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THE ELECTRODEPOSITION OF GALLIUM SELENIDE

Abstract. The electrochemical deposition of gallium selenide on a glassy carbon electrode from sulphate elec-
trolytes at a constant potential was carried out. The cyclic voltammetric curves of the glassy carbon electrode in two
different electrolytes were studied: sulfuric acid and citrate buffer solution containing gallium and selenium ions. The
influence of change in the concentration of gallium ions and the deposition potential on the composition of the resul-
ting precipitate is studied. Increasing of the gallium ions concentration from 6-10~ to 1-10" M at a constant concen-
tration of selenium ions 2-10~ M in the electrolyte leads to an increase in the gallium content in the deposit compo-
sition. It is established that in order to obtain the stoichiometric composition of the film, the content of gallium (III)
ions in the electrolyte must be many times higher than the content of selenium (IV) ions. The results of elemental
analysis of the precipitate confirmed that a film of gallium selenide with a content of 26.7 at% gallium was obtained
at a ratio of the concentration of gallium ions and selenium of 50: 1 in the sulphate electrolyte at a potential of
-0.8 V. Investigation of the morphology of the surface showed that a uniform coating of the surface of the glassy
carbon electrode is achieved at potentials of -0.8 and -0.9 V. X-ray phase analysis confirmed the presence of the
Ga,Se; phase in the resulting films.

Keywords: gallium selenide, electrodeposition, voltamperometry.

Introduction. Semiconductor compounds of the III-VI group have attracted great attention of re-
searchers thanks to their suitable structural and optical properties for the application in photoelectronic
converters [1]. This group includes gallium monoselenide, GaSe which has hexagonal structure with an
optical width of band gap of 2.1 eV and contains Se-Ga-Ga-Se layers and gallium diselenide, Ga,Se;,
which has a cubic structure with 1.8-2.6 eV width of band gap [2, 3] and crystallizes in a-and -structural
modifications. In Ga,Se; structure, one third of cationic centers is free and the structure of compound is,
therefore, defective. In turn, the defective compound is used in optoelectronic devices for the passivation
of heterogeneous compounds, for switching of the memory of light-emitting diodes [4], in combination
with GaP substrate [5]. There is a set of methods to obtain gallium selenide. They are the chemical
deposition from a vapor phase (CVD) [6], chemical transfer of vapor in vacuum [7], vapor-phase epitaxy
[8], heterovalent reaction of V-VI exchange [9], thermal evaporation [10] and molecular beam epitaxy
[11, 12]. The most well-known Stokbarger-Bridgmen method [13] of obtaining gallium selenide mono-
crystals, Ga,Se; is the synthesis at the directed crystallization when a quartz ampoule with the material is
stretched in a special furnace and heated to 1473 K with the subsequent slow decrease in temperature. This
method requires high purity of materials, and high vacuum and temperature.

Thin Ga,Se; films can be obtained by the zol-gel technique at a crystal formation temperature [14].
Compared to the above-described method, the electrodeposition method from aqueous solutions to obtain
thin films on conductive substrates has a number of advantages and is an inexpensive method making it
possible to control thickness, morphology and structure of film during deposition 15-17]. In this work, the
conditions of gallium selenide electrodeposition on a glassy carbon electrode at a constant potential have
been studied.

Methods of study. Voltammetric measurements on a disk glassy carbon electrode with 0.07 cm®
surface and gallium selenide electrodeposition on flat glassy carbon plates of 1.0 cm” area were carried out
in a three-electrode thermostatted glassy cell using a silver-chlorine reference electrode and a platinum
counter electrode.
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Before the experiment, the electrodes were treated with fine abrasive 2000 paper, washed with distil-
led water and dried in the open air. The sulfate electrolyte with pH = 2.2 (0.45 M Na,SO, + 0.05 MH,SO,)
and the citrate buffer electrolyte with electrolyte pH = 2.92 were used as background electrolytes. The
latter was prepared from 39.3 ml 0.1 M sodium citrate and 60.7 ml 0.1 M HCI. The solutions of gallium
and selenium salts (analytically pure), 0.1 M Ga, (SO*)s, 0.1 M NaHSeOs; and 1 M GaCl; were used. The
concentration of gallium ions in these electrolytes was changed from 6-10° to 1.2:10" M and the con-
centration of selenium ions was maintained constant (2-10°M).

The deposition of gallium selenide was carried out at a constant potential maintained by GillAC
potentiostat with Version 5 ACM Instruments software, and at a temperature of 70° C that was maintained
by using the LOIP thermostat. The electrolyte mixing was carried out using MM3M magnetic stirrer.

After deposition, the films were washed with distilled water and dried in the open air. Elemental
analysis of the contents of components and micrographs of the surface of gallium selenide films were
made using the JEOL (Japan "JSM6610 LV") electronic scanning microscope with the capabilities of
microanalysis. The phase composition of the films was determined using the DRONE-4/07 instrument
with a Co-tube.

Results and Discussion

Voltammetric measurements on a disk glassy carbon electrode. To determine the effect of the
concentration of components in the electrolyte on the electrochemical process to reduce the ions, the
cyclic voltamperometric dependencies (CVA) of a glassy carbon electrode in a sulfate electrolyte and
citrate buffer solution were recorded. The scanning speed of potential was 20 mV/s in the 0 to -1.0 V
range and in -1.0 to + 1.2 V range in case of inverse scanning. Eectrolytes with varying concentrations of
gallium ions (6-10'3 M, 1.2:10%°M, 6:10%M, 8-10°M, 1-10" M and 1.2 IO'IM) at a constant concentration
of selenium ions (2-10°M) were investigated.

Figure 1 shows the CVA of a glassy carbon electrode for the reduction of Se(IV) u Ga(Ill) ions recor-
ded in the sulfate electrolyte. Apparently, the cathode current increases already at 0 V potential indicating
the reduction of Se (IV), which starts at more positive potentials. The figure 1 sidebar shows the CVA of
Se(IV) (2-10° M) reduction against the background of sulfate electrolyte taken at a cathode potential scan
of + 0.3 to -1.0 V. The reduction of Se (IV) is accompanied by the emergence of two peaks at potentials
around zero V and at -0.5 V potential. The reduction processes and standard potentials of reactions are
described by the equations:
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Figure 1 — The CVA of glassy carbon electrode in a sulfate electrolyte at various concentrations of selenium and gallium ions.
1 — support electrolyte; 2—6 — Se(IV) — 210> M; Ga(III): 3 -6:102;4—1.2:10% 5-810% 6 — 1-10"'M.
Side bar: Se(IV) —2:10°M
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H,SeOs+4&+4H'=Se+3H,0 E°=+0.740 V (1)
Se+2&+2H"= H,Se E°=-0.400 V )
H,Se05+6&8+6H =H,Se+3H,0 E°=+0.360 V 3)

In -0.5 V range of potentials, Se (IV) can be reduced according to equation (3) to form selenide ions.

Gallium ions are not reduced on a glassy carbon electrode in the studied range of potentials (figure 2).
The CVD of a glassy carbon electrode in a sulfate electrolyte demonstrates the absence of current peaks as
the concentration of gallium ions changes from 5-10 to 1-107 M.

I, mA
0.04 -

0.02

0.00 4

Figure 2 — 002

The CVA of glassy carbon electrode |
in a sulfate electrolyte at a various 0.04 -
content of gallium Ga(Ill) ions: 1
1-510%2-1103%;3-2-107; 0,06

4-5103,5-1-102M

-0.08
-0.10

-0.12 o

000 500 ' 0 ' 500 ' 1000 ' 1500 E, mB
On adding gallium ions in the electrolyte (figure 1, curves 3-6), the current of the first peak changes,
the current peak shape at -0.5 V becomes smooth, and the reduction current lasts until -0.85 V and reaches
the hydrogen reduction range.
Analysis of the anode part of CVA testifies that at the maximum content of gallium in the electrolyte
equal to 1-10° M, a maximum amount of selenium is deposited over the electrode as a compound with
gallium. Selenium is oxidized from the compound at potentials close to + 1.0 V.

Se + 3H,0 — H,SeO; + 4H' + 4~ (4)

The results show the formation of a compound to proceed at -0.8 and -0.9 V potentials involving
selenide ions due to the chemical reaction of positively charged gallium ions with negatively charged
selenium ions.

The CVA in citrate buffer solution shows that in case of joint presence of selenium and gallium ions
in the electrolyte the reduction currents increase with an increase in the concentration of gallium. When
the content of Ga (III) is from 6-107 to 1.2-10” M, profile curves coincide with those shown in figure 1 for
the sulfate electrolyte. As the concentration of gallium increases (figure 3, curve 3.4) to 8:10° M, the
reduction currents at E=- 0.5 V increase and at E=- 0.85 V there appears an additional distinct current peak
that can characterize the reduction of gallium ions on a glassy carbon electrode covered with selenium.
Analysis of the anode branch of CVA also indicates that in the process of reduction on the electrode there
forms a deposit of selenium compound with gallium, the oxidation potential of which lies within +1.0 V
(figure 3).

Based on the results, the -0.8; -0.9 V range of potentials was selected to conduct the potentiostatic
deposition of gallium compounds with selenium on a glassy carbon electrode.

Electrodeposition of gallium selenide in sulfate electrolyte. The electrodeposition of gallium ions
was carried out at 6:10°M concentrations of gallium ions and 2-10° M concentrations of selenium ions at
-0.8 V potential and 70° C temperature. The resulting film was investigated by electron scanning micro-
scope with the capabilities of microanalysis that showed 0.03 at% content of gallium. Further, the con-
centration of gallium ions was increased to 1.2-:10% M, and electrodeposition was carried out at -0.8 and -
1.2 V potentials. The elemental composition was studied and micrographs of the surface of resulting films
were made (table 1).
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Figure 3 — The CVA of glassy carbon electrode in a citrate buffer solution at a constant concentration of selenium ions
and various concentrations of gallium. 1-4 — Se(IV)=2-10"M; Ga(II): 1 - 6:10%; 2 -1.2:10%; 3 - 6102, 4 - 8:10°M

Table 1 — The elemental composition of as-deposited gallium selenide film on glassy carbon at various potentials (at%)

Substrate Electrodeposition conditions Electrolyte composition
=-0.8V Ga-0.51%
GC-93 T=70°C Se - 99.49%
t =30 minute
E=-12V Ga - 0.54%
GC-94 T=70°C Se - 99.41%
t =30 minutes

Table 1 shows that the content of gallium in the deposit has increased to ~ 0.5 at%. The shift of re-
duction potential to the negative side has affected weakly the increase of gallium.

The micrograph of resulting sample surface in figure 4a shows the formation of separate large grains
with 4.2- 3.3 um diameter. The reduction at -1.2 V potential when there starts the parallel reduction of
hydrogen, has resulted in disturbance of deposit uniformity due to the formation of filamentary fibers
(figure 4b).

In the subsequent experiments, the content of gallium ions in the electrolyte was increased,
maintaining a constant concentration of selenium ions equal to 2:10° M. Table 2 shows the results of
analysis of the deposited films at -0.8V, -0.9 V and -1.0 V potentials. The best result on the content of
gallium, 7.2% is shown by the experiment conducted at -0.8 V potential.

SEI 20kV WD11mm SS844 x3,000 Spm s 20kV WD10mm SS44 x3,000 Sum

Sample 5942 24 Oct 2016 Sample 5947 24 Oct 2016

Figure 4 — The micrograph of the surface of films (at 3000 magnification): a — at -0.8V potential; b — at -1.2V potential
— Y] ——
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Table 2 — The elemental composition of as-deposited gallium selenide film
on glassy carbon at various potentials, and the surface micrograph.

Substrate Electrodeposition Electrolyte Content Micrographs
conditions composition in the deposit, at%
E=-1.0V 6-10°M Ga -6.7;
T=70°C Gay(SOy)3 Se-93.3
GC-95 t=30 minutes 2:10°M
NaHSeO3
E=-09V 6-10°M Ga-45
T=70°C Gay(SO4)3 Se-95.5
GC-96 t=30 minutes 2:10°M
NaHSeO5
E=-0.8V 6-10°M Ga-72
T=70°C Gay(SOy4)3 Se-92.8
GC-97 t=30 minutes 2:10°M
NaHSeO3

The micrographs in table 2 show that the size grain of the resulting deposit depends on the deposition
potential and the content of gallium in the deposited film of gallium selenide.

For further experiments, 1 M GaCl; solution was used as a source of gallium ions and their
concentration in the electrolyte was increased to 1.0-10" M at a constant concentration of selenium ions,
2:10° M. Electrochemical deposition of gallium selenide was carried out at -0.8 and -0.9V potentials.
Cleaned and polished glassy carbon substrates were used. Upon electrodeposition, uniform and thick films
of red-brown color were obtained and their composition and surface were studied by the scanning electron
microscopy method.

Table 3 — The elemental composition of as-deposited gallium selenide film over glassy carbon
at E=-0.8 V and E=-0.9 V potentials within 30 minutes

Electrodeposition Electrolyte Contents of components in the film,
Substrate o e
conditions composition at.%

=09V 1-10" M GaCl, Ga 15.1
GC-110 T=70°C 210 M NaHSeOs Se 84.9
GC-111 E=09V 1-10'M GaCly Ga 15.9
i T=70°C 2:10” M NaHSeO; Se 84.1
GC-112 E=-08V 110" M GaCl, Ga 26.7
T=70°C 210 M NaHSeO; Se 73.3

As shown in the table, at -0.8 V potential, within 30 minutes, at a concentration of 1.0- 10" M GaCls
and 2-10° M NaHSeO; on a glassy carbon electrode there forms a film with a maximum content of
gallium (26.7 Al%). Figure 5 shows a micrograph of the surface of gallium selenide films deposited under
the conditions of table 3. One can see that the even distribution of globules is disturbed by the accumu-
lation of coarse crystals consisting of smaller particles. Figure 5b shows the emergence of dendrites in the
form of flowers, which is typical for the deposited films of gallium with selenium.
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Figure 5 — The micrographs of the surface of films:
a—E,=-0.9Von GC-110; b — E,.=-0.9Von GC-111; ¢ — E,.= -0.8V on GC-112

The homogenous formation of spheres with 0.5, 1.1 um diameter is most typical for the deposits
produced by electrodeposition at E,. =-0.9 V.

In figure 6, one can see an increase in the content of gallium in the composition of Ga,Se; film at
1.10"M GaCl; concentration in the supporting electrolyte.

30 4 -
110 ov
100 | 3.7
254
%0 4
20 20
& 15 07
-1 R 504
"’ == « oy Ga,%e
104 =0 ] 206 e
0 Ga,de, 315
: a0 4 154 320
7 Ga. Sz, 3.0°
. 304183 /
04 204 |
I e e e e B e e e e e ] T~ 1 1 1 T " 1 T 1 T 1 * T 1 ™ 11
0,00 002 004 006 008 010 0,12 1.8 20 22 24 26 23 30 32 34 36 33
d
Gaigamy)
Figure 6 — The dependence of the content of gallium Figure 7 — The dependence of the intensity
in the deposited film on the concentration of gallium ions on the interplanar spacing for
in the electrolyte at a constant potential GC-112 (glassy carbon sample) (table 3)

of -0.8 V and Se=2-10"M concentration

Thermal treatment of electrodeposited films. To confirm the phase composition and carry out X-ray
phase analysis, the deposited films of gallium selenide were annealed in a muffle furnace in atmospheric
air by a two-stage process: first, at 200 °C during 10 minutes, and the second time at 500 °C during
15 minutes. After annealing, the film acquired a grey color, the adhesion to substrate was dense, and the
surface was homogeneous.

X-ray phase analysis of thin films of gallium selenide electrodeposited on glassy carbon plates was
made according to the conditions of table 3. Figure 7 shows the bar radiograph indicating the dependence
of the intensity of X-ray reflexes on the interplanar spacings. One can see that graph 7 contains Ga,Se;,
phase reflexes corresponding to the interplanar spacings 1.93, 1.94, 3.15 according to the ASTM tables. It
is noted that the intensity of reflexes increases with an increase in the content of gallium in the deposit.
The radiographs also show strong reflexes from the glassy carbon (GC) substrate, since the resulting films
do not exceed the thickness of 5 microns. The selenium oxide impurity may indicate the oxidation of a
part of selenium on the surface during annealing.

Study on the morphology of the surface of films after thermal treatment was performed using an
optical microscope and an atomic-forced microscope, JSPM 5200 (JEOL Japan).
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Figure 8 — The pattern of gallium selenide film surface (sample GC-112)
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Figure 9 — The pattern of GC-112 sample surface obtained by atomic-force microscopy

The pattern produced by the optical microscope is an evenly coated surface of the deposit (figure 8).
The results of atomic-force microscopy (AFM) show that the coat height reaches 5 microns after
annealing. The film surface grows in one direction and on the 25x25 um stretch represents planes growing
in parallel.

Conclusions. The electrochemical deposition of gallium selenide on a glassy carbon electrode from
sulfate electrolytes at a constant potential has been carried out. Gallium selenide films of up to 5-micron
thickness, with the content of 26.7 at% gallium and 73.3 at% selenium have been produced. The com-
position is close to the stoichiometric composition of Ga,Se; compound. X-ray phase analysis has
confirmed the presence of Ga,Se; phase in the resulting films. Study of the surface morphology has shown
that uniform coating of the glassy carbon electrode potentials can be achieved at -0.8 and -0.9 V
potentials.

Agreement 21y-23 with CPCMRA on the topic: «Electrochemical processes fundamentals in elec-
trodeposition of multicomponent semiconductory.
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M. b. [leprauesa, 9. K. ’Kanadaesa, B. U. SckeBnu

. B. Coxonbckuii aTeiHaars! JKanapMaii, KaTanns xKoHE IIEKTPOXUMHUS HHCTHTYTHI,
Anmarel, Kazakcran

TAJINA CEJEHUIIH DJEKTPOTYH/IBIPY

AnHoTaumsi. TypakThl TOTEHIMAIAA KYKIPT KBIIIKBULABI 3JIEKTPOJIUTTEH TN CENCHUAIH MIBIHBI KOMIPTEKTi
ANEKTPOATA SICKTPOXUMISTIIBIK TYHABIPY >Kypri3inmi. IIBIHBI KeMIpTEKTi 3JEKTPOINTHIH HUKIIIK BOJIBTaMIIEPIIi
KHUCBHIKTApHI TANINH KOHE CEJeH HOHIAPHI 0ap €Ki TYPIIi AMEKTPOIHUTTE: KYKIPT KBIIIKBUIIBI )KOHE ITUTPATTHI Oydepi
epringi me 3eprrenni. Kabar KypaMblHa rayuii HOHBIHBIH KOHIEHTPAIMACHIHBIH ©3Tepici MEH TYHBIPY MOTEHIIHA-
JBIHBIH 9cepi 3epTTenai. [ anmii HOHBIHBIH KOHIICHTPALUSCHIH 6-10>M-nen 1-10"! M-re neiin YIIKeHTKeHIe TYHOa
KYypaMblHIa TAJUIMHIBIH MaKCHMAaJbIbl KYpaMblHA alblll KeJieli, ©3 Ke3eriHae cejeH WOHBIHBIH KOHICHTPAIHs-
bl TypakThl 2-10°M Gombin Kamajsl. CTEXHOMETPHSIBIKKA KypaMaarbl KabaT aily YIIH 3JIeKTPOITHTTE Tauiui
nonbl (III) cemen moneHa (IV) KaparaHma apTeIFBIpaK OONybl KepeK. TYHOAaHBIH JIIEMEHTTIK aHAJIH3 HOTIDKECI
KYKIPT KBIIIKBULABI 3JEKTPOJIMTTE TAIMH HMOHBIHBIH CEIEH MOHBIHA KaparaHAa KOHLEHTPALMSICHIHBIH KaTHIHACHI
50:1 6onranna, -0,8B moTeHIanbIHAa KypaMbeIHaa 26,7 at % rayumii 6ap albIHATHIHABIFEIH aHBIKTAIbl. beTTiH Mop-
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(hoNOTHSACHIHBIH 3ePTTeYJIepi HIBIHBI KOMIpTeri auekTposl Oetinze -0,8 xoHe -0,9 B noreHuuanmapeinga Oipkenki
’KaOBIHIBI TY3UICTIHOINIH KopceTTi. PeHTreHohasanblK aHaM3 HOTHKECI anbiHFaH Kadarrapaa Ga,Se; (a3achbHBIH
0ap CKCHIITH pacTaibl.

Tyiiin ce3nep: ramimii ceneHui, JEeKTPOTYHABIPY, BOJIbAIIMEPMETPHSI.

M. b. [leprauesa, A. K. ’Kanab6aeBa, B. U. SIckeBuu

WHucTHTyT TOmMBA, KaTanu3a u siekrpoxuMun uM. . B. Cokonsckoro,
Anmarsl, Kazaxcran

IJIEKTPOOCAXKIEHUE CEJIEHUIA I'AJIJINA

Annotanus. [IpoBeeHO MEKTPOXUMHYECKOE OCAKICHUE CEIICHUIA TaJUTAS HA CTCKJIOYTIICPOIHOM JICKTPOJIE
U3 CEPHOKHUCIBIX AJICKTPOJIMTOB NPU IOCTOSHHOM TIOTeHIMane. lccrnemnoBaHbl IUKIMYECKHE BOJBTAMIICPHBIC
KPUBBIC CTCKIIOYTJICPOIHOTO IEKTPOAA B IBYX PA3JIMYHBIX JIICKTPOJIUTAX: CEPHOKHUCIOM M IUTpaTHOM OydepHOM
pacTBope, coAepKaIllnX WOHBI TaJUTHA U celieHa. VcciaemoBaHo BISTHIE N3MEHEHUST KOHIIEHTPAIMH HOHOB TaIUTHA U
TNOTEHIMANIA OCAXKICHHS HA COCTAB MONy4aeMOro 0cajka. YBeeueHHe KOHLIEHTPAIMH MOHOB Tautus ot 6-107 1o
110" M npu m0CTOSHHOM KOHIEHTPAIMH HOHOB ceeHa 210~ M B 3JeKTpONINTe IPUBOAHT KYBEIHUCHHIO COIEp-
YKAHWS TAUIHS B COCTaBE OCaaKa. Y CTAHOBJICHO, YTO JJIS TIOyYEHHS] CTEXHOMETPUIECKOTO COCTaBa IJICHKH COIep-
»aHue noHoB raymwus (III) B amekTpoauTe AOHKHO BO MHOTO pa3 MPEBHINATh cojaepkanne noHoB ceneHa (IV).
Pe3ynpTaThl 37€MEHTHOTO aHANIHM3a0CaaKa MOATBEPAMIN, YTO MPHU COOTHOIICHWH KOHIEHTPAIMA MOHOB TaJUIHI U
cenena 50:1 B CEpHOKHUCIIOM AJIEKTPOJIUTE, TIpH NoTeHuuane -0,8B momyuniu ,TUIEHKY celeHuaa rajiis ¢ colep-
kaaueM 26,7 at% ramwmms. Mccnenoanue MopGoJOrHy MOBEPXHOCTH OKA3aJi0, YTO OJHOPOJHOE MOKPBITHUE IO-
BEPXHOCTH CTEKJIOYTJIEPOJIHOTO BIICKTPOAa JgocTuraercs npu noreHnuaiax -0,8 u -0,9B. Pentrenodasoseiii anamms
nonTBep AT Hanmuue (asel Ga,Se; B MONyYESHHBIX TUICHKAX.

KuroueBbie cJI0Ba: CEJICHU] FAJUTHS, IICKTPOOCAKICHUE, BOJIBTATMEPMETPHSI, TOHKHE TLICHKH.
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