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Linear Dichroism of the Optical Properties of SnS and SnSe
Van der Waals Crystals
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Tin monochalcogenides SnS and SnSe, belonging to a family of Van der Waals

crystals isoelectronic to black phosphorus, are known as environmentally

friendly materials promising for thermoelectric conversion applications.

However, they exhibit other desired functionalities, such as intrinsic linear

dichroism of the optical and electronic properties originating from strongly

anisotropic orthorhombic crystal structures. This property makes them

perfect candidates for polarization-sensitive photodetectors working in

near-infrared spectral range. A comprehensive study of the SnS and SnSe

crystals is presented, performed by means of optical spectroscopy and

photoemission spectroscopy, supported by ab initio calculations. The studies

reveal the high sensitivity of the optical response of both materials to the

incident light polarization, which is interpreted in terms of the electronic band

dispersion and orbital composition of the electronic bands, dictating the

selection rules. From the photoemission investigation the ionization potential,

electron affinity and work function are determined, which are parameters

crucial for the design of devices based on semiconductor heterostructures.
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1. Introduction

The unique layered structure and possibil-
ity of obtaining atomically thin üakes make
van derWaals (vdW) crystals[1,2] perfect can-
didates for applications in electronics and
optoelectronics, such as photodetectors, so-
lar cells, and light emitters. An interesting
class of devices are polarization-sensitive
photodetectors, as their responsivity de-
pends on the incident light polarization.
Such technology can be exploited for the de-
tection of light polarization changes after
traveling through a birefringent medium,
including various solids, and liquid crystals,
but also biological systems, such as protein
solutions.[3] In the case of the latter, the
measured polarization angle shift may al-
low us to determine the presence of certain
proteins in a sample, which is extremely im-
portant in diagnostics. Unfortunately, the
state-of-the-art polarization-sensitive pho-
todetectors are rather complex, as they de-
mand the integration of multiple optical

components. The design, however, can be signiûcantly simpliûed
by exploiting the materials with intrinsic anisotropy of the op-
tical properties.[4–6] Among vdW crystals, such properties were
observed for black phosphorus (BP)[6–8] and its binary analogs,
group IVmonochalcogenides (MX, whereM=Ge, Sn, and X= S,
Se).[9–16] Since MXs exhibit stability in atmospheric conditions
superior to BP,[9,17] they are more suitable for most applications,
including photodetection. The origin of the anisotropy is the
structure of the materials. Similarly to BP, MXs crystalize in
a distorted orthorhombic structure (space group Pnma, no. 62)
with strong in-plane anisotropy of the atomic arrangement, as
schematically presented in Figure 1a. Along one of the axes, of-
ten referred to as the armchair direction, the structure is puck-
ered, while a ladder-like pattern is observed in the orthogonal di-
rection, zigzag. The anisotropy of the crystal lattice induces di-
rectionality of the electronic band dispersion, which then deter-
mines the dielectric function and the optical properties. For the
considered 1:1 stoichiometry, the metal atom is in the +2 oxi-
dation state and forms three bonds with chalcogen atoms and
a lone electron pair in the tetragonal coordination.[18] The pres-
ence of stereochemically active lone pairs is also known to re-
duce the ionization potential of a material[19–21] and inüuence
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Figure 1. a) Schematic illustration of the crystal structure created with VESTA software,[48] b) the ûrst Brillouin zone of the reciprocal orthorhombic
structure. The results of powder XRD characterization for c) SnS and d) SnSe. Images of the crystals acquired by means of HAADF-STEM, visualizing the
d) SnS and e) SnSe üakes, with EDSmaps in the insets, conûrming the homogenous distribution of Sn and S or Se atoms. High-resolution HAADF-STEM
images of the atomic structure of f) SnS and g) SnSe, with indicated spacings between crystal (100) and (010) planes, corresponding to a and b lattice
parameters, respectively.

the photoconversion efficiency, as in the case of metal-halide
perovskites.[22,23]

Among the MX family, tin monochalcogenides are charac-
terized by relatively narrow indirect bandgaps in the near-
infrared spectral range (1.1 and 0.9 eV for SnS and SnSe,
respectively),[24,25] high absorption coefficient, and intrinsic p-
type conductivity, enhanced by the presence of native accep-
tor defects,[26–30] making them perfect candidates for infrared
polarization-sensitive photodetectors. Apart from optoelectron-
ics, SnX crystals pose vast potential for applications as thermo-
electric materials,[31–34] extremally desired in the era of grow-
ing energy demand. For SnSe, Zhao et al.[31] reported an
unexpectedly high thermoelectric Figure of merit of 2.6, ex-
ceeding the performance of typical state-of-the-art Pb-based
materials.[35]

In this work, we investigate the linear dichroism of the optical
properties of SnS and SnSe by means of optical spectroscopy and
search for its origins in the electronic band structure, studied by
combined density functional theory (DFT) calculations and pho-
toemission spectroscopy. We discuss the inüuence of the stereo-
chemical activity of the lone electron pairs on the energies of the
electronic bands with respect to the vacuum level, a factor cru-
cial for the engineering of semiconductor heterostructures and
metal contacts.[27,36–39] The considerations also include other ma-
terials from the MX family, allowing us to identify and visual-
ize chemical trends exhibited by crystals with different compo-
sitions, thereby providing a broader context for understanding
their electronic and optical properties. These ûndings provide an
in-depth understanding of the mechanisms responsible for the
observed phenomena at the fundamental level and highlight the
empirical implications of the selection rules.

2. Results and Discussion

2.1. Structural Characterization

SnS and SnSe crystalize in a distorted orthorhombic phase,
schematically presented in Figure 1a. In Figure 1b the ûrst Bril-
louin zone (BZ) of the reciprocal space is illustrated, withmarked
high-symmetry points. It is important to note that in the litera-
ture and crystallographic databases, different notations for label-
ing the crystallographic directions are used, resulting from the
arbitrary choice of the orientation of the orthorhombic unit cell.
To avoid confusion and maintain consistency with our previous
works[14,40] (especially regarding angle-resolved photoemission
measurements, ARPES,[40] where reciprocal direction kz is typ-
ically associated with the axis perpendicular to the probed plane),
we assume the following assignation of the crystallographic di-
rections: the [100] direction (x-axis, lattice parameter a) corre-
sponds to the in-plane direction with puckered atomic chain
(armchair). The [010] direction (y-axis, lattice parameter b) corre-
sponds to the second in-plane axis (zigzag). The [001] direction
(z-axis, lattice parameter c) is perpendicular to the layer plane
and corresponds to the largest lattice parameter, reüecting the
distance between van derWaals layers. To be precise, in this nota-
tion, the crystal space group should be referred to as Pcmn, which
includes the same symmetry operations as Pnma for a rotated
unit cell.
The structure of the investigated samples was conûrmed by

X-ray diffraction (XRD) measurements and aberration-corrected
high-angle annular dark-ûeld scanning transmission electron
microscopy (HAADF-STEM) combined with energy dispersive
X-ray spectrometry (EDS).
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Figure 2. Optical microscope images of the a) SnS and b) SnSe üakes investigated by means of Raman scattering. Polarization-resolved Raman scat-
tering spectra acquired for c) SnS and d) SnSe. The Lorentzian line-shapes (solid lines) were ûtted to the experimental data (circles), revealing four
vibrational modes. The polarization angle of 0° corresponds to the x direction of the crystal. Core level XPS spectra of e) SnS and f) SnSe. The Gaussian
line-shapes (dark solid lines) were ûtted to the experimental points (circles). The components of the Gaussian ûts corresponding to SnX and SnX2
phases are plotted with dashed red and yellow lines, respectively.

In Figure 1c,d, the results of powder XRD measurements are
presented, revealing characteristic reüexes, assigned according to
the PDF-4 database (cards no. 01-075-0925 and 96-153-7700),[41]

and allowing to determine the lattice parameters. For SnS the in-
plane parameters a = 4.318 Å and b = 3.977 Å, and c = 11.188 Å,
corresponding to the out-of-plane direction. For SnSe a= 4.446Å,
b = 4.151 Å, and c = 11.516 Å. Additionally, single crystal XRD
measurements were performed, with the incident beam directed
either onto the sample surface or its edge, as schematically illus-
trated in Figure S1 (Supporting Information). For the former, a
dominant [001] orientation was observed in the diffraction pat-
terns (Figure S1a,c, Supporting Information), as expected. For
the latter (Figure S1b,d, Supporting Information), several weak
reüexes were detected, however, none corresponded to the [001]
direction, indicating monocrystalline character of the samples,
with well-deûned orientation.
In Figure 1d–g the results of the HAADF-STEM imaging

are presented, with clearly visible atomic arrangement, fur-
ther conûrming the high structural quality of the investigated
samples. In the insets of panels d and e EDS maps are in-
cluded, demonstrating homogenous distribution of Sn and S
or Se atoms. The corresponding EDS spectra are included in
Figure S2 (Supporting Information). In panels f and g the high-
resolution HAADF-STEM images along [001] direction of the
crystals are shown, with indicated spacings between atomic
planes (100) and (010), where d100 = 0.43 nm and d010 = 0.40 nm
for SnS, and d100 = 0.44 nm and d010 = 0.42 nm for SnSe.
The values remain in good agreement with the lattice param-
eters a and b, respectively, determined from the powder XRD
measurements.

To further conûrm the symmetry of the crystals, Raman scat-
tering measurements were performed for exfoliated üakes trans-
ferred onto a silicon substrate, shown in the optical microscope
images in Figure 2a,b. For both samples, the Raman spectra
(Figure 2c,d) revealed four phonon modes characteristic for the
mmm point group: three (out of four theoretically predicted) Ag

and one B3g mode, corresponding to symmetric and asymmet-
ric shear vibrations, respectively.[42] The exact frequencies of the
observed modes are summarized in Table S1 (Supporting Infor-
mation). Investigation of the polarization dependence of the Ra-
man spectra allowed us to determine the orientation of the ex-
amined üakes. For the polarization angle of 0°, corresponding to
the x crystallographic direction, all three Ag modes are the most
prominent, and their intensity gradually decreases as the polar-
ization angle approaches 90° (y direction). The B3g mode, charac-
terized by four-fold symmetry, is weak for either x or y polariza-
tion and becomes more pronounced for the intermediate angle
of 45°. Such evolution of the spectra is in perfect agreement with
previous reports.[43–46]

An investigation of the chemical composition was performed
using core-level X-ray photoemission spectroscopy (XPS). The
full-scale spectra, plotted in Figure S3 (Supporting Information),
only show the presence of Sn and S or Se atoms, with negligible
traces of oxygen and carbon, indicating high purity of the sam-
ple surface. In Figure 2e,f regions of the spectra with character-
istic features related to contributing elements are presented for
SnS (panel e) and SnSe (panel f), identiûed after Moulder and
Chastain.[47] The energies of individual orbital levels were deter-
mined by ûtting the Gaussian line shape to the acquired data.
For S in SnS a doublet corresponding to 2p orbitals was observed,
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Figure 3. a,c) The unpolarized photoreüectance and optical absorption spectra acquired for SnS (a) and SnSe (c). The ût with the Aspnes formula (dark
solid lines) is superimposed over the experimental PR data (circles). The absorption coefficient ÿ is plotted with solid yellow lines. Shaded areas at
the bottom of each panel are the PR resonances moduli (Equation 2), with the dark and light color corresponding to y and x polarization of the optical
transition, respectively. In panel c, the E3 and E4 resonances and corresponding moduli are scaled by a factor of 0.5 for clarity. b,d) The optical absorption
spectra measured at the incident light polarized along x (bright solid lines) and y (dark solid lines) crystallographic direction for SnS (b) and SnSe (d).
In the insets Tauc plots for indirect and direct absorption edge are shown.

with the expected p3/2 : p1/2 intensity ratio of≈2:1. For Se in SnSe,
a 3d doublet can be identiûed, with the d5/2: d3/2 intensity ratio of
≈3:2. For Sn atoms, signal associated with 3d orbitals was de-
tected. The exact energies and spin-orbit splitting values of the
observed lines are summarized in Table S1 (Supporting Informa-
tion). Along with the core levels corresponding to the SnX phase
(with Sn at the +2 oxidation state), plotted as red dashed com-
ponents of the Gaussian ûts, a weak signal originating from the

SnX2 phase (Sn at the +4 oxidation state, yellow dashed lines)
was observed as an asymmetrical broadening of the XPS lines.
The contribution of side-lines could not be resolved for the SnSe
Se 3d peak due to the close position of d3/2 and d5/2 components,
but is apparent for other measured lines, indicating the presence
of chalcogen-rich domains at the sample surface, which is not
unusual (tin vacancies are one of the most stable native defects
in the system, responsible for the intrinsic p-type character).[49–51]
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Table 1. Experimental and theoretical energies and polarizations of measured and predicted optical transitions, along with their assignation to certain
BZ points. The experimental values correspond to the temperature of 20 K.

Transition BZ point Polarization Energy (eV)

Experiment (at 20 K) DFT (at 0 K)

Absorption PR

SnS E0 �-X→ �-Y – 1.16 – 1.16

E1 �-Y y 1.23 1.23 1.39

E2 �-X x 1.38 1.38 1.75

E3 U x – 1.70 1.97

SnSe E0 �-X→ �-Y – 0.99 – 0.95

E1 �-Y y 1.09 1.07 1.16

E2 �-X x 1.14 1.15 1.31

E3 U x – 1.36 1.63

E4 Y-S x – 1.45 1.72

2.2. Optical Properties

The optical properties of SnS and SnSe crystals were investigated
by means of complementary methods of optical spectroscopy:
photoreüectance (PR), sensitive to direct optical transitions,[52–54]

and optical absorption, allowing detection of both direct and in-
direct bandgap. In Figure 3, a comparison of the PR and optical
absorption spectra acquired at the temperature of 20 K for SnS
(Figure 3a) and SnSe (Figure 3c) is presented. For bothmaterials,
in the PR spectra (plotted with blue and purple circles) multiple
resonances are visible, indicating the contribution of three and
four optical transitions for SnS and SnSe, respectively, labeled
E1–E4 in the ûgure. In order to determine the energies of the
transitions, the Aspnes formula,[55] given by

�R
R

(ℏÿ) = Re
(∑

Cie
jÿi
(
ℏÿ − Ei + i�i

)−2)
(1)

was ûtted to the experimental data. In the equation, Ci is the am-
plitude of the i-th PR resonance, ÿi is the phase, �i is the broad-
ening and Ei is the energy. The energies, corresponding to the
temperature of 20 K are summarized in Table 1. Based on the
ûtting parameters the resonance moduli, plotted as shaded areas
in Figure 3a,c, were calculated, using the formula

�ÿi (E) =
|
|Ci

|
|

(
E − Ei

)2
+ �

2
i

(2)

The area under the modulus curve is related to the transition
oscillator strength.
The PR resonances visible in the spectra exhibit strong po-

larization dependence, as shown by Ho et al.[56] and Herninda
et al.[57] and conûrmed by our preliminary results. E1 transition,
for both SnS and SnSe, is polarized along the y direction, while
all the energetically higher features manifest the x polarization,
as illustrated by different shades of the moduli plots (dark for
y and light for x polarization) corresponding to the measured
PR resonances. The optical absorption coefficient spectra (yellow
solid lines in Figure 3a,c) exhibit a characteristic step-like shape,
also suggesting the contribution of multiple optical transitions,

with the two branches corresponding well to the E1 and E2 PR
resonances. Above ≈1.5 eV for SnS and ≈1.3 eV for SnSe the
measured signal is saturated and no features attributed to the
higher transitions could be observed, however, below the ûrst
resonance energy, an absorption tail is present, which may be
evidence of the indirect character of the fundamental bandgap.
The indirect absorption edge could be better resolved in the spec-
tra acquired for the incident light polarized along one of the
main crystallographic directions (i.e., the electric component of
the EM ûeld ÿ || x or ÿ || y), presented in Figure 3b,d. A signif-
icant shift of the direct absorption edge with varying polariza-
tion can be observed, related to the changes in the probability
of individual transitions, in line with the PR resonances polar-
ization dependence. From the Tauc plots[58] of the absorption
coefficient spectra, presented in the insets of panels b and d,
the energies of the individual optical transitions were extracted.
For the x polarization, the linear region in the (ÿhÿ)1/2 plot is
clearly visible, allowing us to determine the fundamental indi-
rect bandgaps E0 of 1.16 eV for SnS and 0.99 eV for SnSe. The
(ÿhÿ)2 plots of the energetically higher regions of the spectra for
both polarizations provided the energies of direct transitions E1
and E2, in perfect agreement with PR, as compared in Table 1.
Someminor discrepancies may result from the fact that the Tauc
plot method is best applicable for materials with simple elec-
tronic band dispersion, exhibiting the absorption edge originat-
ing from an optical transition betweenwell-deûned parabolic-like
valleys.
To better understand the optical activity of SnXs, temperature-

dependent experiments were carried out. The obtained results
are presented in Figures 4 and S4 (Supporting Information).
The temperature evolution of the PR spectra (Figure 4a,d) re-
veals the expected thermal redshift of PR resonance energies
and a decrease in their amplitude. In the case of optical ab-
sorption, the inüuence of the temperature was investigated us-
ing either unpolarized light (Figure S4a,e Supporting Informa-
tion) or light polarized linearly along the x and y direction
(Figure 4b,c,g,f, respectively). The energies of the absorption
edge were determined from polarized spectra using the Tauc
plot method, as shown in Figure S4b–d (Supporting Informa-
tion). Temperature dependences of E0 and E1 transition energies
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Figure 4. The temperature evolution of the a,e) photoreüectance and b,c,f,g) optical absorption spectra polarized along y (b,f) and x (c,g) crystallographic
directions, acquired for SnS (a,b,c) and SnSe (e,f,g). d,h) Temperature dependence of the optical transition energies determined based on the optical
absorption (E0) and PR (E1 – E4) measurements for SnS (d) and SnSe (h). The experimental data (circles) are approximated by Bose-Einstein formula
(solid lines).

(Figure 4d,h) were approximated by Bose-Einstein (B-E)[59] and
Varshni[60] formulas, providing information about the electron-
phonon interaction strength. The equations and obtained val-
ues of the ûtting parameters values are given in Table S2 (Sup-
porting Information). Both approaches allow to reproduce the
temperature dependence with good accuracy, although the B-
E procedure is more accurate at low temperatures. For the en-
ergetically higher transitions, the ûts did not converge or pro-
vide non-physical values, which may be related to the uncom-
mon shape of the plots, resulting from the uncertainties of
the energies extracted from the PR spectra, especially at higher
temperatures.

2.3. Electronic Band Structure

Based on the absolute energies and polarizations of the optical
transitions observed in the experiment, we propose their assigna-
tion to certain Brillouin zone points. In Figure 5a,c the electronic
band structure is presented, calculated employing DFT, with the
use of Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional (for
the computational details see Experimental Section). As shown

in our previous work,[40] for SnX crystals the approach allows
us to accurately reproduce the band dispersion and provides en-
ergies of the fundamental bandgap closest to the experimental
values.
The calculations conûrm the multivalley character of the band

dispersion, with the conduction band minimum (CBM) in the
�-Y path and a characteristic shape of the valence band maxi-
mum (VBM) in the �-X path, composed of two hole pockets.
The band shape has been observed experimentally in the ARPES
measurements and strongly inüuences the thermoelectric effi-
ciency of the materials,[40,61,62] The band dispersion is gener-
ally similar to germanium monochalcogenides (GeS, GeSe), ex-
cept for the valence band in the � point, pushed toward higher
binding energies relative to the VBM.[13,14,40,63] Hence, the quasi-
direct bandgap character observed for GeS[63] and GeSe[13,14] is
not present for SnS and SnSe crystals. In Figure 5b,e the rela-
tive distance between the highest valence band and lowest con-
duction band is plotted, along with in-plane components of the
transition squared matrix element (shaded areas), determining
the transition oscillator strength and, as a consequence, its prob-
ability. The matrix element distribution is governed by the se-
lection rules and indicates for which polarization a transition
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Figure 5. a,d) The electronic band dispersion of SnS (a) and SnSe (d) along high-symmetry BZ paths with superimposed contribution of the x, y, and
z components of the Sn and X p orbitals. b,e) The interband distance (solid line) and transition squared matrix element kx and ky components (bright
and dark shaded areas, respectively). The optical transitions observed in the experiment are assigned to certain BZ points by arrows. c,f) The calculated
total (shaded areas) and partial (dashed lines) density of states, corresponding to individual orbitals. The energy scale is relative to the VBM energy
(EVBM = 0). In panels a, b, and c results for SnS are presented, while d, e, and f correspond to SnSe.

is allowed. By comparing the experimental results to the calcu-
lated band structure we assign the observed optical transitions as
labeled in Figure 5b,e and summarized in Table 1. The E0 tran-
sition can be attributed to the indirect fundamental bandgap be-
tween VBM and CBM. The lowest direct transition E1, polarized
along the y direction, corresponds to the valley in the �-Y path,
while E2, active for the x polarization, occurs in the �-X path,
close to the X point. The transition E3 can be assigned to the
U point, and E4, visible only for SnSe, to a critical point in the
Y-S path. The agreement between experimental and theoretical
energies is excellent for E0, but less satisfactory for the higher-
energy transitions. Such discrepancies may occur in DFT calcu-
lations, as the method is limited by inherent approximations and
sensitive to computational parameters. While the band shapes
are generally well reproduced, the accuracy of absolute energy
predictions may be poorer, especially at higher binding energies,
where electron-electron interactions become more pronounced.
Therefore, to ûnd a plausible interpretation of the experimental
results we focus mainly on the polarization and the matrix ele-
ment in-plane components ratio. The anisotropy of the matrix
element distribution and, as a consequence, the polarization of
the optical transitions is related to the orbital composition of the
electronic bands. In Figure 5c,f the density of states (DOS) is plot-

ted, including both total DOS (shaded areas) and partial contri-
bution of Sn and X valence orbitals (dashed lines): Sn 5s, 5p and
S 3s, 3p or Se 4s, 4p. According to DFT calculations, also d orbitals
(often referred to as semi-core states) have a minor contribution
to the total DOS, which is not plotted in the ûgure for clarity. It
was shown that either including the d states in the band structure
calculation or treating them as core-levels, provides nearly identi-
cal results.[19,20] The conduction band of both materials is mainly
composed of Sn 5p orbitals, with the addition of X p states. In
the valence band three regions can be distinguished, labeled A,
B, and C in Figure 5c,f, as was also shown for other MXs.[20,57]

The A band is composed of a mixture of Sn 5s, 5p, and X p or-
bitals, the B region is dominated by X p states, with a contribu-
tion of Sn p orbitals, and the C peak almost entirely consists of
Sn 5s states. The contribution of the 5s orbitals to the upper va-
lence band is a consequence of the presence of stereochemically
active s2 lone electron pairs in the crystal structure and will be
discussed further in the text. In Figure 5a,d, the contribution of
the three spatial components of the p orbital (px, py, pz), oriented
along respective crystallographic axes, is superimposed over the
band dispersion. In the ûgure, p states of both Sn and X atoms
are combined. Amore detailed picture, including also the s states
and resolving contribution of different elements, is presented in
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Figure 6. a,c) The results of the UPS measurements (circles, top of each panel) acquired with the use of synchrotron radiation at the excitation energy
of 100 eV, compared with the simulated valence band (solid and dashed lines, bottom of each panel) based on the calculated DOS, corrected by the
photoionization cross-section for individual orbitals and broadening of the electronic states. A, B, and C regions of the valence band are labeled and
distinguished by different shades of the area under the DOS curve. In the insets the boxed regions of the experimental spectra labeled a* and c* are
enlarged to better illustrate the VBM and determine EVBM. b,d) The low (valence band) and high (secondary electron cut-off) binding energy regions
of the lab-based XPS spectra (acquired with the use of Al Kÿ line of 1486.6 eV), allowing to extract the Ecut-off and EVBM (less accurate than from UPS
spectra). The valence band regions of the spectra are scaled by a factor of 500 for better visualization.

Figure S5 (Supporting Information). In the orbital composition
plots the size of the points is proportional to the contribution of
an orbital to a certain band. The distribution of the three com-
ponents across the BZ is particularly interesting regarding the
topmost valence and lowermost conduction band, as it affects the
optical properties observed in the experiment. In the proximity of
the X and U points of the BZ, the bands are mainly composed of
px orbitals, resulting in high kx matrix element components, and
consequently polarization of the optical transition along the x di-
rection. Similarly, in the �-Y and Z-T paths py orbitals dominate,
giving rise to high ky matrix element components and determin-
ing the y polarization of the optical transitions. It can also be seen
that in the BZ regions where both valence and conduction bands
consistmainly of pz states (�, Z, S, and R points), the in-planema-
trix element vanishes, as a result of a small value of the overlap
integral. Therefore, in the applied experimental conûguration, no
optical transition attributed to the � point of the BZwas observed,
despite relatively low energy with respect to the fundamental
bandgap.

2.4. Photoemission Study

The valence band DOS can be experimentally investigated by
means of photoemission spectroscopy. In this study we apply
two techniques, exploiting different radiation sources and exci-
tation energies. The lab-based XPS, utilizing the Al Kÿ line of
hÿ = 1486.6 eV, allows observation of core-level states, conûrming
the material composition and quality, and the high energy sec-
ondary electron cut-off, providing direct information about the
work function of the investigated sample. In terms of valence
band investigation, for high excitation energies, the photoion-
ization cross-section of the valence orbitals is relatively small,
resulting in low photoemission intensity. Therefore, the second
applied method was UV photoemission spectroscopy (UPS), ex-
ploiting monochromatic synchrotron radiation of hÿ = 100 eV.
The technique and the experimental setup provide signiûcantly
improved resolution and sensitivity, along with the possibility of
angle-resolved measurements, which are reported in our previ-
ous work.[40] Both techniques allowmeasurements of the valence
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band, however, UPS is more suitable, considering the photoion-
ization cross-section of the valence orbitals up to two orders of
magnitude higher for the excitation energy of 100 eV compared
to 1.5 keV.[64,65] In Figure 6a,c the UPS spectra (top plot of each
panel) are compared with the simulated valence band (bottom
plots), obtained by applying the following procedure to the cal-
culated partial DOS: ûrst, the contribution from the orbitals was
weighted using the photoemission cross-sections corresponding
to the excitation energy of 100 eV, according to Yeh and Lindau.[64]

Next, to introduce the broadening of the electronic states, the
partial DOS was convolved with Lorentzian (natural broadening)
and Gaussian (thermal broadening) functions. The UPS spectra
were corrected by subtracting the background originating from
the inelastic electron scattering. The raw, uncorrected spectra are
plotted in Figure S6 (Supporting Information). It can be seen
for both SnS and SnSe that after taking into account the pho-
toionization cross-section, the signal from the A and B bands is
strongly dominated by X p orbitals, and the contribution of Sn
5s states is distinct only in the C band. The simulated curves are
in perfect agreement with the experimental spectra in the B and
C regions but diverge in the A region. In the calculations, the
intensity of the A band is lower with respect to the B band, but
in the experiment, we observe the opposite relation. The discrep-
ancy may result from the fact that in the measurement light po-
larized linearly was used, interacting differently with the three
spatial components of p orbitals. Effectively, the photoionization
cross-section for p states might be smaller than predicted, while
estimated correctly for s orbitals, insensitive to the polarization.
Then, the contribution of the Sn 5s states to the photoemission
from the A region should be greater, resulting in higher overall
detected intensity. Another factor that may inüuence the respec-
tive band’s intensity ratio is the possibility that DFT calculations
underestimate the contribution of the Sn 5s states to the topmost
region of the valence band. The XPS spectra acquired for SnS
and SnSe, visualizing the secondary electron cut-off and valence
band maximum are presented in Figure 6b,d. From the extrapo-
lation of the linear region at the high binding energy side of the
spectrum, the cut-off energy Ecut-off was determined. The valence
band maximum energy EVBM can also be estimated (with respect
to the Fermi level EF), however considering the spectral resolu-
tion and intensity of the signal originating from the valence band,
more reliable and precise values of EVBM are extracted from the
UPS data, as shown in the insets of Figure 6a,c. It can be noticed
that the VBM is observed at slightly higher energies in the XPS
measurements. Such a shift can be explained by the fact that the
DOS at VBM (close to the X point of the BZ) is low and cannot
be properly resolved in the XPSmeasurements. In the UPS spec-
tra, a characteristic step attributed to the VBM is clearly visible,
followed by a rapid rise of the photoemission signal originating
from a band in the � point.
The values of EVBM obtained for SnS and SnSe are 0.33 and

0.12 eV, respectively. The material work function (ÿ) can be cal-
culated from the relation.

ÿ = hÿ − Ecut−off (3)

Then, the ionization potential (IP) is given by

IP = ÿ + EVBM (4)

Table 2. Ionization potential, work function, electron affinity, and room
temperature energy gap determined for SnS, SnSe, GeS, and GeSe. The
values for GeX crystals are adapted after Grodzicki et al.[66]

IP [(eV)] ÿ [(eV)] ÿ [(eV)] Eg [(eV)]

SnS 4.87 4.54 3.78 1.09

SnSe 4.92 4.80 4.03 0.89

GeS 5.70 5.32 4.11 1.59

GeSe 5.47 5.27 4.27 1.20

and the electron affinity (ÿ) can be deûned as

ÿ = IP − Eg (5)

where Eg is the fundamental energy gap determined from the op-
tical absorption measurements. The values of the above parame-
ters for SnS and SnSe are summarized in Table 2 and Figure 7.
Since ÿ, IP, and ÿ are parameters particularly important for the
integration of different materials, the values acquired for SnXs
are compared with GeS, and GeSe, belonging to the same family
of orthorhombic group IV monochalcogenides and investigated
in our previous work.[66]

It should be noted that the work function, related to the Fermi
level position inside the bandgap, may vary depending on the in-
trinsic defects or intentional dopants concentration, therefore the
parameter more suitable for comparison with other studies is the
IP, i.e., the VBM position with respect to the vacuum level (Evac).
The obtained values of the IP are relatively low compared

to other semiconducting van der Waals crystals, which leads
to some signiûcant consequences considering potential appli-
cations, such as band alignment with window layers for photo-
voltaics, affecting the device efficiency, or with metals for electri-
cal contacts, determining the ohmic or Schottky character of the
junction. The reason for this is the aforementioned contribution
of themetal s2 lone electron pairs to the high energy region of the
valence band, conûrmed by previous studies.[19,67] In all MXs the
metal atom is in the +2 oxidation state. For group IV metals it
implies either tetrahedral or octahedral coordination, illustrated

Figure 7. The band alignment diagram for the group IV-IV chalcogenides
SnS, SnSe, GeS, and GeSe, with respect to vacuum energy Evac. The values
for GeX crystals are adapted after Grodzicki et al.[66]
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Figure 8. a) Schematic illustration of the tetrahedral (left) and octahedral
(right) coordination of metal atoms in the orthorhombic and cubic phases
of MXs, respectively. b) Diagram of the electronic conûguration energies
of the atomic valence s and p orbital for group IV elements Ge, Sn, and Pb,
and group VI elements O, S, Se, and Te. The orbital energies are adapted
after Mann et al.[68] The hybridized bonding and anti-bonding states are
only presented for the illustration of the phenomenon and do not corre-
spond to the values on the energy scale.

in Figure 8a. The former is characterized by three bonds with
chalcogen atoms and one lone electron pair in the fourth vertex of
the tetrahedron, forming a distorted orthorhombic crystal lattice.
In the latter, six M─X bonds result in a perfectly symmetric rock-
salt structure.[18,21] The lattice distortion is related to the stere-
ochemical activity of the s2 lone pairs, observed for GeS, GeSe,
GeTe, SnS, and SnSe, but not for other group IV-VI compounds
with the same stoichiometry, such as SnTe, PbS, PbSe, and PbTe.
The phenomenon can be partly explained by the revised lone pair
model proposed by Walsh et al.[21] In the considered materials
the metal valence s orbitals hybridize with chalcogen p states,
forming bonding and anti-bonding states (as schematically illus-
trated in Figure 8b), contributing to the high (C band) and low (A
band) binding energy regions of the valence band, respectively.
The amount of the contribution of the M s orbitals to the anti-
bonding state is determined by the relative energy of the M s and
X p levels, yielding higher contribution for smaller energy dis-
tance. For the strongM s component, the interaction of the unoc-
cupiedM p orbitals with the anti-bonding state leads to asymmet-
ric electron density distribution with a directional lone electron
pair. When M s contribution is minor, the interaction is weak,
and stereochemically active lone pairs do not form. The relative
positions of the M s and X p valence levels for group IV and VI
elements are presented in a diagram in Figure 8b, with the en-

ergies adapted after Mann et al.[68] It can be seen that due to the
lowest energy distance, the most prominent lone pairs form for
oxides, and theX p energy increases down theVI group. Formetal
atoms, the Sn 5s state is positioned higher relative to both Ge 4s
and Pb 6s levels, reducing the effective distance to the X p states,
which explains the signiûcantly lower IP observed for SnXs com-
pared to GeXs. Considering only tin compounds, we should ex-
pect stronger mixing of the Sn 5s orbitals with S 3p than with
Se 4p states, and therefore greater contribution to the A band for
SnS. In,
Figure S7 (Supporting Information) the calculated Sn 5s con-

tribution to the total DOS is plotted for both investigated materi-
als, conûrming the predictions.
The revised lone pair model is in agreement with the exper-

imental results obtained for SnX crystals, however does not ex-
plain the formation of the stereochemically active lone pairs in
GeX compounds and their absence in PbXs. An attempt to justify
the phenomenonwasmade by Smiles et al.,[20] who proposed that
the atomic radius and bond lengths may affect the resulting fa-
vorable structure. The theoretical study performed by the authors
for GeS and GeSe, simulating the inüuence of the bond length
on the optimized geometry by varying the unit cell volume, did
not resolve the issue, however other evidence that the explana-
tion might be valid can be found in the literature. XRD studies of
the pressure-induced structural phase transition of PbX crystals
revealed a transformation from a perfectly symmetric rock-salt
to a distorted orthorhombic structure with space group Cmcm (a
supergroup of Pnma).[69–71] Furthermore, in the investigations of
the thermal expansion of GeX materials, a phase transition from
the orthorhombic (GeSe) or rhombohedral (GeTe) to the cubic
system was observed.[72,73] GeS did not undergo any phase tran-
sition up to the melting point, indicating superior stability of the
distorted structure.[73] The observed behavior of both Pb and Ge
chalcogenides is in line with the hypothesis that the interatomic
distance may inüuence the stereochemical activity of the lone
electron pairs. In the case of the former, increasing the hydro-
static pressure leads to an effective reduction of the interatomic
distance and induces stronger interaction between Pb and X or-
bitals, resulting in the crystal lattice distortion. For the latter, the
thermal expansion causes an opposite effect, weakening the in-
teraction and observed as a phase transition to a structure with
higher symmetry. Considering the Sn chalcogenides, it is worth
mentioning that in the high-temperature regime (above ≈800 K)
the Cmcm phase appears, although the transition is only related
to the relative change of the lattice parameters (at the transition
temperature a= b, resulting in higher symmetry of the structure)
and does not involve major atomic rearrangement.[74] The result
conûrms the trends predicted based on the atomic orbital ener-
gies, regarding the relation between the stability of the s2 lone
pairs and the energy distance betweenM s and X p valence states.

3. Conclusion

In conclusion, the optical properties of SnS and SnSe van
der Waals crystals were investigated by complementary meth-
ods of optical spectroscopy (modulated reüectance and optical
absorption) combined with ab initio calculations of the elec-
tronic band structure and density of states. The experimen-
tal studies conûrmed the predicted indirect character of the
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fundamental bandgaps of SnS (1.09 eV at room temperature) and
SnSe (0.89 eV), and revealed strong linear dichroism of the en-
ergetically higher direct optical transitions. The anisotropy of the
optical properties originates from the electronic band structure
and orbital composition of the individual bands, determining the
selection rules and transition probability dependent on the inci-
dent light polarization angle.
By means of UV and X-ray photoemission spectroscopy, the

valence bands of SnS and SnSe were examined experimentally,
remaining in good agreement with the simulations based on
the calculated density of states corrected by the photoionization
cross-section of the individual orbitals. The measurements also
allowed us to determine the work functions, ionization poten-
tials, and electron affinities of the materials, providing informa-
tion about the band alignment with other semiconductors for
heterostructure engineering. The obtained relatively low values
of the ionization potential (4.87 and 4.92 eV for SnS and SnSe,
respectively) can be attributed to the presence of the stereochemi-
cally active Sn 5s lone electron pairs in the crystal structure. Their
formation is governed by the interaction between the unoccu-
pied Sn 5p orbitals and the anti-bonding state of hybridized Sn
5s and S or Se valence p orbitals. Along with SnX, we discuss
the phenomenon and its consequences also for other group IV
monochalcogenides.
In general, our results explain the origins of the linear dichro-

ism of the optical properties of SnS and SnSe and point to-
ward potential applications in polarization-sensitive photodetec-
tors, but also possibilities of integration with other crystals to
form van der Waals heterostructures.

4. Experimental Section

Experimental Details—Samples: The investigated samples were SnS
and SnSe single crystals synthesized using amodiûed Bridgman technique
using 6N Sn, S, and Se precursors. Prior to synthesis, as received precur-
sors were puriûed using üoat zone technique to reach 6N purity. The sto-
ichiometric ratio of Sn and chalcogen were mixed in nugget form into a
Bridgman ampoule with a sharp tip to limit nucleation density and enable
single crystal formation. The typical growth temperature was set above the
melting point of SnS and SnSe, usually at 950 °C. The crystallization oc-
curred by lowering a rate of 1 mm per week from 950 °C hot zone to 300 °C
cold zone.

For characterization with different experimental techniques, samples
of adequate dimensions were selected and additional preparation proce-
dures were applied, speciûed further in this section.

Experimental Details—Structural Characterization: X-ray diffraction
(XRD) measurements were performed on a Marvel Panalytical Empyrean
diffractometer in a Bragg-Brentano conûguration using a Cu Kÿ1
ÿ = 1.540598 Å x-ray tube and a Pixcel3D detector. The experiment was
conducted under normal conditions and included powder XRD and single
crystal measurements, with an X-ray beam directed either on the sample
surface or its edge (perpendicularly to the surface), as illustrated in Figure
S1 (Supporting Information). For the surfacemeasurements, a small piece
of bulk crystal was placed on a Si/SiO2 substrate. For the edge conûgura-
tion, the same üake was mounted vertically between two substrates. Due
to the small sample thickness and roughness of the edges, the detected
signal was signiûcantly weaker compared to powder, and surfacemeasure-
ments and positions of the observed reüexes may be less accurate.

The characterization by means of high-angle annular dark-ûeld scan-
ning electron microscopy (HAADF-STEM) and energy dispersive X-ray
spectrometry (EDS) was performed with the use of the state-of-the-art
Thermo Fisher Scientiûc TITAN 60–300 G2 cube microscope, equipped

with a super-X 4 detectors X-ray spectrometer, operating at an accelerat-
ing voltage of 300 kV. For TEM sample preparation,mechanically exfoliated
üakes were ûrst subjected to ultrasonication in IPA for 10 min, followed by
drop casting onto Au holey support ûlm-coated TEM grids (Quantifoil Ul-
trAuFoil). The as-prepared grids were then dried under IR-lamp for 4 h
and exposed to 6 min plasma cleaning in Fischione 1020 plasma cleaner
(25% O2, & 75% Ar) before loading into TEM chamber. The experiment
was carried out under ultrahigh-vacuum conditions at room temperature.
For HAADF-STEM imaging, speciûc parameters including a beam conver-
gence semiangle of 21.4mrad, a probe beam current of 40 pA, and detector
collection angles ranging from 50.5 to 200 mrad were applied.

Raman scattering measurements were performed using a custom-built
optical setup comprising a 550 mm focal-length grating monochromator
coupled with a liquid nitrogen-cooled CCD array detector. A continuous-
wave (CW) 532 nm laser was used for sample excitation, with an incident
power of 200 μW and a focused laser spot size of ≈5 μm. The laser was fo-
cused using a 50 × objective lens (numerical aperture, NA = 0.55), which
also facilitated signal collection in the backscattering geometry. All exper-
iments were conducted under ambient conditions.

For polarization-resolved measurements, a Glan-Taylor calcite linear
polarizer and a half-wave plate were placed in the optical path before the
sample, while a second polarizer (analyzer) was used for selective de-
tection. The incident light polarization was adjusted by rotating the half-
wave plate, with the analyzer simultaneously rotated to maintain a parallel
conûguration (the detected light polarization matched the incident light
polarization).

Raman scattering measurements were performed for thin üakes exfo-
liated from larger crystals and transferred onto a silicon substrate. The
lateral dimensions of the üakes were ≈40 μm.

Experimental Details—Optical Spectroscopy: For the optical spec-
troscopy measurements (photoreüectance and optical absorption) the
samples were exfoliated to obtain a clear surface and mounted on a brass
carrier, ensuring good thermal contact, inside a cryostat coupled with a
closed-cycle helium cryocooler. For optical absorption, üakes of 20–50 μm
thickness were separated from larger crystals, for which the photore-
üectance measurements were performed. The experiments were carried
out with the use of dedicated optical setups, composed of a quartz tung-
sten halogen lamp (a probing white light source), a 550 mm focal length
grating monochromator and a detection system, including Si or InGaAs
photodiode, and a lock-in ampliûer (Stanford Research Systems SR830).
For the photoreüectance measurements the modulation was achieved by
periodic excitation with a 532 nm CW laser, mechanically chopped at the
frequency of ≈300 Hz. For polarization-resolved optical absorption mea-
surements, a Glan-Taylor calcite linear polarizer and an achromatic half-
wave plate were placed in the optical path.

Experimental Details—Photoemission Spectroscopy: The photoemis-
sion studies were performed using two techniques, exploiting different
radiation sources. For both variants, the samples were exfoliated under
ultra-high vacuum conditions inside a preparation chamber. The inves-
tigated samples were bulk crystals, however considering the penetration
depth of the UV and X-ray radiation in the order of ≈10 nm and the spot
size of ≈20 μm, the effectively probed region was conûned to only a small
portion of the material.

UV photoemission spectroscopy experiments were carried out with
the use of the synchrotron radiation (excitation energy of 100 eV) of
the URANOS beamline at SOLARIS National Synchrotron Radiation Cen-
tre (Kraków, Poland).[75] The photoemission signal was detected with a
Scienta-Omicron DA30-L electron analyzer. The measurements were per-
formed at the temperature of 77 K (achieved in a üow-type liquid nitrogen
cryostat) and base pressure below 5 × 10−11 mbar. X-ray photoemission
spectroscopy (including core-level XPS) exploiting monochromatic Al Kÿ
line (1486.6 eV) was carried out at room temperature. In this technique,
the photoelectrons were detected with a hemispherical analyzer Argus CU.

The synchrotron-based UPS and lab-based XPS techniques were com-
bined to simultaneously determine the valence band maximum energy
(EVBM ) and the secondary electron cut-off energy (Ecut-off). The experi-
mental setup for synchrotron-based measurements was speciûcally opti-
mized to detect photoelectrons with relatively high kinetic energies, and
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the secondary electron cut-off, originating from low-energy electrons, typ-
ically falls below the detection threshold of this setup.

To address this limitation, commonly a negative sample bias is applied,
shifting the cut-off toward higher kinetic energies and bringing it within the
measurable range. While this approach was successfully implemented in
the XPS measurements, the synchrotron-based setup does not support
this functionality.

Computational Details: Ab initio calculations were performed within
the framework of density functional theory (DFT) with the use of the
relativistic projector-augmented waves (PAW) datasets[76] in Vienna Ab
Initio Simulation Package (VASP)[77] The Perdew-Burke-Ernzerhof (PBE)
parametrization of generalized gradients approximation (GGA) to the
exchange-correlation functional was employed.[78] Monkhorst-Pack k-
point grid of 12 × 12 × 3, plane wave energy cutoff of 600 eV, and a semi-
empirical DFT-D3 correction for vdW interactions were used.[79] The elec-
tronic band structures were calculated with the use of the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional.[80]
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