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Abstract: The optical response of bulk germanium sulfide (GeS) is investigated systematically using
different polarization-resolved experimental techniques, such as photoluminescence (PL), reflectance
contrast (RC), and Raman scattering (RS). It is shown that while the low-temperature (T=5 K) optical
band-gap absorption is governed by a single resonance related to the neutral exciton, the corre-
sponding emission is dominated by the disorder/impurity- and/or phonon-assisted recombination
processes. Both the RC and PL spectra are found to be linearly polarized along the armchair direction.
The low and room (T=300 K) temperature RS spectra consist of six Raman peaks identified with the
help of Density Fuctional Theory (DFT) calculations: Al Aé, Ag, A‘é, B% g and B%g, which polariza-
tion properties are studied under four different excitation energies. We found that the polarization
orientations of the Aé and A‘é modes under specific excitation energy can be useful tools to determine
the GeS crystallographic directions: armchair and zigzag.
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tons; Raman scattering; Density Fuctional Theory; phonons

1. Introduction

Two-dimensional (2D) layered van der Waals (vdW) semiconductors, such as tran-
sition metal dichalcogenides (e.g. MoS;, WSe,), have appeared as a fascinating class of
materials for exploring novel excitonic phenomena. [1-4] Inspired by these exciting achieve-
ments, a new group of emerging vdW semiconductors, i.e. group-IV monochalcogenides
MX (where M = Ge, Sn or Pb and X =S, Se or Te), has attracted increasing attention due to
their anisotropic optical properties. They originate from a low-symmetry orthorhombic
crystal structure, analogous to black phosphorous (BP), which is widely investigated. [5-7]
Moreover, the family of MX materials exhibits high carrier mobility, larger for monolay-
ers as compared to bulk, [8] which can lead to potential applications in angle-resolved
opto-electronics.

In this work, we investigate anisotropic optical and vibrational properties of GeS with
the aid of the polarization-resolved photoluminescence (PL), reflectance contrast (RC),
and Raman scattering (RS. The low-temperature (T=5 K) optical band-gap absorption is
governed by a single resonance related to the neutral exciton, the corresponding emission
is dominated by disorder/impurity- and/or phonon-assisted recombination processes.
Both the RC and PL spectra are found to be linearly polarized along the armchair direction
of the crystal. The low and room (T=300 K) temperature RS spectra consist of six Raman
peaks, identified with the help of Density Fuctional Theory (DFT) calculations. Their
polarization properties are studied under four different excitation energies. We found that
the polarization orientations of the Aé and A‘é modes under specific excitation energy can
be used to distinguish between armchair and zigzag crystallographic directions in GeS
crystals.

2. Materials and Methods
2.1. Samples

A bulk-like flake of GeS was placed on a Si/(90 nm) SiO, substrate by polydimethyl-
siloxane (PDMS)-based exfoliation of bulk crystals purchased from HQ Graphene. The
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flake of interest was initially identified by visual inspection under an optical microscope
then subjected to atomic force microscopy.

2.2. Experimental techniques

The PL spectra measured under laser excitation of A= 660 nm (1.88 eV). The RS
measurements were performed using illumination with a series of lasers: A= 488 nm (2.54
eV), A=515nm (2.41 eV), A= 561 nm (2.21 eV), A= 633 nm (1.96 eV). The excitation light in
those experiments was focused by means of a 50x long-working distance objective with a
0.55 numerical aperture (NA) producing a spot of about 1 ym diameter. The signal was
collected via the same microscope objective (the backscattering geometry), sent through a
0.75 m monochromator, and then detected by using a liquid nitrogen cooled charge-coupled
device (CCD) camera. To detect low-energy RS below 100 cm ™! from the laser line, a set of
Bragg filters was implemented in both excitation and detection paths. In the case of the
RC studies, the only difference in the experimental setup with respect to the one used for
recording the PL and RS signals concerned the excitation source, which was replaced by a
tungsten halogen lamp. The light from the lamp was coupled to a multimode fiber of a
50 um core diameter, and then collimated and focused on the sample to a spot of about 4
pum diameter. All measurements were performed with the samples placed on a cold finger
in a continuous flow cryostat mounted on x—y manual positioners. The excitation power
focused on the sample was kept at 50 yW during all measurements to avoid local heating.

The polarization-resolved PL and RC spectra were analyzed by the motorized half-
wave plate and a fixed linear polarizer mounted in the detection path. In contrast, the
polarization-sensitive RS measurements were performed in two co- (XX) and cross-linear
(XY) configurations, which correspond to the parallel and perpendicular orientation of
the excitation and detection polarization axes, respectively. The analysis of the RS signal
was done using a motorized half-wave plate, mounted on top of the microscope objective,
which provides simultaneous rotation of polarization axis in the XX and XY configurations.

2.3. Theoretical calculations

DFT calculations were performed in Vienna Ab initio Simulation Package [9] with
Projector Augmented Wave method [10] and Perdew-Burke-Ernzerhof parametrization [11]
of general gradients approximation of an exchange-correlation functional. A plane wave
basis energy cutoff of 550 eV and a I'-centered Monkhorst-Pack k-grid of 12x10 x4 were
found sufficient to converge the lattice constants up to 0.001 A. Geometrical parameters
were optimized until the interatomic forces and stress tensor components were lower
than 10~° eV/A and 0.01 kbar, respectively. The interlayer vdW interactions were taken
into account by the use of Grimme’s D3 correction [12]. Phonon dispersion of GeS was
calculated within Parlinski-Li-Kawazoe method [13], as implemented in Phonopy software
[14]. The 4x4x2 supercells were employed to find the interatomic force constants within
the harmonic approximation. The irreducible representations of Raman active phonon
modes at I" point were determined with the use of spglib library [15].

3. Results
3.1. Crystallographic structure

GeS is a layered material, which crystallizes in a distorted orthorhombic structure
(D'6y;), as shown in Figure 1. That form comprising eight atoms in the primitive unit cell
has been proven to be dynamically and thermally stable at room temperature [16]. The
puckered honeycomb lattice of GeS has an anisotropic crystal structure characterized by
the two orthogonal armchair (x) and zigzag (y) directions, denoted in Figure 1(a). The
stack of consecutive layers in the perpendicular direction (z) in respect to the xy plane is
presented in Figure 1(b). Note that the crystallographic structure of GeS is analogous to the
BP one.[7]
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Figure 1. (a) Top and side views of the GeS crystal structure for a single layer. The armchair
and zigzag directions are shown in relation to the crystal orientation and lattice parameters. (b)
Geometrical structure of multilayer GeS.

3.2. Optical properties

Figure 2(a) presents the low-temperature (T=5 K) PL and RC spectra. The PL spectrum
consists of four emission lines, denoted as X, L1, L, and L3. In contrast, the corresponding
RC spectrum consists of a single resonance, which energy coincides with the X emission
line. To examine the origin of the X transition, we carried out the polarization resolved
measurements of PL and RC spectra. The extracted polarization dependencies of the X
transitions are presented in Figures 2(b) and (c). Solid lines in the Figs represent fits of the
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Figure 2. (a) The low-temperature (T=5 K) PL (blue curve) and RC (red curve) spectra measured on
the GeS flake. Polar plots of the integrated intensities of the X transitions from the (b) PL and (c) RC
spectra.
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evolution of the PL/RC intensity as a function of light polarization. A dichroic relation of
polarized light using Malus law was used: I(0):[17]

1(8) = Acos®(6 — ¢), 1

where A is the amplitude of the emission/absorption transition and ¢ represents the phase
of polarization dependence. It is seen that both the emission and absorption signals of the
X transitions are linearly polarized along the same direction (167° and 170°, respectively).
The result confirms directly the same origin of the X feature apparent in both the PL and
RC spectra, as previously reported independently for the emission[18], photoreflectance
[19] or absorption[20]. Moreover, according to Ref. 20, the X resonance can be related to the
direct transition at the I point of the Brillouin zone (BZ), which is linearly polarized along
the armchair crystallographic direction.
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Figure 3. (a) False-color map of low-temperature PL spectra of GeS as a function of the detection
angle of linear polarization under 1.88 eV laser light excitation. (b) Temperature evolution of the
PL spectra measured on GeS. The spectra are vertically shifted for clarity and some of them are
multiplied by scaling factors for more clarity.

In order to study the origin of L lines, the polarization-resolved and temperature
evolution of the PL spectra was measured, see Figure 3(a) and (b). As can be appreciated
in the Figure 3(a), the L1, L, and L3 lines are linearly polarized along the same armchair
direction as the neutral exciton transition. Moreover, with increasing temperature, the low
energy L1, Ly and L3 peaks quickly disappear from the spectra. At T=40 K, only the neutral
exciton contributes to the PL spectrum. The further increase of temperature leads to the
typical redshift and the linewidth broadening of the neutral exciton, which can be observed
up to 120 K. The observed temperature dependence of the L lines is very similar to the
previously reported behavior of so-called "localized" excitons in monolayers of WS, and
WSe; exfoliated on Si/SiO, substrates.[2,4,21-24] Consequently, we can ascribe tentatively
the L, L, and L3 peaks to disorder/impurity- and/or phonon-assisted recombination
processes.

3.3. Vibrational properties

As GeS belongs to the point group Dy, there are 12 Raman-active modes: 4Ag, 2By,
2Byg, 4B3e. According to the polarization selection rules for the space group Pnma (No. 62)
of GeS, four A and two By, phonon modes should be observed in backscattering geometry
along the z crystallographic direction. Their corresponding atomic displacements, denoted
by green arrows, are presented in Figure 4(a). The modes are classified according to their
irreducible representations in the point group D,j,, and additionally numbered due to
their increased Raman shift (top index). As can be seen in the Figure 4(a), the A; modes
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Figure 4. (a) Atom displacements (green arrows) for the Raman-active modes. Axes indicate two
view perspectives: armchair, and zigzag directions (b) The calculated phonon dispersion of GeS.
(c) RS spectra measured on GeS at low (T=5 K) and room (T=300 K) temperatures. The spectra are
vertically shifted for clarity.

presents atom movement mostly in the plane defined by the armchair and out-of-plane
directions, while the By vibrations take place along zigzag direction. Figure 4(b) presents
the calculated phonon dispersion with marked Ay and Bj¢ phonon modes active in our
experimental conditions. To verify the theoretical calculations, we measured the RS spectra
of GeS at low (T=5 K) and room (T=300 K) temperatures. Both the RS spectra consist of
six Raman modes: Aé, Aé, Ag, Aé, B%g and B%g, which energies are in good agreement
with theoretical calculations shown in Figure 4(b). One notes the characteristic effect of
temperature on the observed peaks. It is seen that both the redshift and the broadening
of Raman peaks scales with the increasing phonon energy, e.g. the temperature-induced
change of the energy and linewidth of the Al mode is much smaller as compared to the A3.

As varying assignments of Raman peaks in GeS were previously reported,[18,25-27]
we measured the polarization-resolved RS at T=300 K under 1.96 eV excitation. Figure
5 presents polar plots of the integrated intensities as a function of detection angle for all
observed phonon modes in co-linear configuration (XX). As the corresponding results in
cross-linear configuration (XY) do not add additional value, we focused on XX configura-
tion in our analysis.[6] Solid lines represent fits of the modes intensities as a function of
light polarization, 1(f), described by:[6]

1(8) = (|a|sin®(0 — ¢) + |c|cosEcos® (6 — ¢))? + |c|*sin*Ecos* (6 — ¢), )

where |a| and |c| are the amplitudes of the phonon modes, ¢ represents the phase of
polarization dependence, ¢ represents the phase difference. It is seen that the polarization
axes of the Aé, Ag, and Aé modes, marked by green lines in the Figure 5, are approximately
oriented in the same direction, i.e. 169°, 168° and 169°, respectively. The direction is the
same as the orientation apparent in PL and RC spectra (167° and 170°, respectively), which
corresponds to the armchair crystallographic direction. The A‘;’ mode exhibits different
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Figure 5. Polar plots of the integrated intensities of the phonon modes measured on GeS at T=300 K
under 1.96 eV excitation. The green lines on polar plots are along polarization axes of modes.

polarization axis of about 112°, which does not match any crystallographic direction. In
contrast, the polarization axes of the B} . and B%g point to the same direction (123°), which is
shifted of about 45° from the crystallographic directions. In terms of observed symmetries
of phonon modes, the Aé and A‘g modes display 2-fold symmetry with an angle period of
180°. In contrast, the Aé/ 4 (B% éz) mode presents the 4-fold symmetry with an angle period
of 90° and with the different (the same) intensity of perpendicular arms. Consequently, the
polarization axes of the other phonon modes (except the Ag) can be used to determine the
crystallographic direction, but without the discrimination between the zigzag and armchair
directions. Only the 2-fold symmetry of the Aé mode allows to determine the armchair
direction of the crystal.

In order to examine the effect of the excitation energy on the polarization properties of
phonon modes, we performed the polarization-resolved RS experiments under three more
different excitations (2.21 eV, 2.41 eV and 2.54 eV). Due to our experimental limitations,
the polarization properties of only three modes, i.e. B%g, A% and A‘gL, were analyzed, see
Figure 6. Three polarization characteristics of phonon modes can be distinguished: (i)
The Bé mode conserves the polarization axis and shape under excitation with different
laser wavelength; (ii) The Ag mode dramatically changes its polarization axis (compare
Figures 5 and 6); Moreover, its symmetry also changes: from 2-fold symmetry under 1.96 eV
excitation to 4-fold symmetry under other excitations; (iii) In contrast, the 4-fold symmetry
of the A‘é mode under 1.96 eV excitation changes gradually to the 2-fold one under 2.41 eV
and 2.54 eV excitations. Its 2-fold symmetry can be useful to determine crystallographic
direction of the crystal. One can conclude that the different excitation energies may affect
significantly the shape between 2- and 4-fold of the Ag and Aé modes.

The influence of the excitation energies on the polarization axes of three investigated
phonon modes, i.e. B%g, A;’ and Aé, is summarized in Figure 7. It can be seen that the
polarization axes of the B%g and A‘é modes do not change significantly as a function of
excitation energy, whereas the difference between the polarization axes of the A3 mode
increases of about 34° between the 1.93 eV and 2.41 eV excitations. Due to the observed
behavior of different peaks, we can assume that: (i) the polarization properties of the B%g
mode can be used to determine the crystallographic axes in GeS, but without attribution
the zigzag and armchair directions; (ii) the variation of the polarization axis of the Ag
as a function of the excitation energy suggests that the electron-phonon coupling may
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Figure 6. Polar plots of the integrated intensities of the phonon modes B%g,

on GeS at T=300 K under 2.54 eV, 2.41 eV, and 2.21 eV excitation. The green lines on polar plots are
along polarization axes of modes.
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change the Ag polarization axis (see Ref. 28 for details); (iii) due to 2-fold symmetries
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Figure 7. The effect of the excitation energy on the polarization axes of three phonon modes: B%g, Ag
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of the A% mode, its polarization properties are good to identify the zigzag and armchair
crystallographic directions.

It is important to mention that the observed influence of the excitation energies on
the axes and shape of polarization properties of phonon modes is very similar to those
reported for different anisotropic layered materials, e.g. BP, ReSy, ReSep, SnSe; — S.[28-32]
Moreover, as the effect of thickness on the polarization properties of different modes in BP
has been reported,[29,30] the outline of further research on thin layers of GeS seems to be
clear.

4. Conclusions

We have presented systematic studies of the optical and vibrational properties of GeS.
It has been found that while the low-temperature (T=5 K) optical band-gap absorption is
governed by a single resonance related to the neutral exciton, the corresponding emission
is dominated by the disorder/impurity- and/or phonon-assisted recombination processes.
Moreover, both the RC and PL spectra are found to be linearly polarized along the armchair
crystallographic direction. It is proposed to use the effect to determine crystallographic
direction of GeS. The effect of the excitation energy on the polarization properties of differ-
ent phonon modes has been analyzed. It has been shown that the polarization orientation
of the Aé and Aé modes under specific excitation energy can be useful tools to determine
the GeS crystallographic directions: armchair and zigzag. The strong dependence of the
Ag mode polarization on the excitation light energy strongly suggests its strong coupling
to electronic excitation of the crystal. We believe that the observations will trigger more
theoretical studies to explain the origin of the electron-phonon interaction.
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