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Introduction

Lead sulfide (PbS) belongs to narrow-bandgap
chalcogenide semiconductors, it has a band gap 0f0.41 eV
and crystallizes in a cubic crystal system [1]. Due to this,
PbS bulk crystals and thin films are widely used in IR
detectors, in particular for detecting radiation in the
wavelength regions from 1 to 3 pm, which can operate in
the temperature range from 77 to 300 K [2]. Due to its
unique optoelectronic properties, lead sulfide is also one
of the traditional photovoltaic materials [3], and promising
for numerous applications in modern optoelectronic
devices [3-5], for applications in global positioning
systems, software radio systems, environmental
monitoring satellites, etc.

In recent years, interest in the development of
semiconductor nanostructured materials has been growing
rapidly due to their unique physical and chemical
properties [6-12]. This is due to their potential application
in the field of solar cells of a new generation,
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optoelectronic devices, photoconductors, sensors, and
infrared detector devices. The attractiveness of PbS
nanocrystals stems from the dependence of their
properties on size, shape, doping, tunable surface
chemistry, and the low cost synthesis. The synthesis of
PbS nanocrystals with different morphologies and the
corresponding effect on material properties is of great
importance in the process of finding new applications in
electroluminescent devices, such as light-emitting diodes
[7-9]. PbS nanocrystals are especially attractive for
devices related to infrared radiation since the energy of
their first exciton transition can be easily varied from
visible to infrared ranges [7]. Lead sulfide has a large Bohr
radius (18 nm) [7], and therefore strong quantization
effects can be achieved even for relatively large sizes. The
possibility of multiphoton absorption in PbS is extremely
useful for the efficiency increase of photoelectronic
devices [10]. PbS has a huge potential also in the field of
electrochemical biosensors, as well as effective
antimicrobial drugs [6, 11].


https://www.scopus.com/affil/profile.uri?afid=60108457
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Semiconductor nanocrystals are obtained by various

methods, such as laser sputtering, electrochemical
deposition, thermal and magnetron  sputtering,
mechanical-chemical crushing, chemical deposition,

molecular beam epitaxy, synthesis in colloidal solutions,
hydrothermal synthesis, electric discharge in water, etc.
[12, 13]. In the synthesis of nanomaterials, the choice of
research methods is of great importance, especially for
controlling dimensional and structural characteristics. It is
known that transmission scanning microscopy, optical
studies, and X-ray structural analysis are the main
methods of studying the dispersion of particles [1,14-17].

I. Experiment and materials

Lead sulfide was obtained by the electrolytic method
in an open glass electrolyzer with lead electrodes. A
stabilized direct current source was used to power the
electrolyzer. Distilled water and the following reagents
were used to prepare the electrolyte: sodium thiosulfate
(NazS;03 5H,0), sodium chloride (NaCl), and sodium
carbonate (Na,COs). Electrolyte concentration was the
next: 12.5 g/l in the case of using Na,S,03; 0.625 g/l in the
case of NaCl; 6.25 g/l in the case of Na,COs. The synthesis
process was carried out at the temperature of the
electrolyte, which varied from room temperature to 100 C.
The duration of the synthesis process was 3 hours, and the
current density was 1.3x102 A/cm?. For uniform use of
the electrode material, the direct current was reversed after
30 min. After the end of the electrolysis process, the
electrolyte was filtered using a paper filter and the
resulting powder was washed with five times the volume
of distilled water. Samples were air-dried at room
temperature.

X-ray studies were carried out on a DRON-4
diffractometer using CuK, radiation at room temperature.
Scanning of XRD pattern was performed according to the
Bragg-Brentano scheme (6-20). The anode voltage and
current were 41 kV and 21 mA, respectively. The scanning
step of the XRD pattern is 0.05, and the exposure time is
5s.

For a detailed analysis of experimental XRD patterns,
each experimental reflex was described by a Gaussian
function, as a result of which the following information
was obtained: angular position 20, FWHM (full width at
half maximum) B, the integrated intensity I. Obtained
results were used to interpret experimental XRD patterns
and calculate the sizes of nanocrystallites.

Raman light scattering spectra of samples were
studied in the backscattering geometry at room
temperature. Experimental spectra were recorded using a
single-stage spectrometer MDR-23 (LOMO) equipped
with a cooled CCD detector (Andor iDus 420, UK). Laser
radiation with a wavelength of 457 nm (diode-pumped
solid-state laser, CNI Laser) was used as an excitation
source for Raman spectra.

I1. Results and discussion

Figure 1 shows experimental XRD patterns of
samples obtained by the electrolytic method using
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different compositions and temperatures of the electrolyte.
Using the known interplanar distances and the Wulff-
Bragg formula [17,18]:

2d-sin@ =k- A,

where d — interplanar distance; 6 — diffraction angle; k —
order of the diffraction maximum; A — wavelength of X-
ray radiation, the angular positions of the 20 reflexes for
lead sulfide were calculated. Experimental characteristics
of X-ray pattern reflexes (angular position and intensity)
were compared with calculations and literature data [6, 17,
19, 20]. It was established that the XRD patterns of the
samples shown in Fig. 1 (a) and Fig. 1 (b), contain intense
reflexes corresponding to PbS and, accordingly, have the
following angular positions 2 6 with Miller indices:
26.1(111); 30.2 (200); 43.2 (220); 51.1; (311); 53.5 (222);
62.7 (400). Thus, using an electrolyte based on Na,S,03 at
room and 98 C temperatures allows obtaining lead sulfide
without a noticeable content of other compounds.
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Fig. 1. XRD patterns of samples synthesized by the
electrolytic method: a — electrolyte is made using
Na,S,0s, electrolyte temperature is 98 C; b —electrolyte is
made using NaS,0s, the temperature of electrolyte is
23 C; ¢ — electrolyte made using Na;COs, the electrolyte
temperature 20 C; d — electrolyte is made using NaCl, the
temperature of the electrolyte is 98 C.

30

The above XRD patterns (a) and (b) show low-
intensity reflexes that do not belong to PbS. It can be
assumed that they may refer to lead carbonate and oxide,
since we previously showed [21, 22] that when trying to
keep cadmium sulfide and zinc oxide by the electrolytic
method at room temperature, in addition to these
semiconductor nanocrystals, cadmium carbonate and
hydrozincite are formed, respectively. Therefore, in this
work, two control samples were synthesized - when using
an electrolyte based on sodium carbonate and sodium
chloride. The XRD patterns of these samples are shown in
Fig. 1 (c) and Fig. 1 (d), respectively. A detailed analysis
of these patterns showed that there are reflections on them
that belong to PbCO3 and two modifications of lead oxide.
Thus, when obtaining lead sulfide by the electrolytic
method, carbonate and lead oxide are minor impurities.
Carbon dioxide, which is necessary for the lead carbonate
formation, is one of the gases dissolved in electrolytes
during the electrolysis process since an open electrolyzer
is used in our case.

Parameters of the elementary cell are fundamental
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values in the identification of crystalline substances, as
well as in the determination of chemical bond lengths, the
study of transitions from one crystalline phase to another,
component composition of solid solutions, and the nature
of defects in crystals. The accuracy of determining
crystallographic parameters of the sample is affected by
several factors, including absorption and refraction of X-
rays in the sample, a divergence of the primary beam,
dispersion, Lorentz factor and polarization, temperature,
etc. [18]. Therefore, it is best to use single crystals to
determine the crystallographic parameters of alloys. In the
case of nanocrystalline samples, the task is complicated by
the large FWHM and low intensity of the peaks in the
XRD pattern. In addition, even in the region of large
diffraction angles, separation of K> doublet is not
observed. Therefore, we used the extrapolation method to
estimate the parameters of elementary cells, since almost
all systematic errors of X-ray measurements tend to zero
at the diffraction angle 6 = 90 [18]. Nanocrystalline PbS
obtained in this work, the XRD patterns of which are
shown in Fig. 1 (a)-(b), crystallizes in the sphalerite
structure, and therefore, using the Wulff-Bragg formula
and the quadratic form for cubic crystal system [18], it is
possible to calculate the value of unit cell parameter:

1/d? = (h2 + k2 + 1) /a?,

where a is the crystal lattice parameter; h, k, | are indices
of Miller planes.

As an extrapolation function, we used the function
[17, 18]

£(8)=0.5(cos? 6 /sin 0 + cos? 0 /).

Figure 2 shows the dependence of the unit cell
parameter of PbS nanocrystals determined from various
reflections on the value of the extrapolation function. A
slight deviation of experimental points from linear
dependence is visible, and therefore extrapolation line was
found by the method of least squares. Calculated values of
unit cell parameter are equal to a = 0.5938 nm and
a = 05935 nm for samples obtained at electrolyte
temperatures of 98 °C and 23 °C, respectively, which is in
good agreement with the literature data for single-crystal
lead sulfide a = 0.5936 nm [20].

The results of processing experimental XRD patterns

0.595 - a
0.594

0.593 -

a,nm

0.592 -

0.591 -

0.590 T T T T T T :
10 15 20 25 30 35 40 45

1o

were also used to calculate the size of nanocrystals using
Debye—Scherrer formula [23]:

D =0.891/(B - cosB),

where A is the wavelength of X-ray radiation; B is the
FWHM of the reflex; 0 is the diffraction angle. The
physical value of the FWHM is calculated by the formula:

B = (B — B2,

where B is the experimental value of the FWHM of the
XRD reflex FWHM; B, is the instrumental value of the X-
ray reflex FWHM. The instrumental value of the X-ray
reflexes FWHM was determined based on the analysis of
XRD patterns of silicon and Al,Os3 reference powders,
which were obtained under the same conditions.

Using Debye-Scherrer formula, the nanocrystallite
size was calculated from all six reflexes and the average
value of obtained results was found. As a result, the
following sizes of nanocrystals were obtained: 25.9 nm for
the sample synthesized at a temperature of 98 °C and 18.8
nm for the case of 23 °C.

The use of Debye—Scherrer formula is based on X-ray
reflex FWHM dependence on the particle size, and
FWHM increases as size decrease. In addition, it is known
that FWHM is affected by mechanical stresses that arise
due to defects in a crystal structure. In the case of
nanocrystals, defects can appear because a significant part
of atoms in them is on the surface, therefore, as the size of
nanocrystals decreases, the contribution of surface atoms
(surface stress) will increase.

Therefore, to determine the size and mechanical
stresses that may be inherent in PbS nanocrystals, we used
Williamson-Hall method [24]. In this method, the FWHM
of the reflex is described by the following formula:

B =0894/(D cosf)+4ctg?,

where A is the wavelength of X-ray radiation, and ¢ is the
relative elongation. In the last formula, the first term
shows contribute to the FWHM is caused by the
dimensional effect and the second — by mechanical
stresses. We write the last dependence in the form:

B cos8 =0.891/D + 4 £sin 6.

b
0.594 -
20.592
o
0.590 -
10 15 20 25 30 35 440 45

o

Fig. 2. Graphical extrapolation to determine the crystal lattice parameter of nanocrystalline lead sulfide, obtained at
the temperature of the electrolyte: 98 C —a, 23 C —b.



Physical properties of nanocrystaline PbS synthesized by electrolytic method

According to Hooke's law, during elastic
deformations, the magnitude of mechanical stress is equal
to:

oc=E-¢,
where E is Young's modulus. Having determined the

relative elongation from Hooke's law, we obtain the
dependence:

B-cosd =0.891/D+4-0-sinb/E.

If this dependence is plotted in the coordinate system
<4 sinb/E, B cosb>, then we get a straight line from which
we can find the nanocrystal size D and the magnitude of
mechanical stress 6. For single crystals, Young's modulus
will depend on the direction inside the single crystal, that
is, on the values of the Miller indices (h k 1) and the type
of crystal system. This dependence for the cubic system is
described by the formula [18]:

E_l = 511 - (2 511 - 2 512 - S44)(h2 k2 + kz l2 + lz hZ)/(hz + k2 - l2)2 y

where s11, S12, Sa4 are coefficients of elastic compliance.
Using the known values of the coefficients of elastic
compliance for the cubic modification of lead sulfide
s11=1.23-10"2 pa’l, s12 =-0.33-10%2 Pal,
44 =4.0-10? Pal [25], as well as the Miller indices of
reflections observed on the experimental XRD pattern, we
previously calculated the values of Young's moduli
depending on the direction inside the single crystal.
Figure 3 shows the use of the Williamson-Hall
method to determine the size of nanocrystals and
mechanical stresses for two samples. The figure shows the
deviation of experimental points from the linear
dependence, and therefore the extrapolation line was
found by the method of least squares. As a result of using
the Williamson-Hall method, the size of PbS nanocrystals
was found to be 36.6 nm and the value of mechanical
stresses was 1.3x108 Pa (tensile stress) for the samples
obtained at a temperature of 98 C, as well as 39.4 nm and
2.5 x108 Pa for a temperature of 23 C. The sizes of
nanocrystals calculated by Williamson-Hall method are
larger than the sizes obtained based on Debye—Scherrer
formula. Mechanical tensile stresses for the sample
synthesized at a temperature of 23 C are almost two times
higher than for the sample obtained at a temperature of 98
C. The latter may indicate that nanocrystals obtained at
room temperature have significantly more defects.
Similar results were obtained by the authors of [1],
who studied the properties of PbS thin films formed on
glass substrates by a chemical method using solutions of
lead acetate and thiourea at room temperature. The sizes
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of nanoparticles in work [1] were also determined by
Debye-Scherrer and Williamson—Hall methods and their
values varied from 19 to 23 nm. The authors of the paper
[11] studied nanoparticles of lead sulfide obtained by
centrifugation of a lead chloride solution and sulfur
powder. When the temperature changed from 10 to 40 C,
an increase in size from 10 to 25 nm was observed.

Figure 4 represents Raman spectra of two samples of
lead sulfide nanocrystals synthesized by the electrolytic
method at temperatures of 98 and 23 C, XRD patterns of
which are shown in Fig. 1 (a, b), respectively. The figure
shows that the spectra of these samples are quite similar.
the observed Raman bands were best fitted with a
Gaussian function, from which frequency, FWHM, and
integral intensity was obtained. The spectra contain two
intense scattering bands with a frequency position of 153
and 218 cm'?, as well as bands of low intensity — 88, 191,
and 243 cm'™. In addition, the FWHMs are slightly larger
at the synthesis temperature of 23 C than at the
temperature of 98 C: 11.4 and 10.7 cm’, respectively, for
the band of 88 cm?, 8.2, and 7.9 cm™ for band 153 cm™.
In the case of a band with a frequency of 218 cm™, they
are the same and equal to 5.2 cm™.

Bands with frequencies of 88 and 218 cm™ can be
attributed to scattering by transverse (TO) and
longitudinal (LO) optical phonons at the center of
Brillouin zone [26]. The scattering band of LO phonons
for PbS is not active in Raman light scattering spectra but
is active in IR spectra. It can be manifested in Raman
spectra, as noted by the authors of works [27-29], under
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Fig. 3. Results of using Williamson-Hall method for PbS nanocrystals obtained at the temperature of the electrolyte:
98 C—a,23C-h.
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conditions of resonant or quasi-resonant excitation of
Raman spectra due to electron-phonon interaction. In
addition, the authors of [30] observed an absorption band
at LO phonons (210 cm?) in the IR spectra. The same
opinion on the nature of these scattering bands is held by
the authors of works [30, 31].

)\ ,,

Intensity, a.u.

1

a

100 150 200 250 300 350 400
Raman shift, em”
Fig. 4. Raman spectra of samples synthesized using
NazS,0s-based electrolyte at temperatures:
a-98C;b-23C.

In [27], the authors studied Raman spectra of natural
PbS and calculated the dispersion curves of lead sulfide
for three important directions of Brillouin zone: [100],
[111], and [110], as well as the total density of phonon
states based on the dispersion curves. They suggested that
the band at 190 cm? is due to the combination of TO + LA
phonons along the A or X direction, and the band at
155 cm? is due to the combination of TO + TA phonons
along the X direction. The authors of the work [31]
compared Raman spectra of polycrystalline and
nanocrystalline PbS and observed a higher value of the
scattering frequency for LO phonons in NC, 210 cm®,
compared to a bulk crystal, from 206 cm. In our samples,
the frequency of the corresponding band is even higher,
218 cm'?, although the size of NC is much larger than in
[31], about 20 nm. Therefore, the frequency position of
this band in our nanostructures can be determined not by
the size effect, but by the dominant contribution of
phonons from different dispersion branches of phonons
[27].

In [31], thin films of lead sulfide obtained by the
chemical method were studied, and scattering bands with
frequencies of 148, 192, and 201 cm™ were recorded in
Raman spectra. The authors of this paper believe that the
band with a frequency of 201 cm? corresponds to
scattering by LO phonons of the center of Brillouin zone,
and the band with a frequency of 192 cm™ corresponds to
scattering by surface phonons. The nature of the band with
a frequency of 148 cm is not discussed in [32].

In [33], it is believed that the scattering band of
151 cm® is due to the combination of TO + TA phonons,
and 194 cm™ is due to surface phonons. When studying
PbS films in [34], Raman spectra were interpreted as
scattering by LO phonons (210 cm™) and surface phonons

(205 cm™). An alternative explanation for the origin of the
band at 153 cm™ could be the PbO phase [35], but its
spectrum is expected to contain a band in the region of
270-280 cm?, almost equally intense, which is not
observed in the spectra of our samples.

For the weak band at 243 cm?, it is currently
impossible to establish the origin. In some works, weak
bands in the range of 240-260 cm™ were also observed,
but their nature was not discussed [28].

It is known that PbS nanostructures can undergo
significant oxidation, both during synthesis and
measurement of Raman spectra since the oxidation is a
photostimulated process [36]. However, in the spectra of
nanocrystalline PbS obtained in this work by the method
of electrolytic synthesis, there are no bands of any of the
oxide forms, at least for samples synthesized using an
electrolyte based on Na;S,0s (Fig. 4).

Conclusions

This work shows the possibility of synthesizing
nanocrystalline lead sulfide by the electrolytic method
using lead electrodes and an electrolyte based on sodium
thiosulfate. When the temperature of synthesis
(electrolyte) increases, the size of PbS nanocrystals
increases, and the mechanical tensile stresses acting in the
them decrease. The results of Raman scattering spectra are
correlated with the results of X-ray structural studies.
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JlocmimKeHo MOXKITUBICTh OTPUMAHHS HAHOKPHUCTATIYHOTO CYIb(iAy CBHHIIIO €IEKTPOTITHIHUM METOIIOM 3
BUKOPUCTaHHSIM CBHHIIEBHX EJICKTPOJIB Ta BCTAHOBJECHO BIUIMB TEMIepaTypu Ha mporec cuHTe3y. Ha ocHOBi
HPOBE/ICHUX PEHTTCHOCTPYKTYPHUX AOCHI/DKEHb BU3HAUCHO XiMIYHMH Ta (a30BMil CKIIaJ OTPUMAHHUX CIIOJIYK Ta
po3mip HaHOkpHcTamiTiB Meromgamu JleGas-Illeppepa ta BimpsimcoHa-Xomra, a TakoX BH3HAUEHO HapaMerp
CNIeMEHTapHOI KOMIPKH JIOCHIIKYBaHHUX KPHCTaliB. Pe3ynbTaTH pEHTTEeHOCTPYKTYPHHX JIOCHIIKECHBb
TTOPIBHIOIOTHCS 3 JAHUMH, OTPUMAaHUMH 31 CIIEKTPiB KOMOIHALIITHOTO PO3CiIOBaHHS CBITIIA IIMX 3Pa3KiB.

KorodoBi ciioBa: cynbdig CBHHIIO, pEHTTEHOCTPYKTYPHI JOCITIPKEHHS, pO3MipH HAHOKPHCTAIIB, Gopmyna
Jebas-1eppepa, meTox Binpsmcona-Xoia, komOiHaniiHe pO3CilOBaHHS CBITIA.
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