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A B S T R A C T

Temperature is an important variable in electrochemistry, increasing the operating temperature has the capac-
ity to provide significant increases in mass transport and electron transfer rates. In the case of electrodeposi-
tion, it can also allow the deposition of crystalline material which would otherwise be amorphous when
grown at lower temperatures. In this work we exploit a high boiling point, weakly coordinating solvent, o-
dichlorobenzene, to electrodeposit the p-block semiconductors antimony and antimony telluride at tempera-
tures up to 140 °C. The effect of the temperature on the morphology and crystallinity of the deposits is inves-
tigated using scanning electron microscopy, X-ray diffraction, Raman spectroscopy and optical microscopy. An
attempt is also made to rationalise the role of temperature in electrodeposition and its influence on the afore-
mentioned properties.
1. Introduction

Weakly coordinating solvents (WCSs) are of interest for semicon-
ductor electrodeposition because they are poor Lewis bases and so
do not interact strongly with the metal precursor dissolved in solution.
This is important in the electrodeposition of alloys and compounds
because solvent interference can disrupt the speciation of the metal
complex and cause variations in the deposition potential, electron
transfer kinetics and mass transport of the metals. This can greatly
complicate the process of achieving co-deposits with a controlled
stoichiometry.

Recently, dichloromethane (CH2Cl2, DCM) has been used as a WCS
to successfully electrodeposit various p-block metal semiconductors,
such as Bi2Te3 [1], HgTe [2], and Ge2Sb2Te5 [3]. However, DCM has
a low boiling point and high volatility, which can make it practically
challenging to use, and also restricts experiments to near room temper-
ature. In a recent study, o-dichlorobenzene (oDCB) was identified as a
promising WCS for the electrodeposition of semiconductors [4]. oDCB
was shown to behave electrochemically similarly to DCM, but with a
boiling point of 180 °C, much greater than the 40 °C for DCM, there-
fore allowing the possibility of electrodeposition at elevated tempera-
tures from a weakly coordinating solvent.

Electrodeposition of semiconductors at elevated temperatures is
interesting because it can improve the material properties, such as
crystallinity, of the resulting deposit. Examples of this can be found
in the literature for a variety of materials. Si was electrodeposited in
a crystalline form when heated to 80 °C in propylene carbonate [5].
Wu et al. reported the electrodeposition of crystalline Re-Ir-Ni alloys
from water at 70 °C [6], and it was also possible to electrodeposit crys-
talline MoS2 at 100 °C from ionic liquids [7], all of which were amor-
phous when grown at room temperature. Furthermore, where a
semiconductor deposits amorphously at room temperature it would
commonly be annealed to render it crystalline [8]. Electrodeposition
at elevated temperatures (of a material that grows in an amorphous
form at room temperature) would remove the need for annealing post
hoc, and is therefore an attractive capability in the field. The crys-
tallinity of the material is an important consideration in the applica-
tions of semiconductor devices because it can have significant
consequences for its electron transport properties.

Thin layers of Sb are of interest as field effect transistors [9], and
Sb2Te3 is a promising p-type thermoelectric material [10]. Both of
these applications require the presence of crystalline material. Elemen-
tal Sb and Sb2Te3 have both previously been shown to deposit amor-
phously or partially crystalline from DCM at room temperature
[11,12], and so are good candidates to investigate the role tempera-
ture has in the electrodeposition process. In the present work, anti-
mony and antimony telluride were electrodeposited onto TiN from
oDCB at various temperatures between 25 °C and 140 °C. The effect
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of temperature on the resulting deposit was monitored using scanning
electron microscopy (SEM), X-ray diffraction (XRD), Raman spec-
troscopy and optical microscopy. A transition from amorphous to crys-
talline was indeed observed for both Sb and Sb2Te3 when depositing at
higher temperatures. The deposits also became smoother and more
uniform with increasing temperature. However, the temperature ‘win-
dow’ for electrodeposition is limited by the stability of the precursors,
which appeared to decompose at the highest temperatures.
2. Experimental

2.1. Chemicals

o-dichlorobenzene, C6H4Cl2 (oDCB) (>99% Sigma-Aldrich, UK)
was dried and degassed by refluxing with CaH2 under a dinitrogen
atmosphere followed by distillation, and was stored in an ampoule
under an inert atmosphere of N2. The water content in the solvent
was measured with Karl–Fischer titration (KF 899 Coulometer
Metrohm, UK), averaging less than 30 ppm across batches of solvent.
Tetrabutylammonium chloride, [NnBu4]Cl (>99% Sigma-Aldrich,
UK) was dried by heating at 100 °C under vacuum for several hours.
Decamethylferrocene, [{C5(CH3)5}2Fe] (DMFc) (>97% Sigma-
Aldrich, UK) was purified by sublimation. Tetrabutylammonium tetra-
chloroantimonate(III), [NnBu4][SbCl4] and tetrabutylammonium hex-
achlorotellurate(IV), [NnBu4]2[TeCl6] were prepared using methods
previously described in the literature [13]. Antimony(III) telluride
lumps (99.999% Alfa Aesar, UK) for the EDX standard were used as
received. All solvents and reagents were stored in a dry, N2 purged
glovebox.

2.2. Electrodes

A Pt mesh was used as the counter electrode, the reference elec-
trode was a custom made Ag/AgCl immersed in a storage solution of
100 mM [NnBu4]Cl, separated from the electrolyte by a porous glass
frit. Substrates for electrodeposition were 20 × 10 mm thin film TiN
on Si chips with a 4 mm diameter exposed area. The substrates were
manufactured using typical microfabrication methods in a manner that
has been described previously [11]. Briefly, 200 nm thick layer TiN
was plasma sputtered onto Si/SiO2 wafers followed by the sputtering
of a 200 nm SiO2 layer. The top SiO2 layer was patterned by pho-
tolithography and half etched by plasma dry etching and removed
completely using a buffered oxide etchant. A Cr/Au 10/190 nm layer
was deposited via thermal evaporation onto the contact area to min-
imise contact resistance.

2.3. Equipment

A Philips XL30 ESEM scanning electron microscope was used to
image the deposits. Elemental composition was determined by energy
dispersive X-ray spectroscopy using a Thermo Scientific NORAN Sys-
tem 7 X-ray Microanalysis System at a working distance of 10 mm
and an accelerating voltage of 10 kV. Grazing incidence X-ray diffrac-
tion patterns were collected using a Rigaku SmartLab thin film (9 kW)
diffractometer (Cu-Kα, λ = 1.5418 Å) with a parallel incident beam at
an angle of 1° and Hypix-3000 detector. Phase identification was per-
formed with the Rigaku PDXL-2.8.4 package (Rigaku Corporation,
Japan) and diffraction patterns from the Inorganic Crystal Structure
Database (ICSD, FIZ Karlsruhe GmbH, Germany). Instrumental line
broadening was corrected using a LaB6 external standard. Raman spec-
troscopy was performed using a Renishaw InVia microscope coupled
to a 785 nm laser at a power of 0.1 mW. An exposure time of 15 s
was used with 10 accumulations. Data was collected with WiRE 4.1
software (Renishaw plc, UK). Optical microscopy was performed using
a Nikon LV100ND (Nikon Metrology, UK) in bright field mode with
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episcopic illumination. Images were captured using NIS Elements soft-
ware (Nikon Instruments, UK) with added EDF module. Mass spec-
trometry was performed using a Waters Acquity Platform UHPLC-MS
with electrospray ionisation in MeCN. All data was analysed with Ori-
gin 2020 (Origin Lab, USA).

2.4. Electrochemical measurements

All glassware was cleaned by soaking in Decon 90 (Decon Labora-
tories Ltd., UK) for at least 24 h, followed by rinsing with ultrapure
water, 0.055 µS cm−1 and then dried in an oven for a further 24 h.
Experiments at elevated temperatures necessitated a novel cell design.
The potential of the reference electrode is temperature sensitive and so
a ‘non-isothermal’ cell was used based on an approach taken by Wea-
ver [14], fabricated in the School of Chemistry glass workshop at the
University of Southampton. In this design the cell is composed of two
compartments, one containing the WE and the CE that is heated, and a
separate compartment housing the RE that remains at room tempera-
ture. A schematic is given in the SI. The main compartment was jack-
eted with silicone oil (Alfa Aesar, UK). Heat was provided by a RCT
digital hot plate (IKA, UK) with the temperature in the cell controlled
with a PT1000.90 temperature sensor (IKA, UK). The WE and CE were
fed through GL14 ports, and sealed with silicone rubber sealing rings
with a PTFE washer (DWK Life Sciences, Germany) held in place with
apertured PBT screw caps (DWK Life Sciences, Germany). The elec-
trolyte was prepared in a glovebox (Belle Technology, UK) under an
inert atmosphere of N2 in the presence of <5 ppm O2 and H2O. The
cell was then loaded, sealed, removed from the glovebox and con-
nected to an Ar gas line, with a gas bubbler fitted to the cell. Ar was
flowed whilst heating to maintain an inert atmosphere, and then
switched off during experiments. Measurements were performed with
a PGSTAT µIII (Metrohm Autolab, UK) potentiostat. Data was recorded
with NOVA 1.11 (Metrohm Autolab, UK).

3. Results and discussion

3.1. Temperature effects on redox potential

The ‘non-isothermal’ cell design employed here ensures that the
potential of the RE remains unaffected by any enforced changes in
temperature and therefore that good control over the potential can
be maintained during electrodeposition experiments at elevated tem-
peratures. Furthermore, in a non-isothermal cell design the change
in the measured redox potential of a couple with temperature,
dE1=2=dT, consists of three components:

dE1=2

dT
¼ dEtlj

dT
þ dET

dT
þ dErc

dT
ð1Þ

where Etlj is the thermal liquid junction potential (tlj), arising because
of the potential difference between heated and unheated sections of the
cell and ET is the potential difference caused by the Thompson effect; a
thermoelectric effect arising from the temperature differential in the
working electrode wire [14–16]. Erc is then the contribution from the
redox couple under investigation. The tlj has been measured in aqueous
electrolytes using a similar non-isothermal cell arrangement and values
were generally less than 25 µV K−1 [15]. Similar information is not
available for non-aqueous electrolytes but the magnitude can be
assumed to be similar. The Thompson coefficient for Pt is 6 µV K−1

[14], suggesting that shifts associated with these effects will be mini-
mal. Since ΔG = nFE,

nFE ¼ TΔS� ΔH ð2Þ
and if Etlj and ET are negligible then [16]

dE1=2

dT
¼ ΔSrc

nF
ð3Þ



Table 1
Temperature dependence of the redox potential of DMFc in oDCB and associated
experimental and theoretical reaction entropies. Experimental values are the
average of three repeats with the error the standard deviation.

d E1/2 / dT / mV K−1 ΔSrc(exp) / J K−1

mol−1
ΔSrc(calc) / J K−1

mol−1

oDCB 0.50(3) 48(3) 49

Fig. 2. Voltammograms of 3 mM [NnBu4][SbCl4] and 100 mM [NnBu4]Cl at a
4 mm dia. TiN WE in oDCB at 25 °C. Scan swept from 0.5 V vs. Ag/AgCl at
100 mV s−1 in the direction indicated by the arrows. CE: Pt mesh, RE: Ag/
AgCl.
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It important to confirm that the design of our cell is successful at
containing the heating to the main compartment and that Etlj and ET
can be ignored. This was achieved with the use of decamethylfer-
rocene (DMFc) as a model redox couple. The redox potential of DMFc
was measured as a function of temperature in oDCB between 25 and
120 °C and a representative plot of E1/2 vs. T is given in Fig. 1. Repre-
sentative voltammograms are also shown in Fig. S2. A good linear rela-
tionship between redox potential and temperature is observed, and the
resulting ΔSrc can be found in Table 1. ΔSrc can also be predicted using
the Born equation [16]:

ΔSrc ¼ � NAe2

8πɛ0ɛrri
@ ln ɛr
@T

z2ox � z2red
� � ð4Þ

where NA is Avogadro’s number, e is the elementary charge, ε0 is the
permittivity of free space, εr is the dielectric constant, ri is the radius
of the species, @ ln ɛr=@T is the change in dielectric constant of the sol-
vent with temperature and z is the charge of the oxidised and reduced
species. The van der Waals radius, from the van der Waals volume, was
used as ri for DMFc with a value of 0.42 nm [17]. It was also assumed
that the radius is the same in the oxidised and reduced forms [18]. εr of
oDCB at 25 °C is 9.9, and @ ln ɛr=@T was taken as −0.00297, both from
Ref. [19]. As can be seen, there is good agreement between theory and
experiment, indicating that the cell is truly ‘non-isothermal’. Although,
such close agreement is likely to be fortuitous, since there are uncer-
tainties in both ri and @ ln ɛr=@T. No literature measurements could be
found for oDCB, although Noviandri et al. reported values in dichloro-
methane and 1,2-dichloroethane, two similarly weakly coordinating
solvents, of 13 J K−1 mol−1 and 59 J K−1 mol−1 respectively [20].
These are of a similar order to the value obtained here, and support
the conclusions from the Born estimate.

3.2. Antimony electrodeposition

Fig. 2 shows a voltammogram of 3 mM [NnBu4][SbCl4] at a TiN
electrode at 25 °C. Scanning negatively, a reduction current is
observed, beginning at approx. −1.2 V vs. Ag/AgCl which can be
attributed to the electrodeposition of Sb. This results in a peak at ca.
−1.6 V, followed by the onset of electrolyte breakdown at −2 V.
On the return scan the current crosses the x-axis at−0.5 V and a small
amount of stripping occurs. There are no major changes to the voltam-
metry on subsequent scans.
Fig. 1. Representative plot of the variation of E1/2(DMFc) with temperature in
oDCB.
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Depositions were performed at −1.8 V, corresponding approxi-
mately to the peak in the voltammogram above. Depositions were per-
formed with a cut-off charge, which corresponded to the charge passed
after a 30 min deposition at 25 °C. A voltammogram of [NnBu4][SbCl4]
was also recorded at 100 °C (see Fig. S3) to assess any changes in the
crossover potential for Sb deposition and stripping. The potential
shifted by less than 100 mV, and so it can be assumed that the overpo-
tential for deposition remained constant with temperature.

SEM images of the deposits collected at each temperature are
shown in Fig. 3. At 25 °C, the deposits grow as a compact film with
clumps of Sb dispersed over the surface. As the temperature increases,
the film becomes smooth and homogeneous. Finally at 140 °C, Sb
grows primarily as small islands on top of the electrode. This therefore
shows a significant improvement in the quality of the morphology of
the film, simply by increasing the deposition temperature and without
the need for additives.

The average deposition current density, jd,av, was also calculated
for the depositions at each temperature. The average deposition cur-
rent density gives an indication of the average rate of mass growth dur-
ing the deposition process. More common calculations of thickness
were avoided because they carry with them assumptions, e.g. 100%
Faradaic efficiency, or a compact film, that could not be verified here.
Table 2 shows jd,av for the deposits at each temperature. The rate of
deposition increases with temperature up to 120 °C, as would be
expected since the rate of mass transport increases. However, this then
decreases for the deposit collected at 140 °C. It is possible this is
caused by a decrease in the concentration of the Sb precursor and this
is discussed further below.



Fig. 3. SEM images of Sb deposited at varying temperatures onto a TiN substrate from oDCB containing 3 mM [NnBu4][SbCl4]. Scale bar represents 10 µm.

Table 2
Average deposition current density and quantitative XRD analysis for the deposition of Sb at various temperatures onto a 4 mm dia. TiN substrate from oDCB
containing 3 mM [NnBu4][SbCl4]. aObtained using the Scherrer method. bObtained using the Halder-Wagner method. cICSD 64695.

Temperature / °C jd,av / µA cm−2 a = b / Å c / Å Average crystallite size / Å

25 43 4.25(5) 10.4(7) 11(1)a

80 578 4.36(15) 11.5(5) 22(2)a

100 791 4.27(14) 10.4(2) 23(3)a

120 878 4.24(4) 11.1(2) 94(24)b

140 488 4.31(1) 11.3(1) 233(30)b

Lit.c 4.31 11.3

Fig. 4. XRD patterns of Sb electrodeposited on TiN at varying temperatures from oDCB containing 3 mM [NnBu4][SbCl4]. Black: 25 °C, red: 80 °C, blue: 100 °C,
green: 120 °C, brown: 140 °C. Bottom panel shows in black the literature pattern for Sb (ICSD 64695), and in red TiN (ICSD 152807). Offset is arbitrary and added
for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4 shows XRD patterns from the Sb deposited at each tempera-
ture. At 25 °C a single broad peak associated with the deposit can be
observed at ca. 28°, which corresponds to the primary diffraction peak
of elemental Sb. The calculated lattice parameters in Table 2 show
good agreement with the literature values for Sb [21]. The shape of
the peak suggests that the material is amorphous, as reported by
Reeves et al. when deposited from DCM [11]. This is also indicated
4

by the small average crystallite size estimated from the Scherrer equa-
tion, also in Table 2. Up to 100 °C the XRD pattern does not change
significantly with increasing temperature, suggesting that whilst the
morphology of the deposit is changing, the temperature is having a
negligible effect on the crystallinity of the deposited Sb. This is also
reflected in the average crystallite sizes, which remain effectively con-
stant. At 120 °C however, a defined peak at 28° appears, and minor



Fig. 6. Voltammograms of 1.5 mM [NnBu4][SbCl4] and 3 mM [NnBu4]2[-
TeCl6] with 100 mM [NnBu4]Cl at a 4 mm dia. TiN WE in oDCB at 25 °C. Scan
swept from 0.5 V vs. Ag/AgCl at 100 mV s−1 in the direction indicated by the
arrows. CE: Pt mesh, RE: Ag/AgCl.
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diffraction peaks of Sb can also be observed. Then upon heating to
140 °C a far more intense peak occurs, and the large crystallite sizes
indicate that Sb was deposited in a crystalline form.

Raman spectroscopy is complementary to XRD data. Raman active
materials display peaks at positions unique to the material and there-
fore can be used to identify the presence of a particular material. Lit-
erature reports indicate that crystalline Sb shows Raman peaks at
115 cm−1 and 150 cm−1, corresponding respectively to the TO and
LO Raman modes [22]. Raman spectra of the collected Sb electrode-
posits are shown in Fig. 5. For the deposits at 25, 80 and 100 °C, no
such peaks occur, and instead a large broad peak with maxima at
143, 140 and 142 cm−1, respectively are present in each spectrum,
along with a smaller peak at ca. 80 cm−1. Cheng et al. reported Raman
spectra of amorphous antimony thin films which displayed a peak at
approx. 145 cm−1 and a small hump at ca. 95 cm−1 [23], similar to
that observed here. Since the expected peaks for crystalline antimony
are not observed, this corroborates the evidence from XRD that the
deposits are amorphous. At 120 °C, a peak is now present at
149 cm−1, along with a shoulder at lower wavenumber, suggesting
the presence of partially crystalline Sb. Finally at 140 °C, two peaks
can be observed at 110 and 149 cm−1, clearly showing the presence
of crystalline Sb.

To summarise, on increasing the temperature from 25 to 140 °C for
the electrodeposition of Sb the morphology of the deposit changes as
seen by SEM and the deposit changes from amorphous to crystalline
as determined by XRD and Raman.

3.3. Antimony telluride electrodeposition

Turning to the electrodeposition of Sb2Te3, Fig. 6 shows a voltam-
mogram of a mixed Sb3+ and Te4+ electrolyte in oDCB. Scanning
cathodically, reduction begins at ca. −1.2 V, similar to Sb in Fig. 1
above, therefore presumably corresponding to the onset of Sb deposi-
tion. An increase in reduction current then occurs, possibly indicating
the start of Te deposition. On the reverse sweep little metal stripping
appears to take place, as evidenced by the lack of oxidation current,
as with Sb also. No significant changes to the voltammetry occur on
subsequent scans.

Antimony telluride was electrodeposited at increased temperatures
from oDCB containing 1.5 mM [NnBu4][SbCl4] and 3 mM [NnBu4]2[-
Fig. 5. Raman spectra of Sb electrodeposited at varying temperatures onto TiN fro
laser and intensity normalised by ymax. Black: 25 °C, red: 80 °C, blue: 100 °C, g
interpretation of the references to colour in this figure legend, the reader is referr
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TeCl6] at −1.75 V vs. Ag/AgCl, conditions which gave stoichiometric
Sb2Te3 at room temperature. Assuming once again that the overpoten-
tial for deposition does not change significantly with temperature.

Fig. 7 shows the effect of temperature on the composition of the
resulting co-deposits. At 40 °C the composition remains unchanged
from that at 25 °C, however as the temperature increases further, the
Sb composition in the deposit decreases approximately linearly with
temperature. Deposition was not attempted at temperatures>120 °C
due to the apparent decomposition of the electrolyte (see below).

Inspection of the Sb-Te phase diagram indicates that stoichiometric
Sb2Te3 forms at a narrow composition range around 40% Sb [24]. For
alloys with Sb compositions less than 40%, the additional Te precipi-
tates as elemental Te. Meaning that the deposits collected at 80 and
120 °C are likely a combination of Sb2Te3 + Te.
m oDCB containing 3 mM [NnBu4][SbCl4]. Collected using 785 nm excitation
reen: 120 °C, brown: 140 °C. Offset is arbitrary and added for clarity. (For
ed to the web version of this article.)



Fig. 7. The effect of temperature on the composition by EDX of antimony
telluride electrodeposited onto TiN from oDCB containing 1.5 mM [NnBu4]
[SbCl4] and 3 mM [NnBu4]2[TeCl6]. Values are the average composition of
three locations on the deposit and the error the standard deviation. Horizontal
line indicates the composition of a commercial standard.
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To investigate whether the change in deposit composition was
directly caused by the change in temperature itself, or was an indirect
result of another process such as precursor decomposition, the elec-
trolyte was heated to 80 °C, then cooled back to 25 °C and a deposit
collected. This was then repeated for 120 °C. Compositional analysis
by EDX gave Sb content of 36 ± 2% and 36 ± 1% for the deposits
heated to 80 °C and 120 °C respectively. The Sb/Te ratio is in agree-
ment with that observed without heating, showing that the electrolyte
is unaffected by being heated up to 120 °C. This is an important result
because it indicates that the temperature is directly affecting the com-
position of the electrodeposited compound. It appears possible to
rationalise this phenomenon in terms of Plieth’s kinetic ‘kink site’
model [25]. This is based on the concept of residence times in so called
kink sites. According to this model, during the process of alloy elec-
trodeposition the reduced metal atoms pass through an intermediate
stage where they reside at a kink site. Once at the kink site, the atom
can become incorporated into the metal lattice by arrival of more
reduced atoms or it can separate from the kink site and return to the
electrolyte. The arriving atom can be the same as, or different from,
the atom residing in the kink site and the residence time is then
defined as the average time that the new atom spends in each of the
possible kink sites. If the residence time of the newly reduced atom
is longer in a kink site with a native atom than in a kink site with its
counterpart in the alloy, then a solid solution forms. If the opposite
is true, alloy or compound formation is favoured. The ratios of the dif-
ferent residence times then give an indication of the relative prefer-
ence of an atom for association with itself. In the Sb/Te system
studied here, it is possible that the residence times of the reduced Sb
and Te atoms are changing with temperature. The results are consis-
tent with the residence time of the Te atom in a Te kink site increasing
relative to its residence time in a Sb kink site with increasing
temperature.

Despite changes in the composition of the deposits, they appear to
display improvements in their material properties. The morphology of
the deposits become smoother and more uniform with increasing tem-
perature in a similar fashion to Sb above, as evidenced by SEM images
in Fig. 8. Up to 80 °C, the deposits appear as isolated clumps of mate-
6

rial on the substrate, whereas at 120 °C a uniform and continuous film
forms.

The deposits were additionally studied with XRD, with patterns
shown in Fig. 9. Sb2Te3 and Te have major diffraction peaks in similar
positions meaning that it is not possible to distinguish the diffraction
of Sb2Te3 from the signal arising from the additional elemental Te in
the deposit. The patterns were indexed with both antimony telluride
and tellurium, with the calculated lattice parameters of Sb2Te3 given
in Table 3. Also shown in Table 3 are the average crystallite sizes from
the peaks. These become larger with increasing temperature, suggest-
ing that the crystallinity of the electrodeposited material improves
when deposited at increased temperatures.
3.4. The effect of temperature on deposit roughness

Inspection of the SEM images of the deposited Sb and SbxTey in
Figs. 3 and 8 above show that, qualitatively, they appear to become
smoother with increasing temperature. For certain applications, such
as in bright nickel, tin or chromium electroplating for decorative pur-
poses, having smooth metal films is a highly desirable property and is
usually achieved with use of addititives [26]. The extended depth of
focus (EDF) feature of an optical microscope was used to study this fur-
ther and attempt quantitative analysis. An EDF image is obtained by
capturing images at several distances along the z axis which are then
stitched together to form a single image where the entire surface is
in focus at all distances in the z direction. A common approach to
roughness measurements is with atomic force microscopy (AFM) or
profilometers such as a digital holographic microscope. These
approaches require equipment far more specialised than a simple opti-
cal microscope and, in the case of AFM, only sample a small area that
is not necessary representative of the entire surface of the material.
EDF images were obtained for Sb and SbxTey samples deposited at
25 and 120 °C in representative locations, with a z axis resolution of
50 nm. The as collected images are given in Figs. S4–S7, these can then
be converted into 3D height maps which are shown in Figs. S8–S11.
The EDF images sample an area of 4000–5000 µm2, much greater than
the 10–100 µm2 measured using AFM. Use of optical methods natu-
rally also come with a loss in resolution, however it is still possible
to observe macroscale changes in the surface of the deposits.

A cross-sectional z profile can also be obtained from the EDF
images, shown in Fig. 10. This gives an indication of the change in
height across the surface of the deposits. A plane representative of
the whole EDF image was chosen as the location for the cross-section.
Qualitatively, it is clear that there is significantly less variation for
both Sb and SbxTey when deposited at elevated temperatures. The
standard deviation of the average heights, σ, along with the differ-
ences, Δz, between the maximum and minimum points in the profile
are given in Table 4. As can be seen, both decrease by approximately
a factor of 4 for Sb and SbxTey as a result of increasing the deposition
temperature, demonstrating that electrodeposition at elevated temper-
atures does indeed lead to smoother deposits, and quantitatively sup-
porting the conclusions implied by the SEM images in Figs. 3 and 7.
3.5. The effect of temperature on the chemistry of the electrolyte

Since there was evidence to suggest changes in the nature of the
electrolyte components with temperature (see above), the stability of
the electrolyte components was studied to investigate the effect of
temperature on their chemistry. Individual solutions of 100 [NnBu4]
Cl, 3 mM [NnBu4][SbCl4] and 3 mM [NnBu4]2[TeCl6] in oDCB were
prepared, heated to 140 °C, and then analysed.

For the solution of [NnBu4]Cl, mass spectrometric (MS) analysis
was performed after heating. The results indicated the presence of [Nn-
Bu4]+ as expected, but also [NnHBu3]+. This could have formed as a
result of a Hoffmann elimination of the [NnBu4]+ cation, with the pro-



Fig. 8. SEM images of SbxTey deposited at varying temperatures onto a TiN substrate from oDCB containing 1.5 mM [NnBu4][SbCl4] and 3 mM [NnBu4]2[TeCl6].
Scale bar represents 10 µm.

Fig. 9. XRD patterns of antimony telluride electrodeposited at various temperatures onto TiN from oDCB containing 1.5 mM [NnBu4][SbCl4] and 3 mM
[NnBu4]2[TeCl6]. Black: 25 °C, red: 40 °C, blue: 80 °C, green: 120 °C. Bottom panel shows in black the literature pattern for Sb2Te3 (ICSD 2084) and in red TiN
(ICSD 152087). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Growth rate and crystal structures refined from XRD patterns of antimony telluride electrodeposited at various temperatures onto TiN from oDCB. a ICSD 2084. b

calculated using the Scherrer method. c calculated using the Halder-Wagner method.

Temperature / °C jd,av /µA cm−2 a = b / Å c / Å Average crystallite size / Å

25 5 4.28(4) 31.1(3) 21(3)b

40 30 4.23(6) 30.7(4) 23(1)b

80 82 4.28(2) 30.2(2) 55(3)c

120 213 4.28(2) 30.8(1) 56(12)c

Lit.a 4.26 30.5
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ton possibly originating from the ionisation process, and suggests the
supporting electrolyte decomposes at the highest temperatures.

With [NnBu4][SbCl4], whilst the Sb-121 isotope is NMR active, its
large quadrupole moment means that other than in a spherically sym-
metrical environment (such as the [SbCl4]- anion itself), fast quadrupo-
lar relaxation usually results in resonances not being observable. As
such, there are no readily available methods of directly studying the
metal centre as a function of temperature. Instead, an indirect electro-
chemical approach was used. Voltammograms were recorded, and
electrodeposition attempted, before and after heating to 140 °C.
Fig. 11 shows CVs at a TiN WE of the electrolyte at 25 °C with no prior
heating, at 140 °C, and upon cooling the cell back to 25 °C. The initial
voltammogram appears similar to that in Fig. 1 above, as would be
expected. At 140 °C, reduction and oxidation are present, which are
presumably still the deposition and stripping of Sb, however the defi-
nition of the peaks is lost. Finally, when the electrolyte was cooled
7

back to 25 °C the voltammogram appeared significantly different from
the CV of a sample that had not been heated. There was no evidence of
any material on the electrode surface by SEM (Fig. S12), indicating
that heating to 140 °C causes irreversible changes to the Sb precursor,
which ultimately prevents its electrodeposition. To demonstrate that
the effect is directly associated with the [SbCl4]- precursor, an elec-
trolyte containing 100 mM [NnBu4]Cl and oDCB was heated to 140 °
C, cooled to 25 °C and then 3 mM [NnBu4][SbCl4] was added. The sub-
sequent voltammogram and SEM image of the resulting deposit are
shown in Fig. S13. Interestingly, both the voltammogram and the
deposit morphology appear to differ from an unheated electrolyte, per-
haps associated with the reactions of the supporting electrolyte above.
Nevertheless, a nucleation loop can be observed, indicative of the
redox active Sb3+ species, and the electrodeposition of elemental Sb
is still possible. The exact mechanism of the decomposition of [SbCl4]-

is difficult to ascertain. The Sb-species in the electrolyte is soluble;



Fig. 10. Cross-sectional z profile of a) Sb and b) SbxTey electrodeposited at 25 °C and 120 °C from oDCB. Obtained from an optical extended depth of focus image
with a z resolution of 50 nm. Height is normalised by the minimum value of each profile.

Table 4
Effect of temperature on quantitative measurements of the height profile of
electrodeposited Sb and SbxTey from oDCB. a standard deviation of the average
height from a segment of the deposit. b difference between maximum and
minimum points.

Temperature / °C σa / µm Δzb / µm

Sb 25 0.17 0.96
120 0.04 0.20

SbxTey 25 0.21 0.96
120 0.05 0.24

Fig. 11. The effect of heating on voltammograms of 3 mM [NnBu4][SbCl4]
and 100 mM [NnBu4]Cl at a 4 mm dia. TiN in oDCB. Scan swept from 0.5 V vs.
Ag/AgCl at 100 mV s−1 in the direction indicated by the arrows. CE: Pt mesh,
RE: Ag/AgCl.
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since no precipitate was observed, but is not redox-active, as no signif-
icant quantity of elemental Sb can be electrodeposited from it.

Finally, [NnBu4]2[TeCl6] was observed to decompose at tempera-
tures above 120 °C. A black precipitate formed which, when removed
for further analysis, was confirmed by EDX analysis to be elemental Te.
A representative SEM image and EDX spectrum can be found in
Fig. S14. Te4+ in solution appears to be reduced to Te0, although it
is not clear what the reducing agent is.
8

4. Conclusions

oDCB was used to study the effect of temperature on the electrode-
position of antimony and antimony telluride. SEM images indicated
that the deposits became smoother and more homogeneous as the tem-
perature increased. Deposition at higher temperatures also improved
the crystallinity of the resulting deposits, as evidenced by XRD
analysis.

The antimony content in antimony telluride co-deposits decreased
with increasing temperature, and it was no longer possible to elec-
trodeposit stoichiometric Sb2Te3. This was attributed to changes in
the relative affinity of freshly reduced Sb and Te atoms for themselves
or the complementary metal in the alloy with temperature. Since the
electrolyte remains unaffected by temperature up to 120 °C, in princi-
ple it will be possible in the future to optimise the ratio of the precur-
sor concentrations for a given temperature. This will permit the
electrodeposition of stoichiometric material with the additional bene-
fits of using elevated temperatures.

At the highest applied temperature of 140 °C, the [SbCl4]- anion
appeared to decompose, which affected its ability to electrodeposit
Sb. This also appeared to cause a change in the morphology of the
deposited material. This may limit the broader applicability of this
electrolyte system for the electrodeposition of crystalline
semiconductors.

Finally, for a given material it remains unclear on a microscopic
level why exactly increasing the operating temperature causes a
change from deposition of amorphous materials to crystalline materi-
als and over what temperature range this transition will take place.
There does not appear to be a satisfactory explanation for this phe-
nomenon in the literature. It may, however, be possible to gain insight
from knowledge on the mechanisms of crystallisation [27]. Here, the
transition from amorphous to crystalline is treated as a thermally-acti-
vated process, meaning the rate of crystallisation follows an Arrhenius
type relationship with an associated activation energy of crystallisa-
tion [28]. Therefore when the bath temperature is increased, a greater
proportion of the reduced atoms are able to overcome the activation
energy of crystallisation and so the deposit adopts a crystalline form.
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