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CHEMICAL DEPOSITION OF BISMUTH IODIDE SULFIDE
SEMICONDUCTOR THIN FILMS

Abstract. Semiconductor compounds play a critical role in devices that convert solar energy into electricity.
In particular, the BiSI compound is of interest to researchers due to its excellent semiconducting properties
and narrow band gap (1.59 eV). Bismuth iodide sulfide belongs to photovoltaic materials that can use most
of the solar spectrum, from the visible to the near infrared wavelength range.

This article discusses the method of chemical deposition of bismuth iodide sulfide semiconductor thin
films for application as a photoanode in photoelectrochemical cells. The effect of the chemical deposition
process duration and the addition of polyvinylpyrrolidone on the surface morphology, elemental composition,
thickness and photoconductivity of the films obtained has been investigated. It was shown that uniform film
coatings of bismuth iodide sulfide, deposited within 60 minutes, have a particle size of the order of 1 = 0.2
um. Studies of the elemental composition and structure (SEM and XRD methods) showed the presence,
along with the BiSI phase, secondary phase Bi S 1., which is also characterized by a low band gap and high
photosensitivity. The creation of such a two narrow-gap semiconductors system contributed to an increase
in the samples photosensitivity. The photoelectrochemical parameters of the deposited BiSI films were
determined by the PEC method in a 0.5 M Na SO, solution under modulated illumination (wavelength 465
nm). The research results confirmed the n-type conductivity characteristic of bismuth iodide sulfide. The
presence of a stable photoresponse indicates the possibility of further application of n-BiSI as an alternative
thin-film material in photoelectrochemical solar cells.

Key words: photoelectrochemical cells, thin films, bismuth thioiodide, bismuth iodide sulfide, solar
energy conversion.

Introduction. Solar radiation is an efficient and affordable source of «green energy». Converting sunlight
into electrical energy and chemicals is one of the ways to solve the problems of improving the environmental
situation and reducing the economic costs associated with the use of fossil fuels [1,2]. Therefore, the
development of devices for its conversion into electrical and chemical energy is an actual task for modern
scientists.

Currently, more and more attention is paid to the study of the third generation of solar cells -
photoelectrochemical cells (PEC), as well as semiconductor compounds based on thin-film materials for
photoanodes and photocathodes used in the operation of this cells type. PEC cells are a new part of existing
solar energy conversion technologies alongside solid-state photovoltaic cells and photocatalytic systems.

An interesting feature of PEC cells is the ability to convert solar energy into electrical energy and water
splitting to produce hydrogen. Such cells can be part of systems for the accumulate and storage of electrical
energy [3].

In general, any PEC cell consists of one or two photoelectrodes based on a semiconductor electrode, as
well as a counter electrode and a reference electrode immersed in a solution. Such a system is characterized
by photosensitivity due to processes occurring at the semiconductor/electrolyte heterojunction. The photons
absorption gives rise to the charge carriers formation with excess free energy, the flow of such charge carriers
causes an electric current (photocurrent) [4,5].
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Among the wide multicomponent semiconductor compounds variety capable of absorbing solar radiation,
the group of compounds AVBVICVII, (A = Bi, Sb; B =S, Se, Te; C = Cl, Br, I) attracts the attention of
scientists due to diverse of the physicochemical properties [6-8]. In particular, bismuth chalcohalides BiSX (X
= Cl, Br, I), possessing excellent semiconducting properties and a suitable band gap, are actively studied for
applications in the photovoltaic industry [9], photoconductivity [10], photocatalysis, and radiation detection
[11].

Bismuth sulfide iodide (BiSI), as one of the typical bismuthchalcohalides, is a promising material for
the photovoltaic conversion of solar energy. This compound is characterized by a small band gap (1.59 eV)
and the ability to absorb most of the visible radiation [12]. In addition, the compound has many interesting
physical properties such as thermoelectric, photoelectric, ferroelectric properties, as well as luminescence
effects, electro-optical effects, magnetic susceptibility, and electromechanical effects.

Thin BiSI films are obtained by such methods as spray pyrolysis [13, 14], asynchronous ultrasonic spray
pyrolysis (APUSP) [15], hydrothermal synthesis [16], solvothermal synthesis [17, 18], spin-coating [19, 20].

To date, the chemical method for the synthesis of bismuth sulfide iodide thin films has not been sufficiently
studied. In [21], to obtain a BiSI film with morphology in the form of crystal needles on an FTO substrate,
chemical deposition was carried out from aqueous solutions of bismuth, iodine, and thiourea salts dissolved
in nitric acid. The deposition time was 120 minutes. As a result, BiSI acicular crystallites with a characteristic
pronounced faceting, 0.2—-0.5 pm thick and 10-12 pm long were obtained on the substrate. Crystallites
grow on the FTO substrate surface from crystallization centers in divergent beams; however, the coating
is uneven and leaves most of the substrate unfilled. Themostcommon problem withsuchcoating sistheir
lowphotocorrosionstability.

These studies’ purpose was to develop a technologically simple method of chemical deposition of uniform
BiSI films on conductive substrates, as well as to study their structure and physicochemical properties.
Polyvinylpyrrolidone was used to achieve a uniform surface coating.

Materials and methods. BiSI semiconductor compound thin films were prepared by chemical deposition
from solution onto the glass surface coated with conductive fluorinated tin oxide (FTO). FTO substrates were
washed with a soap solution and subjected to boiling in a solution of NH,OH + H,O, (1:1) and drying before
the chemical deposition.

A solution for the chemical deposition of BiSI was prepared as follows: weighed portions of bismuth
nitrate (0.01M), thiourea (0.1M), potassium iodide (0.015M), and 2.5% by weight of polyvinylpyrrolidone
were successively dissolved in HNO, (0.1M) at 45°C in constant mixing mode.

The source of sulfide anions was thiourea CS(NH,),, which decomposes when heated in aqueous solutions,
with the release of carbon monoxide, ammonia and hydrogen sulfide [22]:

CS(NH,), + 2H,0 — H,S + CO, + 2NH, (1)

When bismuth salt is mixed with thiurea, a thiourea complex is formed. This complex decomposes when
heated in an acidic medium, and in the presence of iodide ions in the solution, BiSI is formed:

Bi[CS(NH,),],(NO,), + KI + 4H,0 +2HNO, — @
BiSI+ H,S + 2CO, + 4(NH,)NO, +KNO,

During the preparation of the solution bismuth sulfide iodide precipitates on the centers of crystallization in
the volume of the solution. In order to suppress this process, the solution was filtered off before precipitation.

To carry out the chemical deposition of BiSI on FTO, the previously prepared substrates were completely
immersed in a solution heated to 90°C. The duration of the process varied from 15 to 60 minutes. Then the
films were dried at a temperature of 90°C for 15 minutes.

The elemental composition and surface morphology of the obtained samples were determined by the SEM
method (JSM6610 LV, JEOL, Japan with microanalysis capabilities).

X-ray structural analysis (XRD) was performed on a Bruker D8 Advance powder diffractometer using a
Cu Ka radiation source (A = 1.541 A) operating at 40 kV and 40 mA with a scan rate of 2 g/min, range 26 =
10-100° with a step of 0.020°.

Photoelectrochemical (PEC) measurements were carried out using a GillACpotentiostat (ACM
Instruments, England) in a standard three-electrode cell (50 ml volume) with a Pt counter electrode and an
Ag/AgCl reference electrode (sat. KCI). All electrode potentials in operation are shown with respect to this
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reference electrode. The photosensitivity of the samples was determined under modulated illumination with
a light wavelength of 465 nm and an intensity of 1 mW/cm? from the solution side.

Results and discussion. As a result of chemical deposition with varying process time, uniform coatings
were obtained from yellow (for 15 minutes of deposition) to dark gray (for 60 minutes of deposition). To
determine the deposited BiSI films morphology, surface micrographs were taken.

a - 15 minutes;b - 30 minutes;c - 45 minutes;d - 60 minutes
Figure 1 - Micrographs of the deposited semiconductor BiSI films surface

According to the scanning electron microscopy image (Figure 1a), the film obtained within 15 minutes is
formed by acicular crystallites having a length of 10-12 um and a thickness of 0.2—0.5 um, and part of the
FTO surface area remains unoccupied. This indicates a significant mismatch between the FTO crystal lattice
and the BiSI crystal lattice, as well as a high value of the activation energy for the formation of nuclei of a
new bismuth iodide sulfide phase on the FTO surface.

In order to study the effect of the deposition time on the filling of the FTO substrate surface with BiSI
crystallites, the deposition time was varied from 15 to 60 minutes. As can be seen from Figures 1b, ¢, d, with
an increase in the deposition time, the formation of globules with a size of 0.90 pm - 1.17 pum is observed.
The most densely filled film surface obtained during 60 minutes of deposition, the maximum particle size
reaches 1.25 microns.

To study the chemical composition of the deposited BiSI thin films, EDAX spectra were obtained (Figure 2).
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Figure 2 - EDAX spectra of BiSI films

The EDAX spectra shown in Figure 2 confirm the presence of elements Bi, S, 1.

The BiSI compound is characterized by the presence of secondary phases. The triple phase diagram Bi-S-1
includes 4 triple and more than 15 binary stable compositions [23]. These compositions, as well as the pure
stoichiometric composition of BiSI, are classified as highly efficient materials with photoconductivity [24,
25].

Thus, obtaining a BiSI formulation in a 1:1:1 ratio is not a primary concern. In addition, along with BiSI,
much attention is paid to the synthesis of compounds Bi .S I, and Bi S, I, since they have a small band gap
(~ 1.2 eV) and are perspective for use in photovoltaic devices [26].

Studies of the EDAX spectra (Figure 2) and XRD analysis (Figure 3) of the samples showed that the
system is quasi-binary and includes two ternary compounds - BiSI and Bi S, I,.The crystal structure of these
compounds is well researched.

It is known that BiSI crystallizes in the orthorhombic space group Pnma with lattice parameters a = 8.529,
b=4.172,¢=10.177 A and z=4. Bi S_ I, has a hexagonal lattice, space group P6 /m, with parameters a =

1972773

15.640, ¢ = 4.029(2) A, z=2/3 [23].

*-8n0,, #-Bi, S, ¢ -BisI

1927

Intensity (a.u.)

20 (degree)

a - 15 minutes; b - 30 minutes; ¢ - 45 minutes; d - 60 minutes
Figure 3 - X-ray diffraction spectra of the films BiSI
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X-ray phase analysis data (Figure 1a) confirm the presence of the ternary compound Bi ;S I, and single-
phase BiSI with the corresponding characteristic parameters of the unit cells. In this case, the dominant
crystal plane directions are (110) for Bi ,S, I, and (220), (160) for BiSI.

The X-ray diffraction pattern of the sample obtained after 15 minutes of deposition (Figure 3a) contains
high-intensity SnO, (FTO) reflections, while the BiSI and Bi S, I, reflections are low-intensity against them.
This indicates the unevenness of the coating with the film of the FTO substrate, which is confirmed by the
micrograph (Figure 1a), in which only partial coverage with BiSI acicular crystallites is observed.

The data of X-ray phase analysis of the sample deposited for 30 minutes (Figure 3b) indicate the appearance
of additional reflections characteristic of bismuth iodide sulfide and the ternary compound Bi S, I, with the
appropriate values of Miller’s indices (020); (210); (310); (321); (002) and (310); (002). The reflections
observed at 15 minutes of deposition and inherent in the FTO substrate are less intense at 30 minutes of
deposition. This fact indicates a higher occupancy of the substrate surface area and is confirmed by SEM
micrographs (Figure 1b).

Figure 3c shows an increase in the intensity of bismuth-containing compounds reflections, as well as
the appearance of new reflections in the range of angles 30°-60°. In this case, a decrease in the intensity of
reflections from the substrate is observed. A similar trend is observed in the X-ray diffraction pattern in Figure
3d. There is also an increase in the intensity of reflexes that appeared at 45 minutes of deposition. Based on
these data, it can be concluded that the free area of the substrate surface decreases and the number of globules
increases and their enlargement occurs. The data obtained are confirmed by the results of scanning electron
microscopy (Figure lc, d).

The photosensitivity of the deposited BiSI films was determined by the PEC method. The dependences of

the photocurrent on the electrode potential in a 0.5M Na,SO, solution were obtained (Figure 4).
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Figure 4 - Dependence of current density on electrode potential for BiSI electrode

As can be seen from Figure 4, the films obtained in a Na,SO, solution demonstrate a characteristic flow of
anodic photocurrent for n-type electrodes. The potential of the photocurrent beginning (E ) for the electrodes
is about 0.15V. With an increase in the anodic polarization, the photocurrents values increase smoothly,
reaching the maximum value of the photocurrent in the studied range of potentials at a potential of about
350 mV. For films deposited on the FTO surface for 60 minutes, the achieved values remain constant over
time (~ 5-7 pA), and change slightly with further potential sweep. An increase in the photocurrent value
with an increase in the deposition time is apparently due to a denser filling of the substrate surface, which
makes it possible to efficiently absorb a large fraction of the incident light. Along with the photocurrent, a
high dark current was recorded, which can be explained by the electrochemical oxidation of water molecules
on the FTO surface, a significant part of which is in direct contact with the solution. Water molecules are
insufficiently active photoholesacceptors and a significant part of the photocharges goes to the oxidation of
crystal lattice anions and photodegradation of the semiconductor in accordance with the equation:
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BiSI + 3/ — Bi* + S +1 3)

In a Na,SO, solution, the obtained electrodes (Figure 4 a,b,c) undergo photooxidative corrosion after
several minutes of photopolarization measurements. This data indicates possible phase changes in the
investigating films.

Thus, in spite of the photocurrent values that are stable over time, there are high dark current values. A
possible solution to this problem is doping the film during synthesis or modifying the surface with metal
nanoclusters. This should ensure an increase in the photocurrent values, as well as a decrease in photooxidative
processes.

Conclusion. As a result of these studies, a chemical method was developed for the deposition of thin
semiconductor films of bismuth iodide sulfide on conductive FTO substrates.To increase the uniformity of
the coating and reduce photocorrosion effects, polyvinylpyrrolidone was added to the composition of the
deposition solution.

Coating continuity was achieved by increasing the deposition time. The thermal drying time of the samples
at 90°C remained unchanged and amounted to 15 minutes. As a result, upon deposition for 60 minutes,
uniform bismuth iodide sulfide film coatings with a particle size of the order of 1+0.2 um were obtained.

Studies of the composition and structure have shown the presence, along with the BiSI phase, secondary
phase Bi ;S I, which is also characterized by a low band gap andhigh photosensitivity.

The secondary phase Bi S, I, fraction in the composition of the film increases with deposition process
prolongation up to 60 minutes. The production of such a system of two narrow-gap semiconductors contributes
to an increase in the photosensitivity of the samples, as well as a decrease in photocorrosion processes and,
as a consequence, stabilization of the values of the recorded photocurrents.

The studies carried out show that the development of methods for obtaining BiSI electrodes is perspective
for further applications in photoelectrochemical solar cells.

Funding. This research is funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan (AP08856338 «Photoelectrochemical solar cells based on thin-film semiconductor
bismuth compounds»).
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BUCMYT HOIUJI CYIAb®UJI KAPTBHLIIAM OTKI3ITHI )KYKA KABBIKIIIAJIAPBIHBIH,
XUMUAJIBIK SAICIIEH TYHABIPBIJIYBI

Annotamus. XKapTeuiait ©TKI3rill KOCBUIBICTAP KYH DHEPTUSACHIH JIEKTP SHEPTUsACHIHA allHAIIBIPATHIH
KYPBUIFbLIap/ia MaHbI3/Ibl poJl aTKapabl. Atan aitkanaa, BiSI kocnackl xxapThiiail ©TKI3MIIITIK KACHETTepi
MEH IIaFbIH JIMANa30HAarbl THIABIM callbiHFaH aiiMak eHiMeH (1,59 aB) 3eprreyininepiH KbI3bIFyIIbUIBIFBIH
TyAbIpaael. BucmyTt cynbun Homaua - Oys1 OTOAIEKTPIK Marepuall, oI KYH CHEKTPiHIH Kerl OeiriH
KOPIHETIH )KapBhIKTaH KaKbIH HHPPAKBI3BLUT TOJKBIH Y3BbIHABIFBIHA JICHIH KOJIIaHyFa MYMKIHJIIK Oepeti.

by makanana horoaHos peTinae GOTOIICKTPOXUMHUSIIBIK YSIIBIKTAP/(a KOJIAHBLIATHIH BUCMYT CYIb(UT
MOJIM]] KapThIJIAi OTKI3IIII KYyKa KAaOBIKIIATAPIbl XUMHUSUIBIK TYHABIPY 97IiCi KapacThIPbUILIbI. XUMHUSIBIK
TYHJBIPY TPOILECIHIH Y3aKThIFbl JKOHE MOJUBUHUIMUPPOIUIOH KOCHACHIMEH aJbIHFAH KaOBIKTap/IbIH
MOP(OIIOTHACHIHA, DIEMEHTTIK KYpaMmblHa, KAJIBIHJIBIFBIHA XOHE (DOTOOTKI3TIMITITiHE ocepi 3epTTeNi.
BucmyT fiogun cynbhuainiag 60 MUHYT iMIiHAE )KHHAIBIT, OipKeJKi, dKYKa KaOBIKTHI OOJIIIEKTEPiHIH MOJIIIEpi
1 £ 0,2 MKM OOJaTBIHBIH KOPCETTi. DIEMEHTTIK KypamMbl MEH KYPBUIBIMBIH 3epTTeyliH HoTexeciHae (COM
xoHe PDA omicrepi) BiSI ¢a3aceiMen xarap Bi1982713 KOCBIHJIBICBIHBIH, KOCAJIKbl (pa3achIHBIH OOJYBIH
KOPCETTI, OJ1 COHBIMCH KaTap IIAFbIH THIMBIM CATbIHFAH aiiMaK €HIMEH OHE KOFaphl (POTOCE3IMTAIIBIKIICH
CUMATTAIbl. YITUIepAiH (OTOCE3IMTANIBIFBIHBIH apTybIHA IIAFbIH THIMBIM CallbIHFAH aiMaK CHiMEH
€Ki JKapThUIail OTKI3TIMTEepAiH OCHIHIAN KYHeHI KypyblHa bIKMan eteni. AnbiaraH BiSI mieHkamapasiH
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(orosnexrpoxumusibik napamerpiepi 0,5 M Na SO, epiTinaicinae, MOIy/IAUMsANAHFaH KapbIKTaHIbIPY/a
(TonkeiH y3bIHABIFEI 465 HM) PEC omiciMen aHbIKTanabl. 3epTTey HOTHXKEIEpPi BUCMYT CYIb(QHI
WOAMIIHIH N-THNTI OTKI3TIITIK CHNATTaMachlH pacTaibl. TypakTel (oro-xkayanteiH Oomysl n-BiSI-ai
(hOTODIEKTPOXUMUSIIBIK KYH OaTapesiiapbiHia 0agama ’KyKa KaOBIKTbI MaTepHall PeTiHAe opi Kapail KonaaHy
MYMKIHIITiH KOPCETTi.

Tyiiingi cezgep: @oTO PNEKTPOXUMUSIIBIK YALIBIKTAP, KYKa KaOBIKIIATAP, BUCMYT THOWOIU/II, BUCMYT
o cynb(uii, KYH SHEPTUSCHIHBIH aliHATYHbI.
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XUMHWYECKOE OCAXKJIEHUE TTOJIYITPOBOIHUKOBBIX TOHKUX IJIEHOK CYJIL®U/T
WOJINI BUCMYTA

Annotanus. [ToaynpoBoIHUKOBBIE COSTUHEHUS UTPAIOT BAXKHEHILYIO POJIb B IPHOOpax, mpeodpasyromux
COJIHEUHYIO HEPTHIO B 2JIEKTpU4ecTBO. B yactHOCTH, coennHenne BiSI BeI3biBaeT HHTEpEC HccieaoBareneit
Oarozmapsi IPEBOCXOJHBIM MOIYITPOBOAHUKOBBIM CBOMCTBaM M y3KOM IIMPUHON 3ampenieHHol 30HbI (1,59
3B). Cynbshun nonua BUCMyTa OTHOCUTCS K (POTOAIEKTPUIECKIM MaTepraiaM, KOTOPbIe MOTYT UCITOJIb30BaTh
OOJBIITYIO YaCTh COTHEYHOTO CTIEKTPa, OT BUIAUMOTO J0 OJIFKHEr0 HH(PaKpaCHOTO JUara3oHa JITHH BOJTH.

BnanHolicTaThe pacCMOTPEHMETOXMMHYECKOTO O CAKICHUSTIONYTPOBOTHUKOBBIX TOHKHX ITICHOK CYITh(H/T
MOAM] BUCMYTA JUIsl IPUMEHEHUS B (POTOAIECKTPOXMMUIECKHUX siueiikax B kauecTBe hoto anoaa. Mccnenoano
BJIMSIHUE TIPOAOJDKUTEFHOCTH MPOLECCa XUMUYECKOTO OCAXACHHSI M JOOABKH MOJTMBHHWIITUPPOINAOHA Ha
MOP(OJIOTHIO MMOBEPXHOCTH, 3JIEMEHTHBIH COCTaB, TOJIIUHY U (DOTOMPOBOAMMOCTD TONYYCHHBIX TUIEHOK.
[TokazaHo, 94TO OIMHOPOIHBIC MJICHOYHBIE TOKPHITHS CyAbGUAa HOmUaa BUCMYTa, OCAXICHHBIE B TCUCHHE
60 MUHYT, UMEIOT pa3zmep yactul nopsaka 1 + 0,2 mxm. MccnenoBanus 31€MEHTHOIO COCTaBa U CTPYKTYPbI
(MeTomer COM u P®A) nokasanu nanuuue Hapsmy ¢ (asoi BiSI Bropuunoii daser coenunenus Bi S, L,
KOTOpasi TAKKE XapaKTepU3yeTCsl MAJIOH IIUPUHOM 3aITpelieHHON 30HBI i BRICOKOM CBETOYYBCTBUTEILHOCTBIO.
Co3nmanue TakoH CHCTEMbl W3 [BYX Y3KO30HHBIX MOJYNPOBOAHUKOB CHOCOOCTBOBAJIO YBEIWYECHUIO
(OTOUYBCTBUTENBFHOCTH 00pa3nioB. DOTOIEKTPOXUMHUECKUE MapaMeTpbl OCAKICHHBIX IUIeHOK BiSI
onpenensu Meronom PEC B 0,5M pacteope Na, SO, ipy MOy TMPOBAHHOM OCBELICHUH (JUTMHA BOJIHBI 465
HM). PesynbraTsl uccnenoBaHuii TOATBEPANIIN XapaKTEPHYO U CyIb(HI HOAU BICMYTa IMPOBOIUMOCTD
n-tuna. Hammane ycroitunBoro poTo OTKIMKA yKa3blBaeT Ha BO3MOXKHOCTH JTAJHHEHIIETO HCITOIB30BAHUS
n-BiSI B kauecTBe anbTepHATUBHOTO TOHKOIICHOYHOTO MaTepuaia B (POTOIICKTPOXUMHUUECKIX COTHEUHBIX
JJIEMEHTaX.

KioueBble ciaoBa: GoOTOIMEKTPOXUMHUECKUE SUCHKH, TOHKUE TUICHKH, THOHOIUJ BHCMYTa, CYIb(UI
HOAMJ BUCMYTA, IPEOOPa30BaHUE COJIHEUHON SHEPIHH.
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