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A B S T R A C T   

In this paper we report the use of Na3[SbS4].9H2O as a single source precursor for the electrodeposition of Sb2S3 
from aqueous electrolyte at pH 9.1. We present the electrochemistry of the [SbS4]3− anion and the redox pro
cesses observed for the deposited Sb2S3 film. We show that an amorphous Sb2S3 film can be deposited by anodic 
electrodeposition onto glassy carbon and that the by-product that accompanies this deposition can be avoided by 
using a suitable pulse plating approach. Raman spectroscopy and grazing incidence X-ray diffraction were used 
to characterise the deposits and to show that good quality crystalline films of Sb2S3 are produced on annealing. 

The crystalline Sb2S3 films were screened for application in Resistive Random-Access Memory, and it was 
demonstrated that crystalline Sb2S3 films display typical bipolar resistive switching behaviour, and that the 
resistance ratio between the high resistance state and the low resistance state is approximately one order of 
magnitude at 1.5 V, which is sufficient for memory applications. A mechanism for the resistive switching is also 
proposed.   

1. Introduction 

The antimony chalcogenide family (Sb–S, Sb–Se, and Sb–S–Se) has 
garnered a significant level of attention in recent years, with Sb2S3 in 
particular being regarded as a very promising material. Sb2S3 has a band 
gap of approximately 1.7 eV and a high absorption coefficient, which 
makes it an attractive candidate for use in light sensitizers in both solar 
cells and photoelectrochemical devices [1–6]. Furthermore, with a 
theoretical capacity of 946 mA h g− 1, Sb2S3 has also attracted interest as 
a possible anode material for Li-ion and Na-ion batteries, and with a 
maximum specific capacitance of 248 F g− 1, it could be used for 
supercapacitor applications [7–11]. In addition, antimony and sulfur are 
quite abundant elements, and Sb2S3 possesses a relatively low toxicity 
and a good stability against air and moisture [2,12,13]. As such, the 
development of effective Sb2S3 film preparation protocols is of great 
interest. 

A range of different methods for Sb2S3 film preparation have been 
reported in the literature. Examples include atomic layer deposition 
[14], sputtering [15], spin coating [16], chemical bath deposition [17], 

and electrodeposition [18–21]. Electrodeposition in particular is an 
appealing approach for materials deposition, owing to its simplicity, 
high tunability, and its potential to be much more economical than other 
deposition techniques [22,23]. While electrodeposition has already 
been reported in the literature to be an effective way to prepare Sb2S3 
films, all existing reports of Sb2S3 electrodeposition make use of two or 
more precursor salts, which can add both complexity and cost to the 
process [18–21]. Furthermore, all previously reported Sb2S3 electrode
position methods required cathodic potentials and acidic electrolytes, 
which can limit substrate options and scale-up [18–21] 

Resistive random-access memory (RRAM) devices are considered as 
one of the most promising candidates for next generation non-volatile 
memory applications due to their unique characteristics, such as high 
switching speeds, low power consumption, and long data retention and 
endurance capabilities [24–29]. Resistive switching has been observed 
in oxides, chalcogenides, organic, and organic-inorganic hybrid mate
rials [30]. We have also previously reported the resistive switching 
behaviour from an electrodeposited Te-rich GeSbTe based memory de
vice [24]. To the best of our knowledge there are no studies on the 
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fabrication of resistive switching memory devices based on electro
deposited Sb2S3. 

In this work, we investigate the electrochemistry of the [SbS4]3−

anion in aqueous solution and use the findings to develop a protocol that 
allows for the deposition of an amorphous Sb2S3 film, which can then be 
crystallised by annealing. This procedure for Sb2S3 electrodeposition 
uses a single source precursor, anodic potentials, and non-acidic con
ditions. The resulting crystalline Sb2S3 films were then screened for 
RRAM applications, and it was found that they demonstrate typical bi
polar resistive switching behaviour and that the resistance ratio between 
the high resistance state (HRS) and the low resistance state (LRS) is 
approximately one order of magnitude at 1.5 V, which is adequate for 
use in a memory device. The resistive switching mechanism is then 
shown to occur via the solid-state electrolyte effect. 

2. Experimental 

2.1. Preparation of Na3[SbS4].9H2O precursor 

Na3[SbS4].9H2O was prepared using the literature method [31]. 
Sb2S3 (7.50 g, 2.20 mmol, from Sigma Aldrich) was added to a beaker 
and mixed with 60 mL of 20% (w/w) NaOH in water. Sulfur (4.24 g, 
13.0 mmol) was added to this solution, the mixture was boiled while 
stirring until the solution changed from an orange-red colour to yellow. 
The volume of the resulting solution was reduced by half and allowed to 
cool to room temperature. After approximately 16 h, yellow crystals 
formed. The resultant crystals were collected and washed with isopropyl 
alcohol (3 × 20 mL) and diethyl ether (3 × 20 mL) and then dried in 
vacuo. Yield 7.30 g (76%). IR (Nujol/cm− 1): ν = 390 s (Sb-S). Raman 
(cm− 1): ν = 378, 363 (Sb-S). 121Sb NMR (D2O, 298 K): δ = 1033 
([Sb-S4]3− ). The zero reference for the 121Sb NMR spectroscopy was 
[nBu4N][SbCl6]. 

2.2. Characterisation of the precursor’s electrochemistry and 
electrodeposition 

All electrochemical characterisation experiments were carried out in 
a three-electrode cell. For voltammetry, the working electrode (WE) was 
a 3 mm diameter glassy carbon disc electrode that had been polished in a 
1 μm alumina slurry before use. For electrodeposition, in order to obtain 
deposits that can be annealed, the WE was a glassy carbon plate (HTW 
Hochtemperatur-Werkstoffe GmbH) with its geometric surface area 
constrained to 0.50 cm2. The counter electrode was a platinum rod with 
a surface area far exceeding that of the WE, and the reference electrode 
was a saturated calomel electrode (SCE). All potentials in this report are 
referenced against SCE. The background electrolyte was always 100 mM 
sodium citrate tribasic dihydrate (Sigma Aldrich) in ultrapure water 
(18.2 MΩ cm, Pur1te). The background electrolyte had a pH of 8.3, 
which became 9.1 upon the addition of 2 mM equivalent of Na3[SbS4]. 
All electrolytes were deoxygenated by bubbling with Ar before any 
electrochemical measurements. SbCl3 (≥99.0%) was obtained from 
Sigma-Aldrich. 

For comparison, Sb2S3 was also electrodeposited by holding a glassy 
carbon electrode at − 0.6 V vs SCE in a solution of 2 mM SbCl3 (≥99.0%, 
Merck), 10 mM sodium thiosulfate pentahydrate (>99%, Fisher Chem
ical), and 100 mM citric acid (≥99.7%, AnalaR) for 10 min. This 
approach is based on the established methods of electrodepositing Sb2S3 
(separate precursors for S and Sb, acidic conditions, cathodic potentials) 
[19–21]. 

Electrochemical experiments were recorded using an Autolab 
PGStat30 potentiostat running NOVA 1.11.2 software. 

For drop casting, a high-power ultrasonic probe was used to disperse 
2 mg of Sb2S3 powder in 1 mL of 25% isopropyl alcohol/75% ultrapure 
water (by volume). 5 μL of this dispersion was then pipetted onto the 
surface of a GC disc electrode and the electrodes were left until the 
water/alcohol mixture had evaporated. It was found that neither carbon 

powder nor a binding agent was required to achieve an Sb2S3 loading on 
GC that yielded a useful and reproducible voltammogram. 

For electrodeposition onto glassy carbon plates, the potential on the 
plate was held at 1 V vs SCE for 600 s in 2 mM Na3[SbS4] in 100 mM of 
background electrolyte. 

For pulse plating, the potential was stepped to 0.4 V vs SCE for 1 s, to 
− 0.95 V vs SCE for 1 s and then to − 0.3 V vs SCE for 1 s. 60 sets of steps 
in total were used for the electrodeposition onto the GC plates. This is 
referred to as the OxRed pulse protocol. The plating solution was 2 mM 
Na3[SbS4] in 100 mM of background electrolyte. 

Alternatively, pulse plating was carried out by stepping the potential 
to 0.4 V vs SCE for 1 s, and then to − 0.15 V vs SCE for 2 s and repeating 
this loop 60 times. This is referred to as the control pulse protocol. The 
plating solution was 2 mM Na3[SbS4] in 100 mM of background 
electrolyte. 

2.3. Annealing of deposits 

The samples were annealed in a quartz tube placed inside a tube 
furnace. Firstly, the sample was heated to 100 ◦C under a dynamic 
vacuum for 10 min to remove moisture from the system, the samples 
were then heated to 350 ◦C at approximately 0.1 mbar under a sulfur 
rich environment made by placing approximately 0.1 g of sulfur inside 
the quartz tube away from the electrodeposited sample. 

2.4. Physical characterisation of deposits 

Scanning electron microscopy (SEM) was performed using a Philips/ 
FEI XL30 ESEM, with an acceleration voltage of 10 keV, and a working 
distance of 10 mm between a sample and the pole piece. Energy 
dispersive X-ray spectroscopy (EDX) was performed using a Thermo 
Scientific NORAN System Xray Microanalysis System, using a Thermo 
Scientific UltraDry 10 mm2 detector. 

X-ray diffraction (XRD) was performed using a Rigaku SmartLab 
diffractometer (Cu-Kα) with a grazing incidence angle of 1◦, and Hypix 
3000 detector in 1D mode. The resulting pattern were phase matched 
using the PDXL2 software package and matched to card 015,236 (stib
nite) from the Inorganic Crystal Structure Database [32]. 

Raman spectroscopy was performed using a Renishaw InVia confocal 
Raman microscope coupled with a 785 nm laser diode, with a rated 
power of 500 mW. Spectra were obtained using 1% laser power, 10 
accumulations per spectrum, and 5 s exposure for each scan. 

2.5. Electrical device characterisation 

The electrical characteristics were measured at room temperature 
and ambient pressure using a probe connected to a Keysight (B1500) 
system. For all measurements, the voltage was applied to the top contact 
(tungsten probe) whilst the bottom contact (glassy carbon) was 
grounded. 

3. Results 

3.1. Understanding the voltammetry of the Na3[SbS4] precursor 

The voltammetry of the [SbS4]3− anion at a glassy carbon electrode is 
shown in Fig. 1. 

Fig. 1 shows that when the potential on a glassy carbon electrode is 
made more positive than 0 V vs SCE, two electrooxidation processes are 
observed, with peaks at 0.38 V and 0.73 V, labelled A1 and A2 respec
tively. On the return scan, two sharp reduction peaks are observed at 
–0.92 V and − 1.05 V, labelled C1 and C2 respectively. On the return 
positive scan oxidation processes are observed in the − 0.8 to − 0.4 V 
region (A3), followed by an oxidation peak at − 0.32 V (A4), and then a 
slight oxidation current in the − 0.1 to 0.05 V region (A5). Process A1 is 
then observed to occur at a less positive potential than on the first scan. 
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Based on the evidence that we present below, we assign processes A1 
and A2 to the deposition of Sb2S3 and a by-product (most likely an 
antimony oxide/hydroxide) respectively. On the cathodic scan, pro
cesses C1 and C2 are, respectively, the electroreduction of the anodically 
deposited by-product and the electroreduction of deposited Sb2S3 to Sb 
(0) and aqueous phase sulfur species, process A3 is the oxidation of 
aqueous phase sulfur species released by process C2, process A4 is the 
oxidative stripping of Sb(0), and process A5 is the oxidation of any Sb(0) 
not stripped in A4 into some sort of antimony oxide/hydroxide. 

3.2. Anodic electrodeposition 

As shown in Fig. 1, if the potential is initially swept negative from 
− 0.15 V (approximately the open circuit potential) to − 1.2 V vs SCE, the 
current profile is indistinguishable from a voltammogram run in the 
absence of the [SbS4]3− anion indicating that no reduction of [SbS4]3−

occurs. However, at potentials more positive than 0.05 V vs SCE, elec
trooxidation is observed in the voltammetry, and a peak (A1) appears at 
0.38 V vs SCE. There is then a second oxidation peak (A2) at 0.74 V vs 
SCE. If the potential is held positive of 0.1 V vs SCE, a blue deposit begins 
to form on the electrode (SI, Fig. S1). 

To study this deposit in greater detail, glassy carbon plates were held 
at 1.0 V vs SCE and the resulting deposits were annealed. The deposition 
potential was chosen based on the voltammetry on the glassy carbon 
plate electrodes (see SI, Fig. S2). Fig. 2a shows an SEM image of the 
deposit before annealing, a continuous film can be seen across the entire 
exposed surface of the plate. EDX spectra (Fig. 3) of several deposits 

reveals that they consist of Sb and S in a 2:3 ratio (each recorded Sb:S 
ratio was within experimental error of an Sb:S ratio recorded on an Sb2S3 
calibration pellet). Fig. 2b shows an SEM image of the film after 
annealing, the annealing process appears to have caused the formation 
of islands of Sb2S3 across the plate. These islands are thought to form due 
to the by-product of anodic Sb2S3 deposition being unstable under the 
annealing conditions. 

Raman spectra of the deposits before and after annealing were 
recorded using a 785 nm laser excitation source. Fig. 4 shows the Raman 
spectra obtained for annealed deposits. The peaks are well defined, 
indicating that annealing causes the sample to crystalize. Well-resolved 
Raman bands are observed at 129, 156, 195, 239, 282, and 311 cm− 1, 
corresponding to the Sb2S3 stibnite phase, with the bands at 282 and 
311 cm− 1 arising due to the symmetric vibration of the Sb2S3 pyramidal 
units having C3v symmetry [1–4,13,33]. The Raman spectra obtained for 
deposits that had not been annealed (see SI, Fig. S3) showed a broad 
feature at approximately 300 cm− 1, which is indicative of amorphous 
Sb2S3 [33]. 

The XRD patterns of the annealed deposits, Fig. 5, are largely 
dominated by the peaks from the glassy carbon substrate, but when the 
diffraction from the glassy carbon is subtracted from the signal obtained 
from annealed Sb2S3 on glassy carbon, peaks at 2θ = 15.6, 17.6, 25.2, 
28.8, and 35.7◦ are observed, corresponding to the (200), (120), (130), 
(211), and (240) planes of Sb2S3 respectively [2,13]. The XRD pattern of 
an annealed Sb2S3 deposit on glassy carbon before the glassy carbon 
signal was subtracted, along with the XRD pattern of a clean glassy 
carbon plate, are shown in Fig. S5 supplementary information. No peaks 
are observed for XRD measurements on samples that have not be 

Fig. 1. Voltammetry of 2 mM Na3[SbS4].9H2O in 100 mM HOC(COONa) 
(CH2COONa)2⋅2H2O, pH 9.1. The first scan (black trace) and the second scan 
(red trace) are shown. The potential on the electrode was swept from − 0.15 V 
to − 1.2 V vs SCE, and then to 0.9 V vs SCE at 10 mV s− 1. A background vol
tammogram where no Na3[SbS4].9H2O was added to the electrolyte is included 
(blue trace) (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.). 

Fig. 2. SEM images of Sb2S3 deposited onto a glassy carbon plate by holding the plate at 1 V vs SCE for 10 min in 2 mM Na3[SbS4].9H2O in 100 mM HOC(COONa) 
(CH2COONa)2⋅2H2O, pH 9.1; (a) before annealing and (b) after annealing at 350 ◦C and 0.1 mbar in a sulfur rich environment. 

Fig. 3. EDX spectrum of the Sb2S3 deposit on glassy carbon, conditions as in 
Fig. 2. The full spectrum is given in the supplementary information, Fig. S4. 
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annealed, further showing that the as-deposited films are amorphous. 
Taken together this evidence shows that process A1 is the anodic 

deposition of Sb2S3 from the [SbS4]3− anion. Given that, according to 
the Pourbaix diagram, the stable form for sulfur under these conditions 
is sulfate [34,35] which would suggest that the overall electrode reac
tion is 

20H2O + 2[SbS4]
3− →Sb2S3 + 5SO2−

4 + 40H+ + 36e− (1)  

but it is possible/plausible that the sulfur forms sulfite (a 26e− /30H+

reaction) or thiosulfate (16e− /15H+), or some mixture of these. It is 
notable that whatever the sulfur oxidation product, the oxidation of 
[SbS4]3− is a multielectron process that produces a significant number of 
protons and, hence, a significant local pH shift (citrate has a pKa value of 
6.4 so it is not expected that the pH will shift below this value) near the 
electrode’s surface. 

We believe that process A2 is the formation of a by-product. Process 
A2 arises from the direct oxidation of the [SbS4]3− anion to the by- 
product rather than the oxidation of deposited Sb2S3. This was proven 
by scanning the potential on a glassy carbon disc from − 0.15 V to 0.5 V 
vs SCE in the presence of [SbS4]3− before ceasing the scan, rinsing the 
glassy carbon electrode with ultrapure water, placing the electrode into 
a solution of background electrolyte (no [SbS4]3− present) and then 
scanning the potential between − 0.15 V and 0.9 V vs SCE (SI, Fig. S6) 
whereupon no electooxidation processes was seen. Several proposed 
Pourbaix diagrams for antimony indicate that the formation of antimony 
oxide/hydroxide is possible at pH 9.1 and becomes more feasible as the 
potential is made more positive [36–38]. In addition, Pavlov and 
co-workers have suggested that antimony hydroxides formed from the 
electrochemical oxidation of Sb are thermodynamically unstable, and 
this would be consistent with the island formation observed upon 
annealing our deposits [39,40]. 

3.3. The electroreduction of the electrodeposited products 

Turning now to the reduction processes. C1 and C2 only occur on the 
second scan, indicating that they are related to the A1 and/or A2. 

If the glassy carbon electrode is swept between − 0.15 and 0.9 V vs 
SCE in the presence of the [SbS4]3− anion (so that process A1 and A2 
occur), is then washed with ultrapure water, transferred to an electrolyte 
that does not contain the [SbS4]3− anion, and then the potential is swept 
negative, C1 and C2 are still observed (Fig. 6). This clearly indicates that 
processes C1 and C2 correspond to the reduction of surface bound 
products of A1 and/or A2. EDX analysis obtained for electrodes that 
have undergone process C2 reveals that the deposits on these electrodes 
consist almost solely of Sb (with only small, isolated areas containing 
both Sb and S). This indicates that C2 corresponds to the reduction of 

Fig. 4. Raman spectrum of an annealed Sb2S3 film on glassy carbon (deposition 
conditions as in Fig. 2). Annealing was performed by heating the sample at 
350 ◦C at 0.1 mbar in a sulfur rich environment. 

Fig. 5. (a) XRD pattern (where the signal from the glassy carbon has been 
subtracted) of an annealed Sb2S3 film electrodeposited onto a glassy carbon 
plate (conditions as in Fig. 4). (b) XRD pattern of Sb2S3 obtained from the 
Inorganic Crystal Structure Database [32]. 

Fig. 6. Voltammetry where the potential on a glassy carbon electrode was 
swept between − 0.15 V vs SCE and 0.9 V vs SCE at 10 mV s− 1 in 2 mM 
Na3[SbS4].9H2O in 100 mM HOC(COONa)(CH2COONa)2⋅2H2O (the yellow 
section of the figure/black trace, pH 9.1), the electrode was then rinsed with 
water, moved to a background electrolyte solution (pH 8.3), and the potential 
was swept from − 0.15 V to − 1.2 V vs SCE at 10 mV s− 1 (the blue section of the 
figure/blue trace) (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 
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Sb2S3 to elemental Sb. In simple terms this can occur according to Eq. (2) 
(although the process is more complicated, see Section 3.4). 

Sb2S3 + 6e− →2Sb + 3S2− (2) 

If the negative limit is set to − 0.95 V vs SCE, the EDX spectrum still 
shows the presence of Sb and S, suggesting process C1 is likely to be the 
reduction of something other than Sb2S3, and we therefore assign it to be 
the reduction of the electrodeposited by-product (thought to be an 
antimony oxide/hydroxide). This is supported by the observation that 
when the positive potential limit is set to 0.5 V vs SCE (so that only peak 
A1 is observed), the charge associated with C1 is much less than when 
the positive limit is set 0.9 V vs SCE (SI, Fig. S8). This indicates that C2 is 
related to A1 and that C1 is related to A2. It is clear that there is some 
overlap between processes A1 and A2 and it was found that if the po
tential was held at +0.2 V for 180 s, both C1 and C2 were observed in the 
subsequent negative potential scan (SI, Fig. S9). This indicates that even 
with a very modest overpotential for Sb2S3 deposition, by-product 
deposition can occur. A strategy for depositing pure Sb2S3 will be dis
cussed in Section 3.5. 

To provide additional evidence for the assignments of C1 and C2, and 
for comparison to the single source approach discussed in this paper, 
Sb2S3 was deposited onto a glassy carbon electrode in a more orthodox 
manner (separate precursors for S and for Sb, acidic conditions, cathodic 
potentials) [19–21]. The electrode was then rinsed with ultrapure water, 
transferred into a 100 mM HOC(COONa)(CH2COONa)2⋅2H2O solution 
and the potential was swept negative from − 0.6 V vs SCE, and two 
reduction peaks were observed at − 0.95 V and − 1.11 V vs SCE (Fig. 7), 
which is approximately where C1 and C2 appear in the voltammetry of 
[SbS4]3− . This voltammetry also showed a very large anodic peak 
related to Sb stripping (which will be discussed in greater detail in 
Section 3.4). 

3.4. The oxidation of the products of Sb2S3 reduction 

Fig. 8 shows that processes A3 and A4 only appear if the Sb2S3 
deposited on the electrode has been reduced to Sb (process C2). A3 and 
A4 are therefore assigned to the oxidation of species formed due to C2. If 
a sweep is terminated after C2, at − 1.2 V vs SCE, the working electrode 
transferred to an electrolyte that does not contain the [SbS4]3− anion, 
and then the potential swept positive, only process A4 is observed 
(Fig. S10). This indicates that A4 is the oxidation of a surface species. It 
is known from the EDX data that C2 is the reduction of Sb2S3 to 
elemental Sb and so process A4 is therefore assigned to be the oxidation 
of elemental Sb according to Eq. (3). This is supported by examining the 
cyclic voltammetry of Sb(III) and noting that the Sb stripping occurs at 
the same potential (see SI, Fig. S11). This is in agreement with previous 
studies carried out on the voltammetry of Sb electrodes [40,41–43] 

Sb→Sb3+ + 3e− (3) 

If process C2 can be fully explained by Eq. (2) one would expect the 
ratio of charges between C2 and A4 to be 1:1. The ratio of charges be
tween C2 and A4 was found to be approximately 10:1, revealing that 
process C2 must be more complicated than a simple reduction of Sb2S3 
to Sb and S species, and that C2 may involve processes that remove Sb 
from the surface of the glassy carbon electrode. One possible reaction is 
stibine (SbH3) formation (Eq. (4)), which would be favoured by the 
lower (<9.1) pH at the electrode surface due to the significant number of 
protons generated at the electrode surface during reduction of [SbS4]3−

(Eq. (1)) and the low buffer capacity of the electrolyte at pH 9 [44]. This 
interpretation is supported by the observation that if the electrolyte is 
stirred after inducing the oxidation processes (A1 and A2) but before 
sweeping negative and observing C1 and C2 (hence dispersing the 
protons generated during oxidation of [SbS4]3− ), the ratio of charges 
between C2 and A4 was found to be approximately 2:1. 

Sb + 3H+ + 3e− →SbH3(g) (4) 

As process A3 is not observed in the voltammetry when the electrode 
is transferred to an electrolyte free of [SbS4]3− (see SI, Fig. S10), process 
A3 must be a solution phase process, and is likely to be the electro
chemical oxidation of soluble S species generated during process C2. 

Fig. 7. Voltammograms of Sb2S3 on glassy carbon prepared by holding a solution of 2 mM SbCl3, 10 mM Na2S2O3, and 100 mM citric acid at − 0.6 V vs SCE for 10 
min. The voltammograms were obtained in 100 mM HOC(COONa)(CH2COONa)2⋅2H2O at 10 mV s− 1. (a) shows the cathodic peaks of interest and (b) shows the 
whole voltammogram. 

Fig. 8. Voltammograms of 2 mM Na3[SbS4].9H2O in 100 mM HOC(COONa) 
(CH2COONa)2⋅2H2O, pH 9.1, where the potential was swept from − 0.15 V to 
0.9 V vs SCE and then to − 1.2 V (black trace) or − 0.95 V (blue trace), and then 
back to − 0.15 V vs SCE at 10 mV s− 1 (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.). 
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As previously stated, reversing the scan before C2 (Fig. 8) shows that 
neither A3 nor A4 are related to process C1 and shows that the reduction 
of the by-product formed during Sb2S3 deposition does not produce Sb 
(0) or any oxidisable solution phase S species. 

To validate the assignments of these processes, Sb2S3 powder was 
drop cast onto a glassy carbon disc electrode and voltammograms were 
obtained to show the electrochemical behaviour of Sb2S3. On the first 
scans of the electrode from − 0.15 V to − 1.6 V and back to 0.9 V vs SCE at 
50 mV s− 1 the voltammetry without stirring the electrolyte (Fig. 9A) is 
different from the voltammetry with stirring (Fig. 9B). The voltammetry 
strongly resembles that shown in Fig. 1 following our electrodeposition 
of Sb2S3. 

As with peak C2 in Fig. 1, Ci is assigned to be the electrochemical 
reduction of Sb2S3 to elemental Sb. This is confirmed by EDX analysis of 
a drop cast electrode after sweeping the potential more negative than 
− 1.3 V vs SCE, where Sb is observed in the EDX but S is absent. As shown 
in Fig. S12, if the potential is not taken more negative than − 1.25 V vs 
SCE, peaks Ai, Aii, and Aiii, are not present and are therefore dependant 
on process Ci, in the same way that process C2 was necessary for pro
cesses A3, A4 and A5 in Fig. 1. 

Processes Ai and Aii appear in the same potential regions and have 
the same general shape as processes A3 and A4, respectively. Further
more, Fig. 9B shows that when the electrolyte is stirred, peak Ai is absent 
but peak Aii remains, demonstrating that process Ai is a solution based 
electrochemical reaction and process Aii is a surface based electro
chemical reaction. This is in good agreement with Fig. 1 and our results 
for electrodeposition from [SbS4]3− , lending support to the hypothesis 
that A3/Ai is the oxidation of soluble sulfur species produced by the 
reduction of Sb2S3 and A4/Aii is the oxidation of Sb(0) produced by the 
reduction of Sb2S3. 

Process Aiii is thought to be the oxidation of Sb(0) not stripped in 
process Aii to antimony oxide/hydroxide as process Aiii occurs in the 
same potential region as Sb oxidation is reported to occur in antimony 
oxide/hydroxide [39,40,41]. As shown in Fig. S12, Aiii does not occur 
unless the potential has been swept negative of − 1.25 V vs SCE, i.e. 
unless the Sb2S3 has been reduced to Sb(0), which is further evidence 
that Aiii is the oxidation of Sb(0). 

Following the oxidation of the Sb on the electrode surface (A4) a 
further oxidation (A5) can be seen in the − 0.1 to 0.05 V vs SCE region 
(Fig. 1). This is assigned to the oxidation of the remaining elemental Sb, 
not stripped during A3, to antimony oxide/hydroxide 

2Sb + 3H2O→Sb2O3 + 6H+ + 6e− (5) 

Similar observations have been made in the literature [40–42]. 
From the second scan onwards, the peak potential for Sb2S3 depo

sition is shifted negative from approximately 0.36 V to approximately 
0.18 V vs SCE (Fig. 1). This is likely because the overpotential required 
to deposit Sb2S3 onto Sb/Sb oxide/Sb hydroxide is lower than the 
overpotential required to deposit Sb2S3 onto glassy carbon. Table 1 
summarises our assignments for the oxidation and reduction peaks. 

3.5. A pulse plating strategy for the electrodeposition of pure Sb2S3 

As discussed earlier, it is rather difficult to electrodeposit Sb2S3 
anodically without also forming some Sb containing by-product. To 
overcome this problem a pulse plating strategy was devised based on the 
assignment of the voltammetry established above and summarised in 
Table 1. In this pulse plating method the electrode was pulsed at +0.4 V 
vs SCE to deposit Sb2S3 together with the by-product, then stepped to 
− 0.95 V to reduce the by-product, and then stepped to − 0.3 V to remove 
any Sb(0) that might be generated at − 0.95 V during reduction of the by 
product. Each pulse was set to last 1 s and 60 pulses were taken (this is 
referred to as the OxRed pulse protocol). The control experiment 
involved pulsing for 1 s at +0.4 V vs SCE and then for 2 s at − 0.15 V, the 
approximate open circuit potential (this is referred to as the control 
pulse). Fig. 10 compares voltammograms taken on glassy carbon disc 
electrodes after depositing Sb2S3 onto them following the two protocols. 

Fig. 9. Voltammetry of Sb2S3 drop cast onto a GC electrode in 100 mM HOC(COONa)(CH2COONa)2⋅2H2O, pH 8.3. A) without stirring and B) with stirring. The scan 
rate is 50 mV s− 1. 

Table 1 
Assignment of the observed redox peaks in the voltammetry of [SbS4]3− in Fig. 1.  

Peak Potential vs SCE / V Assignment 

A1 0.38 [SbS4]3− oxidation to Sb2S3(s) 
A2 0.73 [SbS4]3− oxidation to by-product Sb2O3/Sb(OH)3 

C1 − 0.92 Reduction of Sb2O3/Sb(OH)3 to Sb(s) 
C2 − 1.05 Reduction of Sb2S3 to Sb(s) and soluble S species 
A3 − 0.77 to − 0.40 Oxidation of soluble S species 
A4 − 0.32 Anodic dissolution of Sb to soluble product 
A5 − 0.1 to 0.05 Oxidation of remaining Sb(s)  

Fig. 10. Voltammograms after Sb2S3 electrodeposition onto glassy carbon disc 
electrodes following different pulse plating protocols. The potential was swept 
between − 0.15 and − 1.2 V vs SCE in background electrolyte, at 10 mV s− 1. The 
black trace (y-axis on the left) is the voltammogram of Sb2S3 deposited using 60 
cycles of one second pulses at 0.4 V vs SCE, − 0.95 V vs SCE, and − 0.3 V vs SCE 
(OxRed pulse protocol), the red trace (y-axis on the right) is for Sb2S3 deposited 
using 60 cycles of one second pulses at 0.4 V vs SCE and a two second pulses at 
− 0.15 V vs SCE (control pulse protocol). 
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Note that C1 is only observed for the electrode that was subjected to the 
control protocol, showing that the OxRed protocol is an effective way of 
obtaining Sb2S3 without the by product. 

Interestingly, the current associated with Sb2S3 reduction to Sb(0) 
after the control protocol is much smaller than that of the OxRed pro
tocol (Fig. 10) even though the total time spent at the deposition po
tential (0.4 V vs SCE) was the same in both cases. Integration of the 
reduction peak at − 1.1 V vs SCE shows that approximately 760 μC of 
charge is passed during the Sb2S3 reduction during the OxRed protocol, 
whereas only approximately 75 μC has been passed after the control 
pulse protocol. This suggests that the formation of the by-product re
tards the anodic electrodeposition of Sb2S3 so that, in addition to pulse 
plating between processes A1, C1 and A4 being necessary to produce 
pure Sb2S3 deposits, it is also helpful for deposition of thicker films. This 
is consistent with previously published literature, in which it was re
ported that the formation of Sb oxides can passivate an electrode’s 
surface [39,40,44] 

3.6. Screening electrodeposited films for resistive random-access memory 
applications 

The electronic switching properties of the electrodeposited Sb2S3- 
films were investigated for application in RRAM. Annealed films 
deposited under constant potential and by pulsed potential were studied 
and no diferences were observed between the two. In the following 
current-voltage (I-V) measurements were carried out on devices fabri
cated using Sb2S3 films on glassy carbon plates prepared by holding the 
potential at 1 V vs SCE for 600 s in 2 mM Na3[SbS4].9H2O in 100 mM of 
sodium citrate tribasic dihydrate. The resulting deposits were then 
annealed at 350 ◦C and 0.1 mbar under a sulfur rich environment. The 
devices were measured under an external applied voltage that was swept 
between − 4 V and 3.5 V, as shown in Fig. 11a. The glassy carbon sub
strate and tungsten probe (5 µm in diameter) were used as bottom and 
top contacts, respectively (see the inset for Fig. 11a). It is worth noting 
that no forming process was needed to initiate the devices for resistive 
switching. As shown in Fig. 11a, the device shows typical bipolar 
resistive switching behaviour between a HRS and an LRS. The direction 

of the current sweep is indicated by arrows. The device is initially in a 
high resistance state. By applying a negative sweep voltage (from 0 V to 
− 4 V), the device switched from the HRS to LRS at a SET voltage of 
approximately − 3.6 V. The device remained in its LRS during the 
backward sweep voltage (from − 4 V to 0 V). However, during the 
subsequent positive sweep voltage (from 0 V to 3.5 V), the device 
switched from the LRS to HRS at a RESET voltage of approximately 3.3 V 
and then remained in its HRS when reversing the positive sweep voltage 
(from 3.5 V to 0 V). The sharp switching observed from the HRS to LRS 
indicates that the switching is filamentary based [45]. Fig. 11b shows a 
reproducible cycling endurance in the DC sweep mode for 50 cycles. The 
resistance ratio between the HRS and the LRS is about 1 order of 
magnitude at 1.5 V, which is sufficient for memory applications. Both 
the HRS and the LRS showed excellent uniformity without significant 
degradation. To further elucidate the switching stability of the device, 
cumulative probability distributions for the HRS and the LRS were ob
tained and are shown in Fig. 11c. Fig. 11c clearly shows that the HRS and 
LRS are uniformly distributed with the coefficients of the variation (σ/µ, 
where σ is the standard deviation and µ is the mean value) calculated to 
be 4.08% and 1.38% for the HRS and LRS, respectively. Furthermore, 
high uniformities were also observed for both VSET and VRESET as shown 
in Fig. 11d, where the coefficients of the variation were 0.355% and 
0.237%, respectively. The high uniformities of both programming 
voltages are essential for large-scale RRAM applications. 

In Fig. 12a, the conduction mechanism of the electrodeposited Sb2S3 
RRAM device was examined by plotting the negative part of the I-V 
curve on a log ‒ log scale. The fit suggests that the conduction mecha
nism is governed by the Space-Charge-Limited-Current (SCLC) model 
[24,46]. Initially from 0 V to 0.45 V at HRS, the device shows a linear 
dependence of current with applied voltage (I∝V), with a slope of about 
1. This is attributed to an Ohmic conduction mechanism, which arises 
from thermally generated charge carriers [46–48]. At higher applied 
voltages (0.5 ≤ V ≤ 2.4 V) the slope changes to approximately 2, and the 
current exhibits the voltage square dependence (I∝V2), which can be 
attributed to the trap-controlled space charge limited current 
(TC-SCLC). In the region of 2.45 ≤ V ≤ 3.45 V, a much steeper rate of 
current increase occurs (I∝Vα, α ≈ 6), indicating that all traps are filled, 

Fig. 11. Resistive switching properties of the 
electrochemically deposited Sb2S3 RRAM de
vices. (a) Consecutive bipolar I–V characteris
tics. The inset shows the schematic of the 
device. (b) Endurance characteristics. (c) Cu
mulative probability of HRS and LRS. (d) Cu
mulative probability of VSET and VRESET. Sb2S3 
RRAM devices prepared b yholding the poten
tial on a glassy carbon plate at 1 V vs SCE for 
600 s in 2 mM Na3[SbS4].9H2O in 100 mM HOC 
(COONa)(CH2COONa)2⋅2H2O, pH 9.1, and then 
annealing the resulting deposits at 350 ◦C and 
0.1 mbar under a sulfur rich environment.   
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and the conduction mechanism is ascribed to trap-filled space charge 
limited conduction (TF-SCLC). At the threshold of 3.5 V, a sharp tran
sition in the current occurs, switching the device from the HRS to the 
LRS. In the case of the LRS, the conduction mechanism is dominated by 
two regions: Ohmic conduction at low applied voltage, featuring the 
linear dependence of current with applied voltage, (I∝V), and SCLC at 
higher voltage, where the current shows the voltage square dependence, 
(I∝V2). 

The resistive switching mechanism of the electrodeposited Sb2S3 
RRAM device can be ascribed to the solid-state electrolyte effect of the 
Sb2S3. The solid-state electrolyte effect (also called electrochemical 
metallisation) is a commonly proposed switching mechanism in Sb-rich 
and Te-rich GeSbTe chalcogenide alloys [24,49,50]. Application of an 
external electric field causes oxidation/reduction reactions at the in
terfaces, resulting in ionic conduction. When a sufficient electric field is 
applied in one polarity, Sb conductive filaments are formed across the 
Sb2S3 thin film, switching the device to the LRS. In contrast, reversing 
the polarity of the applied electric field dissolves the formed filaments, 
due to movement of ions in the opposite direction, switching the device 
back into its HRS. In Fig. 12b the schematic of the proposed switching 
mechanism is presented. A large amount of Sb atoms are available in the 
electrodeposited Sb2S3 matrix for the device in its initial state. In the 
literature, Sb is a cation-like species in alloys, therefore it can ionize and 
move upon application of a sufficient electric field [51]. Application of a 
negative potential to the top electrode attracts the cationic Sb species to 
the top electrode, where neutral Sb atoms are accumulated and start to 
form a filament. Once the grown filament reaches the bottom electrode, 
the device switches to the LRS (SET process). In contrast, upon reversing 
the polarity of applied potential, the cationic Sb species move to the 
bottom electrode and dissolve the preformed filament, switching the 
device back to the HRS (RESET process). 

4. Conclusions 

The electrochemistry of the [SbS4]3− anion has been thoroughly 
characterised by voltammetry. It has been found that an amorphous film 
of Sb2S3 can be anodically electrodeposited onto glassy carbon from 
[SbS4]3− in aqueous solution at pH 9.1. This deposition is accompanied 
by co-deposition of a by-product that is thought to be antimony oxide/ 

hydroxide. Cathodic biases can then be used to reduce both the Sb2S3 
and the oxide/hydroxide by-products to Sb(0). By switching the po
tential between the positive potential at which Sb2S3 and antimony 
oxide/hydroxide is formed and the negative potential at which only 
antimony oxide/hydroxide is reduced, a film of pure Sb2S3 can be ob
tained. The amorphous films can be crystalized by annealing. 

The annealed films showed typical bipolar resistive switching 
behaviour, and displayed a resistance ratio of HRS:LRS of approximately 
one order of magnitude at 1.5 V, which is suitable for memory appli
cations. This switching behaviour is ascribed to the formation and 
rupture of Sb ion-based filaments within the Sb2S3 matrix. 
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