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Abstract: The main aspects of mercury sulfide and mercury selenide thin film synthesis using the
chemical deposition method are considered. An analysis of various factors affecting film properties
was conducted, including the study of how the nature of the substrate and its pre-treatment
influence film properties. The effects of the working solution's temperature, deposition time, and
annealing conditions on film characteristics were investigated. The impact of these parameters on
the phase composition, as well as optical, electrical, and morphological properties of the films, is
discussed and summarized. The paragraph also explains how the choice and concentration of initial
reagents affect the parameters, characteristics, and properties of the obtained films.
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1. Introduction

The efforts of scientists involved in developing or enhancing functional materials can be more
effective when directed not only towards synthesizing new chemical compounds but also towards
creating materials with specific functional properties using known compounds and established
technological methods. This is particularly applicable to semiconductor thin-film materials. The mass
production of thin-film devices becomes feasible only when fabrication methods are technologically
simple, cost-effective, easily controllable, and ensure high reproducibility of the material properties
obtained.

The synthesis and investigation of semiconductor materials based on thin films of A'BV!
compounds (Zn, Cd, and Hg chalcogenides) have garnered significant attention. This is attributed to
their unique properties, which strongly depend on various physical parameters, such as the size and
shape of crystalline grains, composition, thickness, crystallinity, and microstructure.

Mercury chalcogenides are technologically intriguing materials with applications in infrared
detectors, ultrasonic and gas sensors, catalysts, electrostatic reflecting materials, and solar cells.
Despite their potential, they remain among the least researched. The scarcity of information on the
synthesis and properties of mercury chalcogenide thin films can be attributed to the challenges
encountered during their production. This difficulty arises from the inability to use typical
complexing agents successfully employed for synthesizing cadmium and zinc chalcogenide films
with specified properties. These agents are absent in macro- and microscopic bodies of the same
chemical nature. Such limitations play a crucial role in hindering the advancement of
nanotechnologies in contemporary science and technology.

A critical analysis of scientific articles on ScienceDirect reveals a notable increase in the overall
number of publications dedicated to thin films. There is a growing interest in Group AUBVY
semiconductor materials, with subsequent applications in optoelectronics, photovoltaics, and solar
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elements. However, new publications regarding the research of mercury chalcogenide thin films are
relatively rare.

Mercury sulfide and mercury selenide films exhibit high mobility and concentration of charge
carriers, as well as thermomagnetic effects, photoelectron emission, and various photoelectric and
optical absorption effects. These properties are crucial in thin-film photovoltaic converters,
influencing photovoltaic sensitivity, the bandgap width (Eg) value, specific resistance (), absorption
coefficient (at), and volt-ampere characteristics.

Mercury sulfide exists in four polymorphic modifications: a-HgS with a trigonal structure (a =
0.4149 nm and c = 0.9495 nm), 3-HgS with a cubic structure (a = 0.5851 nm), y-HgS with a hexagonal
structure (a = 0.701 nm and ¢ = 1.413 nm), and 6-HgS, which exists at a pressure of 13 GPa and has a
cubic structure (a = 0.5070 nm).

Mercury selenide (HgSe) also exists in four polymorphic modifications: a-HgSe, which has a
cubic structure (a = 0.6087 nm), and the other three exist at high pressures ranging from 0.75 GPa to
28 GPa [1-10].

The lattice parameter (a) values for the cubic structures of HgS and HgSe closely align with those
of ZnS (a =0.5400 nm), CdS (a = 0.582 nm), PbS (0.593 nm), ZnSe (a = 0.5668 nm), CdSe (a = 0.604 nm),
and PbSe (a=0.6128 nm). This suggests the potential for obtaining solid solution films based on these
compounds [11-25]. Additionally, there is the prospect of epitaxial growth of HgS and HgSe films on
previously deposited films of these compounds, leading to relevant heterojunctions [31,34].

For HgS and HgSe films, the absorption coefficient («) values range from 104 to 105 cm™, while
the specific resistance (o) varies between 104 to 10° ()-cm and 103 to 10* Q-cm.

2. Methods for Synthesizing HgS and HgSe Films

It is noteworthy that the bandgap width (Eg) values for HgS and HgSe films depend on the film's
structure and thickness. Therefore, the selection of a synthesis method becomes crucial to enable the
production of films with reproducible properties. Currently, films of mercury chalcogenides,
heterostructures, and solid solutions based on them have been successfully produced using a variety
of methods, including vacuum deposition [26], magnetron sputtering [27], csathodic deposition [28],
radiofrequency deposition [29], molecular beam epitaxy, and liquid phase epitaxy [30],
electrochemical deposition [31-33], metalorganic compound deposition from the gas phase [27,30,34—
36], spray pyrolysis [37], and chemical solution deposition [38-57].

As the utilization of physical methods entails the need for expensive equipment and the
establishment of specialized conditions, the chemical deposition (CD) method from an aqueous
solution was chosen for synthesizing HgS and HgSe films. This method was selected due to its
simplicity, the ready availability and cost-effectiveness of chemical reagents, and its versatility —
allowing any insoluble surface with free access to the working solution to serve as a substrate for
deposition. Additionally, the use of low temperatures helps prevent undesirable processes such as
oxidation, corrosion, thermal decomposition, and others.

The CD method, also known as controlled solution deposition or simply chemical deposition,
relies on a chemical reaction occurring among the dissolved starting materials in an aqueous solution
within a temperature range of 5 to 90°C. This method offers precise control over synthesis
temperature and duration, pH, and the concentration of starting reagents. Additionally, it facilitates
the deposition of film coatings on substrates of various natures, shapes, and sizes. Commonly used
precursors for sulfur ions include thioacetamide, thiourea, thiosulfate, and sodium sulfide. As for
metal ions, complexes with ligands such as ammonia, citrate, and hydroxide ions (OH-) can serve as
effective precursors.

The formation of a solid phase from a solution involves two distinct stages: nucleation and
particle growth. The size of solid-phase particles remains independent of the relative rates at which
these two competing processes occur. In any precipitation process, there exists a minimum
concentration of ions or molecules required to attain a stable phase from the solution, known as
nuclei. Nucleation is a crucial step in the formation of a precipitate and occurs as a result of the rapid
disintegration of clusters formed by molecules of the initial materials within the solution.
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2.1. Basics of the CD Method

The working solution for CD of thin films comprises one or several metal salts (M"*), a source of
chalcogen ions (X, where X is S, Se, or Te), and typically a complexing agent, all dissolved in water.

Deposition of metal chalcogenide films occurs through the following four steps:

1) establishing equilibrium between the complexing agent and water;

2) formation/dissociation of ionic metal-ligand complexes [M(L);]""*!, where L* represents one
or several ligands;

3) hydrolysis of the source of chalcogen ions (X");

4) formation of the insoluble compound MuXu.

At stage 3, metal cations (M) associate with chalcogenide ions (X™) formed during the
hydrolysis of the chalcogen ion source, resulting in MnX». The kinetics of stage 3 are highly sensitive
to the pH of the working solution, temperature, and catalytic effects of certain solid particles that may
be present in the working solution. These factors determine the rates of film formation on the
substrate surface or precipitation in the bulk of the working solution.

The main principle of MuXx film formation (stage 4) involves an increase in the concentration of
Xm (stage 3) and an increase in the concentration of M (stage 2) due to the dissociation of the metal
complex. This results in the ionic product [M™*]™ - [X™~]" exceeding the solubility product of the
sparingly soluble compound MunXx.

At stage 2, the formation of the metal ion complex [M(L);]" * prevents the formation of metal
hydroxide (oxide), which occurs in an alkaline medium and competes with the formation of MuXx
(step 4). Additionally, it allows for the control of the concentration of M»Xx. These stages collectively
determine the composition, crystalline structure, growth rate, microstructure, and optical properties
of the obtained thin films.

2.2. Mechanisms of Obtaining Film Coatings by the CD Method

Two main film formation mechanisms are employed, depending on the underlying process and
reaction parameters.

2.2.1. Ion-ion Mechanism

In most cases, the primary and simplest mechanism during the chemical deposition of films
involves consecutive ion reactions:

]\/I"Jr + Xm-— Manl (1)

The formation of a sparingly soluble compound MuX» occurs when the ionic product [M™*]™ -
[X™~]" exceeds the solubility product of the compound. In cases where the ionic product [M™*]™ -
[X™~]" is less than the solubility product MnXu, a solid phase does not form, except for regions of
local fluctuation. However, small crystallization centers will dissolve before reaching a stable size.
For this reason, the deposition process is considered to be in equilibrium.

2.2.2. Cluster Mechanism

In many cases, conditions for synthesizing films using the chemical deposition method are
adjusted to prevent the formation of metal hydroxides M(OH).. However, in reality, chemical
deposition is often conducted under conditions where the formation of metal hydroxides (hydrated
oxides) occurs. In instances where it forms as a colloid rather than precipitate in the bulk of the
working solution or as absorbed particles on the substrate surface, the formation of M»Xx films occurs
through the interaction of X" with metal hydroxide M(OH) according to the following scheme:

M+ nOH-— M(OH)» @)

M(OH)M + X — MunXn l +nOH- (3)


https://doi.org/10.20944/preprints202312.0784.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 December 2023 doi:10.20944/preprints202312.0784.v1

The rate of the deposition process in the chemical deposition method depends on factors such
as the nature and concentration of reacting components, the balance between the stability constants
of the complex with metal and the solubility product of the metal chalcogenide, as well as
temperature and the mixing speed of the working solution.

3. Analysis of the Influence of Various Factors on the Film Properties

The morphology of films obtained by the CD method depends on various factors, including
synthesis conditions (temperature, deposition time, film growth rate, composition of the bath, pH of
the environment), annealing conditions, substrate type, and pretreatment.

Research on the structure of films during their growth from the vapour phase has identified
primary sources of defects. These include substrate defects, as the film can inherit substrate
dislocations; misfit dislocations; low-angle boundaries that form during the growth of stable large
nuclei with different orientations; and packing defects arising during the coalescence of nuclei. The
occurrence of these defects is associated with the mismatch of the nuclei lattices, leading to a
disruption of the order of alternating atomic planes during the coalescence of stable nuclei compared
to an undisturbed single crystal. Packing defects may also occur at the point of contact between the
nucleus and the substrate. Dislocations arise due to the plastic deformation of the grown film.
Electron micrograph analysis suggests that the dislocation structure of the films is closely related to
the presence of elastic mechanical stresses.

As the transition from elastic deformation to plastic deformation is abrupt, the dislocation
density experiences a sudden increase. Subsequent to dislocation formation, the stressed state is
alleviated, initiating defect-healing processes. At low substrate condensation temperatures, a higher
number of nuclei are formed, evolving into a continuous film at a thinner thickness compared to high
temperatures. In simpler terms, higher temperatures lead to the formation of a continuous film at a
greater thickness.

In the synthesis of HgS films on glass and quartz substrates, the authors [38-40] and HgSe on
glass [49,56] and SnO:/glass [47] reported the formation of spherical particles on the surface at small
film thicknesses, corresponding to the initial stage of their growth. With an increase in thickness, the
authors observed the development of a dense coating with a smooth surface, resulting from the
aggregation of spherical particles. The authors [40] noted that particle size depends on the [Complex-
former] : [Hg?'] concentration ratio and the synthesis temperature. Additionally, [41,42] reported that
the surface of HgS films synthesized on FTO/glass substrates and HgSe on glass substrates,
SnO:/glass, and polyester [44—46] consists of crystalline grains, the size of which differs from values
calculated from the diffraction pattern using the Debye-Scherrer formula. This difference is attributed
to the aggregation of smaller grains during the film growth process. Micrograph analysis by the
authors [49] revealed clearly defined spherical particles of approximately the same size with a good
grain background, indicating single-step growth through multiple nucleation on the substrate's
surface.

In the synthesis of HgSSe films on glass substrates, the authors [51] observed the formation of
highly oriented columnar disks with a size of 100 nm and a thickness of 6 nm, The authors [57]
obtained HgSSe films with a solid, smooth, and uniform surface, revealing only a small amount of
precipitate and irregular-shaped defects.

3.1. Influence of Substrate Nature and Its Pre-Treatment

In the majority of studies, glass and its modifications (FTO/glass, SnO:/glass, PbS/glass) are
employed as model substrates, with additional use of substrates made of polyester, quartz, and
plexiglass. Despite their diverse crystalline structures, most cases exhibit the formation of HgS, HgSe,
and HgSSe films with a cubic structure [39,42,44,45,47-49,51,54-57]. Furthermore, authors [40,46]
report the synthesis of polycrystalline films, whose structure is challenging to determine due to the
presence of numerous broad peaks in the diffraction pattern with approximately equal intensity.
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Authors [43] achieved films on PbS/glass substrates with predominant a-phase and y-phase
impurities in HgS, while authors [50] obtained amorphous HgSe films. The stoichiometry of Hg:X
(where X is S, Se) in the films is 1:1, except for [42], where it is 36:63%; [49] — 1:0.969; and [51,57],
where the authors synthesized a solid solution with HgSSe substitution, with the ratio of Hg:S:Se
being 1:0.52:0.48 [51] or ranging from 1.0:0.93:0.07 to 1.0:0.67:0.33 [57]. In a follow-up investigation of
the same sample four months later, the authors did not observe any changes.

In a study by authors [38], it was noted that using plexiglass as a substrate for HgS synthesis
resulted in a narrower absorption maximum range compared to glass substrates. In another study
[39], the surface of glass substrates was modified by applying 3-mercaptopropyltrimethoxysilane,
which bound Hg? using the thiol groups (-SH) present in its structure. During subsequent thermal
decomposition, organic compounds broke down to form HgS films without its formation in the
solution, ensuring the most efficient utilization of the reagents.

In the synthesis of HgSe films on SnO:/glass substrates, authors [45] suggest that the pre-
deposited SnO:2 film acts as nucleation centers for the condensation of HgSe, serving as a catalyst for
further film growth. Authors [47,49] reported that in the presence of a SnO: film, the induction period
for film formation is reduced. In a study by authors [47], films were also synthesized on glass
substrates without prior deposition of SnOz, resulting in broader peaks of lower intensity on the
diffraction patterns, indicating a decrease in the crystallinity of the films. According to their
statement, film growth occurs more easily on substrates with a similar structure because the
nucleation-free energy is then not significant.

Authors [46,48,49] conducted synthesis on glass substrates, the surface of which was previously
activated by exposure to hydrochloric acid [46] or chromic acids [48,49], resulting in stronger
adhesion of the films to the substrate surface. Authors [49] claimed that film growth on activated
substrates begins due to the absorption of Hg?" ions on the substrate surface, which interact with
halogen ions, forming primary nucleation centers.

During the synthesis of HgSe films on polyester, authors [44] observed surface cracking of the
films when their thickness exceeded 2 um, creating certain difficulties in the development of flexible
solar cells. They also considered cluster growth mechanisms to be the primary mode, although they
did not exclude the possibility of ion-ion growth mechanisms at the final stage of growth due to the
depletion of the working solution.

3.2. Influence of the Working Solution Temperature and Annealing Conditions

Temperature is a crucial parameter in the CD method, significantly impacting the rate of sulfide
ion release and the dissociation of mercury ions from their complexes. This, in turn, accelerates the
formation rate of mercury chalcogenides. In the reviewed literature, the investigation of the synthesis
temperature's impact on film properties was carried out by authors [38,40,41,52,54], while the
influence of annealing was studied by [39,44,46,47,49].

A substantial number of works focus on the synthesis of mercury chalcogenide films at
temperatures ranging from 0 to 40 °C [38,42,44,45,47-51,54,56], whereas fewer studies concentrate on
synthesis at temperatures from 60 to 90 °C [39,43,46,52,53,55,57]. Authors [47,49,51] additionally
conducted reagent mixing at 5 °C with a subsequent temperature increase to room temperature over
several hours. According to the authors, the use of low temperatures during mercury chalcogenide
film synthesis is essential to slow down the release of sulfide ions and the dissociation of mercury
ions from their complexes. Authors [49] also highlight that conducting synthesis at low temperatures
allows for avoiding diffusion along the grain boundary, resulting in films with a better stoichiometric
ratio of components and fewer packing defects.

At a synthesis temperature of up to 25 °C in an alkaline medium using iodine (I') ions as a
complexing agent, authors [38] observed the formation of dense HgS films on dielectric substrates.
These films consisted of spherical particles of approximately the same size, resulting in a smooth
surface. However, at higher temperatures, non-uniform film growth was noted, with significant
variations in crystal sizes. The authors attribute this behavior to the temperature's influence on key
parameters such as the diffusion rate of ions in the solution (directly proportional to temperature),
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coagulation (inversely proportional as reagents get depleted), and adsorption-desorption of colloids
on growing layers. These parameters also depend on the concentration of reagents in the working
solution, introducing variability in the results based on the chosen conditions. In the case of
synthesizing HgSe films at 20 °C using I ions, the authors [55] observed the formation of coatings
consisting mostly of the undesired ternary compound Hgsl:Se2. However, they were able to obtain
single-phase HgSe films with a solid and homogeneous surface when the synthesis was carried out
at 90 °C. It was noted that side processes may occur at lower temperatures based on the interaction
between HgSe and [Hgls]> complex ions, which leads to the formation of Hgsl:Sex.

Authors [40] observed a direct proportionality between the synthesis temperature and the size
of crystalline grains, film thickness, and growth rate of the films. Simultaneously, they noted an
inverse proportionality with electrical resistance and the value of E;. Interestingly, it was found that
the value of E; decreases with an increase in grain size up to 8 nm. Beyond this point, further increases
in grain size result in negligible changes in Eg. This influence on Eg is attributed to the quantum size
effect, where in microcrystalline thin films, the quantization of free carriers directly depends on the
sizes of crystalline grains.

The reduction in grain size is attributed to a decrease in the dissociation degree of the reactants
(mercury complex and Na25:0s) or a noticeable slowing down of it. The inverse dependence of film
resistance on temperature is explained by a reduction in packing defects during film growth at lower
synthesis temperatures. This is because, at lower temperatures, smaller grains are formed, and the
lower growth rate results in thinner films. Consequently, the resistance is inversely proportional to
both the thickness of the films and the size of the crystalline grains. Additionally, authors [47]
emphasize that the film growth rate is influenced by the concentration of components and the pH of
the working solution.

In the study [41] authors observed that as the synthesis temperature increases from 0 to 85 °C,
the thickness of the films increases from 51 to 181.5 nm. Simultaneously, the spectral response for
films within this thickness range shifts towards longer wavelengths (A), specifically from 510 to 570
nm. This shift is explained by the increase in the film's thickness and the size of the crystalline grains.
During the synthesis of HgSe films, authors [45] noted that as the synthesis temperature increases,
the maximum film thickness, synthesized in the same amount of time, increases up to a certain
temperature. Beyond that point, it either remains the same or decreases due to the rapid exhaustion
of reagents and partial dissolution of the upper film layer. Additionally, authors [47,49] found that
when mixing reagents at a temperature of 5°C to achieve the maximum thickness of HgSe films, the
optimal heating rate of the working solution is 5°C per hour.

Considering the aforementioned findings, it can be inferred that the structure of the synthesized
films is contingent on the temperature. Specifically, films with a cubic structure were obtained at low
synthesis temperatures, while at higher temperatures, a mixture of modifications [43] or films with a
challenging-to-determine crystalline structure [40,46] were produced.

In investigations into the influence of annealing conditions, authors [39,44,46,47,49] observed a
decrease in the width of characteristic reflections on the diffraction patterns of annealed samples, a
slight increase in their relative intensity, and no changes in the crystalline structure. Additionally,
they noted an increase in the size of the crystalline grains, signifying an improvement in the
crystallinity of the films.

While investigating the optical properties of annealed samples, authors [44,46] noted a shift in
the absorption edge towards shorter wavelengths (A) and a reduction in the value of E,. Specifically,
authors [46] found that as the annealing temperature increases, there is a shift in the absorption edge
towards shorter wavelengths (A). Moreover, with increasing annealing time at a constant
temperature, the value of Eg increases. The authors concluded that the annealing temperature is
directly proportional to the absorbance capacity of the films but inversely proportional to the width
of the bandgap. In simpler terms, annealing enhances the reorganization of the films, promotes the
evaporation of absorbed water, reduces the number of defects by filling voids in the film, increases
grain size, and consequently decreases the width of the bandgap. However, authors [39] found an
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anomalously high value of E; (3.2 eV) and attributed it to the presence of very small-sized crystalline
grains (16 nm).

3.3. Influence of Deposition Duration

Table 1 presents a diverse range of deposition times for the synthesis of mercury sulfide films,
spanning from 0.5 min to 75 h, and for mercury selenide films, varying from 2 min to 7 h. In the
context of industrial production, extended synthesis periods are energy-intensive. Hence, selecting
the optimal deposition time becomes a crucial step in establishing an economically viable method for
the industrial production of solar cells based on mercury chalcogenides. It's important to note that
the pH of the solution undergoes changes during synthesis. In prolonged synthesis, the use of buffers
becomes necessary to stabilize it, adding to the production cost.

All authors consistently observe that with an increase in deposition time at low temperatures,
both the film thickness and the size of the crystalline grains increase. Simultaneously, the values of
Eg, specific resistance, and light transmittance of the films decrease. In the case of synthesis at high
temperatures, authors [45] note that the maximum film thickness, synthesized within the same time
frame, increases up to a certain temperature. Beyond this point, the thickness either remains
unchanged or decreases due to the rapid depletion of reagents and partial dissolution of the upper
layer of the film.

Table 1. Synthesis conditions and properties of mercury chalcogenide films.

Reagents and Synthesis

Conditions, Ref. Surface Morphology Note

HgS

A) By an exchange reaction:
HgClz, NaxS. - s
B) By a reaction involving the =~ == 'H__F‘"* " v Vg

complex compounds: HgClz; Nal; £% Poi}t’;j}clzarlehne
NaOH; SC(NHz); H20 [38]. Film thickness: 35 —
1030 nm

Conditions:
pH > 7; temperature: 7-30 °C;
duration: 960 — 1440 min;
substrate: glass, plexiglass
Silar (the reagents are provided in
the order of their application)
followed by the subsequence
annealing of self-organized layers.
CsH1655i0s (3-
mercaptopropyltrimethoxysilane);

CeHsCHs; (CHsCOO):Hg/C-Hs0OH; Cubic crystal structure

C2Hs0H; CsH1sS2 (1,6- (metacinnabar)
hexanethiol)/C:HsOH; C:HsOH | metaciiabal)
[39] Film thickness — 195 nm.
) Eg=3.2¢eV.
Conditions:

pH > 7; synthesis temperature:
90 °C; annealing temperature:
230 °C; synthesis stage duration:
5 min; annealing duration:
120 min; substrate: SiO2
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HgClz, Na25:0s.

Conditions:
pH:2-3;
temperature: 0 - 85 °C;
duration: 45 — 4320 min;
substrate: glass [40]

HgClz, Naz25:0s.

Conditions:
pH:2-3;
temperature: 0 — 85 °C;
duration: 45 — 4500 min;
substrate: Ti [41]

(CHsCOO):2Hg, SC(NH2),
(HOCH2CH2)sN, NHs.

Conditions:
pH: &; temperature: 27 °C;
duration: 240 min;
substrate: glass [42]

Hg(NOs)2, NHs, Na2520s.

Conditions:
pH: 11; temperature: 65 °C;
duration: 5 — 180 min;
substrate: glass/PbS [43].

Hg(NOs3)2, NasCeHs07, (NH2)2CS.

Conditions:
pH: 5.74-7.12;
temperature: 50-90 °C;
duration: 0.5-5 min;
substrate: glass [52]

Polycrystalline
structure. Film
thickness: 50 — 180 nm.
Increasing the synthesis
temperature results in a
decrease in specific
resistance and bandgap
width (Eg)

The film thickness is
51 -181.5 nm.
With an increase in the
thickness of the films,
the short-circuit current
(Isc) and open-circuit
voltage (Voc) decrease,
while the conversion
efficiency (n) increases

Face-centered cubic
crystal structure.

¢ : % Film thickness — 133 nm.

Eg=2.75eV.
p-type conductivity

A mixture of y-HgS and
the dominant a-HgS.
Film thickness: 30 —
500 nm.
Eg=3.1eV.

The structure is trigonal
(cinnabar).
Film thickness: 4 —
46 nm.
Ez=2.84-3.20eV.
Increasing thickness
during the growth
§ results in a Eg decrease.
Grain size is around
50 nm.

Hg(NOs)2, NasCsHsOy, (NH:)2CS. B8 45

Conditions:
pH: 7.1; temperature: 90 °C;
duration: 5 min;
substrate: glass [53]

" The coatings consisted

| of 1-5-layer HgS films

&2 The structure is trigonal

(cinnabar).
& FE;=243-270eV.
Increasing number of
] layers results in a E;
decrease.
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SnClz, Hg(NOs)2, NHs, Na25eSOs.

Conditions:
pH >7; temperature: 10 °C;
duration: 180 min;
substrate: polyester [44]

HgClz, CsHs07(NHs)s, NHs,
Na25eS0:s.

Conditions:
pH =10,5; temperature: 60 °C;
duration: 90 min;
substrate: glass/SnO2 [45]

HgCl2, NHs, (HOCH2CH2)sN,
Na25eSO:s.

Conditions:
pH >7; temperature:75 °C;
duration: 60 — 105 min;
substrate: glass [46]

Hg(NOs)2, NHs, Na25:0s3

Conditions:
pH >7; temperature: 20 °C;
duration: 180 min;
substrate: glass/SnO2 [47]
HgO, NH2CHO, NaOH,
Naz5eSOs.

Conditions:
pH = 10,5; temperature: 27 °C;
duration: 120 — 180 min;
substrate: glass [48]
Hg(NO:s)2, NHs, Na25eSOs,
C2HsOH.

Conditions:
pH =9; temperature: 20 °C
duration: 30 — 420 min;
substrate: glass [49];
HgO, NH2CHO, NaOH,
[CeHaNO]n, Na25eS0:s.

Conditions:
pH > 7; temperature: 27 °C;
duration: 30 — 300 min;
substrate: glass [50]

(zinc blende).
Film thickness: 27 —
250 nm

d Crystal structure — cubic
; (zinc blende). Film
¥ thickness: 230 — 580 nm.
E;=0.81¢eV. The
conductivity of the films
| increases with an
increase in temperature

Polycrystalline crystal
structure. With an
increase in annealing
temperature, Eg
decreases due to a
reduction in the number
of surface defects and an
increase in the size of
crystalline grains

The structure — cubic.
Film thickness: 25 —
800 nm.
Eg=0.82eV.
n-type conductivity.

A '! The structure — cubic.

® Film thickness — 418 nm,
Eg=0.84 eV.

Crystal structure —
cubic.

Film thickness: 80 —
800 nm,
Eg=0.81eV.
n-type conductivity

Wourtzite in structure.
Film thickness: 50 —
500 nm.
Eg=1.42¢eV.
p-type conductivity
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Hg(NOs)2, Na25:20s, Na25eS0:s.,
NaszCesHs0:5.

Conditions:
pH: 8.51-8.68;
temperature: 0-40 °C;
duration: 20-220 min;
substrate: glass [54]

10

Hg(NOs)2, KI, Na25eSOs.

Conditions:
pH: 9.5; temperature: 90 °C;
duration: 2-10 min;
substrate: glass [55]

20.00kV x5.00k

Hg(NOs)2, KSCN, Na25eS0s. +
Conditions:
pH: 9.8; temperature: 20 °C;
duration: 20-80 min;
substrate: glass [56]

The structure is cubic
(zinc blende).
Film thickness is 10 —
112 nm.
Eg=1.39-2.47 eV.
Increasing thickness
during the growth
results in a Eg decrease.
Grain size: 15 — 152 nm.

The structure is cubic
(zinc blende).
Eg=2.05-2.90¢eV.

The structure is cubic
(zinc blende).
Eg=2.40-3.05eV.

Hg(NOs)2, NHs, Na25eSOs,
Na2520s, NaOH.

Conditions:
pH: 10,4; temperature: 27 °C;
duration: 180 min;
substrate: glass [51]

Hg(NO:s)2, NasCsHs07, Na25e50s,
(NH2)2CS.

Conditions:
pH: 7.02-7.20; temperature: 90 °C;
duration: 5 min;
substrate: glass [57]

Crystal structure —
cubic.

# Film thickness — 710 nm,

ratio Hg:S:Se =
1.0:0.52:0.48.
Eg=21¢eV.
The structure changes
from a trigonal

(cinnabar) to cubic (zinc

blende), and the
stoichiometric ratio
Hg:S:Se varies from
1.0:0.93:0.07 to
1.0:0.67:0.33.
Eg=243-270¢eV.

3.4. Influence of the Choice of Initial Reagents and Their Concentration

The dependence of the reaction rate on concentration is directly proportional, indicating that an
increase in the concentration of the initial reagents results in an increased reaction rate. Therefore, it
is not advisable to conduct synthesis from concentrated solutions, as metal ions become challenging
to control in terms of their content in the working solution, leading to a higher reaction rate. However,
if the stability constant of the complex is proportional to or greater than the product of the metal
chalcogenide's solubility, the formation of the complex will not occur. On the contrary, if the product
of solubility is significantly larger than the stability constant of the complex, using the complexant
would be impractical, as the concentration of uncomplexed metal ions would be sufficient for
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compound formation. An exception might arise when the source of halide ions is a complex reagent.
In this case, the formation of the metal halide occurs due to a change in the pH of the working
solution, leading to the hydrolysis of the complex with the formation of the metal halide.

For the synthesis of HgS, HgSe, and HgSSe films, various mercury salts were employed as the
source of mercury ions. These included mercury acetate [39,42], mercury nitrate [43,44,47,49,51-57],
mercury chloride [38,40,41,45,46], and HgO [48,50]. Authors utilized diverse complexing agents such
as ammonia [44,47,49,51], ammonium citrate [45], iodide [38,55], triethanolamine (TEA) [42,46]
formamide [48,50], sodium thiosulfate [54], potassium thiocyanate [56] and thiourea [52,53,57].
Chalcogenizing reagents consisted of sodium sulfide [38], thiourea [38,42,52], sodium thiosulfate
[40,41,43,51], sodium selenosulfate [44-50,54-56], a mixture of sodium thiosulfate and sodium
selenosulfate [51], and a mixture of thiourea and sodium selenosulfate [57].

The synthesis conditions were maintained at different pH levels of the working solution, namely
2-3 [41], 5.74-7.12 [52], 7.1 [53], 7.02-7.20 [57], 8 [42], 8.51-8.68 [54], 9 [49], 9.5 [55], 9.8 [56], 10 [44,47],
10.5 [45,48,51], and 11 [43,50]. Authors [38] also investigated the influence of the ratio [OH™]/[HgY{™]
on the optical properties of the films in the pH range from 2 to 12. To achieve the desired pH value,
NHs [42,43,45,46] or NaOH [38,50,51] was used. Notably, the authors did not observe a significant
influence of the nature of the starting mercury salt on the properties of the synthesized films.

The authors [38] observed that, in the absence of a complexing agent, HgS films do not form at
Hg?* concentrations less than 10 mol/L when using Na:S. In their studies on the influence of the
molar ratio k = [OH™]/[HgY#"] on the light absorption spectra using thiocarbamide, they found that
absorption increases with an elevated concentration of the mercury iodide complex, reaching its
maximum value at k = 3. They also established a direct relationship between synthesis time and
reagent concentration, indicating that higher reagent concentrations require more time to achieve
films with the same degree of surface roughness. Reagent concentrations also influence processes
such as diffusion, coagulation, and adsorption-desorption of colloids on the growing layers.

The authors [39] employed a layer-by-layer self-organization method to synthesize HgS films,
followed by annealing at 230 °C. Substrates, pre-coated with 3-mercaptopropyltrimethoxysilane,
were sequentially immersed in alcohol solutions of mercury acetate and 1,6-hexanedithiol for specific
durations, with rinsing between each immersion. Upon annealing these multilayers, they obtained a
dense film with a cubic structure, devoid of impurities from other phases, and exhibiting good
adhesion to the substrate surface. The size of crystalline grains and the morphology of the films were
found to depend on the duration of substrate immersion.

In [48] and [50], authors synthesized HgSe films using the same reagents, with the distinction
that in [50], polyvinylpropylene was added to the working solution. The structure of the HgSe films
in [48] is cubic, while in [50], it is amorphous. Moreover, better adhesion is observed when using
polyvinylpropylene as a substrate. This suggests that the viscosity of the solution can influence the
properties of the synthesized coatings.

Stirring the solution promotes uniform reactant concentrations, increases the rate of formation
of sparingly soluble compounds, and allows for the production of homogeneous films from
concentrated solutions. The authors determined that the optimal stirring rate is 80 + 2 RPM [45].

4. Electrical and Optical Properties

The authors investigated the optical and thermoelectric properties of the films [39-44,47,49-51].
As mentioned earlier, the electrical resistance of the films is inversely proportional to their thickness
and the size of crystalline grains. Therefore, it exhibits a similar dependence on factors such as
synthesis temperature and reagent concentration [40], annealing temperature [44], and synthesis
time. However, at high concentrations of reacting components, the number of packing defects
increases due to the rapid growth rate of the films, leading to an increase in the electrical resistance
of the films [40].

The authors [39,41,42] observed a decrease in electrical resistance when exposed to light,
confirming their photosensitivity. The electrical resistance values for HgS films varied in the range of
103 to 104 ohms [39,40]. However, the authors [41] reported a resistance value in the range of 107 to
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108 ohms, which they attributed to the small thickness of the synthesized films (51 nm). Authors [43]
obtained a resistance value of 1 x 109 ohms for films with a thickness of 80 nm, and for conducting
studies, the films were immersed in a silver ammonia solution [Ag(NH3),]*.

For HgSe films, the electrical resistance values were in the order of 10° () [45,47,49]. Authors [44]
found resistance values for freshly deposited HgSe films to be around 105 ohms. After annealing the
films, their resistance decreased by an order of magnitude, and this dependence was irreversible.
With annealing durations of less than one hour, the resistance practically did not change. For films
of the solid solution HgSSe, authors [51] reported resistance values of around 10° O for films with a
thickness of 710 nm.

Based on thermoelectric studies in the temperature range of 300-500 K in the dark, authors [42]
determined p-type conductivity for HgS and HgSe films [50]. For HgSe [45,47,49] and HgSSe [51], n-
type conductivity was observed. Additionally, during the investigation of the temperature influence
on conductivity, authors [40,45] recorded a direct proportional dependence, confirming the
semiconductor nature. The activation energy (Ea) for the conductivity of HgSe films was found to be
0.05eV [45], and 0.11 eV [47,49]. Authors [50,51] observed two conductivity regions: low-temperature
and high-temperature, while Ea for the low-temperature range was 0.114 eV [51], and for the high-
temperature range, it was 0.71 eV [50] and 0.374 eV [51].

Authors [41] note a significant deviation of the ideality factor (n) function from the ideal value
when investigating optoelectronic properties. The difference in 'n' under light exposure is explained
by an increase in charge transfer through the semiconductor-electrolyte interface, with a significant
contribution from the recombination of surface states and deep traps. Short-circuit current and open-
circuit voltage, and thus the conversion efficiency, increase with the thickness of the films. Authors
[42] determined a photoelectric output of 0.34% with a fill factor of 34%. According to them, the low
efficiency is associated with a high series resistance and low shunt resistance of the cell and interface,
corresponding to the recombination mechanism.

Investigations into the optical properties of mercury chalcogenide films were conducted by the
authors [39-57]. The absorption coefficient values for HgSe films were reported as 10° cm! [45] and
10* cm! [48,49]. During the investigation of light transmission [40,43,46,48,52-55,57] and absorption
spectra [39,42,44,45,47,49-51,56] for mercury chalcogenide films, it was observed that with an
increase in their thickness, the transmission decreases [43,44,48,52,54,55], and light absorption
increases [44,46,56].

For HgS films, the spectral response was localized in the wavelength range A: 350 — 400 nm
[39,52]; 550 — 650 nm [40]; 475 — 550 nm [41,42]; 400 — 500 nm [43,53]. The authors [40] noted that with
an increase in the synthesis temperature, there is a shift in the spectral response towards longer
wavelengths A: 650 — 750 nm. The authors [41] observed a similar change with an increase in film
thickness.

For HgSe films, light absorption sharply decreased in the wavelength range A: 500 — 600 nm [44];
1550 nm [45]; 280 — 330 nm [46]; 1300 — 1600 nm [47,49]; 1250 — 1750 nm [48], and for HgSSe films
[51,57]: 350 — 550 nm. The authors [44,48,49] also observed a similar change in the spectral response
with an increase in film thickness. Moreover, the authors [44,48] established a direct proportionality
between the annealing temperature and light absorption, and a shift of its maximum towards longer
wavelengths, which they interpret as an increase in the size of crystalline grains.

The light reflection coefficient, according to the results of the study [46], is inversely proportional
to the annealing temperature. The authors [48] found that with an increase in film thickness, optical
transmission decreases proportionally to the wavelength A, and in the range of 1500-2000 nm, it
increases because the reflective ability decreases.

For HgS films, the values of E; were reported as follows: 3.2 eV [39]; 2.0 — 2.4 eV [40]; 2.75 eV
[42];3.1eV [43];2.84-3.20 eV [52]; and 1.78 —2.86 eV [53]. Regarding HgSe films, the reported values
were 2.5 eV [44]; 0.81 and 0.45 eV [45,47,49]; 1.06 — 1.72 eV [46]; 0.84 eV [48]; 1.42 eV [50]; 1.39 — 2.47
eV [54];2.05-2.90 eV [55]; and 2.40 — 3.05 eV [56]. For HgSSe films, the reported values were 2.1 eV
[51] and 2.43 — 2.70 eV [57].
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The authors [39,44] explained these Eg values in terms of the influence of annealing temperature
and crystalline grain size. Additionally, the authors [44,51], citing the results of other researchers,
indicated an Eg value of 3.15 eV for colloidal particles with a size of 2-3 nm. The authors [51] reported
Eg values for HgSe films with a crystalline structure and particle size of =8 nm: 2.5 eV; for films with
particle size 30 nm — 0.8 eV and 0.88 eV for crystalline grain size =42 nm. The variation in Eg values
for mercury selenide films is attributed to the large excitonic Bohr radius. In the case of amorphous
HgSe films, Eg was found to be 1.42 eV [50].

It is noteworthy that both negative and positive values of Eg have been reported in the literature
for HgS films. The absorption edge shifted from the near-infrared to the ultraviolet-visible region for
HgS films with a particle size of 13 nm. For $-HgS nanoparticles with a particle size of =15 nm, Eg
was 1.38 eV, and for particles with a size of 10 nm, it was 2.6 eV.

Authors [40] also noted a correlation between Eg and the size of crystalline grains, highlighting
its dependence on synthesis temperature. In their study, authors [43] observed increased light
absorption in HgS films with silver ammonium doping, and this absorption rose with extended
doping time. However, the authors [52,54] determined that increasing the thickness during growth
results in a decrease in Eg. Similarly, authors [53] observed the same tendency with increasing
numbers of film layers. Additionally, authors [46] reported a proportional relationship between Eg
and annealing duration, in addition to its inverse correlation with annealing temperature.

When plotting the graph using the coordinates (ahv)» — hv to determine Egatn="%% and n=2,
authors [44,45,47,49] observed similar graphical dependencies. These dependencies correspond to
direct allowed (n = %) and indirect forbidden (n = 2) transitions. The direct transition results from the
spin-orbital splitting of the valence band to the conduction band, while the indirect transition occurs
through the transition from a virtual state in the valence band to the conduction band minimum
[44,45].

5. Conclusions

A literature review has been conducted to identify optimal conditions for synthesizing mercury
sulfide and mercury selenide films using the chemical deposition method. The analysis covers the
physical and optical properties of the films, their surface morphology, and phase composition.
Dependencies of the films' physical properties on various factors have been established, including
the nature and concentration of substances, temperature, viscosity of the working solution,
deposition duration, the nature of the substrate, its pre-treatment or modification, and annealing
conditions.

Despite the abundance of experimental data, the synthesis of films often relies on a recipe-
experimental approach, with fixed or poorly studied synthesis conditions. The chemical deposition
method was chosen for the synthesis of HgS and HgSe films based on this analysis. This method
stands out for its simplicity, cost-effectiveness, and the absence of a requirement for expensive
equipment or special synthesis conditions. While the utilization of HgS and HgSe films may be
limited due to their complex preparation, materials derived from these films — whether doped with
other elements or combined with layers of mercury sulfide and mercury selenide films, or other
semiconductor materials — hold promise for unique properties. These materials find applications or
have the potential to enhance the performance of various electronic and optical devices.

The study emphasizes the significance of creating new semiconductor materials and modifying
existing ones as a current scientific challenge. Thus, further research in this direction is essential for
a comprehensive understanding of how different factors influence the properties of chemically
deposited HgS and HgSe films. Additionally, exploring the possibility of synthesizing these films
with predetermined functional properties is crucial for developing new thin-film semiconductor
materials and enhancing existing materials based on them.
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