied for 1 h. at 120 °C. In Fig. 7a–c, the 
SEM images, EDX spectrum and XRD diffractogram are 
shown, respectively. The EDX spectrum shows peaks for 
indium and antimony with relative intensities similar to the 
spectra shown in Figs. 5 and 6. The In/Sb ratio equals 52/48 
atomic %. The SEM images show a smooth deposited layer, 
with a very fine morphology. Furthermore, the layer is free 
of cracks. This is explained by the identical thermal expan-
sion between the substrate and the deposited InSb as well 
as the lack of a lattice mismatch. In Fig. 7c, the diffraction 
peaks of the deposit are shown in black, and that of the neat 
substrate in red. Given the presence of several diffraction 
peaks for different orientations, it is obvious that the elec-
trodeposited InSb layer is polycrystalline and not epitaxial. 
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The deposited InSb shows no preference for the (400) orien-
tation of the n-type InSb substrate, as the overlapping peak 
at 57 ° is very small as opposed to the other peaks. This is 
due to the fast nucleation and growth happening during elec-
trodeposition at −1.6 V vs.  Ag+/Ag. Formation of deposits 
occurs at such a high rate that the orientation of the substrate 
cannot be followed. To achieve epitaxial deposition, working 
with very diluted solutions is required if a constant overpo-
tential is applied.

Electrodeposition of InSb nanowires

It was also investigated whether InSb nanowires could be 
electrodeposited using AAO substrates. It was calculated 

that a cathodic charge of −0.48 C was required to com-
pletely fill the nanopores (2 μm in height, 0.12 μm in 
diameter) in an area of 1  cm2. Also here, the electro-
lyte composed of 0.1 M of In(CH3SO3)3 and 0.02 M of 
Sb(NO3)3 in DMSO was used. A potential of −1.6 V vs. 
 Ag+/Ag was applied for approximately 1.5 h., until the 
desired charge of −0.48 C was reached. Two samples were 
generated; for one, the AAO layer was partly etched away 
whereas for the other, it was fully etched away. The sam-
ples were investigated using SEM and EDX. The result-
ing spectrum and images are shown in Fig. 8. Top view 
and side view SEM images in Fig. 8a1 and a2 show InSb 
nanowires sticking out above the partly etched away AAO. 
The SEM images in Fig. 8a3 and a4 show the released 

Fig. 7  a SEM images at various 
magnifications, b EDX spec-
trum, and c XRD diffractogram 
of as-deposited InSb generated 
by applying −1.6 V vs.  Ag+/
Ag for 1 h. on n-type InSb at 
120 °C from an electrolyte com-
posed of 0.1 M of In(CH3SO3)3 
and 0.02 M of Sb(NO3)3 in 
DMSO. The applied accelera-
tion voltage for EDX and SEM 
was 10 keV. The XRD peak 
of the monocrystalline InSb 
substrate is shown in red
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InSb nanowires. The rough matter surrounding the wires is 
attributed to undissolved alumina. Removal of undissolved 
alumina proved to be challenging. Other ways of releas-
ing the nanowires (for instance in acidic solutions) will 
be explored as part of the planned future work. The EDX 
spectrum (Fig. 8b) shows peaks for indium, antimony and 
aluminum and oxygen. The former two can be ascribed to 
the formation of InSb nanowires, whereas the latter two 
are due to the partly etched AAO.

Bandgap determination

Lastly, the bandgap Eg of the deposited InSb films at RT on 
platinum and n-type InSb was determined using a Tauc plot 
constructed from FT-IR spectra [57, 58]. Tauc plot is based 
on the following equation:

(3)(�h�)n = A∗
(

h� − E
�

)

Fig. 8  a1, a2 SEM images of 
InSb wires in a partly etched 
away AAO matrix, a3, a4 SEM 
images of fully released InSb 
wires, and b EDX spectrum of 
InSb wires. The applied accel-
eration voltage for EDX and 
SEM was 10 keV
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where � is the absorption coefficient  (m−1), h is Planck’s 
constant ( 6.6265 × 10−34 J ⋅ Hz−1 ), � is the photon frequency 
(Hz), and A∗ is the slope of the Tauc plot in the linear region. 
For allowed indirect transitions, n = 2. Transparent disks 
were prepared from the electrodeposited InSb films, for 
which FT-IR spectra were recorded between 400  cm−1 and 
4000  cm−1. These spectra are shown in Fig. S3 (ESI) The 
spectroscopic data were used to calculate the absorption 
coefficient � and photon energy h�. � was determined via:

where A = −log10(T), with A the absorbance, L the thick-
ness of the sample and T the transmittance. The (�h�)2 

(4)� = ln (10) A L−1

versus h� plot was subsequently constructed. The resulting 
curves are shown in Fig. 9. Figure 9a and b represent those 
attained from the deposits on platinum at 21 °C and 120 °C, 
respectively, whereas Fig. 9c represents that of the deposit 
on n-type InSb at 120 °C. For all curves, a good linear fit 
was obtained, indicating direct transition. From the intercept 
with the x-axis, Eg equals 0.159 ± 0.002 eV for the deposit 
on platinum at 21 °C, 0.168 ± 0.002 eV for the deposit on 
platinum at 120 °C and 0.186 ± 0.001 eV for the deposit on 
n-type InSb at 120 °C. The linear fit and the correspond-
ing values for the three Tauc plots are shown in Figs. S4, 
S5 and S6 (ESI), respectively. The obtained bandgap values 
vary slightly from the reported bandgap of InSb (0.17 eV 

Fig. 9  Modified Tauc plots of InSb films on platinum electrodeposited at a 21  °C, b 120  °C, and c from an InSb film on n-type InSb elec-
trodeposited at 120 °C
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at 26.8 °C). However, we want to emphasize that bandgap 
determination by means of a Tauc plot is crude, as the fit of 
the straight line depends on the number of points, the way 
the graph is scaled, and if Urbach tailing is considered [59, 
60]. Moreover, the Tauc’s method evaluates the bandgap of 
amorphous (or glassy) materials (in which localization of 
energy states can be assumed) but has been routinely (and 
incorrectly) applied to study crystalline and/or highly-doped 
semiconductors. More suitable methods exist to determine 
the bandgap of the crystalline semiconductors based on pho-
toluminescence or diffuse-reflectance measurements [61]. 
These methods will be used in the future to confirm the 
bandgap of the deposited InSb films and nanowires.

Conclusions

In this work, the electrodeposition of InSb films and nanow-
ires was demonstrated from a non-aqueous DMSO-based 
electrolyte. In(CH3SO3)3 and Sb(NO3)3 were used as precur-
sors, as they enabled pure indium and antimony electrodepo-
sition. Despite its use in several other InSb electrodeposition 
narratives, it was shown here that  SbCl3 is unsuitable as anti-
mony precursor, as it leads to electrodeposition of metastable 
“explosive antimony”. Mixed electrolytes were prepared with 
a 5:1 In/Sb ratio, and films and nanowires were electrodepos-
ited at an overpotential of −1.6 V vs.  Ag+/Ag. SEM, EDX 
and XRD analysis indicated that good quality, polycrystal-
line InSb films were attained on platinum at 21 °C, whereas 
cracked, polycrystalline films were attained on platinum at 
120 °C. The bandgap of these films was determined using 
modified Tauc plots and equaled 0.159 ± 0.002 eV at 21 °C 
and 0.168 ± 0.002 eV at 120 °C. Crack-free polycrystalline 
films with very fine morphology were attained on n-type InSb 
at 120 °C. The bandgap of this film was 0.186 ± 0.001 eV. 
SEM and EDX analysis also revealed that InSb nanowires 
could be electrodeposited using AAO substrates as template.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 024- 05947-x.
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