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Photoemission Study of the Thermoelectric Group IV-VI van
der Waals Crystals (GeS, SnS, and SnSe)

Agata K. Tołłoczko,* Szymon J. Zelewski, Jakub Ziembicki, Natalia Olszowska,
Marcin Rosmus, Tomasz Woźniak, Sefaattin Tongay, and Robert Kudrawiec

Group IV-VI van der Waals crystals (MX, where M = Ge, Sn, and X = S, Se)
are receiving increasing attention as semiconducting thermoelectric materials
with nontoxic, earth-abundant composition. Among them, SnSe is considered
the most promising as it exhibits a remarkably high thermoelectric figure of
merit (ZT), initially attributed to its low lattice thermal conductivity. However,
it has been shown that the electronic band structure plays an equally
important role in thermoelectric performance. A certain band shape,
described as a “pudding mold” and characteristic for all MXs, has been
predicted to significantly improve ZT by combining good electrical
conductivity with high Seebeck coefficient. This subtle feature is explored
experimentally for GeS, SnS, and SnSe by means of angle-resolved
photoemission spectroscopy. The technique also allows for the determination
of the effective mass and Fermi level position of as-grown undoped crystals.
The findings are supported by ab initio calculations of the electronic band
structure. The results greatly contribute to the general understanding of the
valence band dispersion of MXs and reinforce their potential as
high-performance thermoelectric materials, additionally giving prospects for
designing systems consisting of van der Waals heterostructures.

1. Introduction

A family of van der Waals crystals isoelectronic to black phos-
phorus called group IV monochalcogenides (MXs)[1] are known
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to be promising for application in
two-dimensional (2D) optoelectron-
ics (light detectors, solar cells)[2–7] and
piezotronics.[8–10] Recently, they have also
been rediscovered as potentially excellent
thermoelectric materials,[11–13] extremely
desired in the era of growing energy de-
mand, as they possess the ability to convert
waste heat into electricity. A quantity
dictating the efficiency of thermoelectric
conversion is a dimensionless thermoelec-
tric figure of merit ZT = S2𝜎T

𝜅L+𝜅e
, where S is

the Seebeck coefficient (or thermopower), 𝜎
is the electrical conductivity, 𝜅L and 𝜅e are,
respectively, lattice and electronic thermal
conductivities, and T is the temperature.
Materials with high ZT values (>2.0) are
desired for efficient thermoelectric devices,
unfortunately the parameters involved
in the equation are interdependent, thus
improving one often leads to deterioration
of the other. Two strategies are commonly
exploited to obtain high ZT: minimizing
the thermal conductivity, and maximizing

the power factor PF = S2𝜎. The former is commonly realized
by nanostructuring, dimensionality reduction, and introducing
heavy atoms, which reduce the lattice thermal conductivity.[14–16]

The latter can be achieved by electronic band structure engineer-
ing and adjustment of the Fermi level position by changing the
charge carrier concentration.[17–21] Fermi level pinned deep in-
side the semiconductor band gap and high density of states at
the band top (in the case of materials with simple band struc-
ture, dominated by a single valley, ensured by large effective
mass) are favorable for large Seebeck coefficient, but result in
poor electrical conductivity. However, it has been found that more
complex band dispersion, with multiple valleys in the proxim-
ity of chemical potential, may allow to combine these two prop-
erties, by providing sufficient density of states and simultane-
ously preserving low effective mass.[22,23] What is more, Kuroki
and Arita[24] discovered that these conditions can be fulfilled by a
single electronic band of a certain shape, described as “pudding
mold”, characterized by effectively flat band top and strongly dis-
persive sidebands. Both features (multivalley transport and “pud-
ding mold” shape) can be found in the band structure of group
IV monochalcogenides. The representatives of MXs attracting in-
creasing attention are GeS, GeSe, SnS, and SnSe – layered semi-
conductors composed of earth-abundant and nontoxic elements,
crystalizing in orthorhombic Pnma structure. Out of the four,
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SnSe has been the most thoroughly studied[17,18,25–31] since Zhao
et al.[32] reported a remarkably high ZT of 2.63 at 923 K. Consid-
ering the state-of-the-art nanostructured PbTe-based thermoelec-
tric materials with ZT = 2.2,[14] such result was unexpected for a
simple as-grown crystal composed of relatively light atoms. The
authors attribute this property to ultralow intrinsic lattice thermal
conductivity, resulting from strong lattice anharmonicity,[33,34] al-
though later complementary explanations have been proposed,
involving the electronic band structure.[17,27] Soon characteristic
multivalley and pudding-mold band dispersion predicted by Den-
sity Functional Theory (DFT) calculations has been confirmed
by angle resolved photoemission spectroscopy (ARPES).[17,27,29,30]

Good thermoelectric performance has also been theoretically pre-
dicted for other MXs,[11,12] but significantly less attention was
paid compared to SnSe. The second most popular is SnS, for
which ZT exceeding 1 was achieved and the electronic band struc-
ture was experimentally investigated.[19,35–38] GeSe follows tin
chalcogenides with several reports of ARPES[39,40] and thermo-
electric properties measurements,[41,42] while for GeS only com-
putational simulations have been published to date.[43–46] There-
fore, especially for this material an experimental investigation is
required to provide insight into its most fundamental properties
and verify the calculations. Generally, according to both theoret-
ical predictions and empirical studies, compared to SnSe other
MXs exhibit poorer thermoelectric performance, which however
does not necessarily exclude them from applications in thermo-
electric devices. It has been shown that high ZT values can be ob-
tained for heterostructures,[47,48] and, what is more, the increased
efficiency of Peltier cooling can be reached by introducing a gra-
dient of Seebeck coefficient across the device.[49]

In this work we present an in-depth investigation of the elec-
tronic band structure of GeS, SnS, and SnSe by combined ARPES
measurements and DFT calculations. ARPES is the only tech-
nique allowing to experimentally observe the valence band dis-
persion, and additionally determine other important properties
of the material, such as Fermi level position and hole effective
mass. The obtained results are discussed in terms of thermo-
electric performance of MXs and other potential applications. For
SnS and SnSe previous findings are confirmed and augmented
with investigations at higher binding energies. For GeS a first-
to-date comprehensive experimental study of the valence band
dispersion allowing to observe the “pudding mold” band shape
is presented.

2. Results and Discussion

2.1. Crystal Structure and Simulated Electronic Band Dispersion

In Figure 1a–c schematic diagrams of MX crystal structure are
presented. MXs crystalize in orthorhombic phase belonging to
space group Pnma (no. 62), with two characteristic orthogonal
crystallographic directions, armchair (x) and zigzag (y). A single
layer is composed of two rows of atoms bound covalently, as can
be seen in the side view of a layer in Figure 1b,c. The armchair
direction is characterized by a peculiar puckered atomic arrange-
ment, absent in the zigzag direction, which leads to strong in-
plane anisotropy of these materials.[34,50–57] In a multilayer struc-
ture the layers are sequenced in a centrosymmetric AB stacking
(particular atoms are positioned differently in alternating layers),

Figure 1. Schematic diagrams of crystal structure of the MXs, visualizing
the atomic arrangement in a) a layer plane, and b) along the armchair,
and c) the zigzag directions. d) 3D and e) reduced 2D Brillouin zone of
the orthorhombic lattice, with marked high-symmetry points.

but again only in the armchair direction (see Figure 1b). In a
monolayer (or few, odd-number layer flakes) the inversion sym-
metry is broken, resulting in piezoelectric,[8–10] multiferroic,[58–60]

and nonlinear optical properties.[61–64]

An investigation of the electronic band dispersion, either ex-
perimentally or theoretically, demands an understanding of the
reciprocal lattice of MXs. In Figure 1d the first Brillouin zone
(BZ) of a simple orthorhombic structure is presented, with
marked high symmetry points. Such picture represents the three-
dimensional (3D) BZ, characteristic for bulk crystals. Directions
parallel to kx and ky wavevector components correspond to the
in-plane armchair and zigzag directions of the real space, respec-
tively, and kz corresponds to the direction perpendicular to the
layer plane. However, in ARPES technique the results are usu-
ally analyzed with regard to the 2D (surface) BZ, presented in
Figure 1e. In this case four characteristic high-symmetry points
(„Γ, „Y, „X, and „S) are the projections along kz of the respective
points of the 3D BZ. Further, we also introduce the Λ and Δ sym-
bols in order to label characteristic points in the Γ-X (close to X
point) and Γ-Y (approximately in half of the distance between Γ
and Y) paths, respectively, where the valence band local maxima
occur. Analogously, their projections onto the 2D reduced BZ are
referred to as „Λ and „Δ.

The electronic band structure along the high symmetry paths
of the 3D BZ obtained from DFT calculations with the use of
HSE06 hybrid functional for each investigated material is illus-
trated in Figure 2. Both valence and conduction band dispersions
are plotted, allowing to determine the type and theoretical width
of the electronic energy gap. The computation procedure (see the
Experimental Section for details) did not involve the determina-
tion of the Fermi level position, therefore the energy scale is rela-
tive to the energy of the highest valence band maximum (VBM) of
each structure. As can be seen from Figure 2, a common feature
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Figure 2. Electronic band structure predicted by DFT calculations with the
HSE06 hybrid functional for a) GeS, b) SnS, and c) SnSe. The red circles
and blue diamond symbols mark conduction band minima and valence
band maxima, respectively. Solid symbols correspond to main extrema of
the structure. The inset of panel (a) illustrates the separation of the band
apices in the Λ region. The energy of the highest VBM is assumed as E =
0 eV.

of all MXs is the presence of multiple band extrema within a nar-
row energy range, marked with red circles (conduction band min-
imum, CBM) and blue diamond symbols (VBM). Solid symbols
correspond to the lowest CBM and highest VBM, determining
the band gap, whereas hollow ones denote secondary extrema.
For tin chalcogenides, the main VBM is located in the Γ-X path
close to the X point, in a k-region labeled Λ. The topmost band
forms a characteristic pudding mold shape,[17,24] with two closely
lying maxima separated by a shallow minimum (a saddle point).
In the case of GeS, an analogous feature is also present, although
the valley at the Γ point plays the role of the highest VBM. To bet-
ter resolve the pudding mold structure, a close-up of the Λ region
is presented in the inset of Figure 2a for GeS. The exact k-points
where the maxima occur are referred to as Λ1 (closer to the X

point) and Λ2 (farther from the X point). The same nomencla-
ture is used for SnS and SnSe. The predicted band shape diverges
from an ideal pudding mold, as the band tops in Λ1 and Λ2 are
located at slightly different energies, as demonstrated in Figure
S1 (Supporting Information). Another important feature is the
secondary VBM located in approximately half of the Γ-Y path, in
a point labeled Δ, at the energy of ≈100 meV below the Λ maxi-
mum for SnS and SnSe, and ≈500 meV for GeS. A high energy
valley is also present in (or close to) the U point, which is located
above the X point in the kz direction of the BZ. It is worth noticing
that the splitting into the Λ1 and Λ2 apices vanishes away from
the central plane of the BZ to form a single broad maximum in
the U point. The energies of the discussed features are summa-
rized in Table S2 (Supporting Information).

The conduction band dispersion of the MXs is similarly com-
plex. For GeS the lowest CBM is located at Γ, suggesting a direct
character of the band gap, although there are two other valleys,
in the Γ-Y and Y-S paths, at nearly the same energy (≈10 and ≈30
meV higher, respectively). With such small differences, it is not
possible to unambiguously determine the band gap character of
GeS based solely on the DFT simulations, although regarding the
proximity of multiple valleys, either in the valence and conduc-
tion band, a direct-like behavior can be expected to manifest in the
material properties. The domination of the optical properties by
direct optical transitions, despite the indirect fundamental band
gap, has been shown for another group IV monochalcogenide –
GeSe.[52,65] In the case of SnS and SnSe the CBM appears near
the Δ point, however at not the same k-value as the VBMΔ. Ac-
cording to these observations, tin chalcogenides have an indirect
energy gap. The theoretical values of the band gaps can be found
in Table 2.

The simulations discussed above were performed with the
use of the HSE06 hybrid functional, which is established as a
method allowing to accurately reproduce the band dispersion.
Nevertheless, DFT calculations are always burdened with ap-
proximations and the final result may vary depending on the
choice of the computational method and parameters. According
to our overall experience with the MX family, it is the lattice
optimization procedure that affect the resulting band dispersions
most severely. In our previous work regarding GeS, the structure
optimization was performed applying the same procedure (see
Experimental Section), but with different parameters and van
der Waals correction.[54] The resulting band structure varied
from the one presented here, with the most significant discrep-
ancies being the positions of the highest VBM (in the Λ region
instead of Γ point) and lowest CBM (in the Γ-Y path instead of Γ
point), and, as a consequence, indirect instead of direct band gap
character. In this work, for an optimized crystal structure, we
compare two methods of the electronic dispersion calculation:
the commonly used HSE06 hybrid functional, and modified
Becke-Johnson exchange potential (mBJ-TB09), which character-
izes with significantly lower computational cost. A comparison
of the electronic band structures calculated for GeS, SnS, and
SnSe acquired with the two methods is presented in Figure S2
(Supporting Information). The differences in the dispersion near
the valence band top are minor, and become more distinct at
deeper energy levels, where the bands obtained from HSE06 cal-
culations are visibly shifted toward higher binding energies with
respect to mBJ. Most importantly, the relative energies of the
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Figure 3. a) Raman scattering spectra with identified vibrational modes, and core level XPS lines observed for b) GeS, c) SnS, and d) SnSe.

band extrema are preserved. Eventually, mBJ calculations result
in slightly narrower band gaps, however the differences are less
than 60 meV. Therefore, it can be concluded that for the purpose
of the band dispersion reproduction in proximity of the band
gap, both methods provide similar results, with the mBJ-TB09
being considerably less resource- and time-consuming.

An electronic structure with multiple band extrema leads
to some major consequences, that need to be discussed. First
of all, a multivalley structure may significantly improve the
thermoelectric properties of a material (effectively increased
density of states leads to the enhancement of the Seebeck
coefficient).[22,23,26] Bands in close vicinity of the Fermi level
can contribute to the electronic transport through thermal
excitation or increasing the carrier concentration by doping.
Importantly, the pudding mold shape of a band is considered
a feature responsible for combining good conductivity with
large thermopower. In Figure S1a (Supporting Information) a
simplified pudding mold structure is schematically presented.
When the separation between the maxima and the central min-
imum is within the order of magnitude of thermal energy kBT,
where kB is the Boltzmann constant, and T is the temperature,
a significant part of the band is effectively flat, resulting in high-
effective-mass-like conditions, favorable for large thermopower.
Meanwhile, strongly dispersive sidebands (correlated with low
effective mass) ensure good conductivity. The influence of the
pudding mold band shape on thermoelectric properties of the
material is discussed in detail by Kuroki and Arita.[24]

According to previous reports, the valence band of the MXs is
composed of a mixture of chalcogen atom p orbitals (S 3p or Se
4p) and group-IV atom s orbitals (Ge 4s or Sn 5s). The conduc-
tion band is dominated by the Ge 4p or Sn 5p states, with minor
contribution from S or Se.[53,54]

In the following sections, the calculated band dispersion is dis-
cussed with regard to the experimentally observed valence band
structure, acquired with the use of ARPES technique.

2.2. Structural Characterization

The measured samples were bulk undoped crystals, grown by
chemical vapor transport (CVT) method. The quality and pu-
rity of the crystals were confirmed by Raman scattering and x-
ray photoemission spectroscopy (XPS). Raman scattering mea-

surements (Figure 3a) revealed only vibrational modes charac-
teristic for the considered crystallographic system (symmetric Ag
and asymmetric B3g shear vibrations[66,67]), with no evidence of
chalcogen-rich phase, indicating high structural quality of the
examined crystals. An investigation of the qualitative chemical
composition was performed using core level XPS (Figure 3b–d).
The full-scale spectra, plotted in Figure S3 (Supporting Informa-
tion), only show the presence of Ge or Sn and S or Se atoms in
the measured binding energy range. Investigations of oxygen-
related levels, laying outside the range for which the beamline
equipment is optimized, are not considered relevant due to the
process of sample preparation, involving exfoliation under ultra-
high vacuum (<10−9 mbar), allowing to minimize surface oxi-
dation. In Figure 2b–e regions of the spectra with characteris-
tic features related to particular elements are presented, for GeS
(panel b), SnS (c), and SnSe (d). For S in GeS and SnS a dou-
blet corresponding to 2p orbitals was observed, with spin-orbit
(SO) splitting of 1.16 eV, and expected p3/2 : p1/2 intensity ratio
of ≈2:1. For Se in SnSe, a 3d doublet can be identified, with SO
splitting of 0.86 eV, and the d5/2 : d3/2 intensity ratio of ≈3:2. For
Ge (Sn) atoms, signal associated with 3d (4d) orbitals was de-
tected, with SO splitting of 0.54 eV (1.04 eV). Additionally, for GeS
a weak contribution from Ge 3p orbitals was measured (see inset
of Figure S3a, Supporting Information). The obtained values of
binding energy indicate either +2 or −2 oxidation state of metal
and chalcogen atoms, respectively, and no sidebands originating
from other phases (MX2, M2X3), oxides, or elemental forms were
observed.[68,69] Raman modes and XPS core level lines observed
in the experiments, with corresponding frequencies, binding en-
ergies, and SO splitting values, are summarized in the Support-
ing Information (Table S1).

2.3. Photoemission Study

An experimental investigation of the electronic band structure
performed by means of ARPES measurements is a straightfor-
ward way to observe the actual valence band dispersion and ver-
ify the accuracy of the theoretical model used for its prediction
indicating the directions for future improvements. It allows to
directly connect certain features occurring in the band structure
with the resulting properties of the material, such as thermo-
electric performance, band gap character, and optical transitions

Adv. Optical Mater. 2024, 12, 2302049 2302049 (4 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202302049 by A
rizona State U

niversity A
cq &

 A
nalysis, L

ib C
ontinuations, W

iley O
nline L

ibrary on [21/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

(including their anisotropy), without the influence of approxima-
tions and corrections.

For the interpretation and discussion of ARPES results we as-
sume a 2D BZ, presented in Figure 1e. The choice of the kx-ky
plane containing the center of the BZ, i.e., the Γ point, is justi-
fied in this case. While for covalent 3D materials the electronic
bands dispersion in the kz direction is usually significant, most
vdW crystals characterize with quasi-2D structure, which leads
to weak dispersion in the direction corresponding to the layers
stacking axis. Nevertheless, the considered surface BZ is a pro-
jection of the bulk BZ, therefore a contribution of other states
along kz may still be visible in the photoemission maps. In the
experiment, different values of kz can be probed by adjusting the
incident photons energy. Such test scans within the energy range
from 40 to 100 eV were performed and no apparent dispersion
was in fact observed, which is consistent with reports of Pletikosíc
et al. regarding SnSe.[27] Follow-up experiments were carried out
at a constant photon energy of 100 eV, allowing to acquire a pic-
ture of a large region of the reciprocal space.

In Figure 4 the results of ARPES measurements are summa-
rized and set with DFT calculations of the electronic band struc-
ture, obtained using the HSE06 hybrid functional. Panels a, b,
and c demonstrate maps acquired for GeS, SnS, and SnSe, re-
spectively. For clarity, each panel has been divided into subpanels
indexed from 1 to 6. In this section the energy corresponding to
the highest VBM (EVBM) for each sample is assumed as relative
zero (EVBM = 0), and all results are presented with respect to this
energy. The Fermi level position and actual binding energies of
the VBMs are discussed later.

An important mode of the ARPES technique is the investiga-
tion of constant energy contours in the kx-ky plane. Subpanels
(1) and (2) for each material present maps of photoemission
intensity as a function of the in-plane wavevector. White dashed
rectangles represent the boundaries of the first BZ, with high
symmetry points labeled in Figure 4a2. In subpanels (1) maps
corresponding to the energy close to the highest VBM of each
material are shown, and in subpanels (2) features below VBM
are visualized. In Figure 4a2 a constant energy contour corre-
sponding to 3.0 eV below the VBM of GeS reveals four equivalent
valleys in „S points, revealing the rectangular shape of the BZ
and allowing to directly determine its dimensions. For SnS and
SnSe a similar structure appears at slightly different energies, as
presented in Figure S4 (Supporting Information). Figure 4b2 and
c2 show maps at energies of -0.40 eV and -0.36 eV, respectively,
where secondary VBMs of tin chalcogenides become distinct. An-
other approach in the analysis of ARPES results, allowing more
in-depth investigation of the electronic structure, its anisotropy,
and direct interpretation in terms of DFT calculations, is to map
photoemission along selected high-symmetry directions in wide
binding energy range. Such scans can be compared side-by-side
with band structure predicted by DFT. Subpanels (3) and (5)
show ARPES maps along „X-„Γ- „X and „Y-„Γ-„Y paths of the 2D BZ. In
subpanels (4) and (6) calculated valence band dispersion is super-
imposed over the second derivative of the photoemission map.

As can be seen from the figures, each investigated material ex-
hibits anisotropy of the band dispersion, with the pudding mold
shape of the topmost band in the „Λ region (labeled in Figure 4c1).
Although the characteristic splitting into Λ1 and Λ2 valleys is
challenging to detect experimentally, thanks to high angular reso-

lution of the utilized setup we were able to observe it. This feature
was clearly visible for SnSe (see Figure 4c), and less conspicu-
ous for GeS and SnS. Close-ups of the photoemission maps and
their second derivatives containing the „Λ region are presented
in Figure S5 (Supporting Information). The measured disper-
sion does not exactly follow the calculated one, which may be at-
tributed to the influence of other kz states. DFT predicts different
energies of the maxima in Λ1 and Λ2 points, separated by up to
70 meV, while in the case of GeS and SnSe the shape observed
in the photoemission maps is more symmetrical. Both maxima
occur at approximately equal energy, and the central minimum
is significantly shallower, which makes each hole pocket accessi-
ble simultaneously. Such a shape is also closer to an ideal pud-
ding mold. For SnS the agreement with calculations is better –
the VBM in Λ2 is located below Λ1, which may partly account for
poorer thermoelectric performance compared to SnSe.

In the case of GeS, there is a crucial discrepancy between ex-
periment and theory regarding the position of the main VBM.
According to calculations, the highest VBM occurs at the Γ point,
and the Λ valleys lay ≈100 meV below, whereas in the ARPES
maps in Figure 4a1,a3 it is clearly visible, that all three maxima
correspond to nearly equal binding energy. Assuming the lowest
CBM in the Γ point, GeS turns out to be a direct or a quasi-direct
semiconductor, which is consistent with previously reported op-
tical spectroscopy investigations,[50,70,71] however in order to def-
initely determine the band gap character, also the conduction
band dispersion needs to be investigated experimentally.

For SnS and SnSe there are distinct differences between cal-
culated and measured band dispersion around the Γ point, espe-
cially in the kx direction. In the calculated structure the bands are
extremely flat and form a saddle point (with positive curvature in
the kx direction, and negative in the ky). In the experiment, an
isotropic parabolic maximum was observed, with stronger dis-
persion. The bands energy, however, still remains significantly
below the VBMΛ, and therefore their contribution to optoelec-
tronic properties of the material is minor.

The secondary VBM in the Δ point is clearly visible for tin
chalcogenides, and its position can be most accurately deter-
mined from constant energy contours, corresponding to an en-
ergy at which the band emerges (see Figure S4, Supporting In-
formation). For SnSe the VBMΔ is located at −0.22 eV, and for
SnS at −0.26 eV, however the photoemission originating from
this BZ region is weak, preventing us from a more precise es-
timation of the energy. The results for both compounds are in
agreement with our DFT HSE06 calculations (predicting the en-
ergies of −0.19 and −0.20 eV, respectively), as well as with pre-
vious experimental studies on SnSe (reporting a distance from
the VBMΛ of 0.20–0.26 eV[26–28]). For GeS this feature could not
be resolved in the ARPES measurements due to high-intensity
band around Γ, overlapping photoemission originating from the
Δ valley, although the observed band shape follows the simulated
dispersion (see Figure 4a6).

In general, considering a wide binding energy range, the va-
lence band dispersion obtained from ARPES measurements is in
outstanding agreement with DFT predictions, and the observed
discrepancies can be explained and justified. To begin with, the
ARPES maps are projections of the 3D band structure onto a
2D plane, while the DFT calculations discussed here only sim-
ulate the dispersion along high symmetry paths in the bulk BZ.
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Figure 4. The results of ARPES measurements of valence band dispersion for a) GeS, b) SnS, and c) SnSe. Subpanels (1) and (2) present constant energy
contours acquired at the band tops and energies at which other important features occur. White dashed rectangles mark the boundaries of the first BZ.
In subpanels (3) and (5) photoemission maps in kx and ky directions, respectively, are shown, and in subpanels (4) and (6) valence band structure
calculated with the HSE06 hybrid functional is superimposed over second derivative of the corresponding photoemission maps.

Adv. Optical Mater. 2024, 12, 2302049 2302049 (6 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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The measurement resolution is also limited by the experimen-
tal setup and configuration (temperature, width of the detector
slits, incident photon energy, etc.), which does not apply to the-
oretical predictions. On the other hand, the DFT calculation re-
sults strongly depend on the choice of computational method and
vdW correction, as discussed in Section 2.1, and to some degree
do not accurately reproduce the actual electronic band structure.
At last, the experimentally observed intensity of particular bands
depends on the photoemission matrix element, which may re-
sult in weak or even invisible bands. There is, though, an inter-
esting feature common for all investigated crystals present in the
ARPES spectra, but not in the calculated band structure, which
is unusual. In the „X point of the BZ a narrow band emerges at
the energy of ≈3 eV below the VBM, which exhibits remarkably
flat dispersion in the kx direction in quite wide wavevector range,
implying strong localization. One explanation for such a picture
might be a superposition of multiple bands with weak dispersion,
resulting in one effectively flat band, although in such case we
would expect larger broadening. The contribution from other kz
states should be considered, however no comparably flat bands at
the corresponding energies were predicted in the U point of the
3D BZ either. This feature could be also interpreted as a measure-
ment artifact (a ghost band resulting from step-like character of
the sample surface), yet it is highly unlikely, as it appears for each
sample. The most probable explanation is to attribute this band
to some kind of an intrinsic defect level, common for the whole
MX family, which explains both the flat dispersion (strong local-
ization) and the lack of corresponding feature in the calculated
band structure (assuming perfect crystal lattice). Nevertheless, to
determine and understand the true origin of the discussed band,
further investigation is required.

2.4. Effective Mass

The effective mass m* of a material is determined by the curva-

ture of the electronic band and given by m∗ = ℏ2

2
( 𝜕E2

𝜕2k
)
−1

, where E
is the energy, and k is the wavevector. Assuming parabolic ap-
proximation around the band top, m* can be evaluated by fit-
ting the dispersion with quadratic function. Such approach can
be exploited for both theoretically and experimentally obtained
band structure, however in the case of ARPES maps multiple fac-
tors may affect the result. The estimated band curvature strongly
depends on the choice of the points indicating the band edge,
which is often to some extent arbitrary, considering the image
resolution and steepness of the observed feature. For this rea-
son, significant discrepancies can be found in the literature.
Most works regarding the hole effective mass focus on the SnSe
compound.[26–29,38,72,73] The reported values of m∗

h in the „Λ region
of the BZ in the kx direction range from 0.12 m0

[26] to 0.24 m0 ,
[73]

and in the ky direction from 0.1 m0
[38] up to 0.38 m0

[29] (where m0
is the free electron mass). Also the ratio of the effective mass com-
ponents in kx and ky directions varies, in some works reported as
greater than 1, in others below 1.

Here we were able to evaluate the hole effective mass for SnS
and SnSe around VBMs in the „Λ1 and „Λ2 points separately. In
the case of GeS the photoemission originating from this BZ re-
gion was too weak to precisely determine m∗

h, and only estima-
tions were made, burdened with high uncertainties. As the sec-

ondary VBM, the „Γ point was analyzed for GeS, and the „Δ point
for SnS and SnSe. The m∗

h values were obtained by fitting of
the parabolic function to the band edges visible in the photoe-
mission second derivative maps, as presented in Figure 5. For
each material (Figure 5b–d) the index of the subpanel (1-5) corre-
sponds to a particular cut through the BZ, as labeled in Figure 5a.
The determined values are summarized in Table 1. For SnSe we
obtained good agreement with previously reported results. Be-
sides a slightly higher effective mass at the „Λ valley in the kx
direction, the values coincide perfectly with those reported by
Pletikosíc et al.[27] (mΛ

x = 0.21 m0, mΛ
y = 0.18 m0, mΔ

y = 0.24 m0),
which we consider the most reliable due to quality and resolution
of the acquired ARPES maps. The experimental effective masses
are generally in accordance with theoretical values, listed in Table
S3 (Supporting Information), obtained by fitting the parabolic
function to calculated band dispersion around VBMs. The values
closest to the experiment were found for SnSe (in Λ1, Λ2, and Δ
points) and GeS (in the Γ point). The most significant discrepan-
cies occurred for the Λ1 point in the case of GeS, and the Λ2 point
in the case of SnS.

The effective mass is a parameter directly influencing the car-
rier mobility (𝜇 = e𝜏c

m∗ , where e is the elementary charge, and 𝜏c is
the mean free time between collisions), and, as a consequence,
the electrical conductivity of a given type (𝜎 = en𝜇, where n is
the carrier concentration). Therefore, the ratio of the values cor-
responding to respective crystallographic directions can be com-
pared. In the „Δ region the mx/my ratio is generally greater than
1 for tin chalcogenides and below 1 for GeS. The exact values
are listed in Table 1. This result is in agreement with reports of
hole mobility and conductivity measured in armchair and zigzag
directions. According to Tian et al.,[36] for SnS the hole mobility
ratio μy/μx = 1.67. For SnSe Zhao et al.[32] report μy/μx = 2, but
along with the electrical conductivity ratio of 𝜎y/𝜎x = 1.2. Such
comparison may not be entirely accurate due to the influence of
𝜏c parameter, which along with the effective mass often exhibits
anisotropy and is affected by the presence of defects. Neverthe-
less, we can see that the general tendency is preserved: for tin
chalcogenides the conductivity is better in the zigzag direction,
while for GeS the armchair direction is preferable (like in the case
of black phosphorus[74]).

2.5. Fermi Level Position

In the previous sections we assumed the energy correspond-
ing to the highest VBM as the relative zero level, in order to
conveniently compare the acquired photoemission maps with
DFT predictions. However, for the design of electronic devices
and heterostructures the position of Fermi level needs to be
investigated. In ARPES measurements the Fermi level energy
(EF) can be determined by using a reference gold sample. Ac-
cordingly, the VBM position (EVBM) with respect to the EF was
found for GeS, SnS, and SnSe corresponding to the energies
of 0.67, 0.38, and 0.14 eV, respectively. The value obtained for
GeS is larger than reported by Smiles et al. (0.46 eV),[69] how-
ever their experiment was carried out at room temperature, not
77 K, as in the case of this work, and the shift of the EF toward
the valence band may be a consequence of thermal activation
of intrinsic acceptors. For SnS and SnSe our results are in line

Adv. Optical Mater. 2024, 12, 2302049 2302049 (7 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) 2D Brillouin zone of MXs with marked cuts, along which the
effective mass was investigated. Photoemission second derivative maps of
the VBMs in the Λ region and the Γ or the Δ point of the BZ acquired for b)
GeS, c) SnS, and d) SnSe, with results of fitting the parabolic function to
dispersion at the band tops, in order to extract the hole effective mass. The
subpanels (1)–(5) correspond to the respective cuts given in panel (a).

Table 1. Hole effective masses of GeS, SnS, and SnSe in the Λ1, Λ2, and Γ
or Δ points of the BZ, along kx and ky directions, determined from ARPES
maps. The values are given as fractions of the free electron mass m0.

BZ point „Λ1
„Λ2

„Γ or „Δ

mx my mx/my mx my mx/my mx my mx/my

GeS ≈0.3 ≈0.7 ≈0.43 – – – 2.44 (Γ) 1.59 (Γ) 1.53

SnS 0.31 0.25 1.24 0.27 0.28 0.96 0.28 (Δ) 0.35 (Δ) 0.80

SnSe 0.24 0.19 1.26 0.23 0.18 1.28 0.22 (Δ) 0.23 (Δ) 0.96

with Whittles et al. (≈0.38 eV for SnS)[68] and Pletikosíc et al.
(0.12 eV for SnSe).[27]

In order to assess the CBM position (ECBM) relative to EF, the
energy gap (Eg) of each material is necessary. Eg can be deter-
mined from DFT calculations of the electronic band structure,
although such approach i) provides the value at temperature of
0 K, and ii) may vary dependently on the choice of the computa-
tional method. Therefore, we performed experimental investiga-
tion by means of the optical absorption spectroscopy, at the tem-
perature of ≈80 K. From the Tauc plots[75] of the acquired spectra
(presented in Figure S6, Supporting Information) we obtained
the band gaps of 1.69 eV for GeS, 1.15 eV for SnS, and 0.98 eV
for SnSe. In the case of GeS the direct character of the band gap
was assumed (for the reasons explained before), contrary to tin
chalcogenides. Considering these results, the Fermi level posi-
tion indicates p-type character for all materials, which is in ac-
cordance with previous reports,[68,69,76] The determined values of
EVBM, ECBM, and Eg are summarized in Table 2, and in Figure 6 the
band alignment with respect to the Fermi level of the investigated
samples is presented. Based on the obtained results an important
observation can be made, that GeS forms type I heterojunction
with either SnS or SnSe. On the other hand, a composition of
the two tin chalcogenides results in a type II structure. In terms
of thermoelectric efficiency, the position of EF closer to the band
top is favorable for maximizing the PF. Additionally, by compar-
ing the experimental band gaps with theoretical ones, it can be
decided which computational method provides a more accurate
value. As it turns out, for GeS both procedures result in similar
energies and overestimate the band gap by more than 100 meV.
For tin chalcogenides the agreement with the experiment is gen-
erally better, and the HSE06 hybrid functional allows to obtain
more accurate values.

Table 2. Valence and conduction band energies with respect to the Fermi
level of GeS, SnS, and SnSe, together with band gaps determined from
optical absorption measurements. All experiments were performed at the
temperature of ≈80 K. Theoretical band gaps (Eg

theor) were obtained from
DFT calculations (performed with either HSE06 or mBJ-TB09 procedure)
and correspond to the temperature of 0 K.

EVBM [eV] ECBM [eV] Eg
exp [eV] Eg

theor [eV]

HSE06 mBJ-TB09

GeS −0.67 1.02 1.69 1.84 1.83

SnS −0.38 0.77 1.15 1.16 1.10

SnSe −0.12 0.84 0.98 0.95 0.89

Adv. Optical Mater. 2024, 12, 2302049 2302049 (8 of 11) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. A band diagram of a hypothetical GeS/SnS/SnSe heterostruc-
ture with conduction and valence band alignment with respect to the Fermi
level, determined for the investigated materials.

3. Conclusion

In conclusion, we performed a series of experiments exploiting
the ARPES technique on orthorhombic group IV monochalco-
genides GeS, SnS, and SnSe, along with complementary DFT
calculations of the electronic band structure. The obtained results
were analyzed in terms of the influence of the valence band dis-
persion on the thermoelectric performance and other properties
of the materials. In the acquired high-resolution photoemission
maps we were able to observe multiple valleys in the proximity of
chemical potential and characteristic pudding mold shape of the
band near the X point of the Brillouin zone, with two hole pockets
separated by a shallow minimum. These two features are respon-
sible for combining high Seebeck coefficient with good conduc-
tivity and play an important role in increasing the thermoelec-
tric figure of merit (ZT).[22,24,26] From the obtained results hole
effective masses and Fermi level positions of each sample were
determined. Additionally, band gaps were found using optical ab-
sorption measurements. SnSe turned out to exhibit the lowest ef-
fective mass of ≈0.20 m0, VBM energy closest to Fermi level, at
−0.14 eV, and narrowest band gap of 0.98 eV at 80 K. These find-
ings are in line with reports of the superior electrical conductivity
of SnSe, and along with low lattice thermal conductivities con-
tribute to remarkably high ZT of 2.62.[32] Due to wider band gaps
and Fermi levels farther from the VBM, intrinsic GeS and SnS
exhibit poorer conductive properties, these features are however
favorable for high Seebeck coefficient. The obtained experimen-
tal results are generally in accordance with DFT predictions, al-
though a few discrepancies were noticed, reinforcing the impor-
tance of the experimental investigation. In the case of GeS, most
importantly, a step toward the band gap character determination
was made by experimental observation of two valence band apices
(in the Γ and Λ points) at equal binding energies (not predicted
by the simulations). Although for a complete picture of the band
structure the conduction band dispersion needs to be yet exam-
ined, our results, combined with previous optical measurements,
are in favor of direct or quasi-direct energy gap, crucial for mul-
tiple applications.

A direction worth exploring is also the investigation of MX-
based heterostructures and alloys, as it has been found that cer-
tain combinations of the materials can result in either type I or
type II heterojunction, and introducing a gradient of ZT across
a thermoelectric device (Peltier cooler) may in some conditions
improve its performance.[49]

4. Experimental Section
The investigated samples were nominally undoped GeS, SnS, and

SnSe single crystals, grown by iodine-assisted chemical vapor transport
technique in vacuum-sealed quartz ampoules (15 cm in length, 2.4 cm
outer diameter, 2.0 cm inner diameter). The growth temperature and
pressure were 900–1100 °C and ≈10−5 mbar, respectively. To initiate
nucleation and facilitate the transport of the precursors a temperature
difference of ≈50 °C between hot and cold zones of the ampule was
created.

Preparation of the samples for photoemission experiments (ARPES,
XPS) involved mechanical exfoliation in ultra-high vacuum conditions
(<10−9 mbar), at room temperature. For Raman and optical absorption
spectroscopies flakes of a thickness of 50–100 nm were selected. No spe-
cial treatment was needed.

Raman scattering measurements were conducted exploiting a custom
optical setup, consisting of a 550 mm focal length grating monochroma-
tor coupled with a liquid nitrogen cooled CCD array detector camera. For
sample excitation a 532 nm laser diode was used, with incident power of
250 μW and laser spot size of ≈5 μm, focused by a 50×, NA = 0.55 mag-
nifying objective lens, also allowing signal collection in the backscattering
mode. The experiment was carried in ambient conditions.

The photoemission studies (ARPES, XPS) were performed using syn-
chrotron radiation at the URANOS beamline of the SOLARIS National
Synchrotron Radiation Centre (Kraków, Poland),[77] The photoemission
signal was detected with Scienta-Omicron DA30-L electron analyzer. The
measurements were performed at the temperature of 77 K (achieved in a
flow-type liquid nitrogen cryostat) and base pressure below 5×10−11 mbar.
Along with GeS, SnS, and SnSe, an attempt to perform complementary
measurements for the fourth member of the MX family, GeSe, was made.
Unfortunately, the sample suffered degradation under the illumination
with high-energy photons, making it impossible to acquire satisfactory re-
sults.

Optical absorption spectra, allowing to determine the energy gap of
the investigated materials, were acquired with a dedicated optical set up,
composed of a quartz tungsten halogen lamp as the source of the white
light, 300 mm focal length grating monochromator, and Si (for GeS) or
InGaAs (for SnX) photodetector coupled with a lock-in amplifier (Stanford
Research Systems SR830). The temperature of ≈80 K was achieved and
maintained during the experiment with the use of a closed-cycle helium
cryocooler and a heating system.

Ab initio calculations were performed within the framework of den-
sity functional theory (DFT) with the use of the relativistic projector-
augmented waves (PAW) datasets[78] in Vienna Ab Initio Simulation Pack-
age (VASP).[79] The Perdew-Burke-Ernzerhof (PBE) parametrization of
generalized gradients approximation (GGA) to the exchange-correlation
functional was employed.[80] Monkhorst-Pack k-point grid of 12×12×3,
plane wave energy cutoff of 600 eV, and a semi-empirical DFT-D3 correc-
tion for vdW interactions were used.[81] The electronic band structures
were calculated with the use of two methods: Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional,[82] and modified Becke-Johnson (mBJ-TB09)
exchange potential.[83]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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