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Features of Raman scattering in lead sulfide and lead sulfide-selenide
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Raman scattering spectra of 1—2um thick n-PbS(111) epitaxial films grown by molecular beam epitaxy on
BaF,(111) substrates were obtained and analyzed. The spectra were recorded at a low excitation level of
0.36 mW/um?, which did not cause photo- and thermal degradation of the films. It is shown that, in accordance
with the symmetry selection rules, the bands in the spectra correspond to overtone or combination tones of phonon
modes of PbS at special points of the Brillouin zone. The analysis of the bands of oxides and oxysulfates of lead,
which can mask the bands of lead sulfide, was carried out. The obtained data were used in the analysis of the
recorded Raman scattering spectra by epitaxial films of a ternary solid solution PbSy 5Se 5.
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Introduction

Being a narrow- and direct-gap semiconductor (0.4eV
at 300K), lead sulfide (PbS) is used widely for the
fabrication of IR emitters and detectors, gas sensors, lasers,
thermoelectric elements, etc. [1-3]. The large exciton Bohr
radius (18 nm) makes it possible to implement quantum
dimensional effects in PbS nanoparticles of fairly large
sizes [4]. The interest in fabrication of quantum dots,
quantum wires, and other low-dimensional PbS objects for
advanced opto- and nanoelectronic devices, thermoelectric
systems, alternative energy devices, etc. [5-8|, has been
on the rise in recent years. It follows from the analysis
of literature data (specifically, [9-15]) that Raman spec-
troscopy (RS), which allows one to characterize the energies
of phonons in the system and relate them to the specifics of
the chemical composition and the material structure, is used
widely to examine bulk and nanostructured samples of lead
sulfide. However, when it comes to the measurement and
interpretation of bands corresponding to PbS phonons, stud-
ies often contradict each other. This is largely attributable to
strong photooxidation and thermal effects induced under the
influence of a laser beam in the process of measurement of
Raman spectra. Photodestruction processes for lead sulfide
and related chalcogenide materials PbTe and PbSe have
been examined in detail by RS in [16-22]. Literature data
on Raman spectra of lead sulfide suggest that, in disregard
of the fact that first-order Raman scattering was predicted
to be forbidden, sufficiently intense Raman bands are often
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associated with transverse (TO) and longitudinal (LO)
phonons (see [10-12] and other studies). Theoretically,
first-order Raman scattering may be allowed if the lattice
symmetry is distorted as a result of doping and reduction
in size to several nanometers, but the correctness of
identification of these bands in each specific case requires
further substantiation.

It was demonstrated in our earlier studies [22, 23]
that photooxidation processes in lead chalcogenides PbTe,
Pb;_xEuyTe (x < 0.10), PbSe, Pb;_xSnxSe (x < 0.06) and
Pb;_xEuxSe (x <0.16) may be minimized by lowering
the excitation level. This made it possible to observe,
in accordance with theoretical predictions, only overtones
and combination tones of phonons at special points of
the Brillouin zone in Raman spectra of epitaxial films
with a high degree of structural perfection. The present
study is a continuation of this research and is focused on
measuring the Raman spectra of single-crystalline epitaxial
PbS films under low excitation levels (0.36 mW/um?) and
comparing the observed bands with the results of theoretical
calculations.

Experimental

The studied n-PbS films with a thickness of 1-2um
were grown on BaF,(111) substrates by molecular beam
epitaxy (MBE). The substrate temperature in the process of
growth was 640—670 K. The similarity of lattice constants
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substrate established the conditions for epitaxial growth of
lead sulfide layers. The results of X-ray diffraction analysis
(Fig. 1) revealed that single-phase (111)-oriented PbS films
had a high degree of structural perfection. A number of
films were doped additionally with sodium (~ 1%); p-type
PbS(Na) films were obtained as a result. Measurements
were also performed for PbS;_xTex/BaF,(111) films with
x =0.03 and x = 0.05 and PbS;_xSey/BaF,(111) layers
with X = 0.5 grown in similar MBE regimes. The x = 0.5
integral composition in PbS;_xSex films was determined
by energy dispersive X-ray analysis. It is known [24]
that PbS;_,Sex solid solutions are prone to spinodal
decomposition into several phases. The X-ray diffrac-
tion analysis data revealed the presence of two phases
with x =0.51 (~40%) and x =0.39 (~60%) in the
sample.

Raman spectra were measured in the backscattering
geometry at room temperature with an InVia Raman
microscope (Renishaw, Great Britain). An Ar*? laser
with an operating wavelength of 514.5nm was used as
the source of excitation radiation. The procedure of
measurement of spectra was specific in that the power
density of excitation radiation was minimized without
sacrificing the Raman signal intensity. This was achieved
using a special Renishaw Streamline™ Plus system [22].
Instead of being focused into a usual spot with a diameter
of ~2um, excitation radiation with a power of 6 mW
was focused in this case into a band ~ 1 x 50 um in size.
This helped reduce the power density of laser radiation
on the sample surface by a factor of approximately 17
(to 0.36 mW/um?) without sacrificing the Raman signal
intensity, since Streamline™ allows one to utilize the entire
2D system of pixels of the CCD sensor (CCD camera)
in measurement of a Raman spectrum from the entire
irradiated sample surface. The signal accumulation time
was 20min at each of the three different regions of the
sample; the obtained results were averaged in subsequent
processing.
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Results and discussion

Figure 2 shows the Raman spectra for epitaxial film
structures based on lead sulfide. A set of eight bands
at 81, 95, 104, 127, 135, 156, 186, and 197 cm~! has been
observed for the first time experimentally for PbS films in
the 60—250cm~! range. It follows from the analysis of
literature sources that one or two bands are usually reported
in this interval, the largest set of five bands (60, 80, 96,
156, 205cm™~!) was characterized by Yin et al. [14], and
four bands (78, 126,136, 180 cm™!) were observed by Abu-
Hariri et al. [9]. It is worth noting that the numerical values
of bands in [9,14] differ; however, taken together, they match
the set of values from our experiment.

When analyzing the obtained experimental results, one
should take into account both the theoretically predicted
bands of lead sulfide [25-28] and the known experimental
bands of lead oxides and oxysulfates. The results of
examination of the measured spectra are presented in the
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Figure 2. Raman spectra of PbS-based film structures.
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table. It lists theoretical data from the most important stud-
ies [25,27], our predictions made by analyzing the phonon
dispersion curves of PbS along the principal directions in
the Brillouin zone [28], and data regarding the presence of
oxide phases in the region. It follows from this table that
the experimental set of eight bands corresponds completely
to overtones and combination tones of phonons at different
critical points of the Brillouin zone. At the same time,
a number of bands may overlap with bands from lead
oxide and oxysulfate phases, which may even produce a
dominant contribution in certain cases. For example, it was
found that the 81cm™! band is present in the spectra of
all lead chalcogenides examined earlier (PbTe, PbSe, and
ternary solid solutions based on them) [22,23]. This suggests
that the 81cm™! band is related in its nature primarily
to lead oxide phases, which may both be present on the
initial surface and emerge in the course of photooxidation
reactions under the influence of a laser beam. It follows
from the analysis of literature data that the 135—140 cm™!
band is very sensitive to photooxidation processes and may
be used to characterize them. Getting back to the already
mentioned differences between Raman spectra in [9,14],
we may conclude that the reduction in power density of
excitation radiation in the experiment performed by Yin
et al. [14] translated into a suppression of photo- and
thermodegradation effects in the sample and provided an
opportunity to measure the actual Raman spectra of lead
sulfide.

Figure 2 also shows the Raman spectra for films of
lead sulfide with an acceptor sodium impurity and for
films of the PbS;_xTeyx solid solution with X = 0.03 and
X =0.05. It can be seen that, first, no bands emerge or
disappear (compared to films of pure lead sulfide) in the
Raman spectra measured after the introduction of sodium
and substitution of a small fraction of sulfur with tellurium.
Second, fine reproducibility of spectra in repeated studies
of both the same sample and different samples with slightly
varying compositions is indicative of the validity of the
experimental procedure for Raman spectra measurement
under low excitation levels.

Combined with the results for PbTe and PbSe presented
in [22,23], the tabulated data for PbS allow one to analyze
Raman spectra and characterize the pattern of phonon
modes for the entire class of binary lead chalcogenides
PbX (X=S,Se,Te). It must be understood that certain
PbX bands may be masked by fairly intense bands of
oxide phases produced in photooxidation processes under
the influence of excitation laser radiation. Importantly, a
combined set of data on the specifics of Raman spectra
for binary PbX compounds allows one to proceed to the
analysis of Raman spectra for ternary solid solutions based
on PbX (PbS;_xTex, PbS;_xSex, PbSe;_xTey, etc.). Let
us consider a specific example of epitaxial films of the
PbSy.5Sey.5 solid solution.

Figure 3 presents the Raman spectrum of the
PbS 5Seq s/BaF,(111) system. This spectrum is specific in
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Figure 3. Raman spectrum of film PbSy 5Seq s.

that a new wide band at ~ 170 cm~!, which is uncharacter-
istic of lead sulfide (see the table) and lead selenide [22,25],
emerges in it. The presence of the 176cm~' band has
also been noted by Shao et al. [30] in the study of
nanostructures of PbS;_ySex solid solutions with X varying
within the 0.4—0.6 range. It is important to keep in mind
that although the sets of bands for lead sulfide and selenide
are close in frequencies to each other, they are interpreted
with different vibrational phonon modes [25]. Therefore,
the bands of PbS and PbSe of the same nature had to
be compared in the analysis of the PbSysSegs ternary
solution. It is known that the 2TO(X) band corresponds
to 140cm~! for PbSe [22,25] and 186cm™! for PbS (see
the table). Assuming that the studied PbSj sSes sample
is a single-mode mixed crystal [31], we find that the
2TO(X) band should be located between these two values
(~163cm™!). As was already noted, the experimental
samples are specific in that they feature two close phases
with x = 0.51 (~ 40%) and x = 0.39 (~ 60%). In the
context of interpretation of Raman spectra, this results in
broadening of the 2TO(X) band and its shift from the
expected frequency of 163 cm™! toward the values typical
of lead sulfide (170cm~!). According to [22,25], the
TO(X)+LA(X) band corresponds to 120—122cm~! for
PbSe; our data demonstrate that it corresponds to 135cm ™!
for lead sulfide. The experimentally observed broad band at
127cm~! for PbSpsSeps (Fig. 3) may then be attributed
to TO(X)+LA(X) vibrations. The 113cm~! band for
the ternary solid solution is likely to be associated with
TO(X)+TA(X) vibrations, since the frequencies of these
vibrations in lead selenide [22] and lead sulfide (see the
table) are 106 and 127cm™!, respectively. The band
corresponding to 2LA(X) vibrations is at 91 cm~! [22] and
110cm~! [25] for PbSe and PbS; therefore, the 104 cm™!
band for PbSpsSeps may be attributed to 2LA(X). In
our view, the 93cm~! band for PbSysSeq s is associated
with LA(X)+TA(X) vibrations, since similar vibrations for
lead selenide and lead sulfide are present at 82cm~! [22]
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and 95cm~! [25], respectively. As was noted above

and in [22], the remaining bands at 82 and 140cm™!
are probably related to photooxidation processes. These
estimates suggest that, according to the existing classifi-
cation [31], the studied epitaxial PbSysSeo s films belong
to the group of single-mode mixed crystalline materials
(with allowance for the processes of spinodal decomposi-
tion).

Conclusion

This study is the last in a series of papers focused on
the examination of Raman spectra for epitaxial films of
lead chalcogenides PbX (X =S, Se, Te) under low excitation
levels. The applied approach, which suppresses considerably
the photodegradation phenomena in the region under anal-
ysis, allowed us to characterize experimentally for the first
time a wide set of Raman bands for PbTe, PbSe, and PbS
with frequencies matching the frequencies of overtones and
combination tones of material phonons at different critical
points of the Brillouin zone. This was made possible by
the use of single-crystalline epitaxial films of the studied
materials with a high degree of structural perfection. The
use of other objects (e.g., polycrystalline films) would result
in partial distortion of spectra due to the presence of oxide
phases at the grain boundaries. It is important to note that
Raman spectra measurements under low excitation levels
do not exclude photooxidation reactions entirely; partial
oxidation of the near-surface sample layer prior to the
experiment is also a possibility. Therefore, the probable
bands of oxide phases, which have similar frequencies and
may mask the characteristic PbX bands, should be taken
into account additionally in the process of identification
of bands of overtones and combination tones of PbX
phonons.
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