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OPTIMIZATION OF SYNTHESIS CONDITIONS OF HgS THIN FILMS
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The mercury sulfide (HgS) films were obtained on glass substrates via the chemical
deposition method. The aqueous solutions of mercury(ll) nitrate, thiourea and trisodium citrate were
used. X-ray and elemental analysis of the film sample were made. The effect of concentrations of
initial reagents, deposition duration and temperature on the mass of HgS coatings was investigated
and their thickness were calculated. The optical and morphological properties of HgS coating were
examined.
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The mercury sulfide (HgS) film is one of the least investigated material of zinc
subgroup metal chalcogenides [1]. The HgS coatings have potential use in solid state solar
cells, photoelectrochemical cells etc. The one of the simplest methods for semiconductor
films obtaining is chemical deposition [2]. This method based on synthesis at low
temperature (< 373 K) and duration from aqueous solutions, which consist of the metal salt,
complexing agent, chalcogenizer and, if it’s necessary, the pH-regulator. Previously, the
anodic stripping voltammetry method was used for the optimization of these parameters for
synthesis of zinc and cadmium chalcogenides semiconductor films [3-5]. The series of
films samples had dissolved in hydrochloric acid, then the measurements of metal content
were made. In the case of mercury, this is difficult to apply, so the optimization of chemical
deposition of HgS films could be done by gravimetric measurements.

Chemical deposition of HgS films was carried out on preliminarily cleaned square
shape glass substrates with the total area of 64.8 cm? The composition of the working
solutions were follows: 0.0025-0.015 M of mercury(I1) nitrate (Hg(NOs)2), 0.01-0.05 M of
thiourea (NH,).CS, as a complexing and chalcogenizing agent for Hg?* at the same time;
and 0.015-0.021 M of trisodium citrate (NasCsHsO7), as a pH regulator. The deposition
was made in a glass bath during 0.5-7 minutes at a temperature of 323-363 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 substrate was weak. The
films were easily removed at applying of small mechanical efforts.

Experimental arrays of intensities and angles of reflection of the test samples were
obtained on a DRON-3.0 X-ray diffractometer (CuK,-radiation). Preliminary processing of
the experimental diffraction arrays in order to identify the phases were carried out using
PowderCell program [6].
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The optical absorption spectra of the films were measured with Xion 500
“Dr. Lange” spectrophotometer in the wavelength range of 340-900 nm. The accuracy of
the optical transmission detection was +0.5 %.

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

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

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

In order to optimize the deposition process, the gravimetric measurements were
carried out. The mass of deposited HgS films were recalculated to the unit of the substrate
square. For this purpose, the differences of substrates mass before and after deposition has
been measured and the differences in mass were established. The weighing of the samples
were carried out on 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
duration and temperature of deposition.

To conduct the research on optimization of Hg-containing salt initial concentration
the working solutions were prepared with 0.02 M thiourea and 0.015 M trisodium citrate.
Concentration of Hg(NO3) varied from 0.0025 to 0.015 M. The temperature of process was
363 K. The deposition duration was 5 minutes.

To conduct the research of optimization of initial concentration of thiourea, the
working solutions were prepared with 0.01 M mercury(ll) nitrate and 0.15 M trisodium
citrate. Concentration of (NH2).CS was varied from 0.01 to 0.05 M. The temperature of
process was 363 K. The deposition duration was 5 minutes.

To conduct the research of optimization of initial concentration of trisodium citrate,
the working solutions were prepared with 0.01 M mercury(ll) nitrate and 0.04 M thiourea.
Concentration of NasCsHsO7; was varied from 0.0015 to 0.021 M. The temperature of
process was 363 K. The deposition duration was 5 minutes.

To conduct the research on optimization of deposition time, the working solutions
were prepared with 0.01 M mercury(ll) nitrate, 0.04 M thiourea and 0.015 M trisodium
citrate. The temperature of process was 363 K. The deposition duration varied from 0.5 to
7 minutes.

To conduct the research on optimization of deposition temperature the working
solutions were prepared with 0.01 M mercury(ll) nitrate, 0.04 M thiourea and 0.015 M
trisodium citrate. The deposition duration was 5 minutes. The temperature of process varied
from 323 K to 363 K.

The calculation of HgS films thickness according to the measured mass of coatings
were carried out based on the following considerations:

1. The volume of the deposited film on the substrate equal:

voAM_Mp =M ey )
P
where Am is the film mass, g; m; is the mass of substrate before synthesis, g; m. is the mass
of substrate after synthesis, g; p is the compound density, g/cm? (8.10 g/cm? for HgS).
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2. Since the synthesis were performed on substrates with the square shape, it is
possible to assume that the coatings had approximately the shape of the parallelepiped and
the volume of the film is:

V=Sd [cmd, )
where S is the substrate surface square, cm?, d is the height (thickness) of the film, cm.

3. Equating (1) and (2) we can derive a formula for calculating the average thickness
of HgsS films from the mass of coating:
= u [Cm]_ (3)

S-p

In nanometre size (which is more convenient for thin films) and considering that the

film is deposited on both sides of the substrate it can be presented as follows:
d="2"T.107  [nm], 4)
2a°-p

d

where a — is length of the substrate side.

By measuring of the deposited HgS films mass, the dependences of its changes on
the synthesis conditions were constructed. According to equation (4), the films thicknesses
were calculated. The research results are presented in Fig. 1 and Fig. 2.
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Fig. 1. Dependences of the HgS mass changes per unit of substrate surface area on the concentration
of: a — Hg-containing salt; b — (NH2)2CS; ¢ — NasCsHs07
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Fig. 2. Dependences of the HgS mass changes per unit of substrate surface area on: a — deposition
duration; b —temperature of synthesis
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From the obtained data (Fig. 1, a), it is seen that at C(Hg(NOs)2) < 0.01 M the plot is
close to linear. At C(Hg(NOz3)2) > 0.01 M, the mercury sulfide was partially precipitated
before the addition of the last component of trisodium citrate. In this case, the amount of
mercury(ll) ions in the solution, necessary for the formation of the film, is reduced. This is
because a ratio of thiourea to mercury salt is less than 2 to 1 (more details about the features
of such ratios are described below). Thus, the optimized value of mercury salt concentration
is 0.01 M.

The mass change of HgS films, deposited at various concentrations of thiourea
(Fig. 1, b) has an extremum character dependence. At C(NH.).CS) = 0.01 M, the ratio of
thiourea to the mercury salt is 1 : 1. When these reagents was mixed in such proportions, a
precipitate of brown-black in colour begins to fall, as in the previous case. Also,
sometimes there was a slight white turbidity, probably due to the partial formation of
mercury oxide. This may indicate a fairly small stability of one-coordinated complex of
mercury with thiourea. The amount of deposited mercury sulfide on the substrates from
remaining Hg ions in the solution at addition of trisodium citrate were small. At
C((NH2).CS) = 0.02 M, the ratio of thiourea to mercury salt is 2 : 1. In this case, the
solution has a saturated dark brown in colour without precipitation. The mass of deposited
HgS film on the substrate is maximal after NasCeHsO; adding to it. At
C((NH2)2CS) > 0.03 M, the working solution turns brown at a much lower intensity than
in the previous case. At this, the mass of HgS film is much lower due to the formation of
more coordinated and more stable complex with mercury with thiourea. Thus, the
optimized value of thiourea concentration is 0.02 M.

An increase of the concentration of trisodium citrate (Fig. 1, c) in the range of
0.0015-0.015 M leads to a practically linear increase of the HgS films mass. In this case,
the pH of the working solution varies from 5.74 to 7.01 (Table 1). Further growth of
Na3CsHsO7 concentration in the working solution over 0.015 M leads to the increase the
rate of HgS formation in the form of precipitate and not as a film. The hydrogen index goes
into the alkaline area. It explains the decrease of the mass of HgS films in this area. Thus,
the optimized value of trisodium citrate concentration is 0.015 M.

With the increase of deposition duration (Fig. 2, a), the mass of HgS films increases
linearly in the time interval of 0.5-2 minutes. Within 2-5 minutes the mass gain decreases
and after 5 minutes of synthesis, the HgS films mass practically didn’t change. Thus, the
optimized value of the deposition time is 5 minutes.

In the study of the temperature influence on the HgS films synthesis (Fig. 2, b), it
can be seen that at the temperatures of 323 K and 333 K, the coatings on glass substrates
were practically absent. The largest mass of HgS film was observed at 363 K. Reducing the
temperature significantly reduces the amount of deposited HgS film. Thus, the optimized
temperature is 363 K.

From the studies above, the optimized conditions for HgS films deposition are
following: the concentrations of mercury salt, thiourea and trisodium citrate in the working
solution is 0.01 M, 0.02 M, 0.015 M, respectively; deposition duration — 5 minutes and
temperature — 363 K. At these conditions the greatest average thickness of HgS film was
reached and equal to 46 nm.

The X-ray phase analysis (Fig. 3) of HgS film was performed. It was established that
the coating is single-phase and contain HgS in the trigonal modification (HgS structure

type).
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Table 1
The measured pH values of the working solutions after adding various quantities of NasCeHsO7

The pH of the solution, which contained:
0.01 M Hg(NO3)2 0.01 M Hg(NO3)2
C(NasCsHsO07), M | 0.01 M Hg(NOs)2 +0.02 M (NH2)2CS +0.02 M (NH2)2CS
+0.02 M (NH2)2CS + C(NazCeHs07) + C(NazCeHs07)
(at the start of deposition) | (at the end of deposition)
0.0015 5.74 5.86
0.003 6.17 6.17
0.006 6.55 6.45
0.009 6.78 6.57
0.012 3.24 6.92 6.65
0.015 7.01 6.69
0.018 7.08 6.73
0.021 7.12 6.75
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Fig. 3. The X-ray diffraction pattern of HgS film, obtained at optimized conditions and its comparison
with the lines of theoretical diffraction pattern of HgS

The optical transmission spectra T(L) (Fig. 4, a) of HgS films, obtained at different
deposition duration (other synthesis parameters were equal to the optimized ones). The
minimum light transmission (Tmin) in the investigated range located at wavelength of
340 nm. An increase of the light transmission can be seen at greater wavelengths. The
maximum light transmission (Tmax) in the investigated range located at wavelength of
900 nm. In the range of deposition duration of 0.5-5min Tmin and Tmax decreases from
~ 48 % to 18 % and from ~ 85 % to 72 %, respectively. Absorption spectra dependences in
(a-hv)? = f(hv) coordinates of HgS films (Fig. 4, b) show the presence of the fundamental
optical absorption edge. The optical band gaps (defined as the intersection point of the
tangent to linear section of the dependence (a-hv)> = f(hv) and the x-axis) decreases
numerically from 3.20 to 2.84 eV at deposition duration of 0.5-5min. This is due to
thickness increase during the growth of the coatings. The obtained values of optical band
gaps are close to the works of authors [7-8].
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Fig. 4. Spectral dependences of optical transmission (T, %) (a) and dependence (a-4v)? = f(hv) (b) of
Hgs films (where o — optical absorption coefficient)

AFM studies of the surface morphology (Fig. 5) of HgS film, obtained at optimized
conditions, showed that coating is solid and homogeneous. It consists of particles with the
irregular shape. Their average height is close to 50 nm, which corresponds to the calculated
value by mass measurement of the film.

0.0 1: Height 5.0um 00 1: Height 10 umI
a
Fig. 5. AFM images of 5x5 um (a) and 1x1 pm size (b) of HgS film, obtained at optimized conditions

According to the results of elemental analysis (Fig. 6), the HgS films have a
practically stoichiometric composition with a slight excess of sulfur atoms.
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Fig. 6. X-ray fluorescence spectum and results of elemental analysis of HgS film

So, this work shows the possibility of using the chemical deposition metod for the

synthesis of single-phase HgsS films with using thiourea as complexing and chalcogenizing
agent at the same time. By changing the process parameters, the conditions were found
under which mercury sulfide deposit predominantly in the form of a coating and not as a
precipitate. Thus, the conditions of films obtaining were optimized. It was found that HgS
films obtained in this way are not inferior in their characteristics to the same films, obtained
by othermethods [9-12] and can be used in photosensitive applications.
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ONITUMI3ALIA YMOB CUHTE3Y TOHKHUX IIJIIBOK HgS
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MerogoM XiMIiYHOrO OCa/KCHHsS OTPUMAHO IUTIBKA MEpKypild Cymb(iay Ha CKISHHX
migkaagkax. Jus  poro BHUKOPUCTAHO —CBDKONPHrOTOBaHi po3unmnu Mepkypid(Il) wiTparty,
TIOCEYOBMHHM Ta TpuHATpiii umtpary. TioceyoBHMHA BHUKOHYBajda pPOJIb OAHOYACHO KOMILICKCO-
YTBOPIOBAIBHOTO Ta XaJbKOTCHI3yIOYOr0 peareHra, a TpUHATpii umrpar — perymsiropa pH
cepenoBuiia. [IpoBeeHUM peHTreHO()a30BUM aHAI30M IiATBEPIKEHO, IO IUTIBKH € 0AHO(a3HIUMU
ta MicTste HgS B Tpuronanshiii Momudikarii (crpykrypuuit Tun HgS). lns onTumizamii mporecy
CHHTE3y MPOBEACHO IpaBiMETpHYHE BH3HAYEHHs Macu ocajpkeHol miiBku HgS. st mporo Gpamu
PI3HHIIIO Mac-TiAKIa0K IO 1 MiCIs OCa/PKSHHS 3aJIe)KHO BiJl KOHIIGHTPALlil MOYaTKOBHX PEareHTIB y
pobodoMy pO3uMHI, TPUBAIOCTI Ta TeMIEpaTypu oca/keHHs. Ha OCHOBI OTpUMaHHX pe3ysbTaTiB
po3paxoBaHo ToBIIMHY MTiBok HgS. 3a 3MiHM mapameTpiB Mpollecy BH3HAYEHO iXHi ONTHMIi30BaHi
3HaveHHs, 3a kX HES ocinaB mepeBakHO y BUIVISIII MOKPUTTS, a He ocaxy. Ha ocHOBI oTpuMaHHX
JAHUX 3’SCOBAHO, 10 ONTHUMIi30BAHUMH YMOBaMM CHUHTe3y IUTiBOK HgS € Taki koHueHTparii comi
mepkypito(Il), TiocewoBuHM Ta TpHHATPiI IwTpary y pobodomy pozumui: 0,01 M; 0,02 M;
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0,015 M, BiamoBimHO; yac ocamkeHHA — 5 xB 1 Temnepatypa — 363 K. Ilpu npomy cepenoswuiie
pobo4oro po3unHy € ONM3BKUM 10 HEWTpaNbHOro. 3a TaKMX YMOB JIOCSTHYTO HAHOUIBIIY CepemHio
ToBIIMHY IUTiBOK HgS, sika cranoBmia 46 HM. BusHaueHo criekTpm ontwudHOro npomyckanas T(A)
(mpu A =340-900 amM) mnst maiBok HgS, orpumaHmx 3a pi3HHX TpuBajgocTeidl cuHTe3y (iHII
rmapamMeTpy CHHTe3y JIOPIBHIOIOTH ONTHMi30BaHMM). MiHiMansHe mponyckaHHS (Tmin) B
JOCITIJDKYBAaHOMY Jiamna3oHi A € 3a joBxuHU XBwii 340 HM. 3a OUIBIIMX JOBXHH MPOCTEKYETHCS
CTpHOOK, SKWH BUXOOWTh HA MakcHMMaiibHe NpormyckaHHA (Tmax) mpm A =900 HM. Y nmianazoHi
tpuBasiocteil cunre3y 0,5-5 XB Tmin Ta Tmax 3MeHIIyroTECS Bif ~ 48 mo 18 % Tta Bix ~ 85 mo 72 %,
BifmoBigHO. OTXe, ONTHYHA MIMPUHA 3a00pOHEHOI 30HM IUTiBKH HES uncensHO 3MeHmIyeTses 3 3,20
no 2,84 eB, mo moB’s3aHO 31 30UTBIIEHHSM TOBIIMHM IiJI Yac POCTY TMOKPHTTS. JlociiukeHHs
Mopdororii moBepxHi ruiiBk HES, oTprMaHOl B ONTHMI30BaHUX YMOBaX, ITOKA3aJd, 1[0 TOKPUTTS €
CYIITBHHM Ta OJHOPiMHHM. MOro MOBEpXHs CKIAJA€ThCS 3 YACTMHOK HEMpaBHIBHOI (hOPMH. IXHs
cepenHs BUcoTa Onm3bka o 50 HM, IO BiANOBiZaE pO3paxoOBaHiM BENMUYMHI 332 MAcOI MOKPHUTTS.
3rizHoO 3 pe3ynbTaTaMH eJIeMEHTHOr0 aHali3y, iBka HgS Mae npakTidyHO cTexioMeTpHyHuiA ckiaz 3
HEBENMKUM HaumikoM aromiB cipkn (Hg:S=47,14:52,83). TlpoBeneHi JoCiimKeHHS
T ATBEP/INITH BUCOKY €()eKTHBHICTh BUKOPHCTaHHSI METO/IY XIMIYHOTO OCaKSHHS JUIsl BUTOTOBJICHHS
rtiBok HgS.

Knrouogi cnosa: MepKypiit cynb]i, TOHKI IUTIBKH, XiMiYHE OCa/KEHHS, OITHYHI BIACTUBOCTI.
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