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Raman spectroscopy of layered lead tin
disulfide (PbSnS,) thin films

Anna Lapinska,®” Andrzej Taube, >’ Michat Wasik,”
Grazyna Zofia Zukowska,” Anna Duzynska,? Jarostaw Judek®
and Mariusz Zdrojek®*

Nowadays, the attention of researchers is focused on the large family of chalcogenides that poses very unique and interesting
properties. One of them is the teallite - PbSnS,, almost unrevealed ternary compound, promising thermoelectric material. In this
work, we present first detailed Raman studies of PbSnS,, including the polarization-dependent and temperature-dependent
measurements (80-400 K range). The strong effect of polarization angle and temperature on the Raman spectra was observed.
The polarization studies allowed to assign symmetry of observed modes. The temperature evolutions of the Raman spectra were
explained by optical phonon decay into two or three acoustic phonons with equal energies. The extracted first-order temperature
coefficients are among the largest reported so far for layered materials. Our results might be helpful in understanding the

anisotropic optical, thermal and electrical properties of PbSnS,. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

With the discovery of graphene and examination of its fundamental
properties,? a renaissance of interest in layered materials has been
started, including transition metal chalcogenides®® and recently
black phosphorus.m Moreover, regularly, new members of this com-
pound family are reported or rediscovered.®® The lead tin sulfide -
PbSnS,, a IV-VlI-layered ternary semiconductor — is an example of
not fully explored layered material. The lead tin disulfide crystallizes
in orthorhombic structure (Pnma space group) that is presented in
Fig. 1a. The S atoms are bonded to Pb or Sn atoms and together
are forming puckered bilayers, approximately 0.6 nm thick."® Each
bilayer is separated from another by approximately 0.28 nm.!"®

The first report about lead tin disulfide comes from 1904 where
the study of teallite (naturally occurring lead tin disulfide) including
the general crystallographic character and basic physical properties,
like hardness and ability to cleavage, were shown. Other reports bring
information about the PbS-SnS mixed crystals'? in which due to
their high miscibility are two binary compounds of which PbSnS; is
composed. Interestingly, this material could be used for promising
potential application. Firstly, due to its 1.4eV band gap, it was
recognized as a potential candidate as a material for thin film solar
cells[>"3 Lately, it was demonstrated that PbSnS, can be utilized
as a part of thermoelectric composite material, collectively with
PbTe™ Incorporation of PbSnS, into PbTe structure results in de-
creasing of the lattice thermal conductivity down to 0.4 Wm™' K~ "%
in which low value is crucial for thermoelectric devices.

However, up to date, there are few information about various
properties of this material, especially about their phonon properties.

The phonon properties can be studied by using Raman
spectroscopy, which is an excellent nondestructive tool for
characterization of structural™™ thermal,'®'”! optical™® and

electronic2 properties of layered materials. The temperature-

dependent Raman measurements can be used as a tool to
investigate vibration, transport, phonon-phonon properties or
electron-phononinteractions,””’ and angle-dependent Raman spectra
can be used for assignment of Raman modes or crystal orientation.”?

Here in this work, we report, for the first time, Raman measure-
ments of PbSnS, thin films obtained by mechanical exfoliation from
single crystal. We compare lead tin disulfide Raman spectra for
different incident excitation wavelengths and different polarization
configurations. Further, we present temperature-dependent
(80-400K) Raman spectra measurements. From polarization-
dependent measurements, we show that this material has
anisotropic optical properties. The temperature-dependent studies
revealed nonlinear dependence of phonon behaviour (both modes’
position and widths) that stems from optical phonon decay into
two or three acoustic phonons. We also found that extracted first-
order temperature coefficients are among the largest for layered
materials. Our studies can be further used for investigation of other
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Figure 1. (a) Crystal structure of PbSnS,, (b) atomic force microscope image and (c) height profile of PbSnS, flake with thickness ~300 nm. (d) Raman spectra
of PbSnS, obtained with ., =633, 780 and 1064 nm under circular polarization.

properties of PbSnS, and may be useful for application of this ma-
terial in thermoelectric, electrical or optical devices.

Experimental methods

PbSnS, thin flakes were fabricated by conventional mechanical
exfoliation technique!”’ from commercially available (2D semicon-
ductors) single crystals and transferred into thermally oxidized Si
substrates covered with 285-nm-thick SiO, layer. Prior to Raman
measurements, the fabricated flakes were characterized by atomic
force microscopy (AFM). The example image of fabricated film
and height profile is shown in Fig. 1b, c. The thickness of fabricated
flakes was typically about 200-300 nm. Room temperature Raman
spectra were recorded by using three different excitation lines Aey:
633 nm (1.96 eV) He-Ne laser line, 1064 nm (1.16 €V) neodymium-
doped yttrium aluminium garnet laser line by Renishaw inVia
Raman microscope and 780 nm (1.59eV) diode laser by Thermo
Nicolet Almega XR Raman spectrometer. Temperature-dependent
and polarized Raman measurements were taken by using
1064 nm (1.16 eV) neodymium-doped yttrium aluminium garnet
excitation wavelength. The signal was collected by using 50x (nu-
merical aperture 0.5) and 100x objectives (numerical aperture
0.85) giving the laser spot size much smaller than film size. The laser
power, calibrated on the sample, was kept low (<0.2 mW) in order
to avoid unintentional additional heating of the sample. The
temperature-dependent Raman measurements were performed
in optical cryostat (Oxford Instrument) in 80-400K range with
20K step (stability ~0.1K). The polarized measurements were
performed as a function of the angle between polarization
vectors of incident and scattered light (from 0° to 180° with 5° step)
in backscattering geometry and in VV (the scattered and the
incident light are parallel to each other) and VH (the scattered
and the incident light are perpendicular to each other) polarization
configurations. The measurements for each temperature were
performed several times and in different places on the flake to min-
imize any statistical variation. All recorded Raman spectra were
fitted by using Levenberg—Marquardt algorithm with Lorentzian
shape function. The temperature-dependent and the angle-

dependent measurements presented in this work were
performed on the same flake. The same measurements were
performed on different flakes with similar thickness, and we did
not observe any significant differences.

Results and discussion
Room temperature multiwavelength Raman spectra of PbSnS,

The room temperature (circular polarized) Raman spectra obtained
with different excitation wavelengths of 633, 780 and 1064 nm are
shown in Fig. 1d. We have identified five Raman bands in spectrum
for dex=633nm with maxima located at 118, 146, 176, 216 and
256cm ™. In the spectrum for Ae, =780 nm, we have observed four
bands: 149, 178,216 and 256 cm ™. For A, = 1064 nm, we observed
five bands at 89, 146, 176 and 216 cm™ . We note that spectra taken
with Aex=1064 nm are much sharper and with highest signal-to-
noise ratio as compared with other used excitation wavelengths,
probably due to resonance between phonon energy (1.165eV)
and energy to an electronic transition.*>) However, more detailed
studies® need to be taken in order to study the resonance effect
in PbSnS,. The Raman bands located at 146, 176 and 216cm™"
are present in spectra taken for all used Ae.. The mode at
256cm™" band is present only in spectra obtained for Aec=633
and 780 nm. Whereas, the mode located at 89cm ' seen in
1064 nm spectrum is not visible in spectra for other excitation
wavelengths (partially due to limitation of experimental set-up).
The Raman bands that appeared in at least two of the measured
spectra are not dispersive (see dashed red horizontal lines in Fig. 1).
For convenience, in this work, the observed Raman bands are
named after their position at room temperature.

Up to date, there is no report in the literature devoting to PbSnS,
Raman spectra; thus, obtained results were compared with the
spectra of the two compounds from which teallite is formed -
SnS and PbS. PbS crystallizes in cubic structure (galena) at ambient
pressure and undergoes phase transition to the orthorhombic
structure at high pressures. However, the space group (Cmca or
Pnma) of orthorhombic structure of PbS is under debate.”” Up to
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date, only one pressure-dependent Raman study of PbS was
reported; however, obtained Raman spectra were not conclusive
about structure type.*®

Taking this into consideration, the Raman spectra of PbS and
PbSnS, cannot be directly compared at this stage. Raman study
of SnS shows®?® four bands in the spectrum ~94, ~189 and
218cm ™" of AS”” symmetry and ~157cm ™" of B3s*” symmetry
(for Jex=633nm). For longer radiation wavelength A.,=780nm),
Raman spectrum of SnS exhibits two bands: 194 and 218 cm ™" .27
The bands ~94, ~157, ~185 and 218cm ™" may correspond to 89,
146, 176 and 216cm ™' bands from our spectra, respectively. No
Raman measurements for Ae,=1064nm for SnS were found in
the literature; however, the shape of Raman spectra was similar to
the spectra of SnSe taken with Jex=633nm.?”? The ~118, ~209
and ~256 cm™ " bands may be related to PbS-like modes in PbSnS,.
The comparison of our data with the literature concerning
discussed compounds is given in Table 1. We can carefully conclude
that there are some similarities between SnS and PbSnS, Raman
bands’ position, which has the same crystal structure but bearing
in mind that atomic distances in this materials may be slightly
different resulting in a change in the photon energy.

Angle-dependent Raman spectra of PbSnS,

In order to fully determine the symmetry of observed Raman
modes, we have performed full polarization measurements for
Jex=1064. The measurements were performed with two polariza-
tion configuration: VV (e; || e5) and VH (e; ey), where e; and e are
unitary vectors of incident and scattered light polarizations. The
obtained polarization-dependent relation between measured band
intensities and polarization angle of incident and scattered light
was analysed by using Raman tensor of Raman modes of PbSnS,
orthorhombic phase (D, space group)®':

A

R(A9> = $R(B19) =

R (329) =

0
B
0
0
0 ,R(Bsg) =
0

o o mH o ©
o o oo U o
m o oo o ©O
©O M © o o o

0

0
0
0
E

The intensities of Raman modes are proportional to |e;Reg|’,
where R is the Raman tensor of given mode. We used notation after

Table 1. Summary of obtained band positions in Raman spectra for
radiation wavelength of 633, 780 and 1064 nm and comparison to
bands occurring in SnS spectra for the same wavelength radiation
Material Aex=633nm Aex=780Nnm Ao =1064 nm
PbSNS,, this work — — 89cm’”
118cm — —
146 cm’ 146 cm 146 cm’
176 cm™ 176 cm 176 cm™
— 209 cm™' 209cm™
216cm ! 216cm ! 216cm !
256cm” 256cm —
SnS Ay ~94 ™! — —
Bsg ~157cm ' — —
Bsy ~185cm ' ~194cm —
Bsg ~218cm ' ~218cm —

Chandrasekhar et al,*® i.e. direction of incident and scattered light
is along c-axis (x-axis in our experimental set-up) of the crystal
(Fig. 1a). The unitary vectors may be expressed as ;= (0, cosf, sinf),
whereas e;=(0, cos0, sinf) and (0, —sinO, cosb) for VV and VH
polarization, respectively. Considering the form of these vectors
for VV and VH polarization, the theoretical relation of Raman mode
intensity versus polarization angle for Ay and B34 modes, which are
allowed in used geometry, takes the form"

I(Ag, VV) = (Bcos?0 + Csin’6)?
I(Bsg, VV) = F?sin*26

2 )
( sin®20

(

i Ag7VH) :@

I(Bsg, VH) = F?cos?26

Figure 2 shows polarization-dependent relation between
measured normalized band intensities and polarization angle of
incident and scattered light along with fit of Eqn (2) to experi-
mental data.

It should be noted that observed Raman modes show strong
angular dependence of their intensities. The measured data fit
quite well to the theoretical dependence (Eqn (2)). Some discrep-
ancies at 90° (intensity not going to 0) for VH polarization for 89,
176 and 216cm™ ' modes can stem from polarization misalign-
ment in our set-up. Nevertheless, we can conclude that observed
Raman modes at 89, 176 and 216cm ™' belong to Ag symmetry,
and mode observed at 146cm™' belongs to Bsg symmetry. It
should be noted that theoretical and experimental curves for
Ag modes are shifted of some angle that may result from mis-
alignment between incident light and armchair direction (along
b-axis) of the crystal.*"!

Temperature-dependent Raman spectra of PbSnS,

To study temperature phonon behaviour, temperature-dependent
Raman measurements were conducted. Figure 3a shows the tem-
perature evolution of the PbSnS, Raman spectra taken with
Jex=1064 nm. The Raman modes tend to strong broadening and
softening with the increasing temperature (see vertical line for
eye guidance). The detailed temperature evolution of Raman posi-
tions and full width at half maximum (FWHM) is depicted in the
Fig. 3b-h, where the strong shift of the Raman modes and strong
nonlinearity of Raman modes’ positions and widths are observed.
The total modes’ position shifts from T=80 to 400K are for
146cm™" mode - 6cm™', for 176cm™"' mode - 13cm™' and for
the 216cm™ mode - 14cm™". The temperature dependence of
the position of 89cm™' Raman mode is relatively weak in com-
parison with other modes, and nonlinearity is not observed (Fig. 3b).
The error bars were calculated as expanded uncertainty at the 95%
level of confidence and include finite spectral resolution and the
average uncertainty of determination of peak position (~0.1cm™")
or FWHM (~0.2cm ™).

To describe temperature dependence of positions and widths of
146, 176 and 216 cm ™' Raman modes, we first used approach pro-
posed by Balkanski et al.*? that is based on the phenomenon of
optical phonon decay into two or three acoustic phonons with
equal energies due to cubic and quartic anharmonicity of lattice
potential. This approach has been successfully used to describe
temperature dependence of other layered materials, like WTe,,**!
monolayer MoS,,2* ReSe, and SnSe, thin flakes®™ as well as to

J. Raman Spectrosc. (2016)

Copyright © 2016 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jrs



Journal of

RAMAN
SPECTROSCOPY

A. tapinska et al.

-
89cm VWV 120
135
150
¢ 9"
165/ | oM
||l .- Y
[ o
180 L <
90
3 105 75
146cm W . _—T—_ &0

r.
180 L=

-1
216em” W 0 T

" .‘...
.°
[ ]
150 30
F ®

165/ / & \ 15

5 ] '.I

oll® / » 1
180 - - -0

105

-1
89cm  VH 120 1 T

150
165 |
180 L
a0
a 105 ; 75
146 cm VH 120 TH_I —~—— 60
135 T\ 45
.
I|.
150 30
. . %
®0e ! . \l
165 o : 15
In'k I a : = \
. W & F; p - 4
|I- .. i . W e.. - L] . [
180 L - - 1o
90
; 105 75
176 cm™' VH

180

216 C!TIJ VH —'r_I_""——._I

180 L a®

Figure 2. Normalized integrated intensities of PbSnS, Raman modes for different polarization angle measured with Aey=1064 nm in VV and VH

configuration.

carbon nanotube thin films.*® To fit experimental data for phonon
shifts and FWHMs, we use expressions©?

a)(T):w0+A(1+eX2_1)+B<1+ €y3—1+(ey—31)2> 3)

rm=rose(ie ) w01 i) @

where x= wo/2k,T, y = wo/3kpT, g is the peak position at temper-
ature extrapolated to 0K and is Planck constant divided by 2, ky, is
Boltzmann constant, A, B, Cand D are anharmonic constants and I
is the temperature-independent broadening due to disorder of

crystal or strain.>” In Eqns (3) and (4), second terms correspond
to three and third terms to four-phonon processes. The values of
obtained anharmonic constants are presented in Table 2. Moreover,
also the FWHMs tend to nonlinear behaviour with increasing tem-
perature, and the four-phonon process model is easily fitted to
the obtained data. As it is shown in Fig. 3c—e, strongly nonlinear be-
haviour of peak position stems from mentioned phonon decay. The
ratios of anharmonic constants B/A and D/C are relatively small and
have the values 0.35, 0.18 and 0.3 (B/A) and 0.17, 0.26 and 0.031
(D/C) for 146,176 and 216 cm ™" modes, respectively, as the proba-
bility of three-phonon process is larger than four-phonon process.
We note that apart from anharmonicity, the volume thermal expan-
sion of the lattice could also contribute to the increase of mode

_________________________________________________________________________________________________________________________|]
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Figure 3. (a) Selected Raman spectra (/ex= 1064 nm) of PbSnS, measured in 80—400 K temperature range. (b) Temperature dependence of 89cmcm
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Table 2. The values of anharmonic constants obtained from the analy-
sis of temperature dependence of Raman mode positions and widths

Mode  wo(em ) A(em ") B(em ') To(em ") C(em ') D(em ")
146cm ' 150885 —0.1824 —0064 1524 0833  0.148
176cm ' 18271  —082 —015 1268 —159 0415
216cm ' 22254  —0935 —0286 1158 2724 00841

widths and to the decrease of mode positions with increasing
temperature.*® Up to know, there is no information about theoret-
ical or experimental values of coefficient of linear thermal expan-
sion and Grlneisen parameter of PbSnS, from which thermal
expansion contribution can be calculated; however, this for many
layered material can be neglected.*33439

For the temperatures above approx. 220K, the temperature de-
pendence of mode position tends to linear dependence, and first-
order temperature coefficient was calculated, corresponding to
the Egn (5):

o(T) = wo + 4T (5)

where wy is the phonon wavenumber at temperature interpolated
to 0K and y is the first-order temperature coefficient. The
obtained values are summarized in Table S1 (Supporting Informa-
tion). The first-order temperature coefficient can be used in the
optothermal method for the determination of the thermal
conductivity™® or for the in-operando measurements of the tem-
perature rise in electronic devices™'’ As shown in Fig. 3b, the
89cm ™" mode shows rather weak temperature dependence, the

phonon wavenumber changes of about, and extracted y value
was about —0.00655 cm 'K~ '. Obtained values of first-order tem-
perature coefficients for 146, 176 and 216cm™~ ' modes are
—0.0304, —0.0483 and —0.0563 cm ™' K™, which are much higher
than the values for other layered materials. The reported y values
for other layered materials are summarized in Table S1. The y
value for the supported monolayer MoS, was reported to be
0.0178cm 'K ! for Ay mode®# and —0.013cm 'K ™' for multi-
layer film. For few layer black phosphorus where relatively strong
temperature dependence of Raman spectra was reported,*>#3! y
values are —0.01642, —0.02707 and —0.02833cm™ 'K ' for Ay,
B, and A,y modes, respectively.** It is noteworthy that layered
materials that crystallize in orthorhombic structure, i.e. SnSe, BP,
GeSe or PbSnS,, possess noticeably higher first-order temperature
coefficients of Raman modes than other layered materials with

hexagonal  (MoS,, WS, SnSe;) or triclinic structure
(ReSez).B 1,33-35,39,42-46]

Conclusions

We have performed the Raman spectroscopy studies of the teallite
- PbSnS, thin films. The full polarization measurement performed
in the VV and VH configuration showed strong angular dependency
of Raman mode intensities and allowed to determine mode
symmetries. The observed Raman modes at 89, 176, and
216cm™" belong to Ay symmetry, and 146 cm™' mode belongs
to B3g symmetry. The strong nonlinear dependence of 146, 176
and 216cm ™' modes observed in the temperature dependency
of the Raman spectra was attributed to the optical phonon decay
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onto two or three acoustic phonons. Extracted first-order tempera-
ture coefficients for 146, 176 and 216 cm™' modes were —0.0304,
—0.0483 and —0.0563cm™ ' K™, respectively, which are among
the largest reported for layered materials. Our studies may be useful
for further characterization properties of PbSnS,, especially thermal
conductivity or interfacial thermal conductance,”"”#7*® and sug-
gest that PbSnS, possess anisotropic character of optical, thermal
and electrical properties as similar to other orthorhombic layered
materials.[?>314
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