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Abstract. The mercury selenide (HgSe) films were
obtained on glass substrates via the chemical deposition
method. The aqueous solutions of mercury(Il) nitrate,
sodium thiosulfate, sodium selenosulfate and tri-sodium
citrate were used. X-ray and elemental analysis of the film
sample were made. The effect of initial reagents
concentration, synthesis duration and temperature on the
mass of HgSe films was investigated and coatings
thickness was calculated. The optical and morphological
properties of HgSe films were examined. The deposition
mechanism is discussed.

Keywords: mercury selenide, thin films, chemical depo-
sition, optical properties, morphology analysis, growth
mechanism.

1. Introduction

Mercury selenide (HgSe) is one of the least-studied
of A"BY' group thin films materials. Mercury chalco-
genides can be used in IR detectors, ultrasonic transducers,
catalysts, electrostatic reflective materials and solar cells
due to their unique properties [1-3]. Development of simple
and reproducible technique for the synthesis of mercury
selenide films is an actual task. Technologically
convenient way of obtaining these films is a chemical
deposition [3-4]. The optimization of this process has
been made for zinc and cadmium chalcogenides [5-7]. It is
based on determination of metal content by anodic
stripping voltammetry in a water solution, prepared by
dissolving thin films [8-9]. In case of HgSe films it is
convenient to use measurements of coatings mass
changes, since mercury selenide is difficult to dissolve in
water solutions.
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Previously in our research [10-11], the HgSe films
were synthesized using three complexing agents:
potassium thiocyanate (KSCN), potassium iodide (KI) and
sodium thiosulfate (Na,S;03). The best results were
obtained with using Na,S,0;. In the case of KSCN use the
HgSe films surface was not solid and consisted of the
spherical particles. With the use of KI, the ternary
compound of mercury iodide-selenide (Hg;I,Se;) was
found as a by-product. Cyanides, which give good results
on complexation precious metals [12], are not used
because of their toxicity.

The aim of our work was to carry out complex
studies of effect of initial reagents concentration, synthesis
duration and temperature on the mass of synthesized
HgSe semiconductor films. Based on previous research,
the Na,S,0; was used as the best complexing agent for
Hg®* [10]. An analysis of the obtained experimental
results would allow to get more favourable conditions for
HgSe films synthesis. In addition, it is necessary to
perform such studies as pH measurements of working
solutions, thickness calculation, analysis of phase com-
position, optical properties, morphology and to propose
the deposition mechanism of investigated coatings. This is
an actual task of thin-film technologies, especially for
least-studied HgSe films.

2. Experimental

2.1. Materials

Chemical deposition of HgSe films was carried out
on preliminarily cleaned square shape glass substrates
with 64.80 cm” of total area. For this purpose, the working
solutions were prepared by successive adding of freshly
prepared aqueous solutions of the mercury salt, pH
regulator, complexing agent, chalcogenizing agent and
distilled water.

The composition of the working solutions was as
follows: 0.0025-0.015 M mercury(Il) nitrate (Hg(NO3),);
0.025-0.3 M trisodium citrate (Na;C¢HsO;), as a pH
regulator; 0.1-2.0 M sodium thiosulfate (Na,S,0;), as a
complexing agent for Hg”" and 0.0025-0.025 M sodium
selenosulfate (Na,SeSO;), as a chalcogenizing reagent.
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The volume of each prepared solution was 250 ml. The
synthesis was made in a glass bath for 20-220 min at the
temperatures of 273—313 K. After this, the substrates were
removed, washed with distilled water and dried in the air.
The films samples were dark-brown in color. Their
adhesion to the glass substrates was weak. The films were
easily removed after applying small mechanical efforts.

2.2. Analysis

Experimental arrays of intensities and angles of
reflection of the test samples were obtained on a DRON-
3.0 X-ray diffractometer (CuKa radiation). Preliminary
processing of the experimental diffraction arrays in order to
identify the phases was carried out using a PowderCell
program [13].

The films optical transmission spectra were recorded
on a Xion 500 «Dr. Lange» spectrophotometer in the
340-900 nm wavelength range. The accuracy of the optical
transmission detection was +0.5 %.

Investigation of the films surface morphology was
performed on Atomic Force Microscope (AFM) MultiMode
Nanoscope Illa (Bruker) in a tapping mode using Super
Sharp Silicon tips SSS-NCLR (Nanosensors) with a typical
spring constant £ = 33 N/m and resonance frequency
around 180 kHz.

Elemental analysis of HgSe film was carried out on
X-ray fluorescence (XRF) spectrometer ElvaX Light
SDD (Elvatech).

The pH value of the working solutions was
measured with a pH-150 MI pH-meter, with a glass
combined electrode.

The semiempirical method PM6 was used for the
modelling of the possible way of chemical reaction of the
mercury selenide formation. All quantum-chemical
calculations were carried out in the MOPAC 2016 software
package [14] and graphical interface Winmostar [15].

In order to optimize the synthesis process, the
gravimetric measurements were carried out. The mass of
deposited HgSe films were recalculated to the unit of the
substrate area. For this purpose, the differences of substrates
mass before and after deposition have been measured and the
differences in mass were calculated. The weighing of the
samples was carried out with the use of Radwag AS 220.R2
analytical weight (accuracy 0.0002 g) depending on the
concentrations of initial reagents in the working solution,
the synthesis duration and temperature.

To conduct the research on optimization of Hg-
containing salt initial concentration for synthesis of HgSe
films, the working solutions were prepared with 0.5 M
sodium thiosulfate, 0.01 M sodium selenosulfate and 0.1M
trisodium citrate. Concentration of Hg(NOs), varied from
0.0025 to 0.015 M. The synthesis duration was 180 min,
and the temperature was 283 K.
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To conduct the research on optimization of sodium
thiosulfate initial concentration, the working solutions were
prepared with 0.01 M mercury(Il) nitrate, 0.01 M sodium
selenosulfate and 0.1 M trisodium citrate. Concentration of
Na,S,0; varied from 0.12 to 2.0 M. The synthesis duration
was 180 min, and the temperature was 283 K.

To conduct the research on optimization of sodium
selenosulfate initial concentration, the working solutions
were prepared with 0.01 M mercury(Il) nitrate, 0.5 M
sodium thiosulfate and 0.1 M trisodium citrate. Concentra-
tion of Na,SeSO; varied from 0.0025 to 0.025 M. The syn-
thesis duration was 180 min, and the temperature was 283 K.

To conduct the research on optimization of
trisodium citrate initial concentration, the working solutions
were prepared with 0.01 M mercury(Il) nitrate, 0.5 M
sodium thiosulfate and 0.01 M sodium selenosulfate.
Concentration of Nay;C¢Hs0; varied from 0.025 to 0.3 M.
The synthesis duration was 180 min, and the temperature
was 283 K.

To conduct the research on optimization of synthesis
duration, the working solutions were prepared with 0.01 M
mercury(Il) nitrate, 0.5 M sodium thiosulfate, 0.01 M sodium
selenosulfate and 0.1 M trisodium citrate. The synthesis
temperature was 283 K. The duration of process varied
from 20 to 220 min.

To conduct the research on optimization of synthesis
temperature the working solutions were prepared with
0.01 M mercury(Il) nitrate, 0.5M sodium thiosulfate,
0.01 M sodium selenosulfate and 0.1 M trisodium citrate.
The synthesis duration was 180 min. The temperature of
process varied from 273 to 313 K.

The calculation of HgSe films thicknesses according
to the measured mass of coatings was carried out based on
the following considerations.

1) The volume of the deposited film on the substrate
(cm’) is:

Am  my, —m
V== @)
p p
where Am is the film mass, g; m; and m, are the masses of
substrate before and after synthesis, respectively, g; p is the
compound density, g/cm’ (8.26 g/em’ for HgSe).

i1) Since the synthesis was performed on substrates
of square shape, it is possible to assume that the coatings
had approximately the shape of the parallelepiped and is
expressed by the formula:

V=S-d 2
where S is the surface area of the substrate, sz; d is the
height (thickness) of the film, cm.

ii1) Equating (3) and (4) we can derive a formula for
calculating the average thickness of HgSe films from the
mass of coating:

_my-m

d (€)

S-p
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3. Results and Discussion

By mass measuring of deposited HgSe films, the
dependences of their changes on the synthesis conditions
were constructed. According to Eq. (3), the masses were
recalculated into thicknesses. The research results are
presented in Fig. 1.

The obtained data (Fig. 1a) show that weight of
HgSe  films  increases  practical linearly  at
C(Hg(NOs3),) <£0.01 M. At this, the determined pH of the
working solutions before the addition of Na,SeSO; was
greater than 7 and they were colorless for a long time,
without signs of turbidity. At C(Hg(NOs),) >0.01 M the
pH of the working solution was less than 7. When
C(Hg(NO3),) = 0.0125 M, a slight turbidity of the solution
was observed in a light brown color before adding
Na,SeSO;. That was due to Na,S,0; decomposition with
the formation of sulfur and its following transformation to
HgS. At C(Hg(NO;),) =0.015 M the huge amount of HgS
was observed to be formed due to the proceeding of the
process above to a greater extent at a more acidic pH. In
this case the amount of free Hg®" ions is low. This explains
the decrease of the HgSe mass in this area. Thus, the
optimized value of mercury salt concentration is 0.01 M.

The influence of sodium thiosulfate concentration
on the mass of HgSe films (Fig. 1b) has an extremum
character. At small concentration of Na,S,03 (<£0.5 M),

Martyn Sozanskyi et al.

the mass increasing of the deposited film was observed.
At C(NaS,0;3)>0.5M the weight of HgSe coatings
decreases as a result of increasing the working solution
density. Thus, the optimized value of sodium thiosulfate
concentration was 0.5 M.

In the study on dependence of sodium selenosulfate
concentration change on the mass of HgSe films
(Fig. 1c), it was found that in the range of C(Na,SeSO;) =
=0.0025-0.01 M the dependence character is close to
linear, and after that the mass of HgSe gradually decreases. It
was because the reaction product had formed more in the
form of a precipitate and not as a film. Thus, the optimized
value of sodium selenosulfate concentration is 0.01 M.

With the increase in synthesis duration from 20 to
180 min (Fig. 1e) the mass of HgSe films increases almost
linearly. At longer synthesis period, the mass value
practically does not change. Thus, the optimized value of
the synthesis duration is 180 min.

The temperature dependence of HgSe films mass
(Fig. 1f) has the extremum character. In the temperature
range of 283-313 K, the mass of coatings decreases
practically linearly, because at the higher temperatures the
reaction product had formed in greater extent in the form
of a precipitate but not as a film. At 273 K, the film mass
is less than at 283 K, since it needs more time to end the
synthesis process, which is inexpedient. Thus, the
optimized temperature is 283 K.
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Fig 1. Dependences of films mass changes of HgSe per unit of substrate area on the concentration of Hg-containing salt (a),
Na,S,0; (b), Na,SeSOs; (c), Naz;C¢Hs0; (d). Dependences of films mass on synthesis duration (e) and temperature (f)
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When studying the influence of trisodium citrate
concentration on HgSe films mass (Fig. 1d), the parallel
measurements of working solutions pH values were
carried out at a sequential addition of reagents to the
solutions with different concentrations of Na;C¢HsO-
(Table). In the case of C(Naz;CqHsO;) = 0.025 M, the
solution before addition of Na,S,0s is slightly acidic and
after addition of sodium thiosulfate, pH remained in the
acid region. At this, significant amount of HgS formation
was observed, due to the decomposition of Na,S,0;. In
that case, the mass of deposited HgSe film on the
substrate after the addition of Na,SeSO; was small, since
most of the mercury ions had already been consumed. In
the case of C(Na;C¢HsO7) = 0.05 M, the solution before
adding Na,S,0; is weakly acid, after adding it — slightly
alkaline. At this time the solution becomes brown and
later the small amount of HgS precipitate is formed. As a
result, the mass of deposited HgSe on substrates at
Na;C¢Hs0O7 concentration of 0.05 M is greater than that at
0.025 M. Next, starting from C(Na;CsH507) = 0.10 M, the
solutions were slightly alkaline, stable (transparent and
colourless), decomposition of Na,S,03; was not observed.
In the Na;C¢HsO; concentration range from 0.10 to
0.30 M, the mass of HgSe films decreases practically
linearly. Probably this is due to the increase of the
working solution density. Finally, when Na,SeSO; was
added in all of working solutions, the hydrogen index was
within 8.51-8.60 (the start of deposition). At the end of
deposition, pH decreased to 8.34-8.43. Thus, from the
provided measurements, the optimized value of trisodium
citrate concentration is 0.10 M.

So, the optimum conditions for deposition of HgSe
films are: concentrations of mercury salt, trisodium citrate,
sodium thiosulfate and sodium selenosulfate in the
working solution 0.01 M, 0.1M, 0.5M and 0.01 M,
respectively; synthesis duration 180 min, temperature
283 K. Under these conditions the biggest thickness of
HgSe films was reached, which was 112 nm.
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The X-ray phase analysis (Fig. 2) of HgSe films,
obtained under optimum conditions, has been made. It
was established that the coating is a single-phase one and
contains HgSe in the cubic (zincblende) modification.

The optical transmission 7(A) and absorption
spectra (dependences in (a-hv)® = f(hv) coordinates) of
HgSe films, obtained at synthesis durations of 30-210 min
are shown on Figs.3 and 4, respectively (the other
synthesis parameters were equal to optimum ones). The
minimum light transmission (7,) in the investigated
range of wavelength is located at 340 nm for all samples.
A jump of the light transmission can be seen at ~450 nm.
The maximum light transmission (7p.x) in the investigated
range of wavelength for all samples is located at 900 nm.
In the investigated region of synthesis duration, the 7Tiny,
and T decreases from ~72 to 0.3 % and from ~94 to
45 %, respectively. The wvalues of optical band gap
(defined as the intersection point of the tangent to linear
section of the dependence (a-hv)* = f{hv) and the x-axis)
decrease from 2.47 to 1.39 eV with the increase of the
synthesis duration (Fig. 4). These optical band gap values
are close to the results obtained in [16-18].

AFM studies of the surface morphology (Fig. 5) of
HgSe films, obtained at different synthesis duration (the
other parameters were equal to optimum ones), show that
coating is solid and homogeneous. It can be seen that at
100 min HgSe film surface is packed of irregular shape
particles of approximately 65+12 nm in size. At 180 min,
the coating surface consists of aggregates of 152417 nm
in size. It can be seen that they are formed by smaller
particles of 15—60 nm. This could mean that they stick
together and deposit on the surface during the film
synthesis, so the aggregation process of smaller particles
has a huge impact on its morphology.

According to the results of elemental analysis
(Fig. 6), the HgSe films have a practically stoichiometric
composition with a slight excess of selenium atoms.

Table
The measured pH values of the working solutions with various concentrations of Na;CcHs0-
The pH of the solution, which contained:
C(Na3CeHsO7) + C(Na3CeHsO7) +
C(Na;C¢Hs05) + +0.01 M Hg(NO»),+ +0.01 M Hg(NOs),+
C(Na;CoHs07), M C(Na;CoH;O)+ + 0.(?1\I M Hg(N(%3)2+ +0.5M Nigs\]zoz)i +0.5M Nigs\]zoz)i
+0.01 M Hg(NO), + 0.5 M Na,S,0, +0.01 M Na,SeSO; +0.01 M Na,SeSO;
(at the start of deposition) | (at the end of deposition)
0.025 6.38 6.72 8.51 8.34
0.05 6.77 7.63 8.56 8.37
0.10 7.03 7.83 8.60 8.42
0.15 7.18 7.91 8.59 8.41
0.20 7.31 7.98 8.57 8.42
0.25 7.37 8.00 8.59 8.43
0.30 7.42 8.01 8.58 8.40
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The quantum-chemical modelling of possible and
most profitable way of chemical reaction of HgSe
formation from the aqueous solution with thiosulfate was
made. The formation of [Hg(S,03)s]" soluble complex
occurs after mixing of the mercury salt and sodium
thiosulfate solutions. A minor amount of trisodium citrate
is added to the solution to provide the alkaline medium and
prevent sodium thiosulfate decomposition. The formed
complex is changed after adding Na,SeSO; to the solution.
The selenosulfate-ion coordinates with a mercury atom
through a selenium atom and the reactive-able intermediate
complex of [SO;Se ‘Hg(S,05);]® is formed. After that
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it reacts with hydroxide ions and partially decomposes to
[SeHg(S,05):]*, sulfate ion and water. Finally,
intermediate complex decomposes with the formation of
mercury selenide and thiosulfate ions. Schematically, this
process can be written as:

[He(5.0), ] + SesOF —> [$0Se-He(5,0), ] +5.0
[SO.Se-+Hg(5,0,), ] +20H —>
— [Se-Hg(5,0,),] +SOF +H,0

[Se--Hg(8,0,),]" ——> HgSel + 35,0

On the basis of surface morphology data and
results from [19], the following scheme of HgSe film
growth was proposed (Fig. 7). It begins with the formation
of nuclei in the working solution and active centers on the
substrate surface due to the decomposition reaction of
intermediate mercury complexes. Next, the cluster
particles of fractal structure are formed. The primary
surface particles may also appear by forming oxygen
bridges of Hg—O-Si type on the glass substrate surface.
As a result of the particles Brownian motion and
crystallization of reaction product, the further coagulation
and growth of aggregates occur with their adsorption on
the surface. This process stops after depletion of working
solution (180 min of HgSe deposition). The destruction of
HgSe film under small mechanical efforts indicates weakness
of intermolecular bonds between the aggregates and bonds
between the film and substrate surface (Hg—O-Si), which
prove the proposed scheme of film growth.
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Fig. 7. Scheme of HgSe nucleation and film growth

4. Conclusions

In our work, an attempt was made to comprehensi-
vely consider the problems of HgSe films synthesis with
the aim of developing common rules and approaches for
controlling the process of their hydrochemical synthesis.
The influence of concentrations of mercury salt, trisodium
citrate, sodium thiosulfate and sodium selenosulfate in the

working solution, duration and temperature of synthesis
on the mass of HgSe films are shown. Practically, at
synthesis of HgSe films from aqueous Na,S,0; solutions,
it is expedient to use the following parameters of
synthesis: the concentrations of mercury salt, trisodium
citrate, sodium thiosulfate and sodium selenosulfate in the
working solution of 0.01 M, 0.1 M, 0.5M and 0.01 M,
respectively, temperature of 283K and synthesis
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duration of 180 min. The reason is that the films,
synthesized under such conditions are single-phase, solid
and homogeneous, the HgSe is formed most in the form of
a coating but not a precipitate and has the highest average
thickness (~112 nm). This can be used to obtain double or
multilayer heterostructures of HgSe with other
semiconductor films.
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ONTUMIBALISL YMOB CUHTE3Y TOHKHUX
IVIIBOK MEPKYPIU CEJIEHIY

Anomauin. Ha cxnsanux niokniaoxkax memooom XiMiuHO2O
ocaocentss ompumari nuigku mepkypiu cenenioy (HgSe). Buko-
pucmaro 600Hi pozuuru mepkypiu(ll) nimpamy, nampiio miocyno-
Gamy, nampiio cenenocyrvghamy ma mpuxampii yumpamy. Ilpo-
6€0€HO PEHMeeHOpA308Ull Ma eleMeHmHULl AHANI3 3pAa3Ka NIIGKU.
Jlocnioaceno ennue kKonyenmpayii 6UXIOHUX pedcenmis, mpueaioc-
mi ma memnepanmypu cunmesy Ha macy niieox HgSe ma obuucneno
moewury noxkpummis. Jocniodceno onmuuni ma mopgonoziuni
enacmusocmi nokpummsi HgSe. O62060pero mexamizm ocadxncenHsi.

Knrouoei cnosa: meprypiii cenenio, moHKi WiieKu, XiMiuHe
0Caodcens, ONMUYHI  GLACMUBOCTI, MOPGQONOSIUHULI  aHATi3,
MeXaHizm pocmy.



