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ABSTRACT

This doctoral thesis presents a comprehensive investigation of group IV mono- and
dichalcogenides (MX and MX,, respectively), a family of van der Waals (vdW) crystals with
significant potential in optoelectronic applications. The study focuses on the experimental
characterization of the fundamental optical and electronic properties of the materials, employing
various methods of optical and photoemission spectroscopy. Furthermore, potential applications of
the investigated materials are explored. One of the key findings of the research is the strong linear
dichroism of the optical response of MXs, which can be exploited in polarization-sensitive
photodetection. For MX crystals the measurements revealed a strong influence of native defects on
the optical properties, indicating the possibilities of tuning them by adjusting the defect
concentration.

The work is a series of five scientific publications (Chapters 2 — 6), preceded by an introduction
(Chapter 1), including general information about the investigated materials and a description of the
utilized experimental techniques.

In the first three reports GeSe (Chapter 2), GeS (Chapter 3), SnS, and SnSe (Chapter 4) crystals
are characterized using complementary methods of optical spectroscopy, with emphasis on the in-
plane anisotropy of the fundamental properties.

The fourth work (Chapter 5) is an experimental study of the electronic band structure of GeS,
SnS, and SnSe by means of angle-resolved photoemission spectroscopy (ARPES), revealing
characteristic features potentially responsible for high thermoelectric conversion efficiency.

The fifth work (Chapter 6) regards SnS, and SnSe; crystals. Alongside the investigation of the
optical activity, the influence of high intrinsic concentration of native donor defects on the optical
and electronic properties is discussed.

The study contributes to the general understanding of the fundamental properties of MX and
MX,, as well as phenomena related to interaction with light. The obtained results point toward the
most promising future applications.



STRESZCZENIE

Niniejsza praca doktorska przedstawia kompleksowe badanie mono- oraz dichalkogenkéw grupy
IV (odpowiednio MX i MX,), nalezacych do rodziny krysztaléw van der Waalsa (vdW), o duzym
potencjale w zastosowaniach optoelektronicznych. Badania koncentrujg si¢ na eksperymentalnej
charakteryzacji podstawowych wtasciwosci optycznych i elektronowych tych materiatéw, przy uzyciu
réznych metod spektroskopii optycznej i fotoemisyjnej. Ponadto analizowane sa potencjalne
zastosowania badanych krysztaléw. Jednym z kluczowych wynikéw jest potwierdzenie silnej
anizotropii odpowiedzi optycznej MX — zjawiska, ktére moze by¢ wykorzystane w detekgji $wiatla
czulej na polaryzacje. W przypadku krysztaléw MX, pomiary ujawnily znaczacy wplyw natywnych
defektéw na wlasciwosci optyczne, co stwarza mozliwos¢ ich dostosowania poprzez kontrolowang
zmiane koncentragji defektéw.

Praca sktada si¢ z serii pieciu publikacji naukowych (Rozdzialy 2-6), poprzedzonych wstepem
(Rozdziat 1), ktéry zawiera ogdlne informacje o badanych materiatach oraz opis wykorzystanych
technik eksperymentalnych.

W pierwszych trzech artykutach krysztaty GeSe (Rozdzial 2), GeS (Rozdziat 3), SnS i SnSe
(Rozdzial 4) zostaly zbadane przy uzyciu komplementarnych metod spektroskopii optycznej, z
naciskiem na anizotropie wtasciwosci optycznych.

Czwarta praca (Rozdzial 5) przedstawia eksperymentalne badanie struktury pasmowej materialéw
GeS, SnS i SnSe za pomoca katowo rozdzielczej spektroskopii fotoemisyjnej (ARPES), ujawniajace
charakterystyczne cechy potencjalnie odpowiedzialne za wysoka efektywno$é konwersji
termoelektrycznej.

Piata praca (Rozdzial 6) dotyczy krysztatéw SnS; i SnSe,. Oprécz analizy aktywnosci optyczne;j,
omawiany jest wpltyw natywnych defektéw donorowych na wlasciwosci optyczne i elektroniczne.

Przeprowadzone badana przyczyniaja si¢ do ogdlnego zrozumienia podstawowych wlasciwosci
MX i MX, oraz zjawisk zwigzanych z odzialywaniem ze $wiatlem. Uzyskane wyniki wskazuja

najbardziej obiecujace przyszte zastosowania.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and overview

It has been exactly 20 years since the groundbreaking work of Novoselov and Geim er al' was
published in October 2004, reporting the first fully functional field effect transistor (FET) based on
atomically thin carbon films, commonly known as graphene. The achievement revealed entirely new
opportunities across various fields of technology, particularly those aiming for device
miniaturization. In electronics, reducing the size of a single transistor allows more units to fit within
the same chip area, thereby increasing computational power. In the technology of light emitters and
detectors, the smaller size of light emitting diodes (LEDs) and light-sensitive elements lead to higher
resolution of displays and cameras. Additionally, thinner films offer improved transparency, which
can be utilized in applications like transparent displays or photovoltaic systems. The silicon-based
technology appears to be inevitably approaching its physical limits, as deviation from Moore’s law,*
predicting doubling of the transistor density, and hence computational power, every two years, can
already be observed.” The demand for novel solutions has led researchers to explore alternatives,
where materials such as graphene, naturally occurring in the thinnest possible form of single atomic
layers, hold great promise. This emerging class of materials is known as van der Waals (vdW) crystals,
after the character of interaction binding together individual layers.* Despite multiple superior
properties, graphene's semimetallic nature severely limits its potential as an active material in
semiconductor-based applications. As a result, in the past two decades, other vdW crystals have
garnered significant attention, offering a broad range of electronic properties, from insulating to
metallic.*> What is more, vdW monolayers often display unique behavior, distinct from their bulk
counterparts, sometimes revealing entirely novel phenomena. While the versatility of vdW crystals
offers vast potential, many of these promising materials are still not well understood. Comprehensive
research is necessary to characterize their fundamental properties and identify the most suitable
applications for future commercialization.

This thesis focuses on the investigation of group IV chalcogenides (MX and MX,, where M = Ge,
Sn, and X = §, Se), belonging to the family of vdW crystals. The primary objectives of the study are
the experimental characterization of the fundamental optical and electronic properties of MX and
MX; crystals, followed by an exploration of their potential applications. A significant portion of the
work is dedicated to strong anisotropy of the optical response, a feature that could enable their
application in polarization-sensitive optoelectronics.® Such technology can be exploited for the
detection of light polarization changes after traveling through a birefringent medium, including
various solids and liquid crystals, but also biological systems such as protein solutions.” The state-of-
the-art polarization detectors are complex devices composed of multiple optical elements, therefore

materials with intrinsic polarization sensitivity are extremely desired. Alongside experimental



evidence of linear dichroism, the thesis provides an in-depth discussion of its fundamental origins,
rooted in the crystal structure and symmetry of the materials. The investigation employs
complementary methods of optical spectroscopy and photoemission spectroscopy. The experimental
results acquired by the author are supported by theoretical calculations performed by Mitosz Rybak,
Jakub Ziembicki, Tomasz Wozniak, and Michal Blaszczak, under the supervision of Prof. Pawetl
Scharoch.

1.2 Investigated materials

1.2.1 Van der Waals crystals

Van der Waals crystals are materials with a specific layered structure, often referred to as two-
dimensional (2D), schematically illustrated in Fig. 1.1a. Within each layer, atoms form strong
covalent bonds, while individual layers are held together only by weak van der Waals interactions. The
distances between atoms depend on the type of bonding, so the lattice parameters within the layer
plane are much smaller than in the perpendicular direction. Such a structure leads to quasi-two-
dimensional behavior of the electrons, to some degree confined within the layer plane, and strong
anisotropy of the fundamental properties. One of the most straightforward examples is the electrical
conductivity, usually significantly better in the layer plane compared to the out-of-plane direction, as
charge carriers can move more easily within the layer than between them. The structure also allows
relatively easy isolation of single layers (or few-layer flakes), for which the confinement-related effects
are even more apparent, and often some novel properties emerge, dependent on the number of layers.
The first to obtain an atomically thin graphite flake, graphene, were Novoselov and Geim, supported
by their research team,' for which they were awarded a Nobel Prize in physics in 2010. The discovery
boosted the interest in van der Waals crystals, pointing toward entirely new possibilities of
applications. To date, various techniques allowing to obtain van der Waals monolayers have been
developed, and a wide range of materials besides graphene were investigated,*>'*!! in many cases
rediscovered after years of being studied in their bulk form. The versatility of materials with a broad
range of properties makes van der Waals crystals suitable for many different areas of technology,

beginning with electronics and optoelectronics (transistors, light emitters and detectors,

18-21 22-26 27-29

photovoltaics),”””" through nonlinear optics, thermoelectric conversion, photocatalysis,

31-33

piezotronics,* and energy storage, ending with advanced experimental-stage applications based

on phenomena such as superconductivity,*¢ 37,38

and quantum Hall or other topological effects.
In the following sections, the growth techniques and examples of van der Waals materials will be
discussed, with an emphasis on the crystals investigated in this work. Often, analogies to traditional

semiconductors (such as Si, GaAs etc.) will be used, which will be referred to as covalent crystals.

Examples of van der Waals crystals

The most common and well-studied van der Waals crystal is graphite, found both in bulk form
and as two-dimensional graphene.' Graphite is an allotrope of carbon, where sp” hybridization causes
each carbon atom to form covalent bonds with three neighboring atoms, creating a large planar
molecule with a hexagonal honeycomb arrangement, shown in Fig. 1.1a. Since a carbon atom has
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four valence electrons, one of them remains delocalized, forming a structure similar to a benzene
molecule. This delocalization makes graphite and graphene excellent electricity and heat
conductors.”” The theoretical phonon-limited carrier mobility of graphene within the layer plane can
reach up to 200000 cm?/Vs,**4! which exceeds the electron mobility in silicon by three orders of
magnitude.** Possessing also other desired properties, such as transparency, flexibility, and mechanical
strength, which can be further tuned by doping, surface functionalization or integration with other
materials, graphene is promising for numerous applications. The extraordinary conductive
performance of graphene is the consequence of its semimetallic character, determined by the
electronic band structure with zero band gap and linear (Dirac-like) dispersion, illustrated in
Fig. 1.1b.** In some aspects, the feature can be considered the greatest disadvantage of graphene,
limiting its use in technologies where semiconductors are required, especially light emitters and
detectors or photovoltaics. Therefore, more and more researchers focus on the investigation of other
materials, fulfilling the open band gap condition and, as a consequence, more suitable for applications

in optoelectronics.

(a) Covalent
bonds

Van der Waals '
interactions =

® C atoms

Fig. 1.1 (a) Crystal structure of graphene and (b) electronic band dispersion of graphene, visualizing linear
dispersion and zero band gap in the Dirac point. Reprinted with permission from Ref. [43]. Copyright 2009
American Physical Society.

A family of van der Waals crystals attracting increasing attention are transition metal
dichalcogenides (TMDs) - compounds of d-block elements (Ti, Hf, Zr, Mo, W, V, Nb, Ta) and
chalcogens (S, Se, Te).>** Depending on the occupation of the dbands of the electronic structure,
they exhibit different behavior, from insulating, through semiconducting, to metallic. TMDs
crystallize in a hexagonal structure, with a single van der Waals layer consisting of three atomic layers
bind covalently, as shown in Fig. 1.2a.** Two main polytypes can be distinguished, in which metal
atoms are either in octahedral or trigonal prismatic coordination, labeled 1T and 2H, respectively. In
Fig. 1.2b the reciprocal unit cell (first Brillouin zone, BZ) is presented, with labeled high symmetry
points. The most widely studied TMDs are compounds of Mo and W with S, Se, or Te, which are
semiconductors with energy gaps in the visible or near-infrared spectral range. Plenty of interesting
physical phenomena were observed, such as transition from indirect to direct band gap in the

monolayer limit (see the electronic band structure in Fig. 1.2c),**

extremally high exciton binding
energies (exceeding 200 meV),?” or valley polarization.**=>° The last effect is a result of the inversion
symmetry breaking in a monolayer form, for which the energetically degenerate valleys at K and K’

points of the BZ (labeled in Fig. 1.2b), are inequivalent regarding the exciton spin and couple



selectively with either left- or right-handed circularly polarized light. This feature can be exploited in
valleytronics — a branch of technology employing the valley degree of freedom and the possibility of
accessing it externally to store information. Despite these impressive properties, Mo- and W-based
TMD:s exhibit rather poor electrical conductivity (typically of ~200 cm®/Vs).!

(@) 1T 2H

_\_

Energy

r MK I'T MK T
Fig. 1.2 (a) Crystal structure of the two phases of TMDs, octahedral 1T and trigonal prismatic 2H. Reprinted
from Ref. [44] with permission of Royal Society of Chemistry; permission conveyed through Copyright
Clearance Center, Inc. (b) Three-dimensional (left) and two-dimensional Brillouin zone corresponding to the
crystal structure, with labeled high symmetry points, including inequivalent K and K points in a monolayer
form. (c) Band dispersion of bulk and monolayer MoS,, illustrating the indirect-direct band gap transition in

the monolayer limit. Reproduced from Ref. [46] with permission of Springer Nature.

A material combining the most desired properties of graphene and semiconducting TMDs is
black phosphorus (BP) and its monolayer form — phosphorene.'®**-5* In many aspects phosphorene
is similar to graphene, as an elemental crystal. As presented in Fig. 1.3a, it crystalizes in a honeycomb
structure, although the layer is not planar but puckered along one of the in-plane directions, as a
result of sp? instead of sp* hybridization. While carbon atoms in graphene bond with three neighbors
using three out of four valence electrons, leaving the remaining one delocalized, phosphorus has five
valence electrons, forming three bonds and one lone electron pair in tetragonal coordination. The
effective symmetry of the crystal is orthorhombic and characterized by strong in-plane anisotropy,
affecting the fundamental properties of the material, such as conductivity, optical response, or
mechanical parameters.>” The phenomenon will be discussed in detail further in this work, with
respect to IV-VI binary compounds analogous to BP."" The crystal structure and electron density
distribution determine the electronic band dispersion, which, contrary to graphene, is characterized
by an open band gap, relatively narrow in the bulk form (0.3 V) but tunable with the sample

thickness up to ~2 eV in the monolayer limit.'*****>* Importantly, the band gap character is direct

11
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(independent of the number of layers), which is crucial for applications in light-emitting devices.
Regarding the electrical conductivity, BP cannot compete with graphene, but exhibits properties
superior to TMDs.>>¢'-¢* It should also be mentioned that even though BP is ambipolar (i.e. both n-
and p-type doping can be easily achieved), the hole transport is favorable, with mobilities higher even
by an order of magnitude.”>** With the above intermediate properties, BP is considered a material

10,65 a5 visualized

bridging the gap between relatively wide band gap TMDs and semimetallic graphene,
in a diagram in Fig. 1.3b.

Despite many advantages, the stability of BP is not sufficient for real-life applications. Thin layers
are particularly prone to rapid degradation under atmospheric conditions.*** One approach to
prevent this process is the encapsulation of phosphorene flakes between layers of hexagonal boron
nitride,””" which, however, demands additional processing and is challenging to realize on a large
scale. Therefore, group IV monochalcogenides - materials closely related to BP with similar properties
but superior stability, which will be considered further in the text, are worth attention as an

11,72

alternative.
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Fig. 1.3 (a) Crystal structure of BP. Reprinted from Ref. [64] with permission of Royal Society of Chemistry;
permission conveyed through Copyright Clearance Center, Inc. (b) Diagram illustrating intermediate
propertied of BP, compared to graphene and TMDs, regarding band gap, carrier mobility and on/off ratio of
current response. Numbers in the figure correspond to references in the original work. Reprinted from
Ref. [54] under educational permission. Copyright 2015 National Academy of Sciences.

Crystal growth and single layers isolation techniques

Bulk van der Waals crystals can be grown by multiple methods, including directional solidification
(such as the Bridgman-Stockbarger technique), flux growth, and physical or chemical vapor
transport.”” The Bridgman-Stockbarger technique is a melt-based approach in which the grown
crystal solidifies directly from the liquid phase of the material. In the flux growth, the crystals nucleate
in a liquid (usually a molten metal, salt, or oxide), and the temperature dependence of the material

solubility in a given solution is exploited to control the process. In vapor transport techniques the



substrates sublimate (physical transport) or undergo a chemical reaction with the transport agent
(chemical transport) in the high-temperature zone of the growth chamber and are transported to a
cooler zone, where they recrystallize to form a monocrystal. The choice of the most suitable growth
method depends on the properties of the produced material, such as its melting point, solubility,
reactivity, vapor pressure, €tc.

Similarly to nanostructures of covalent crystals (quantum wells, wires, or dots), van der Waals
monolayers and thin flakes can be obtained by various techniques, among which rop-down or
bottom-up procedures can be distinguished. In the top-down methods, layers are isolated from a
thicker bulk crystal. The most common representative of this class of methods is mechanical
exfoliation, in which flakes are detached by a scotch tape and transferred onto the desired
substrate.”*”> The technique allows to obtain high quality structures, however it remains hardly
scalable. An alternative is liquid-phase exfoliation, in which the process takes place in a solution.”
The solvent molecules intercalate between the van der Waals layers and weaken the interaction,
leading to their disintegration. The method is often combined with sonication, i.e., applying
ultrasounds to enhance the separation of layers. The resulting thin flakes can then be deposited from
the solution. The technique is suitable for up-scaling, but the quality of the products is generally
poorer compared to mechanical exfoliation, due to contamination with chemical agents residues.

The bottom-up methods are mainly different variants of epitaxy (including molecular beam
epitaxy) or chemical vapor deposition (CVD), allowing to cover large areas with van der Waals
monolayers.”””® The main drawbacks of CVD are its high cost and the tendency of van der Waals
crystals to form clusters (such as triangular islands of TMDs) rather than uniform coatings.” Thin
sheets can also be directly synthesized from a solution as products of chemical reactions and extracted

in a similar manner to liquid-phase exfoliation.®**

Van der Waals heterostructures

Today’s electronics and optoelectronics strongly rely on the heterostructures and alloys of
covalent crystals, with precisely designed composition and geometry, including simple p-n2junctions,
but also complex multilayer structures for advanced applications, such as tandem solar cells, quantum
cascade lasers (and other light sources), Bragg reflectors, etc. The greatest challenge for
heterostructures engineering is the requirement of similar lattice constants of the materials.
Depending on the lattice mismatch, either strain is induced in the grown layers, or relaxation takes
place, leading to the formation of structural defects at the interface, which may propagate through
the entire structure, affecting its quality.

Analogously, heterostructures of van der Waals crystals can be assembled, however, providing
considerably more freedom in the choice of the materials.* Just like in bulk van der Waals crystals, in
heterostructures the constituent layers of different materials are held together by van der Waals
interactions and do not form actual chemical bonds. Therefore, such systems are not limited by the
condition of lattice matching, allowing for the design of heterostructures composed of layers with

significantly different lattice parameters or even completely different symmetry,*>%

as schematically
illustrated in Fig. 1.4a. The structural differences of the stacked layers are not completely idle and, to
some degree, may influence the interlayer interaction by inducing strain, but the effect is not as drastic

as in the case of covalent crystals, regarding the structure quality. Actually, the misalignment of the

13
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atoms in alternating layers may lead to the formation of moiré patterns and the emergence of novel
properties.® Moiré patterns are effectively superlattices resulting from lattice parameter mismatch,
twist, or strain of van der Waals bilayers, as demonstrated in Fig. 1.4c. By tuning these factors,
different patterns can be obtained, characterized by a related deformation field (periodic variation of
strain and atomic displacement), implying specific electronic behavior. An iconic example is the

twisted bilayer graphene, for which superconductivity was observed.?>*

Mechanically-assembled stacks

(a)

(b) (c) p-n heterojunction

Graphene
-BN

-
-

P-SnSe

E(V)

E (eV)

45 a5

Fig. 1.4 (a) Schematic illustration of van der Waals heterostructures, visualizing the processes of mechanical
assembly and epitaxial growth. Reprinted from Ref. [4] with permission of AAAS. (b) Sketch of a
graphene/hBN twisted bilayer structure showing the emergence of a moiré pattern. Reproduced from
Ref. [84] with permission of Springer Nature. (c) Schematic diagram (top) and band alignment (bottom) of
a SnSe/SnSe; p-n heterojunction. Reprinted from Ref. [82] with permission of IOP Publishing; permission
conveyed through Copyright Clearance Center, Inc.

An interesting idea of the heterostructure design is the combination of intrinsically 2- and p-type
semiconductors to form a p-n heterojunction, as shown in the diagram in Fig. 1.4c, without the need
for introducing foreign atoms as dopants. Such a device was realized for SnSe/SnSe; structure,* with
an additional advantage of the same elemental composition of the contributing materials, differing



only with stoichiometric ratio. Also worth mentioning is the fact that the two phases crystalize in
entirely different crystallographic systems, orthorhombic (SnSe) and hexagonal (SnSe;).

Van der Waals heterostructures offer plenty of new possibilities, however the efficient processes of
their preparation still need to be developed for large-scale commercial applications. The two main
approaches, mechanical assembly of the individual layers and direct epitaxial or CVD growth, are

illustrated in the top and bottom sections of Fig. 1.4a, respectively.

1.2.2 Group IV monochalcogenides
Group IV monochalcogenides (MXs, where M = Ge, Sn, and X = S, Sn, Te) are a family of

materials often referred to as phosphorene analogues,' as they are isoelectric to BP and inherit some
of its properties, in a similar manner as GaAs (and other zinc-blend III-V compounds) is related to Si.
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Fig. 1.5 Crystal structure of MXs. (a) Top view on a layer plane and side views along (b) xand (c) ydirections.
(d) three-dimensional and (e) two-dimensional Brillouin zone with labeled high symmetry points. Reprinted
from Ref. [87] under CC-BY 4.0 license. Copyright 2023 A. K. ToHoczko ez al.

MXs crystalize in a distorted orthorhombic structure (space group Fnma, no. 62), illustrated in
Fig. 1.5, with the characteristic anisotropic atomic arrangement in main in-plane crystallographic
directions.* Along the xaxis (also called armchair) the atoms form a puckered structure, while in the
y direction (zigzag), the layer is ladder-like. This feature gives rise to strong directionality of the
electronic structure, influencing the dielectric function and leading to strong linear dichroism of the
optical response and general anisotropy of the fundamental properties.*”~* The phenomenon, as one
of the main topics of this work, was experimentally investigated by different methods of optical
spectroscopy (especially the optical absorption) and is discussed in detail in the following chapters.
In a bulk structure, the layers are sequenced in a centrosymmetric AB stacking (i.c., alternating layers
have a slightly different atomic arrangement), however in a monolayer form the inversion symmetry
is broken, resulting in the emergence of piezoelectric, multiferroic and nonlinear optical

properties.****7%
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Fig. 1.6 Electronic band structures of GeS (a), GeSe (b), SnS (c), and SnSe (d) calculated by
J. Ziembicki (a,c,d) and M. Btaszczak (b) employing mB] exchange potential on top of the optimized
geometry obtained within PBE+SO approach.

Regarding electronic behavior, MXs are semiconductors with usually indirect band gaps in the
near-infrared or visible spectral range."" The materials are characterized by complex electronic band
dispersion, featuring multiple energetically close valleys (in both valence and conduction band),”'®
as presented in Fig. 1.6 for four representatives of the MX family, GeS, GeSe, SnS, and SnSe. Such a
structure has consequences for the conductivity, as multiple valleys may contribute to electronic
transport. It may also lead to difficulties in predicting the band gap character based solely on the
electronic band dispersion calculations, as the choice of the computational method and parameters
may affect the relative energies of the valleys. In other words, multiple band extrema can play the role
of the conduction band minimum (CMB) and valence band maximum (VBM). Therefore,
experimental verification of the accuracy of theoretical calculations is required. In the following
chapters, different techniques are applied to resolve this issue. For GeS, ARPES investigation (see
Chapter 5) allowed to determine the position of the VBM at the I point of the Brillouin zone, aligned
with the theoretically predicted CBM, indicating the direct character of the band gap.’” For the
remaining three compounds, the band at I point is shifted towards higher binding energies, and a
valley close to the X point is associated with the VBM, making the band gap indirect. The hypothesis
is also confirmed by the lack of the photoluminescence emission. Nevertheless, for GeSe, the
experiments (discussed in Chapter 2, but also independently shown by Murgatroyd er 2/'") revealed
domination of the optical absorption by direct transitions, suggesting a very small distance between
the fundamental indirect and lowest direct band gap.® For SnS and SnSe, the two transitions could be

resolved, exploiting the dependence on the incident light polarization,'** as shown in Chapter 4.
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Fig. 1.7 Band alignment of GeS, GeSe, SnS, and SnSe crystals. Ionization potential, work function,
electron affinity, and band gap are graphically defined as marked with arrows. Reprinted from
Ref. [102] under CC-BY 4.0 license. Copyright 2024 A. K. Toltoczko er al.

Another important property of MXs is their intrinsic p-type conductivity, resulting from the

presence of native acceptor defects, such as metal (Ge or Sn) vacancies,*”'%-1%

pinning the Fermi level
close to the valence band top. Also worth attention is a related parameter, the ionization potential,
determined by the VBM energy with respect to the vacuum level. Together with the work function
and electron affinity, they are a set of parameters allowing to evaluate band offsets of a material. In
Fig. 1.7, the three parameters are graphically defined, and the band offsets of MXs are plotted.'*>'*
As can be seen from the figure, especially in the case of SnX crystals, the ionization potential is
relatively low compared to other semiconductors (approximately 4.9 ¢V), which leads to serious
consequences regarding the band alignment in heterostructures and the character of electrical
contacts (Ohmic or Schottky) formed with different metals. This property is related to the presence
of the stereochemically active lone electron pairs in the crystal structure.'*'**1” The metal atom in
the tetragonal coordination forms three bonds with chalcogen atoms and a lone electron pair is
pushed to the fourth vertex of the tetrahedron, leading to distortion of the crystal lattice. According
to the revised lone pairs model,'”® due to specific mixing of the valence M and X orbitals, the valence
band top is shifted towards lower binding energies, reducing the ionization potential. The
phenomenon is discussed in detail in Chapter 4.

Apart from optoelectronic applications, MXs are also promising for thermoelectric
conversion.*>*?»?%919 Thermoelectric materials are extremely desired in the era of growing energy
demand, as they allow to directly convert heat into electricity. A quantity describing the
thermoelectric efficiency of a material is the thermoelectric figure of merit, given by the formula

2
=T (1)
K, + K,
where § is the Seebeck coefficient, o is the electrical conductivity, x; and x. are the lattice and
electronic thermal conductivities, respectively, and 77is the temperature. Since it is challenging to
simultaneously maximize both Sand o (the parameters are counter-dependent, therefore improving

one usually leads to deterioration of the other), the state-of-the-art thermoelectric materials are
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complex Pb compounds, exploiting heavy atoms and nanostructuring to minimize the thermal
conductivity. """ However, it was shown by Zhao er 2/** that the pristine SnSe can reach z7 of 2.6
(exceeding the Pb-based technology), thanks to its intrinsic low thermal conductivity, but also the
multivalley electronic band structure, allowing to overcome the inverse relationship between Sand o
Other MXs, thanks to a similar band dispersion, also exhibit potential for thermoelectric
applications, as considered in Chapter 5.

1.2.3 Group IV dichalcogenides

Group IV dichalcogenides (MXa, where M = Ge, Sn, and X =S, Se), despite similar atomic
composition, differ significantly from MXs due to the 1:2 stoichiometry. They crystalize in
monoclinic (GeX>) or hexagonal (SnXs) structure. This work is focused mainly on tin compounds.
The materials are suitable for a variety of applications, including optoelectronics, but also
thermoelectric conversion, saturable absorbers for mode-locked lasers, photocatalysis, gas sensing,
and water purification.””?>!>"?! They are also perfect for integration with other stoichiometric
phases of group IV chalcogenides (MX, M>X;) and with TMDs, crystalizing in a similar structure.
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Fig. 1.8 (a) Hexagonal structure of SnX, crystals. Reprinted from Ref. [125] under CC-BY 4.0 license.
Copyright 2024 A. K. Toltoczko et al. (b) Three-dimensional and (c) two-dimensional Brillouin zone, with
labeled high symmetry points. (d) Electronic band structures of SnS, and (d) SnSe; calculated by M. Rybak
using mB]J exchange potential on top of the optimized geometry obtained within the PBE+SO approach.
Fundamental indirect ( £) and lowest direct ( £4) band gaps are distinguished.

The crystal structure of SnX, materials, illustrated in Fig. 1.8a, belongs to space group P3m1 (no.
164), often referred to as CdIo-type.'?*'** The Sn atoms in an octahedral coordination form six bonds
with chalcogens. The nomenclature regarding the structure present in the literature may lead to some
confusion, as the phase is often referred to as 2H in the Ramsdell notation,'** commonly used for

CdlI-like crystals. In this convention, the number 2 represents the number of chalcogen atomic layers



in the unit cell, while the letter H stands for the hexagonal arrangement. For TMDs, another notation
is used, in which a phase with trigonal prismatic coordination of the metal atom is labeled 2H, where
2 describes the number of van der Waals layers (i.e. X-M-X layers) in the unit cell. Using this system,
the P3m1 SnX; crystals should be referred to as 1T polytype.

The electronic band structure of SnX,, demonstrated in Fig. 1.11, reveals the indirect character of
the fundamental band gap (of ~2.1 ¢V for SnS; and ~1.0 eV for SnSe,), with the VBM in the I'-K
path and CBM in the L point of the BZ.'> The lowest direct optical transition occurs in the I point.
Similarly to MXs, the band structure has a multivalley character, however some other unique features
can also be observed. One of them is an extremally flat valence band dispersion in the proximity of
the I point, which has consequences regarding the electronic transport (high effective mass leads to
low carrier mobility) and optical properties (significant broadening and band-nesting character of the
optical transitions). Another interesting effect is the presence of a splir-off band in the CB, i.e. the
lowermost band is separated from the remaining part. As shown in Chapter 6, the band is composed
of a mixture of Sn s and chalcogen p orbitals. The calculations of the transition matrix element
between the topmost valence and the split-oft conduction band resulted in very low values of the in-
plane component (especially in the high symmetry points of the BZ), indicating the optical
transitions between the bands are forbidden (or quasi-forbidden) by the selection rules.
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Fig. 1.9 (a) Graphical illustration of Burstein-Moss effect. Due to the population of the bottom CB states by
electrons, only light of energy exceeding the lowest unoccupied state can be absorbed, which is experimentally
observed as a blueshift of the absorption edge. (b) Evidence of the effect for SnSe, in the ARPES maps,
revealing the CB valleys and Fermi level located above the band gap. Reprinted from Ref. [127] with
permission of AIP Publishing.

In contrast to the monochalcogenide phase, MX, crystals exhibit intrinsic z-type conductivity
induced by native donor defects (chalcogen vacancies and interstitial Sn).*>'%>'>¢ The relatively high
defect concentration leads to the Burstein-Moss effect (effective shift of the optical band gap energy
due to population of the bottom conduction band states, schematically illustrated in Fig. 1.9a) visible
in the optical absorption. As discussed in Chapter 6, the Burstein-Moss effect is most likely a primary
cause of the discrepancies in the literature regarding the character and width of the energy gap of
SnX, crystals, as different concentrations of the donor defects shift the absorption edge by different

127 where the

amounts. A direct evidence of the phenomenon in SnSe; is the work of Lochocki ez a/,
authors detected a signal originating from the conduction band valley in the ARPES measurements,

sensitive only to occupied electronic states. The examples of the acquired constant energy map at the
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Fermi level and valence band top are presented in Fig. 9b. The importance of native defects in the

material system is also shown by other studies, investigating their influence on properties such as

photocatalytic efficiency or surface adsorption for gas detection,**120121:128-130

1.3 Experimental techniques

1.3.1 Optical spectroscopy

Optical absorption

Optical absorption spectroscopy is one of the fundamental analytical techniques adapted to study
the interaction between light and matter. In solid-state physics, together with reflectance, they
provide information about the dielectric function of the material, as absorption and reflection
coeflicients are related to, respectively, imaginary and real parts of the dielectric function. Unlike
reflection, the absorption of the material cannot be measured directly, but is determined based on the

light transmission through the sample using the Lambert-Beer relation
IT = Ioe_a/d, (2)

where /7 is the transmitted light intensity, /, is the incident light intensity, « is the absorption
coeflicient and d/is the sample thickness. If the reflection from the sample surface is significant (which
is the case for most solid-state materials), the formula needs to be corrected by the reflected light

intensity /x, resulting in
IT=(IO_IR) e_a/d. (3)

Then, the absorption coefficient can be calculated form the derived equation

a=—lln( fr ) (4)

In the investigation of semiconductors, particularly important is the spectral region close to the

absorption edge, allowing to determine the fundamental band gap. The technique is sensitive to both
direct and indirect optical transitions, characterized by difterent spectral dependences. In the analysis
of the optical absorption, the relation between the imaginary part of the dielectric function and the

joint density of states of the material is exploited, together with an assumption of parabolic and
. . . . . h2k? .
spherically-symmetrical dispersion of the bands at VBM and CBM (i.e. E (k) « Py where kis the
wavevector and m’ is the effective mass of an electron or hole, for conduction and valence band,
respectively).”®' Then, the analysis of the absorption coefficient spectra near the absorption edge can

be simplified to considering the proportionality
1 1
a(hv) o< — (hv — E,)?, (5)
for direct optical transitions, and

a(hv) o h—lv (hv—E, +E,)’, (6)



for indirect absorption edge, where Avis the incident photon energy, £ is the fundamental band gap,
and £, is the energy of the phonon involved in the indirect process. It should be noted that in the case
of an indirect band gap, two absorption edges should be observed, corresponding to the processes
with phonon absorption (minus sign in the equation) and emission (plus sign). In practice, the
former is usually weak (especially at low temperatures), and the analysis is limited to the latter. The
approach is generally referred to as the Tauc plot method,"** in which the band gap is extracted from
the absorption coefficient spectra by extrapolating the linear portions of the («#4») vs. v plot, where
y depends on the transition character (2 for direct allowed, 1/2 for indirect allowed, 2/3 for direct
forbidden, and 1/3 for indirect forbidden transitions). Although the Tauc plot method is widely used
and provides accurate results for covalent crystals, for which the condition of parabolic bands
dispersion is fulfilled, it may fail for more complex structures characteristic for many van der Waals
crystals. As shown in Chapter 6, an alternative can be the analysis of the derivative of the
transmittance spectra (either calculated numerically or acquired from the modulated version of the
experiment, analogous to the modulated reflectance considered further in this chapter), not restricted
by assumptions of the electronic band shape. The approach is commonly employed in spectroscopic
ellipsometry, as it allows to better visualize the critical points of the dielectric function.'?3!3*

An experimental setup allowing to measure the light transmission is presented in Fig. 1.10. The
sample, mounted on a transparent or holey holder enabling light transmission, is illuminated by
radiation from a white light source (here, a tungsten halogen lamp), dispersed by a monochromator.
The transmitted portion of the incident light is focused on a photodetector. Modulating the signal
by a mechanical chopper and coupling it with a lock-in amplifier allows improving the sensitivity of
the method. Additionally, for low-temperature or temperature-resolved measurements, the sample is
placed in a cryostat.

Long-pass
i filter Halogen lamp
Photodetector O T O Monochromator O O
Chopper

il o |

Lock-in amplifier

Fig. 1.10 Experimental setup for optical absorption measurements.

Modulated reflectance

Modulated reflectance is one of the methods of modulation spectroscopy, suitable for
investigating the optical properties of a material by externally inducing periodic perturbation of the
dielectric function and measuring its changes."” The differential character is one of the strongest

advantages of modulation spectroscopy, as it ensures high sensitivity. The dielectric function is
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generally composed of broad, slowly varying regions with superimposed rather weak but sharp
features at the energies of van Hove critical points (corresponding to the joint density of states
singularities). Therefore, it is often more convenient to analyze the derivatives of the spectra, in which
rapid changes are enhanced over a locally monotonous background. The reflectance R of a material
can be related to the perturbation of the dielectric function by a linearized formula

AR
R = Brde, + Bide;, (7)
dInR dln . s o
where 8, = 5% and f; = S, are the Seraphin coefficients,*>'*® ¢,and ¢ are the real and imaginary
T i

parts of the dielectric function, respectively, and Ae, and Ag are their changes. Considering the
spectral dependence of the Seraphin coefhicients, close to the fundamental absorption edge 4; is
negligible, which simplifies the analysis to only considering Ae. The approximation is usually
sufficient, although if needed the Kramers-Kronig relations can be used to connect the real and
imaginary parts.”?’

The modulation of the dielectric function, and consequently the reflectance, can be achieved by
influencing the sample temperature, internal strain, or applying an alternating electric field.
Dependently on the modulated factor, different variants of the method can be distinguished,
including thermoreflectance (TR), piezoreflectance (PzR), electroreflectance (ER) or its contactless
modification (CER), and photoreflectance (PR). In principle, as demonstrated in Fig. 1.11, using the
example of PR, the sample with applied external modulation is simultaneously illuminated by white
light (or monochromatic portion of a spectrally broad source), and the reflected signal is collected.
The use of a phase-sensitive lock-in amplifier allows separation of the constant component (not
sensitive to the perturbation, also containing the characteristic response of the experimental setup)
and varying component (reproducing the influence of the modulation). The ratio of the two
components determines the relative change of the reflection coefficient, dependent only on the
investigated structure properties.
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Fig. 1.11 Experimental setup for PR measurements.



In this work, the PR is employed to characterize MX and MX, crystals. In this variation of the
modulated reflectance, periodic excitation of the sample with a mechanically chopped laser beam is
applied. The technique is commonly qualified as a variant of electromodulation, however, it may also
induce changes in the sample temperature, resulting in thermomodulation. Both processes are
schematically illustrated in Fig. 1.12a,b. The former occurs in the presence of a built-in electric field
in the structure, which is usually observed for covalent crystals and heterostructures. At the sample
surface the translational symmetry is broken, as the boundary atoms lack further neighbors to bond
with. Asa consequence, there are so-called dangling bondsleft, which need to be passivated by foreign
atoms or in the process of surface reconstruction. Either way, additional electronic states form,
typically within the band gap, which can be partly occupied by carriers. Then, at the crystal surface,
the Fermi level is pinned at a different energy than in the bulk, which leads to bending of the
electronic bands and induces the electric field. The field can be further influenced by the photovoltaic
effect, as demonstrated in Fig. 1.12b. Under illumination, photogenerated electron-hole pairs are
spatially separated by the electric field and modity it further. When the excitation is turned off, the
carriers recombine and the electric field returns to its initial state. Unlike covalent materials, van der
Waals crystals do not undergo surface reconstruction, therefore the non-uniform distribution of the
electrical potential can only be related to some external impurities or oxidation of the surface layers,
which is a rather weak effect. Hence, the thermomodulation mechanism dominates, in which the
sample temperature is temporarily increased, as photogenerated carries thermalize to the lowest
excited states, and the energy is dissipated as heat (Fig. 1.12.a). Both effects provide similar
information, but the procedure of the analysis of the spectra differs. Thermomodulation is an
isotropic effect, preserving the translational invariance in the structure, and influencing the dielectric
function by slightly reducing the band gap when the sample is heated. Then, the relative changes in
the reflectance spectra observed as a form of a resonance can be approximated by the first derivative

of the Lorenzian line-shape, given by
AR . _
?(hv) = Re Z Cie'?i(hv — Ej + il}) ™ (8)
Jj

where Cjis the fth resonance amplitude, ¢;is the phase, Z;is the optical transition energy, and /is the
lifetime broadening. The parameter m = 2 for the first derivative analysis. The summation over ;
applies when more than one optical transitions occur within a narrow spectral range. Unlike the
temperature, the built-in electric field is directional and affects the dielectric function by accelerating

the charge carriers. It was shown by Aspnes,"®

that in the case of electromodulation the changes
follows the third derivative line-shape. The influence of thermo- and electromodulation on the
dielectric function is presented in Fig. 12 ¢ and d, respectively.

Nevertheless, under the assumption of the parabolic band dispersion Eq. 8 can be used, with the
value of the m parameter chosen depending on the critical point dimensionality (2.5 for 3D, 3 for
2D, and 3.5 for 1D) or the transition character (2 for excitonic transitions). Hence, in practice, for
the analysis of the PR spectra, prior assessment of whether thermo- or electromodulation effects

dominate is not critical, especially when the parameter of interest is mainly the optical transition
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energy. It should be noted that the procedure described above is applicable under the conditions of a
weak electric field, while beyond this regime, some additional effects emerge, such as Franz-Keldysh
oscillations.” Since for pristine van der Waals crystals the built-in electric field is rather insignificant,
the cases of intermediate and strong fields will not be discussed in this work.
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Fig. 1.12 Two mechanisms of dielectric function modulation by periodic excitation with a laser beam in PR
technique: (a) increase of the sample temperature in the process of excited carriers thermalization from higher
states to the bottom of CB and top of VB, and (b) reduction of the built-in electric field, compensated by
spatial separation of photogenerated electron-hole pairs, on the example of n-type material. The influence of
the effects of (c) thermomodulation and (d) electromodulation on the imaginary part of the dielectric

function, illustrating expected shapes of differential spectra.

An experimental setup for PR measurements is proposed in Fig. 1.11. The tungsten halogen lamp
is exploited as the white light source, and the mechanically chopped laser beam is used for sample
excitation. In the figure a so-called bright configuration is presented, in which the sample is
illuminated with white light, and the reflected signal is dispersed by a monochromator before being
detected. The experiment can also be carried out in a dark configuration, analogous to the optical
setup for absorption measurement illustrated in Fig. 1.10, where monochromatized light of
wavelength scanned across the spectral range of interest is used as the probe beam.

Raman scattering

Raman scattering spectroscopy is an experimental technique exploiting inelastic scattering of light
as a source of information about the structure and composition of the investigated materials. When
the sample is illuminated, most of the light is scattered elastically (Rayleigh scattering), but a small



fraction interacts with the vibrational levels of the molecules in a process of inelastic (Raman)
scattering, resulting in a slight increase (Stokes lines) or decrease (anti-Stokes lines) of the photon
energy, as shown in a diagram in Fig. 1.13a. The energy difference between the incident and scattered
light corresponds to the energy of vibrational (or rotational) modes of the molecules, which are
compound-specific. Therefore, Raman spectroscopy can be treated as a fingerprint method, allowing
identification of chemical substances by revealing the presence of specific functional groups, chemical
bonds, and molecular structures. In solid-state physics, Raman spectroscopy is used to study phonons
(quantized crystal lattice vibrations), which can provide insight into the crystallographic structure,
phase, and lattice defects in materials. The activity of Raman modes depends on the crystal symmetry,
and their frequency on the lattice parameters and chemical composition. It is also worth noting that
only optical phonon modes can be investigated using this technique, due to the momentum
conservation principle. Since the momentum of a photon is negligible compared to the momentum
of an oscillating atom, light can only interact with phonons possessing non-zero energy at zero
momentum, which is fulfilled for optical phonons, as shown in Fig. 1.13b. To study acoustic modes,
different methods need to be employed, such as Brillouin light scattering and neutron scattering.
An experimental setup for Raman scattering measurements is schematically presented in Fig. 1.14.
A monochromatic light source (here, a continuous wave laser) is focused on the sample surface by an
objective lens, utilized also for the scattered light collection. The signal beam travels through a sharp
cut-off optical filter, eliminating the elastically scattered light from the spectrum, and is introduced
into the detection system, composed of a high-resolution monochromator and a CCD camera able

to resolve the Raman lines.
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Fig. 1.13 Illustration of processes of elastic (Rayleigh) and inelastic (Raman) scattering (a) resulting Raman
spectrum, including Rayleigh, Stokes and anti-Stokes lines (b), and phonon dispersion diagram, visualizing

optical and acoustic branches (c).
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Photoluminescence

Photoluminescence (PL) spectroscopy is used to investigate the radiative recombination processes.
In principle, the sample is illuminated by monochromatic light (usually a laser beam) of energy equal
to (resonant excitation) or exceeding (non-resonant excitation) the characteristic energy of the
system. Typically, such energy is the band gap, but depending on the investigated structure, it may
also be an impurity level, exciton energy, or generally any difference between discrete electronic states.
The incident photons generate electron-hole pairs, which then thermalize (in the case of non-
resonant excitation) and recombine. In radiative recombination, the energy is emitted in the form of
photons, which can be detected, providing information about electronic states. The phenomenon is
typical for direct band gap semiconductors, while for indirect band gap, non-radiative processes
dominate. To preserve the momentum, additional particles, such as phonons, need to participate in
the process, which severely deteriorates the probability of radiative recombination. For this reason,
photoluminescence emission is not observed for the majority of indirect gap materials, allowing to
preliminarily determine the band gap character. Nevertheless, the result may sometimes be
misleading, as weak emission from indirect band gap or higher levels in the case of optical pumping
(filling the lower states by high-intensity incident light) can sometimes be observed. On the other
hand, in direct band gap semiconductors different mechanisms of photoluminescence quenching can
be present, such as charge and energy transfer between electronic bands and impurities-related states.
In this regard, additional signal can sometimes be detected in the PL spectra originating from the
transitions between bands and defect levels within the band gap (or between different defect levels).
Such emission is generally easy to distinguish from band-to-band and excitonic transitions, as the
measured line often has significant spectral broadening and its intensity (/) varies with the excitation
power (Z.,), following the relation I ~ Pk, with the parameter 4 < 1. For excitonic and band-to-band
emission & assumes values approximately equal or greater than 1, respectively.'’
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Fig. 1.14 Experimental setup for Raman scattering and pPL measurements.



In this work, PL spectroscopy was exploited for the investigation of defect-related emission in SnS,
crystals, as for other materials no emission was observed. An example of an experimental setup is
presented in Fig. 1.14, also used for Raman scattering measurements. The diagram illustrates

microscopic configuration, allowing to detect signal from pm-size samples.

Polarization-resolved measurements

In order to investigate the anisotropy of the optical properties of van der Waals crystals the
experimental methods described above were applied in a polarization-resolved configuration. The
modifications of the experimental setups for optical absorption (Fig. 1.10) and photoreflectance (Fig.
1.12) involved placing additional elements in the optical axis: a Glan-Taylor polarizer to acquire linear

polarization of the probing light, and a half-wave plate to rotate the polarization angle.

1.3.2 Photoemission spectroscopy

Photoemission spectroscopy (PES) is a technique exploiting the photoelectric effect to investigate
the electronic structure of a material. By illuminating the sample with high-energy radiation (from
the UV or X-ray region of the electromagnetic spectrum), the electrons are ejected from its surface.
Their kinetic energy Eii» depends on the excitation energy and specific energies of the material as given
by the formula

Exin =hv—@ — E), )

where pis the work function (i.., the position of the Fermi level with respect to vacuum energy), and
E,is the binding energy of the ejected electron. The photoemission process is schematically illustrated
in Fig. 1.15a.

Depending on the energy regime, different variants of PES are distinguished, allowing to probe a
broad range of electronic states of a material. UV photoemission spectroscopy (UPS) is typically used
to examine the valence band states, at energies up to 20 eV. It can be used to visualize the valence band
density of states and even, to some extent, investigate the orbital composition. In addition,
fundamental electronic properties such as the work function, ionization energy, and electron affinity
(if the energy gap is known) can be determined. X-ray photoemission spectroscopy (XPS) probes
core-level states at higher binding energies. As a fingerprint method, it provides information about
the elemental composition of the measured structure, but also its stoichiometry and chemical
environment, as the position of the core-level orbital lines vary slightly depending on the oxidation
state. A more advanced modification of the method is the angle-resolved photoemission spectroscopy
(ARPES), enabling the observation of the valence band dispersion in the wavevector space, based on
the fact that the electron momentum in-plane component is preserved in the photoemission process.
All these methods require ultra-high vacuum conditions, specialized electron optics, and a
hemispherical detector, suitable for resolving the emitted photoelectrons kinetic energies (by curving
their trajectory in the magnetic field), as illustrated in Fig. 1.15b.

The choice of the excitation energy, besides determining the probing depth, has other
implications. The photoemission intensity depends on the photoionization cross-section, varying for
different orbitals and incident radiation energies. Generally, with increasing excitation energy, the
photoionization cross-section decreases. Also, valence orbitals are characterized by smaller cross-
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sections compared to core states. These tendencies make the high-energy XPS technique less optimal
for measurements of the valence band (the photoemission intensity from this region is low), even
though it is within the probed range. In the case of ARPES measurements the excitation energy also
plays one more critical role. As mentioned, in the photoemission the in-plane component of the
electron momentum is preserved, however the condition is not fulfilled for the out-of-plane
component due to interaction with the surface atoms. Therefore, when examining a 3D crystal, the
probed plane of the reciprocal space cannot be directly determined. In other words, considering the
first Brillouin zone, the probed states do not necessarily belong to the central plane (containing the I
point) or other plane of interest. In fact, in the ARPES maps several £, states are projected onto the
measured plane, forming so-called reduced 2D BZ. By varying the excitation energy, different regions
along the £, direction can be observed, visualizing the out-of-plane valence band dispersion. Van der
Waals crystals are often characterized by weak dispersion in the £, direction, although for multilayer
structures it depends on the strength of the interlayer interaction and should not be neglected.
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Fig. 1.15 Schematic illustration (a) of the photoemission process and (b) of the experimental procedure. The
electrons are ejected from the sample surface at an angle corresponding to their in-plane momentum. The
hemispherical analyzer allows to resolve the kinetic energy of electrons by curving their trajectory in the
magnetic field.

Two modifications of PES, two-photon photoemission spectroscopy (2PPE) and inverse
photoemission spectroscopy (IPS), are also worth mentioning, as they provide the possibility to
investigate the unoccupied electronic states (above the Fermi level), and hence, being complementary
to PES. The former is a time-resolved method, using a pumping laser pulse to excite the electrons to
populate the energetically higher states, and a secondary pulse to eject them from the sample. Usually,
the pumping beam energy is within the visible spectral range, and the probing radiation belongs to
the UV range, sufficient for photoionization. Both wavelengths can be obtained by exploiting
different harmonics of a femtosecond laser. The photoelectrons are analyzed in the same
configuration as in PES. In the IPS technique, the sample is exposed to a beam of electrons, which
couple to high-energy unoccupied states and decay to lower unoccupied states. In the process,
electromagnetic radiation is emitted, providing information about the energy difference between
involved levels.

In this work, three variants of PES were used to investigate the electronic structure of IV-VI

monochalcogenides, as reported in Chapters 4 and S.



CHAPTER 2

Optical properties of orthorhombic germanium
selenide: an anisotropic layered semiconductor
promising for optoelectronic applications
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Alicja Bachmatiuk, Pawel Scharoch, Robert Kudrawiec

Journal of Materials Chemistry C, 9, 14838 (2021)

Overview

The optical properties of GeSe were investigated by means of polarization-resolved optical
absorption and photoreflectance measurements, supported by DFT calculations of the electronic
band structure. The study revealed strong anisotropy and domination of the optical properties by
direct transitions, despite the indirect character of the fundamental band gap. Additionally, the
photoconversion performance of a simple Schottky-junction Ag/GeSe photodetector was

characterized, showing promise for polarization-sensitive light detection applications.
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Fig. 2.1 Graphical abstract. Reprinted from Ref. [7] under CC-BY 4.0 license. Copyright 2021
A. K. Toltoczko et al.
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Group-IV monochalcogenides, such as germanium selenide (GeSe), are strongly anisotropic semi-
conducting van der Waals crystals isoelectronic to black phosphorus, with superior stability in air
conditions. High optical absorption, good conductivity, and band gap ranging from 1 to 2 eV make these
materials suitable for various optoelectronic applications; however more in-depth investigation of their
fundamental properties is required. We present a comprehensive study of bulk GeSe by means of optical
absorption and modulation spectroscopy, supported by theoretical density functional theory (DFT)
calculations of the electronic band structure. Our experimental results reveal that the optical properties
of GeSe are dominated by direct transitions; however the fundamental band gap might in fact be
indirect and could not be observed in the experiment due to low oscillator strength. Such interpretation
is in agreement with our calculations, providing the picture of the first Brillouin zone with multiple band

Received 8th September 2021, extrema in close energy proximity. In order to investigate the anisotropy of the material, polarization-

Accepted 28th September 2021 resolved measurements have been performed, revealing a strong dependence of the observed optical
DOI: 10.1039/d1tc04280g transitions on light polarization. Photogenerated current measurements resulted in reasonably high
photoconversion efficiency and fast response time, implying that GeSe is a promising material for

rsc.li/materials-c photoconversion applications.

Group IV monochalcogenides (MX, where M is a group IV
element, such as Ge, Sn or Pb, and X is a chalcogen atom, such
as S, Se, or Te) are a family of van der Waals crystals iso-
electronic to black phosphorus, which are also known as
phosphorene analogues,”® as they share the most important

Introduction

Since the interest in two-dimensional (2D) materials and hetero-
structures has been boosted by the first successful exfoliation of
atomically thin graphite flake, graphene,"” a variety of other

layered van der Waals crystals have been rediscovered as poten-
tially more suitable for certain applications than semimetallic
graphene. One of them is black phosphorus (BP), a promising
direct band gap semiconducting material, which in analogy to
graphene is called phosphorene in its monolayer form. BP is
known to fill the gap between graphene and transition metal
dichalcogenides (TMDs) - it combines open energy gap, charac-
teristic for TMDs, with excellent conductivity, nearly comparable
to graphene.®>” Unfortunately, despite being the most stable
phosphorus allotrope, BP is prone to oxidation in air conditions,
which severely limits its applications.®’
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features, but exhibit superior stability. MXs are semiconductors
with an orthorhombic crystal structure (space group Pcmn).
Atomic arrangement along main in-plane crystallographic
directions is strongly anisotropic, which affects the material’s
fundamental properties.”** An open band gap tunable from
the near infrared to visible spectral range, high carrier mobility,
and strong optical absorption make MXs perfect candidates for
application in two-dimensional optoelectronics (photovoltaics,
light detectors and emitters).”>™*° They do, however, exhibit
other properties that can be exploited in different areas of
technology, such as nonlinear optics,’*® transistors,>*?®
piezotronics,?*™?® multiferroics-based devices,?*** or photo-
catalytic water splitting.*37°

Germanium selenide (GeSe) has attracted the particular
interest of researchers focused on photovoltaics.">'®*”~*° The
material exhibits low toxicity and is composed of earth-
abundant elements. In its bulk form, the band gap of GeSe is

This journal is © The Royal Society of Chemistry 2021
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most often reported between 1.1 and 1.3 eV (dependent on the
experimental or theoretical method), which is close to the
optimal value for maximum photoelectric conversion, according
to the Shockley-Queisser detailed balance limit.*' Moreover, it is
possible to combine GeSe with other van der Waals crystals,
especially group IV mono- and dichalcogenides, to form hetero-
structures,*>”*> which can be exploited as p-n-like junctions, due
to relative band offsets,*® or in the construction of tandem solar
cells. With the selenium-rich analogue of GeSe, GeSe,,"”*® such
heterostructure can be grown in one reaction chamber using the
same precursors but by adjusting only the stoichiometric ratio,
which allows the avoidance of impurities and unintentional
doping, as reported for the SnSe/SnSe, heterostructure.*® The
CVD technique can also be exploited, which is important for
large-scale device integration.

To date, there are a lot of discrepancies in the literature
concerning the optical and electronic properties of GeSe,
particularly the character and exact width of the fundamental
band gap, crucial for the design of any semiconducting device.
Based on the experimental investigation of the optical activity
in GeSe, the majority of authors report an indirect fundamental
band gap of ~1.2 eV at room temperature.”’®>* However, there
are also reports of a direct band gap at slightly higher energies.*”
The reason for numerous various interpretations can be found in
the electronic band structure, featuring flat bands and multiple
band extrema within close energy proximity, characteristic of the
whole MX family.®">*® Unfortunately, density functional theory
(DFT) calculations do not provide the unambiguous answer as
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well, as the width of the fundamental band gap of GeSe and its
position in the Brillouin zone (BZ) are sensitive to lattice para-
meters and the computation method in general.®37>0»%55

In this work we present a comprehensive study of GeSe
focused on its optical properties, anisotropy, and photoelectric
conversion efficiency. The samples were characterized by high
resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), electron energy loss
spectroscopy (EELS), and Raman spectroscopy. The optical
properties of GeSe were investigated using polarization- and
temperature-resolved optical absorption and photoreflectance
(PR), one of the methods of modulation spectroscopy. Optical
absorption reveals the fundamental band gap of the material
(either direct or indirect), while PR allows observation of
energetically higher features, but it is only sensitive to direct
optical transitions. Therefore, the two methods are considered
complementary. Ab initio calculations of the electronic band
structure have been performed to support experimental results
and enable assignation of the measured optical transitions to
certain BZ points. Eventually, the photoelectric conversion
efficiency of a simple GeSe zero-bias photodetector has been
studied, by means of photogenerated current measurements.

Results and discussion

Germanium selenide crystallizes in the orthorhombic phase
(Pcmn), schematically presented in Fig. 1a. The lattice constants
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(@) Schematic illustration of the GeSe orthorhombic crystal structure and atomic arrangement along main in-plane directions (armchair and

zigzag), (b) HRTEM image of the GeSe flake with crystallographic directions and spacings between crystal planes marked, (c) SAED pattern with labeled
reflexes corresponding to certain crystal planes, (d) EELS spectrum with labeled edges related to Ge and Se atoms, and (e) Raman scattering spectrum,
acquired for a bulk GeSe sample with the excitation of a 532 nm laser beam, at room temperature.
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are @ = 0.444 nm, b = 0.386 nm, and ¢ = 1.081 nm,”® where @ and
b are in-plane unit cell dimensions, and c is the lattice para-
meter perpendicular to the layer plane. DFT calculations yield
a = 0.442 nm, b = 0.389 nm, and ¢ = 1.092 nm, in excellent
agreement with measured values. The atomic structure within a
single layer is anisotropic. In the x (100) direction, called
armchair, the layer is puckered, while in the orthogonal y
(010) direction, called zigzag, the atoms are arranged in a
ladder-like pattern. As can be seen in the HRTEM image and
the SAED pattern presented in Fig. 1b and c, respectively, the
investigated sample exhibits high crystallinity. In the HRTEM
image the atomic sites are clearly visible, and an arrangement
characteristic of the orthorhombic phase can be observed. The
spacings between crystal planes in (100), (010), and (110)
directions are 0.44, 0.36, and 0.29 nm, respectively. The atomic
composition of the sample was determined by EELS measure-
ments (Fig. 1c). In the obtained spectrum edges related to Ge
and Se can be distinguished. The positions of the observed
L-Ge edges, along with L-Se edges, are in perfect agreement
with reference values.’” The exact energies are listed in Table S1
of the ESL.¥ No other significant EELS features have been
observed, indicating a low level of impurities in the crystal
structure. In the Raman scattering spectrum (Fig. 1f) two peaks
at frequencies of 152 ecm ™" (19 meV) and 189 cm™* (23 meV) are
clearly visible. These modes can be assigned to Bz, and A,
symmetries, corresponding to in-plane shear vibrations of
adjacent layers in the y and x directions, respectively.”® Two
other Raman peaks at frequencies of 81 and 176 cm™ " are often
reported,””® but have not been observed in our measurements.

Experimental investigations of the optical properties of GeSe
reported in the literature exploit mostly optical absorption
measurements, and the results are commonly perceived as
the evidence of the indirect fundamental band gap between 1.10
and 1.25 eV (at room temperature).”®>® Such interpretation is
supported by the lack of photoluminescence emission from bulk
GeSe, although other mechanisms may be responsible for photo-
luminescence quenching, such as intrinsic defects, creating paths
of nonradiative recombination. However, Murgatroyd et al.*” claim
that the low-energy region of the absorption coefficient spectrum,
previously attributed to the fundamental band-gap, in fact origi-
nates from defect-related absorption. The actual absorption edge
occurs at ~1.3 eV, and above this energy the absorption coefficient
spectrum is dominated by direct optical transitions due to higher
oscillator strength. Nevertheless, the authors do not negate the
presence of energetically close indirect transitions or state the
character of the fundamental band-gap.

In our research, in order to experimentally verify the band
gap nature of GeSe, along with optical absorption a comple-
mentary spectroscopic method, photoreflectance, was exploited.
In Fig. 2, photoreflectance and optical absorption spectra
collected at 20 K (panel a) and 300 K (panel b) are presented.
The shaded areas correspond to moduli of observed PR reso-
nances. Low-temperature PR spectra exhibit three strong opti-
cal transitions, namely Ej, E,, and E;. At room temperature only
two closely lying transitions can be distinguished. The step-like
shape of the absorption curve also indicates the contribution of
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Fig. 2 Photoreflectance and optical absorption spectra of GeSe obtained
at a temperature of 20 K (a) and 300 K (b), with assigned optical transitions.
The darker solid lines over the PR plots are the curves fitted with the
Aspnes formula (eqn (1)), and the colored areas beneath are the PR
resonance moduli, calculated using eqn (2).

multiple optical transitions. The sharp rise of the absorption
coefficient at an energy of ~1.3 eVat20Kand ~1.2 eVat 300K
coincides with the energetically lowest PR resonance. Since
photoreflectance is a method sensitive only to direct transi-
tions, such agreement suggests the direct character of the
band-gap of GeSe, or that a weak absorption edge from the
fundamental indirect band-gap is predominated by a stronger
signal from closely lying direct optical transition.

The exact energies of the observed PR resonances were
determined by fitting the Aspnes formula® to experimental data,

AR

o) = Re(Y G (o — Ei+ir) ™), (1)

where C; is the amplitude of the i-th PR resonance, ¢; is the
phase, I'; is the broadening and E; is the energy. The parameter
m is related to the type of the transition and is equal to 2 for
excitonic and 2.5 for band-to-band transitions. The choice of the
m parameter value does not affect the energy of the resonance,
and therefore m = 2 was assumed as a good approximation,
provided that van der Waals crystals often exhibit high exciton
binding energies, even in the bulk form. Nevertheless, in the case
of GeSe, the character of observed optical transitions may not be
excitonic and need to be further investigated. Fitted curves
are shown in the figure as smooth solid lines over the PR spectra.
The energies of the transitions are as follows: E; = 1.29 €V,

This journal is © The Royal Society of Chemistry 2021
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E,=1.52¢eV,E;=1.58 eVat 20K, and E; = 1.21 eV, E, = 1.30 €V
at 300 K. The uncertainties of the determined values are
~0.01 eV for E; and E;, and ~0.05 eV for E,. The PR resonance
moduli (shaded areas under PR spectra in Fig. 2) were calculated
from the equation

Apy(E) =Gl )

<(E . E,»)2+Fl?)5

The area under the modulus curve, given by A; = =n|C;|/T';, is
proportional to the transition oscillator strength.

In order to further investigate the influence of temperature
on optical properties of GeSe, both PR and optical absorption
were measured at different temperatures, covering the range
from 20 up to 300 K. The results are presented in Fig. 3
(in panels a and b every second measured spectrum is plotted
for clarity). The temperature dependence of PR (Fig. 3a) reveals
that the energetically highest transition E;, narrow and well
defined at 20 K, diminishes rapidly with increasing tempera-
ture, to vanish completely at 100-120 K. Such a shape and
behaviour suggest excitonic transition and allows one to esti-
mate an exciton binding energy of 10 meV; however other
factors can affect the transition strength (such as slightly
band-nesting character of the transition, which will be dis-
cussed later) and the exciton binding energy may actually be
higher. Above 120 K E; could still be optically active as a weaker
band-to-band transition, with intensity below the detection
threshold. Transitions E; and E, are still visible at room
temperature, although due to increased broadening and a
significantly larger E, temperature coefficient (see Fig. 3c), they
blend together and become hard to distinguish.

In the absorption spectra (Fig. 3b) two sharp edges are visible.
The energies of the edges were determined from extrapolation of
linear approximation of a Tauc plot for direct allowed optical
transitions ((«hv)® vs. h)® (see Fig. S1 in ESIT). Both values and
temperature dependence of lower and higher absorption edge

View Article Online
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energies are in good agreement with transitions E; and E;
observed in photoreflectance, as can be seen in Fig. 3c. The reason
why E; is visible in absorption spectra throughout the whole
temperature range may be due to the fact that only the signal
from the band-to-band component was detected (no characteristic
excitonic features are present in the absorption spectra). The same
phenomenon could be responsible for the shift between E;
energies determined from PR and absorption (however only at
low temperatures; above 180 K the uncertainty of the PR resonance
energy increases rapidly due to noise and proximity of E,).

The temperature dependencies of each transition energy were
approximated by Bose-Einstein® (solid lines in Fig. 3c) and
Varshni® (not shown in the figure) formulas. The B-E approxi-
mation is derived from the Bose-Einstein distribution and is
defined as

2613

_ expg(%) — @)

where E(0) is the energy at a temperature of 0 K, ag is the strength
of the electron-phonon interaction, and 05 is the average phonon
temperature. The Varshni formula is semi-empirical and is
given by

B aT?
B+T

E(T) = E(0) 4
where o and f are the Varshni coefficients.

The Varshni equation is commonly used for temperature
dependence approximation; however the parameters in the
formula have no direct physical interpretation and can only
be used for empirical comparison. On the other hand, the B-E
formula includes parameters that are dependent on material
properties and follow the low-temperature experimental data
with better accuracy. The fitting parameters from both methods
are listed in Table 1. It is worth noting that the average phonon
temperature between 202 and 205 K, corresponding to a
thermal energy of 18 meV, coincides perfectly with the first
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Fig. 3 Photoreflectance (a) and optical absorption (b) spectra measured at different temperatures from 20 to 300 K, and the temperature dependence
of the optical transition energies observed in PR (diamond symbols) and absorption (circles), fitted with the Bose—Einstein formula given by egn (3)

(solid lines) (c).
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Table 1 Temperature coefficients for transitions Ej, E;, and Ez determined from fitting the dependencies with Varshni (egn (4)) and Bose—-Einstein

(egn (3)) formulas

Varshni Bose-Einstein
Transition E(0) (eV) o (107" eVK™) B (K) E(0) (eV) ag (meV) 0z (K)
Ey 1.451 + 0.039 9.91 + 0.45 245 + 51 1.448 + 0.036 76.4 + 7.7 206 + 32
E, 1.583 + 0.013 9.20 £ 0.69 229 + 39 1.580 + 0.010 71.5 £ 7.2 202 + 10
Es 1.292 + 0.012 5.01 £ 0.14 225 + 45 1.290 + 0.013 40.0 £ 4.1 205 + 16

Raman peak in the measured spectrum (Fig. 1e) and is close
to average phonon energy determined using other methods
(phonon dispersion calculations, Raman scattering).’®®>%”

To explore the anisotropy of the optical activity of GeSe, a
series of polarization-dependent measurements were performed.
Photoreflectance and optical absorption were measured as a
function of the linear polarization angle of the incident light
parallel to the sample surface. In the orthorhombic crystal
structure of GeSe two main in-plane orthogonal directions can
be discerned - armchair and zigzag. As can be seen in Fig. 4a, in
the PR spectrum acquired for armchair polarization only two out
of three optical transitions are visible - E; and E;. While rotating
the polarization towards zigzag, E; and E; weaken to disappear
entirely, and E, emerges. The polarization dependence is best
visible in Fig. 4c, where the polar plot of the area under PR
modulus curve (calculated using eqn (2)) is presented for transi-
tions Ej, E, and E;. The dependence was fitted with a formula
derived from Malus’ law,

(5)

where ¢ is the polarization angle of the incidnet light, ¢, is the
polarization direction of the transition, and f; and f, are the
parallel and perpendicular components of the transition intensity,
respectively. Using these parameters, the degree of polarization
(DOP) can be defined as

f(@) = ficos™ (¢ — @o) + fLsin’(p — @o),

where DOP = 100% indicates a fully polarized transition. Polariza-
tion degrees (and directions) for transitions Ej, E,, and E; are 80%
(armchair), 73% (zigzag) and 76% (armchair), respectively.

Absorption spectra are sensitive to polarization as well, as
shown in Fig. 4b. The energetically lower absorption edge,
corresponding to transition E,, is best visible for the armchair
polarization. The second component, attributed to transition E3
based on temperature-dependent measurements, does not
change significantly with the polarization, which is inconsis-
tent with the PR results. Assuming the interpretation that in
absorption spectra the band-to-band transition is visible, while
the PR resonance is of excitonic nature, such discrepancy can
be explained if the polarization selection rules do not apply to
inter-band transition as strictly.

The experimental results can be further analysed and inter-
preted in terms of the electronic band structure of GeSe, in
order to assign the observed optical transitions to certain
Brillouin zone points and determine the position of the funda-
mental band gap. The DFT study revealed two competing
valence band maxima (at the I' point and on the I'-X path)
and three conduction band minima (at the I" point, on the I'-X
and I'-Y path), with relative energy dependent on the choice of
the computation method and parameters.®*”**%3% In this
work, theoretical calculations of the GeSe band structure were
performed with the use of the mBJ-TB09 potential, which is
proven to give satisfactory results for similar materials.®®

DOP _h-A % 100% (6) In Fig. 5a the Brillouin zone of GeSe is presented, with high
Y 05 . . . .
JI L symmetry points and directions marked. Fig. 5b shows the
: : : : 8 — ; : ;
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Fig. 4 Photoreflectance (a) and optical absorption (b) spectra acquired for light polarized linearly from 0° (along the armchair crystallographic direction)
to 90° (along the zigzag direction). Polarization dependence of transition oscillator strength, calculated as the integrated area under the PR resonance

modulus curve (c).
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Fig. 5 (a) Schematic illustration of the BZ, with high symmetry points

marked, (b) electronic band dispersion simulated with the mBJ-TB09
potential, along the high-symmetry path in the BZ, with optical transitions
marked by arrows, (c) squared transition matrix element components in
armchair (green areas) and zigzag (orange areas) directions, and the
calculated distance between the valence and conduction band (solid dark
blue line).

electronic band dispersion on high symmetry paths in the
Brillouin zone. The valence band maximum (VBM) occurs on
the I'-X path, while the conduction band minimum (CBM) is at
the I' point. As a consequence, the fundamental band gap of
GeSe (yellow arrow labelled E, in the figure) is indirect, with an
energy of 0.99 eV. No absorption close to this energy was
observed in the experiment, indicating that either the energy
is underestimated, or the transition is not optically active.
Optical transitions measured experimentally and discussed in
this work were assigned to certain BZ points, based on their
energy and polarization. To determine the theoretical polarization

View Article Online
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of each transition, the square of the transition matrix element
(P.”) between the topmost valence and lowermost conduction
bands was calculated on a path in the BZ. Its components in
armchair and zigzag directions are presented in Fig. 5¢ as green
and orange areas, respectively. The theoretical DOP can be
calculated using eqn (6), treating fj and f, as matrix element
components parallel and perpendicular to the transition polariza-
tion direction. In Fig. 5c¢ additionally the distance between the
valence and conduction band (direct band gap) is plotted (solid
dark blue line, right axis), to better illustrate the critical points of
the electronic band structure.

The lowest direct transition £, (blue arrow in the figure) was
assigned to the point close to the VBM, on the I'-X path, where
the armchair component of the matrix element is high. The
theoretical energy of this transition is 1.26 eV, which is very
close to the experimental value of 1.29 eV (at 0 K, extrapolated
from the temperature dependence). Although a similar energy
is observed at I', the matrix element around this point is nearly
zero. The second direct transition E, (red arrow) was assigned
to a point on the I'-Y path, due to the high zigzag matrix
element component. The distance between bands at this point
is 1.78 eV. In this case, the experimentally determined energy of
1.52 eV is significantly smaller; however it is the lowest allowed
transition with confirmed zigzag polarization in the BZ. The
discrepancy is most likely due to underestimation of the
valence band energy by the calculations or high exciton binding
energy. A similar observation has been reported and discussed
for GeS.°® Transition E; (green arrow), based on its armchair
polarization, can be assigned to both Y-S and Z-U paths,
although the energy matches the latter better. In the Z-U
direction the distance between bands is 1.68 €V, slightly higher
than the experimental energy of 1.58 eV. Experimental and
theoretical energies and polarizations of each transition are
presented in Table 2. Worth noting is also the band-nesting
(van Hove singularity of the second type) character of each
direct transition - valence band maxima and the corresponding
conduction band minima do not occur at exactly the same
energy, as can be seen in Fig. 5b. The difference is not
significant at 0 K (as provided by DFT calculations); however
it may extend and have serious consequences when the influence
of the temperature is considered. One of them can be the
aforementioned vanishing of the PR resonance corresponding
to transition E; at ~120 K.

Additional DFT calculations of transition energies were
performed with the HSE06 hybrid functional. Table S2 (see ESIY)
presents comparison of experimental and calculated transition

Table 2 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 a temperature of O K and are determined from the extrapolation of the temperature dependence

Energy (eV) Polarization, DOP
Transition Assignation Experiment Calculation Experiment Calculation
E, r-y—r 0.99 — —
E, r-y 1.29 1.29 Armchair, 80% Armchair, 90%
E, r-x 1.52 1.78 Zigzag, 73% Zigzag, 83%
E; zZ-T 1.58 1.68 Armchair, 76% Armchair, 93%

This journal is © The Royal Society of Chemistry 2021
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energies. It is clear that HSE06 significantly overestimates all the
energies, while mBJ-TB09 yields much better agreement with
measured values. This is in line with previous observations for
another orthorhombic monochalcogenide, GeS.®

In order to investigate the functionality of GeSe in photo-
conversion applications, photocurrent (PC) measurements have
been performed. In Fig. 6a the spectral dependence of gene-
rated photocurrent is presented (solid line), along with optical
absorption (dashed line), measured at 20 K. The incident light
power density used for the measurement was ~600 mW cm™ 2,
resulting in a photocurrent of an order of magnitude of pA.
As can be seen in the figure, the absorption edge and step-like
profile are in excellent agreement for both spectra. In PC a wide
extremum occurs below the absorption edge, which can be
attributed to ionized defects. Such conclusion has been made
based on polarization dependent measurements (Fig. S2a in
ESIY), revealing that above the absorption edge PC follows the
optical absorption dependence on polarization, while in the
energetically lower region the signal remains unchanged. It is
best visible in panel b of Fig. S2 (ESIt), where the degree of
polarization of the photocurrent is plotted. Below 1.3 eV the
DOP is close to zero (the negative values originate from
measurement artefacts and are not physical), indicating that
there are no polarized features in this spectral region. As the

View Article Online
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optical properties of GeSe are strongly anisotropic (which is
confirmed by theoretical calculations of the matrix element
components across the Brillouin zone, presented in Fig. 5b),
only defect states, insensitive to polarization, can contribute to
light absorption and photocurrent generation. For energies
above the absorption edge the polarization degree increases
rapidly up to ~80%, which coincides with the value of DOP
extracted from the photoreflectance spectra analysis. In Fig. 6b
time-resolved photocurrent response obtained for three illumi-
nation powers (10 mW, 5 mW, and 1 mW) is plotted. The
532 nm laser beam was modulated at a frequency of 80 Hz.
In the bottom panel of Fig. 6b a close-up of the photocurrent
decay is presented. As can be seen from the figure, after the
illumination is turned off, the photocurrent drops down to 10%
of its maximal value in less than 80 ps. Such rapid decay is
evidence of the fast response of the device (compared to other
reports for this material system'®>*%), Fig. 6¢ and d show the
photocurrent dependence on the illumination power density
and modulation frequency, respectively, measured for two laser
wavelengths: 405 nm and 532 nm. The power density depen-
dence (panel c) follows the power law in nearly the whole
investigated range. Above ~1 W cm™ > the experimental data
drift from the trend, as the photocurrent saturates at the value
exceeding 100 nA (for an excitation wavelength of 532 nm),
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Fig. 6

(a) The comparison of the spectral characteristics of the photocurrent (solid line) and optical absorption (dashed line) of the GeSe sample under

illumination with a monochromatic light of power density ~600 mW cm~2, (b) the photocurrent time response measured under illumination with a
532 nm laser beam modulated at a frequency of 80 Hz, at an excitation power of 1, 5, and 10 mW. In the bottom panel the decay of the photocurrent can
be seen more closely, allowing the estimation of the decay time. The dependence of photocurrent on (c) light power density and (d) frequency, measured

for excitation wavelengths of 532 and 405 nm.
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which is an excellent result for a measurement in zero-bias
conditions. The photocurrent generated under 405 nm laser
illumination is generally lower, due to the descent of the
spectral characteristics. In the PC vs. frequency plot (panel d)
the current is reduced by half at a frequency of ~ 50 kHz. This
value is in good agreement with the estimated decay time
(within the order of magnitude).

From the photocurrent measurement results, parameters
commonly used to describe the efficiency of photoelectric
conversion can be derived: photoresponsivity (R) and external
quantum efficiency (EQE). Photosensitivity is defined as the
photocurrent generated per unit illumination power and is
given by

_ I
R= p77 (7)

where I, is the photocurrent, p is the light power density, and
A is the illuminated area. External quantum efficiency is defined
by the equation

EQE = hc—?, (8)

el

where & is Planck’s constant, ¢ is the speed of light, e is the
elementary charge, and 4 is the excitation wavelength. Under
the illumination of a 532 nm laser beam of 1 mW power,
R = 0.63 mA W' and EQE = 0.15%. The values cannot be
directly compared with the corresponding results from the
literature due to the fact that the reported measurements have
been performed for thin flakes or nanosheets, under a fixed
bias of 2-5 V, typically resulting in considerably higher
photoresponsivity.>>%%3%° To the best of our knowledge, no
reports of comprehensive photocurrent studies of bulk GeSe
under zero-bias conditions are available.

Conclusions

In conclusion, the optical activity and anisotropy of a group-IV
monochalcogenide, GeSe, have been investigated experimentally,
exploiting two complementary methods of optical spectroscopy —
optical absorption and photoreflectance. The measurements
have been supported by density functional theory (DFT) calcu-
lations of the electronic band structure. The experimental study
exposed that the absorption properties of GeSe are dominated
by direct optical transitions, suggesting the direct character of
the fundamental band gap, at an energy of (1.21 + 0.05) eV
at room temperature. Additionally, two energetically higher
optical transitions have been observed. Polarization-resolved
measurements revealed strong anisotropy of the acquired
spectra, with the polarization degree of each observed transi-
tion exceeding 70% in one of the main in-plain crystallographic
directions. The experimental results are in agreement with the
theoretical study, although according to DFT calculations the
fundamental band gap of GeSe is indirect, at slightly lower
energy than that of the lowest direct transition. Such incon-
sistency can be explained by the fact that the indirect transition
is significantly weaker and in the experiment may not be

This journal is © The Royal Society of Chemistry 2021
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possible to discern from the closely lying direct transition,
characterized by higher oscillator strength. Therefore, the
fundamental band gap of GeSe may in fact be indirect, but
with the lowest direct transition within close energy proximity.

Finally, we performed an investigation of the photoelectric
properties of GeSe, by means of photocurrent measurements.
The obtained photoresponsivity of 0.63 mA W' and external
quantum efficiency of 0.15% are satisfactory, considering the
experimental conditions (zero-bias) and the simplicity of the
exploited setup. The fast response of the device (both rise and
decay time of the photocurrent) is an excellent result, promising
for application in photodetection technology.

We believe that our research will contribute to the general
knowledge of the fundamental properties of van der Waals
crystals and provide the background essential for future devel-
opment of two-dimensional optoelectronics.

Methods

Experimental details

The investigated samples were bulk GeSe crystals, grown by the
flux method, and were purchased from the 2D Semiconductors
company (USA).>® Crystals’ purity was over 99.995%, as con-
firmed by XRD and EDX data provided by the manufacturer. For
optical measurements flakes of thickness between 10 and 100
pm and lateral dimensions of ~2 mm were selected. The top
layer of each sample was exfoliated with Kapton tape in order to
obtain a clear surface. For photocurrent measurements a larger
(5 mm) and thicker (500 pm) sample was used.

Structural characterization of GeSe samples was performed
using high resolution transmission electron microscopy, selected
area electron diffraction, and electron energy loss spectroscopy.
HRTEM images and SAED patterns were acquired using a double-
aberration corrected FEI Titan3 60-300 (S)TEM microscope. GeSe
crystals were mechanically exfoliated onto a carbon lacey grid and
subsequently imagined at an accelerating voltage of 300 kV, with
spherical aberration correction. EELS analysis was performed in
the STEM mode, using a Gatan Continuum (model 1077) EELS
spectrometer, under the following experimental parameters:
operating voltage 300 kV, beam current 120 pA, 5 mm of EELS
aperture size, and dispersion of 0.3 eV ch ™.

Raman scattering measurements were performed on the
micro-PL setup, consisting of a 550 mm focal length grating
monochromator coupled with a liquid nitrogen cooled CCD
array detector camera and a 532 nm laser line (output power
50 pW). A 50%, NA = 0.55 magnifying objective lens was used to
focus the laser beam and collect the light scattered at the
sample surface. Raman characterization was conducted in the
backscattering mode at room temperature and under ambient
conditions.

Photoreflectance (PR) and optical absorption measurements
were performed using dedicated optical setups. The sample was
mounted inside a cryostat connected to a closed-cycle helium
cryocooler, to allow measurements from room temperature
down to 20 K. For both measurements a quartz tungsten
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halogen (QTH) lamp was used as the white probing light source.
The signal was detected with a Si photodiode and a lock-in amplifier
(Stanford Research Systems SR830). For PR measurements, a
405 nm laser modulated by a mechanical chopper at a frequency
of ~300 Hz was employed. For polarization-resolved measurements
a Glan-Taylor calcite linear polarizer and an achromatic half-wave
plate were placed in the optical axis.

In order to investigate the photoelectric response of GeSe,
photocurrent measurements were performed. The sample was
mounted on a sapphire substrate (1 mm thick) to provide good
thermal conduction (allowing low-temperature measurements)
and electric insulation from the cold head. Four silver electric
contacts were deposited on each corner of the sample. The
measurements were performed under zero-bias conditions,
with a Stanford Research Systems SR570 transconductance
preamplifier to convert the generated photocurrent to a corres-
ponding voltage signal, further demodulated with a lock-in
amplifier. For spectral dependence measurements a mechan-
ical chopper was used to modulate the incident light. For
power, frequency, and time dependence, laser beams (405 and
532 nm) were modulated with acoustooptic modulators (AA
Optoelectronics). The photocurrent time response was acquired
using a high-resolution (10 bit) digital signal oscilloscope (Rohde
& Schwarz RTB2000 series).

Computation details

Calculations employing DFT were performed with the use of the
Vienna 4b Initio Simulation Package (VASP).”® Atomic cores were
represented by relativistic projector-augmented wave (PAW)
datasets’" within the Perdew-Burke-Ernzerhof (PBE) parametri-
zation of the generalized gradient approximation (GGA) to the
exchange-correlation functional.””> The geometric structure was
optimized until interatomic forces were lower than 0.01 eV A™"
which resulted in stress tensor components lower than 0.5 kbar.
A semi-empirical vdW correction of Tkatchenko and Scheffler
was used.”® Convergence tests revealed that a plane wave basis
cutoff of 650 eV combined with a 10 x 8 x 4 Monkhorst Pack
k-point grid is sufficient for convergence of lattice constants up to
0.01 A. The PBE functional is commonly known to underestimate
the electronic band gap; therefore the modified Becke-Johnson
(mBJ-TB09) exchange potential’* and Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional”® were used. Spin-orbit coupling was
employed during all the calculations. Polarization of direct
optical transitions was determined from the matrix elements of
the transitions obtained within Density Functional Perturbation
Theory.”®

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Science Centre
(NCN) Poland OPUS 15 no. 2018/29/B/ST7/02135. S. J. Z. is a

14846 | J Mater. Chem. C, 2021, 9, 14838-14847

View Article Online

Paper

beneficiary of the START scholarship from the Foundation for
Polish Science. Computational studies were supported by WCSS
and PLGrid Infrastructure.

References

1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov,
Science, 2004, 306, 666-669.

2 K. S. Novoselov, A. Mishchenko, A. Carvalho and
A. H. C. Neto, Science, 2016, 353, aac9439.

3 A. Khandelwal, K. Mani, M. H. Karigerasi and I. Lahiri,
Mater. Sci. Eng., B, 2017, 221, 17-34.

4 A. Castellanos-Gomez, J. Phys. Chem. Lett., 2015, 6, 4280-4291.

5 J. Qiao, X. Kong, Z.-X. Huy, F. Yang and W. Ji, Nat. Commun.,
2014, 5, 4475.

6 M. Kim, H. Kim, S. Park, J. S. Kim, H. J. Choi, S. Im, H. Lee,
T. Kim and Y. Yi, Angew. Chem., Int. Ed., 2019, 58,
3754-3758.

7 Q. Li, Q. Zhou, L. Shi, Q. Chen and J. Wang, J. Mater. Chem.
A, 2019, 7, 4291-4312.

8 L. C. Gomes and A. Carvalho, Phys. Rev. B: Condens. Matter
Mater. Phys., 2015, 92, 085406.

9 X. Zhou, X. Hu, B. Jin, J. Yu, K. Liu, H. Li and T. Zhai, Adv.
Sci., 2018, 5, 1800478.

10 L. Huang, F. Wu and J. Li, J. Chem. Phys., 2016, 144, 114708.

11 J. Liu and S. T. Pantelides, Appl. Phys. Express, 2018,
11, 101301.

12 G. shi and E. Kioupakis, Nano Lett., 2015, 15, 6926-6931.

13 D. Tan, H. E. Lim, F. Wang, N. B. Mohamed, S. Mouri,
W. Zhang, Y. Miyauchi, M. Ohfuchi and K. Matsuda, Nano
Res., 2017, 10, 546-555.

14 Y. Yang, S.-C. Liu, Y. Wang, M. Long, C.-M. Dai, S. Chen,
B. Zhang, Z. Sun, Z. Sun, C. Hu, S. Zhang, L. Tong, G. Zhang,
D.-J. Xue and J.-S. Hu, Adv. Opt. Mater., 2019, 7, 1801311.

15 P. Zhao, H. Yang, J. Li, H. Jin, W. Wei, L. Yu, B. Huang and
Y. Dai, J. Mater. Chem. A, 2017, 5, 24145-24152.

16 P. D. Antunez, J. J. Buckley and R. L. Brutchey, Nanoscale,
2011, 3, 2399-2411.

17 X.Fan, L. Su, F. Zhang, D. Huang, D. K. Sang, Y. Chen, Y. Li,
F. Liu, J. Li, H. Zhang and H. Xie, ACS Appl. Mater. Interfaces,
2019, 11, 47197-47206.

18 C. Lan, C. Li, Y. Yin, H. Guo and S. Wang, J. Mater. Chem. C,
2015, 3, 8074-8079.

19 E. Sutter and P. Sutter, ACS Appl. Nano Mater., 2018, 1,
1042-1049.

20 A. Dasgupta, J. Gao and X. Yang, Laser Photonics Rev., 2020,
14, 1900416.

21 H. Ahmad, R. Ramli, A. A. Kamely, M. Z. Samion, N. Yusoff,
L. Bayang, S. N. Aidit and K. Thambiratnam, IEEE
J. Quantum Electron., 2020, 56, 1-8.

22 Y. 1. Jhon,J. Lee, M. Seo, J. H. Lee and Y. M. Jhon, Adv. Opt.
Mater., 2019, 7, 1801745,

23 Y. Jia, Z. Li, M. Saeed, J. Tang, H. Cai and Y. Xiang, Opt.
Express, 2019, 27, 20857-20873.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04280g

Open Access Article. Published on 28 September 2021. Downloaded on 1/4/2024 1:07:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

24

25

26

27

28
29

30

31

32
33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

R. Ulaganathan, Y.Y. Lu, C.J. Kuo, S. Tamalampudi,
R. Sankar, K. M. Boopathi, A. Anand, K. Yadav, R. Mathew,
C.-R. Liu, F. Chou and Y.-T. Chen, Nanoscale, 2016, 8,
2284-2292.

H. Zhao, Y. Yang, C. Wang, D. Zhou, X. Shi, Y. Li and
Y. Mao, ACS Appl. Mater. Interfaces, 2019, 11, 38031-38038.
R. Fei, W. Li, J. Li and L. Yang, Appl. Phys. Lett., 2015,
107, 173104.

L. C. Gomes, Phys. Rev. B: Condens. Matter Mater. Phys.,
2015, 92, 214103.

A. 1. Lebedev, J. Appl. Phys., 2018, 124, 164302.

R. Fei, W. Kang and L. Yang, Phys. Rev. Lett., 2016, 117,
097601.

S. R. Panday, S. Barraza-Lopez, T. Rangel and B. M. Fregoso,
Phys. Rev. B, 2019, 100, 195305.

H. Wang and X. Qian, 2D Mater., 2017, 4, 015042.

M. Wu and X. C. Zeng, Nano Lett., 2016, 16, 3236-3241.

G. Bianca, M. 1. Zappia, S. Bellani, Z. Sofer, M. Serri, L. Najafi,
R. Oropesa-Nuiiez, B. Martin-Garcia, T. Hartman, L. Leoncino,
D. Sedmidubsky, V. Pellegrini, G. Chiarello and F. Bonaccorso,
ACS Appl. Mater. Interfaces, 2020, 12, 48598-48613.

C. Chowdhury, S. Karmakar and A. Datta, J. Phys. Chem. C,
2017, 121, 7615-7624.

K. Wang, D. Huang, L. Yu, K. Feng, L. Li, T. Harada, S. Ikeda
and F. Jiang, ACS Catal., 2019, 9, 3090-3097.

X. Lv, W. Wei, Q. Sun, F. Li, B. Huang and Y. Dai, Appl
Catal., B, 2017, 217, 275-284.

P. A. E. Murgatroyd, M. J. Smiles, C. N. Savory, T. P. Shalvey,
J. E. N. Swallow, N. Fleck, C. M. Robertson, F. Jickel,
J. Alaria, J. D. Major, D. O. Scanlon and T. D. Veal, Chem.
Mater., 2020, 32, 3245-3253.

S.-C. Liu, Y. Yang, Z. Li, D.-J. Xue and ].-S. Hu, Mater. Chem.
Front., 2020, 4, 775-787.

X. Lv, W. Wei, C. Mu, B. Huang and Y. Dai, J. Mater. Chem. A,
2018, 6, 5032-5039.

D.J. Xue, S.-C. Liu, C.-M. Dai, S. Chen, C. He, L. Zhao,
J--S. Hu and L.-]. Wan, J. Am. Chem. Soc., 2017, 139, 958-965.
W. Shockley and H. J. Queisser, J. Appl. Phys., 1961, 32,
510-519.

K. Cheng, Y. Guo, N. Han, Y. Su, J. Zhang and J. Zhao,
J. Mater. Chem. C, 2017, 5, 3788-3795.

L. Peng, C. Wang, Q. Qian, C. Bi, S. Wang and Y. Huang, ACS
Appl. Mater. Interfaces, 2017, 9, 40969-40977.

S. Ahmed, T. Taher, R. Chakraborty and S. Subrina,
J. Electron. Mater., 2019, 48, 6735-6741.

C. Xia, J. Du, X. Huang, W. Xiao, W. Xiong, T. Wang, Z. Wei,
Y. Jia, J. Shi and J. Li, Phys. Rev. B, 2018, 97, 115416.

A. K. Singh and R. G. Hennig, Appl. Phys. Lett., 2014,
105, 042103.

Y. Yan, W. Xiong, S. Li, K. Zhao, X. Wang, J. Su, X. Song,
X. Li, S. Zhang, H. Yang, X. Liu, L. Jiang, T. Zhai, C. Xia, J. Li
and Z. Wei, Adv. Opt. Mater., 2019, 7, 1900622.

K. Yumigeta, C. Brayfield, H. Cai, D. Hajra, M. Blei, S. Yang,
Y. Shen and S. Tongay, RSC Adv., 2020, 10, 38227-38232.

This journal is © The Royal Society of Chemistry 2021

49

50

51

52
53

54

55

56

57

58

59

60

61

62

63

64
65

66

67

68

69

70

71

72

73

74
75

76

View Article Online

Journal of Materials Chemistry C

Y. Zhong, L. Zhang, W. Chen and H. Zhu, Nanotechnology,
2020, 31, 385203.

B. Chen, Y. Ruan, J. Li, W. Wang, X. Liu, H. Cai, L. Yao,
J-M. Zhang, S. Chen and G. Chen, Nanoscale, 2019, 11,
3968-3978.

C. R. Kannewurf and R. J. Cashman, J. Phys. Chem. Solids,
1961, 22, 293-298.

A. M. Elkorashy, Phys. Status Solidi B, 1986, 135, 707-713.
S.-C. Liuy, Y. Mi, D.]. Xue, Y.-X. Chen, C. He, X. Liu, J.-S. Hu
and L.-J. Wan, Adv. Electron. Mater., 2017, 3, 1700141.

F. M. Gashimzade, D. G. Guliev, D. A. Guseinova and V. Y.
Shteinshrayber, J. Phys.: Condens. Matter, 1992, 4, 1081-1091.
L. Makinistian and E. A. Albanesi, J. Phys.: Condens. Matter,
2007, 19, 186211.

Germanium Selenide (GeSe), https://www.2dsemiconduc
tors.com/germanium-selenide-gese/, (accessed July 22,
2021).

EELS Atlas, https://eels.info/atlas, (accessed July 22, 2021).
D. Tan, X. Wang, W. Zhang, H. E. Lim, K. Shinokita,
Y. Miyauchi, M. Maruyama, S. Okada and K. Matsuda,
Small, 2018, 14, 1704559.

H. Zhao, Y. Mao, X. Mao, X. Shi, C. Xu, C. Wang, S. Zhang
and D. Zhou, Adv. Funct. Mater., 2018, 28, 1704855.

A. Taube, A. Lapinska, J. Judek, N. Wochtman and M. Zdrojek,
J. Phys. D: Appl. Phys., 2016, 49, 315301.

D. E. Aspnes, Surf. Sci., 1973, 37, 418-442.

J. Tauc, Mater. Res. Bull., 1968, 3, 37-46.

L. Vifha, S. Logothetidis and M. Cardona, Phys. Rev. B:
Condens. Matter Mater. Phys., 1984, 30, 1979-1991.

Y. P. Varshni, Physica, 1967, 34, 149-154.

Z. Wang, M. Li, X. P. A. Gao and Z. Zhang, ACS Appl.
Electron. Mater., 2019, 1, 2236-2243.

F. M. Gashimzade, D. A. Guseinova, Z. A. Jahangirli and
M. A. Nizametdinova, Phys. Solid State, 2013, 55, 1802-1807.
G. Ding, G. Gao and K. Yao, Sci. Rep., 2015, 5, 1-7.

R. Oliva, T. Wozniak, F. Dybala, A. Toloczko, J. Kopaczek,
P. Scharoch and R. Kudrawiec, Phys. Rev. B, 2020, 101,
235205.

P. Ramasamy, D. Kwak, D.-H. Lim, H.-S. Ra and ].-S. Lee,
J. Mater. Chem. C, 2016, 4, 479-485.

G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169-11186.

G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 1758-1775.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

A. Tkatchenko and M. Scheffler, Phys. Rev. Lett., 2009,
102, 073005.

F. Tran and P. Blaha, Phys. Rev. Lett., 2009, 102, 226401.
A. V. Krukau, O. A. Vydrov, A. F. Izmaylov and G. E. Scuseria,
J. Chem. Phys., 2006, 125, 224106.

M. Gajdo$, K. Hummer, G. Kresse, J. Furthmiiller and
F. Bechstedt, Phys. Rev. B: Condens. Matter Mater. Phys., 2006,
73, 045112.

J. Mater. Chem. C, 2021, 9,14838-14847 | 14847

39


https://www.2dsemiconductors.com/germanium-selenide-gese/
https://www.2dsemiconductors.com/germanium-selenide-gese/
https://eels.info/atlas
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04280g

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry C.
Thys journal is © The Royal Society of Chemistry 2021

Supporting Information

Optical properties of orthorhombic germanium selenide: an
anisotropic layered semiconductor promising for optoelectronic

applications

Agata Tolloczko™?, Szymon J. Zelewski?, Michat Blaszczak?, Tomasz Wozniak?,

Anna Siudzinska®, Alicja Bachmatiuk®, Pawef Scharoch?, Robert Kudrawiec?

! Department of Semiconductor Materials Engineering,
Wroctaw University of Science and Technology,

Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland

2 Lukasiewicz Research Network — PORT Polish Center for Technology Development,
Stabtowicka 147, Wroctaw, Poland

*Corresponding author.

E-mail address: agata.tolloczko@pwr.edu.pl



mailto:agata.tolloczko@pwr.edu.pl

Table S1. Experimental and reference® energies of the EELS edges observed in the acquired spectra.

Energy (eV)
EELS edge Ge Se
Experiment Reference Experiment Reference
L1 1413 1414 1655 1654
L2 1255 1248 1479 1476
L3 1221 1217 1436 1436

a) EELS Atlas, https://eels.info/atlas
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Fig. S1. Temperature dependence and linear approximation of Tauc plot of GeSe optical absorption,
assuming allowed direct character of the observed absorption edge, corresponding to transition Es. The
inset shows the weaker absorption edge at the energy of 1.30 eV (at 20 K), corresponding to transition

Ei.
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Fig. S2. (a) Polarization dependence of the photocurrent, measured at the temperature of 20

K, in zero-bias conditions and (b) the photocurrent degree of polarization (DOP), calculated

using the equation from the figure.



Table S2. Transition energies from experiment and calculations with mBJ-TB09 and HSEO6.

Energy (eV)
Transition
Exp mBJ-TB09 HSEO06
Eo - 0.99 1.18
E1 1.29 1.29 1.38
E 1.52 1.78 2.07
Es 1.58 1.68 1.88
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Overview

The influence of high hydrostatic pressure on the electronic band structure of GeS was
investigated by polarization-resolved high-pressure photoreflectance measurements combined with
ab initio calculations. The experimental results confirmed the predictions of nondegenerate valleys,
which can be individually selected through linearly polarized light. The effect of pressure on the

electronic band structure is discussed in terms of orbital composition.
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GeS and its analog compounds exhibit unique properties that combine some of the most desired features of

other two-dimensional compounds, such as transition-metal dichalcogenides and graphene. These include high
electron mobilities or valley physics that result in strong optical and electronic anisotropy. Here, we present
an experimental and theoretical study of the electronic band structure of GeS at high hydrostatic pressures.
Polarization-resolved high-pressure photoreflectance measurements allow us to extract the energies, optical
dichroic ratios, and pressure coefficients of the direct optical transitions. These findings are discussed in view
of first-principles calculations, which predict that nondegenerate states in different valleys can be individually
selected through linearly polarized light. Based on this, an assignation of the direct optical transitions to the
electronic band structure is provided. Finally, the effect of pressure on the electronic band structure is discussed
in terms of orbital composition. These results provide evidence that GeS is a strong candidate for valleytronic

applications in nondegenerate systems.

DOI: 10.1103/PhysRevB.101.235205

I. INTRODUCTION

The discovery of graphene [1] triggered enormous re-
search interest in two-dimensional (2D) compounds, owing to
their exotic fundamental properties. Intensive research on 2D
materials, such as transition-metal dichalcogenides (TMDs),
revealed their remarkable electronic and optical properties.
These include strong light-matter coupling [2], large excitonic
binding energies, the easiness of producing heterostructures
by stacking monolayers held by van der Waals (vdW) forces
[3,4], as well as the presence of spin-polarized bands that
couple to new degrees of freedom such as degenerate valleys
or adjacent layers, even in their bulk form [5,6]. Despite
the highly promising properties observed in TMDs for many
optoelectronic and spintronic applications, alternative 2D ma-
terials with complementary properties are being researched.
For example, black phosphorus (BP) exhibits superior high
carrier mobilities and a sizable gap that can be tuned by
adjusting the number of layers, thus combining the most
desired features of TMDs and graphene [7,8]. Also, the group-
IV monochalcogenides, which are isostructural to BP, have
shown to retain many useful properties of BP, such as high
carrier mobilities or strong in-plane optical anisotropy that
is believed to arise from rich valley physics. In order to
fully exploit this family of 2D materials for developing novel
optoelectronic devices, it is crucial to further characterize their
optical and electronic properties.

Amongst group-IV monochalcogenides, GeS has received
particular interest owing to its high electron mobility (larger
than 3000 cm?V~!s~! in its monolayer form [9]), band-gap

“These authors contributed equally to this work.
frobert.oliva.vidal @pwr.edu.pl
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value (*1.6 eV), low toxicity, and high optical anisotropy.
These properties are very desirable for photodetectors [10,11],
solar cells [12,13], or light-emitting devices [14]. Despite
the vast technological potential, the electronic band structure
of GeS is not yet accurately known, in particular an assig-
nation of the optical features is still under research. Early
polarization-resolved optical absorption measurements re-
vealed that GeS exhibits two optical transitions, Ey and E|, po-
larized along the zigzag and armchair directions, respectively,
and tentatively assigned them to either direct and indirect tran-
sitions [15-17]. More recently, polarization-resolved modu-
lation spectroscopy measurements such as photoreflectance
(PR) [18] or thermoreflectance [12,14] allowed measuring the
first two direct transitions, namely E; and E, polarized along
the armchair and zigzag directions, respectively. However,
these transitions have not yet been unambiguously assigned
due to difficulties in band-structure calculations such as those
based on density-functional theory (DFT). The results of
these calculations are highly sensitive to the particular values
of lattice parameters, exchange-correlation functionals, van
der Waals corrections, or electron-phonon coupling [19-26].
Hence, in order to provide an accurate description of the
electronic band structure of GeS, it is desirable to test the
state of the art DFT methods by confrontation with optical
measurements under different experimental conditions.
High-pressure (HP) modulation spectroscopy represents a
unique tool that allows one to obtain detailed information
about the electronic band structure [27]. In particular, HP
PR measurements allow one to extract the energies of direct
transitions and their pressure dependencies, which can be used
as a benchmark to test the calculation methods (such as those
based on DFT) on challenging systems such as 2D materials
[28,29]. To date, many theoretical works reported the effect
of strain and pressure on the fundamental properties of GeS.

©2020 American Physical Society
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These studies revealed that the electronic band structure can
be strain tuned for ferroelastic switching applications [30] or
the band gap can be reduced under compression [9], followed
by a semiconductor to semimetal transition. [31,32] These
results were confirmed by high-pressure experimental works,
which showed that at high pressure GeS exhibits a structural
phase transition followed by a metallization [33]. Despite
these studies, the effect of pressure on the electronic band
structure has been scarcely investigated. Only high-pressure
optical absorption measurements reported the shift of the ab-
sorption edge with pressure, but the measured optical features
were not assigned to the electronic band structure. [34]

In the present work, we perform high-pressure PR mea-
surements in order to assign the optical transitions to the
electronic band structure of GeS. Polarization-resolved mea-
surements performed at different pressures are used to resolve
the energetically close E; and E; direct excitonic transitions,
as well as to investigate into the anisotropic properties under
compression conditions. These results, combined with first-
principles calculations, provide valuable information about
the electronic band structure of GeS at both ambient and high-
pressure conditions. Finally, the anisotropic optical properties
are discussed in terms of valley polarization as defined by the
selection rules, and the effect of pressure on the electronic
band structure is discussed in the context of bands’ orbital
composition.

II. METHODS

A. Samples

High-purity (>99.995% confirmed) germanium sulfide
samples were synthesized by the chemical vapor deposition
method. The samples were commercially obtained from the
HQ Graphene company. The excellent crystallinity of the
samples was confirmed by x-ray diffraction and energy-
dispersive x-ray spectroscopy; details can be found elsewhere
[35]. An ~200-um-thick flake was selected for the high-
pressure experiments. A picture of the sample selected for the
high-pressure experiments is shown in Fig. 1(a). The sample
is mounted on the top of a 5-mm-diameter sapphire window
of the high-pressure piston-cylinder cell. The orientation of
the sample can be inferred from its elongated shape, since
GeS typically cleaves forming rectangles, having the largest
side along the zigzag direction (b lattice parameter). The
orientation of the sample has been confirmed by polarization-
resolved photoreflectance measurements (the polarization di-
rection along sample’s long edge is set to 0°). The crystal
structure, as represented by the VESTA software, is shown in
Fig. 1(b) [36].

B. Computational methods

DFT calculations were performed using Vienna Ab initio
Simulation Package (VASP) [37]. Atomic electronic struc-
tures were represented by projector-augmented waves datasets
within the Perdew-Burke-Ernzerhof (PBE) parametrization of
generalized gradients approximation to exchange-correlation
functional [38,39]. A plane-wave basis cutoff of 550 eV
and 4 x 11 x 9I'-centered k-point grid were found to assure

0-0~0-0-0-0-0-0-0
0-b-0-d-0-b-0-6-0

FIG. 1. (a) GeS flake mounted on a sapphire cylindrical window
of a piston-cylinder high-pressure cell. GeS flakes typically cleave
in rectangular shapes. (b) Representation of the crystal structure of
GeS. The armchair and zigzag directions are shown in relation to the
crystal orientation and lattice parameters.

convergence of both structural parameters and electronic gaps
with precision of 0.001 A and 0.01 eV, respectively.

Several methods to represent van der Waals interactions
and related functionals were tested to evaluate their effect on
the geometry. These are semiempirical corrections: D2 [40],
D3 [41], D3 with Becke-Johnson damping (D3+BJ) [42],
Tkachenko-Scheffler [43], Tkatchenko-Scheffler with Hirsh-
feld partitioning (TS+HP), [44] many-body dispersion energy
(MBD), [45] dDcS [46], and van der Waals functionals: vdW-
DF1 [47] with revPBE, [48] optPBE, optB88, and optB86b
[49,50] functionals and vdW-DF2 [51] with rPW86 [52] and
B86R [53] functionals. Optimized lattice parameters for all
these methods are shown in Table S1 of the Supplemental
Material (see Ref. [54] and references therein [55-58]). In
the table, calculated lattice parameters are compared to the
experimental values. The best agreement is found for the TS,
TS+HP, and MBD functionals (corresponding mean absolute
relative error, MARE, with respect experimental values is
lower than 1%). From the table it is clear that the values
of optimized lattice constants, both in plane and out of
plane, are sensitive to the vdW method applied. In general,
vdW functionals tend to significantly overestimate the lattice
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parameters (up to MARE ~6%). Therefore the band-structure
calculations were performed only for the structures obtained
with the semiempirical corrections (see Table S2 in Supple-
mental Material (SM) [54]). For the present work we used
the semiempirical correction of Tkachenko and Scheffler (TS)
for vdW interactions for the optimization of lattice constants
and atomic positions since it reproduces best the experimental
lattice parameters. [43] The geometrical parameters were
optimized until all the interatomic forces and isotropic stress
were lower than 1073 eV /A and 0.05 kbar, respectively.

For the electronic band-structure calculations a couple
of methods (including local-density approximation, LDA,
and PBE exchange-correlation functionals, Heyd-Scuseria-
Ernzerhof HSE06 hybrid functional and mBJ-TB09 potential)
were tested for all optimized structures as well as for ex-
perimental lattice constants (with optimized atomic positions
only). Calculated energies with the modified Becke-Johnson
exchange potential combined with the LDA correlation (mBJ-
TBO09) for different optimized structures are shown in Table
S2 of the SM. [54] In the present work we conclude that
the electronic band structure is best reproduced (in terms of
both calculated transition energies and pressure coefficients)
by the Tran and Blaha exchange-correlation potential, which
consists of the mBJ-TB09) [59]. It is worth noting that
qualitatively similar results were obtained with the HSE06
functional (results shown in Table S3 only). The effect of
spin-orbit interaction on the lattice parameters and on the
transition energies at ambient pressure was lower than 0.001
A and 0.007 eV, respectively; thus, they were omitted in
the high-pressure calculations. The optical matrix elements
were obtained from the wave-function derivatives that are
calculated within density-functional perturbation theory. [60]

C. Experimental setup

High-pressure hydrostatic measurements were performed
by mounting the GeS flake (®4 mm in diameter and ~200
um thickness) inside a UNIPRESS piston-type cylinder cell.
The chosen pressure hydrostatic medium was Daphne 7474,
which remained hydrostatic and transparent during the whole
experiment, up to a pressure of 18 kbar. The pressure was
determined by measuring the resistivity of the InSb gauge
by the four-probe method. This method provides a 0.1-kbar
sensitivity. A sapphire window guaranteed an optical access
to the sample. For the PR measurements, white light from a
halogen lamp was focused onto the sample and reflectivity
signal was detected by a Si pin diode after the light was
dispersed by a 0.55-m focal length single-grating monochro-
mator. Reflectivity on the sample was modulated by a chopped
(270 Hz) 405-nm laser line. Phase-sensitivity detection of the
PR signal was processed with a lock-in amplifier. A sketch of
the whole PR setup is shown in the SM (Fig. S1) [54]. Further
details on the experimental setup can be found elsewhere [61].

III. RESULTS AND DISCUSSION

We conducted high-pressure PR measurements in order to
determine the pressure dependence of the first direct optical
transitions. The PR spectra obtained at different pressures are
shown in Fig. 2. As it can be seen in the figure, two PR features

GeS P (kbar)
E, E;Z 2.4
a
g=
=]
=
2
&

13 14 15 16 17 18 19 20
Energy (eV)

FIG. 2. PR spectra acquired at different pressure values. PR
features corresponding to the transitions E; and E, are shown with
labels. Fits to the data are presented as dashed black lines.

show up at £} = 1.61eV and E, = 1.66eV, whose energies
decrease with increasing pressure. These optical transitions
have been previously reported from thermoreflectance [12,14]
and from polarization-resolved transmittance measurements
[17,62]. Calculations predict that GeS is a quasidirect semi-
conductor with the indirect band gap ~ 50 meV below the first
direct transition (i.e., the indirect transition, not observed in
the PR spectra, should be around Ej &~ 1.56eV at ambient
temperature) [26]. To extract the energies of transitions E|
and E,, the PR spectra in Fig. 2 are fitted (dashed lines in
the figure) with the Aspnes formula [63],

S ) = k(Y Cetho — B +i0) ™), (1)

where C;, ¢;, I';, and E; are the resonance amplitude, phase,
broadening, and energy of the ith transition (i =1, 2), re-
spectively. These transitions are properly fitted with an ex-
citoniclike resonance profile (m = 2), as expected, since the
excitonic binding energy is believed to be larger than the
thermal energy at room temperature [21]. From the figure it
can be seen that, with increasing pressure, both resonances
redshift and broaden. At high pressure, both transitions merge,
due to an increased pressure coefficient of transition E,.
Since the energetic difference between transitions E; and
E, is on the same order of magnitude as their broadening
(I parameter of the Aspnes formula), polarization-resolved
measurements were performed to determine the energies of
each transition separately. As can be seen in Fig. 3, the
PR profile obtained at 9.4 kbar strongly depends on the
polarization angle. At a polarization of 90° (0°) the signal
from transition E; (E;) is maximum, which coincides with
the direction of the main in-plane lattice parameters ¢ (90°,
armchair direction) and b (0°, zigzag direction). This finding is
in perfect agreement with previous polarization-resolved ab-
sorption [10,12,16,17], thermoreflectance [12,14], and photo-
luminescence [14,17] measurements, which reported photolu-
minescence (PL) signal polarized along the armchair direction
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FIG. 3. PR spectra acquired at 9.5 kbar at different polarization
directions, from zigzag (0°) to armchair (90°). Inset: Polar plot of the
amplitude of transitions £, and E, at 9.5 kbar (top half) and ambient
pressure (bottom half).

at the same energy as the absorption edge measured with the
same polarization direction. Thermoreflectance and optical
absorption measurements with polarization along the zigzag
direction revealed a transition around 50—100 meV higher in
energy, which is close to our measured difference of energy
(AE = 49meV) between transitions E; and E».

The polar dependence of the amplitude (C;) of each tran-
sition is shown in the inset of Fig. 3 for both high pressure
(top half of the plot) and ambient pressure (bottom half). As
it can be seen in the inset, the amplitudes corresponding to
transition E; (blue dots) and E, (red dots) exhibit maximum
at 90° (armchair direction) and 0° (zigzag), respectively. It is
worth noting that the fitted amplitude of E; is significantly
larger than Ej; this is due to the fact that the broadening of
E, is larger than that of transition E;. Indeed, the oscillation
strength, which is proportional to |C;|/ T';, is practically iden-
tical between both transitions. The polar dependence (solid
curves) is fitted by using a modified Malus law,

F(@) = fiicos*(¢ — @) + fisin*(p — ¢o), 2)

where ¢ is the light polarization angle, ¢, is the polarization
direction of the transition, and f}; and f, are the parallel and
perpendicular components of the oscillator strength, respec-
tively. While transition E; is fully polarized (i.e., fi =~ 0),
the E, transition has a significant out of plane component
(fL ~ 0.3f})). The associated optical dichroic anisotropy is
around 2000 and 300% for transitions E; and E,, respec-
tively. These values are on the same order of magnitude as
those reported for SnS, around 600% [64]. Here we propose
that the decreased optical polarization degree of transition
E, is caused by parasitic band to band signal from the E,
transition. Band to band signal is expected as long as the
excitonic binding energy of E; has a value similar to the
ambient thermal energy, around kg7, = 25meV. While
no excitonic binding energies have been reported so far for
bulk GeS, an excitonic binding energy around 30 meV would

Ey

E
(%5) * 0 kbar

2.0

Pressure
4.0
kbar
5.6 ( )

W 6.9—— 90° (Armchair)
W 83 0° (Zigzag)
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127 e e

e e e
T

14 15 1.6 17 18 19 20 2.1 22
Energy (eV)

AR/R (arb. units)

FIG. 4. PR spectra acquired at different pressures with light
polarized along the two main crystallographic directions; zigzag (red
line) and armchair (blue line). The crystal structure of a GeS layer is
shown at the right bottom.

result in some band to band PR signal around the energy of
transition E,, which is just 49 meV above transition E;, but
with a perpendicular polarization direction, hence resulting in
f1 > 0 for the current fit, as experimentally observed. More
work is desirable to clarify the excitonic binding energies of
transitions E; and E,.

In order to individually track the pressure dependence
of each optical transition, high-pressure PR measurements
with polarizations along the armchair and zigzag directions
were performed during the downstroke pressure cycle. The
obtained spectra are shown in Fig. 4, where it can be seen
that, by using the armchair polarization, two transitions are
fully visible. These are E; and E5 (the latter measured at
ambient pressure only, due to lack of signal), while transition
E, shows up only when the zigzag polarization is used. At
ambient pressure these transitions are located at 1.61, 1.66,
and 1.96 eV, in perfect agreement with previously reported
polarization-resolved thermoreflectance measurements that
established their energies at 1.59, 1.67, and 2.06 eV, respec-
tively [12]. From Fig. 4 it is clear that the energy difference
between transition £ and E; becomes smaller with increasing
pressure. This is due to the increased pressure coefficient of
transition E,, as discussed below.

Fitted energies by using the Aspnes formula during both
the upstroke and downstroke are shown as a functions of pres-
sure in Fig. 5. As it can be seen in the figure, good agreement
is found between upstroke (full symbols) and downstroke
(open symbols) cycles. For the fitting procedure, the phase
and broadening parameters (¢;, I';) were set at fixed values
extracted from fits to polarized spectra at room pressure,
and only the amplitude and transition energy parameters (C;,
E;) were left as free parameters to fit high-pressure spectra.
Within this approach, pressure coefficients were obtained
from linear fits to the data; dE/dP (meV /kbar) = —6.9(2)
and —8.3(9) for transitions E; and E,, respectively. The
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FIG. 5. Pressure dependence of the fitted direct transitions E;
(squares) and E, (triangles) for spectra acquired during the upstroke
(full symbols) and downstroke (open symbols) pressure cycles. Lin-
ear fits to the data are used to extract the pressure coefficients.

pressure coefficients obtained here are in good agreement
with the values from optical absorption measurements re-
ported previously, around —6.0 £+ 1.5 meV /kbar for the
absorption edge measured under armchair polarization direc-
tion (corresponding to the direct transition E;) and —9.0 £
1.5 meV /kbar measured under zigzag polarization direction
(corresponding to signal arising from both the indirect transi-
tion Ey and the direct transition E3) [34]. From these results,
energetic degeneracy of transitions E; and E, is expected to
take place around 35 kbar. Since the pressure coefficients of
transitions £ and E; are different, it is easier to assign them to
the electronic band structure calculated at different pressures.

The calculated electronic band structure is shown in Fig. 6
for zero pressure (black lines) and 20 kbar (gray lines). These
calculations predict that the indirect gap (shown as a green
arrow) takes place from the valence-band maximum (VBM)
close to the Z k-point to the conduction-band minimum
(CBM) located around 2/3 of I'-Y (labeled as A in the figure).
The first three direct transitions are labeled E;, E,, and E3
and take place at I', A, and close to Z, respectively. The two
latter, which take place at non-high-symmetry k points with an
enhanced joint density of states, are band-nesting transitions.
These types of transitions have been previously reported in
other families of layered compounds such as TMDs [65,66].
More importantly, the electronic band structure shown in
Fig. 6 is composed of three valleys, one at I and two in the
I'-Z and T"-Y reciprocal directions corresponding to the arm-
chair and zigzag perpendicular crystallographic directions,
respectively. Analog compounds such as SnS, SnSe, and GeSe
exhibit a similar electronic dispersion but with a decreased
band gap [67]. Interestingly, the two lowest transitions of
these compounds in their monolayer form take place only
around Z and A, while for GeS, a valley at I' persists even
in its monolayer form [68].

It can be shown that the three nondegenerate valleys of
GeS can be individually selected by using linearly polarized
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FIG. 6. (a) Electronic band structure calculated along the main
high-symmetry points of the Brillouin zone at a pressure of 0 kbar
(black curves) and 20 kbar (gray curves). The proposed indirect Ey
transition is indicated (green arrow) as well as the direct transitions
E\, E», and E; (blue and red arrows). CBM and VBM are indicated
with green dots. (b) Light polarization directions as defined with
respect to the crystal lattice. (c) Brillouin zone with labeled high-
symmetry k points. The directions of the lattice parameters are
included for clarity. (d) 3D plot of the electronic band-structure lines
from (a) in the Y-I"-Z region of the Brillouin zone. Three valleys
are shown to have different polarization directions. For each valley,
the matrix elements are shown as a RGB color code (P,, Py, and P,
respectively).

light as a consequence of the selection rules of the crystal
Pnma — D¢ space group [69]. This feature can be exploited
in designing a variety of valleytronic devices; for instance,
transverse nonlinear conductivity has been demonstrated for
the SnS analog [70]. In order to investigate the valley polar-
izability in GeS, optical matrix elements have been calculated
along the Y-I"-Z k-path. Results are shown as a color map in
Fig. 6(d) where matrix elements contributing to the directions
x, y, and z are represented by colors green, red, and blue,
respectively. Our calculations reveal that all transitions are
practically fully polarized (i.e., the matrix element for the
perpendicular direction is zero), in good agreement with our
experiments, which found small or negligible out of plane
components of the PR signal (i.e., f| /f}; < 0.3, as previously
discussed). It is worth noting that calculated matrix elements
within the present method have shown to accurately reproduce
the relative photoluminescence intensity of TMDs [71], and

235205-5

49



50

R. OLIVA et al.

PHYSICAL REVIEW B 101, 235205 (2020)

TABLE 1. Assignation of direct optical transitions to different points of the BZ. Their respective experimental and calculated energies,

polarization directions, and relative pressure coefficients are given.

(1/E)dE /dP
Energy (eV) Polarization (10~ 3kbar™1)
Transition Assignation Experiment Calc. Experiment Calc. Experiment Calc.
E, r 1.61 1.68 Armchair Armchair —4.3(1) -3.1
E, A 1.66 2.05 Zigzag Zigzag —-5.005) —6.9
Es ~Z 1.96 2.06 Armchair Armchair —6.6

are in perfect agreement with k-p theory for the selection rules
of the Pnma space group [70].

The here proposed assignation of the direct excitonic
transitions E;, E, and E; to Brillouin-zone (BZ) points is
summarized in Table I and has been performed consider-
ing the following factors; (i) transition energies, (ii) tran-
sition polarization directions, and (iii) pressure coefficients.
As can be seen in Table I, the agreement between exper-
imental and theoretical polarization directions is excellent.
Within present limitations (no thermal or excitonic effects
were considered in the calculations), the agreement between
experimental and theoretical transition energies E; and Ej
is good (thermal and excitonic effects on the optical energy
is expected to be smaller than AE = 250meV) [14]. The
relative pressure coefficients (1/E)dE /dP are qualitatively
in good agreement, where the pressure coefficient of tran-
sition E, is more pronounced. The calculated here pressure
coefficients (—16.0 meV /kbar, —5.2 and —14.1 meV /kbar
for the Ey, E}, and E, transitions, respectively) are similar to
those reported by Makinistian and Albanesi [24] from DFT
calculations with GW corrections (—13.0, —4.8, and —9.5
meV /kbar for the Ey, E|, and E, transitions, respectively).
At higher pressures, the pressure coefficients decrease, and
our calculations predict a transition to a semimetallic state
at 130 kbar (see Fig. S3 in the SM) [54]. This result is
consistent with high-pressure structural and electrical mea-
surements, which revealed a phase transition at 90 kbar (phase
P21/m), followed by a metallization around 150-200 kbar.
[33]

The presented high-pressure optical results are useful to
evaluate the effect of interlayer coupling on the electronic
band structure. The orbital composition of the band structure
in the Z-I'"-Y region of the BZ is shown in Fig. 7, where
it can be seen that Ge (S) atoms contribute mostly to the
conduction- (valence-) band states [see Figs. 7(a) and 6(b), re-
spectively]. Calculated electron density isosurfaces associated
with k points corresponding to each of the three direct optical
transitions are shown in Fig. 7(c) [Fig. 7(d)] for the conduction
(valence) band. From the figures, it is clear that the out of
plane component (i.e., x direction) of the orbital composition
is dominant at I". The pressure dependence positions of the
states at I' result from two competing contributions, on the
one hand the destabilization of out of plane p, orbitals as
the interlayer distance diminish and on the other hand the
stabilization of the p, orbitals with contraction of in-plane
lattice parameters, resulting in a redshift and a blueshift of
the states, respectively. This is in perfect agreement with
previously reported uniaxial and biaxial strain calculations,
which show that under compression the CB exhibits a redshift

around I" while the VB a blueshift around Z [9,30-32]. Ad-
ditional calculations under uniaxial strain, both compressive
and tensile, on the electronic band structure further support
this interpretation (results are shown in Fig. S2 of the SM).
Under hydrostatic pressure, an overall redshift of the states
at I' take place. Indeed, our calculations reveal that with
increased pressure, the band gap narrows mostly due to a
relative increase of the VB around Z and a decrease of the CB
at I', which becomes the CBM at 20 kbar [CBM and VBM
are represented as green dots in Fig. 6(a)]. Moreover, our
calculations show that the gap is closed at 130 kbar for a CBM
located at I and VBM at Z (see Fig. S3 of the SM) [54]. In
general, the effect of increased pressure has a similar impact
on the band structure as increasing the number of layers,
from monolayer to bulk. This trend has been observed for all
GeS analogs, where increasing the interlayer interaction from
monolayer to bulk results in an overall decrease of the CBM
located at I" and an increase of the VBM at Z [67]. Similar
conclusions have been found for other layered compounds
such as MoS, and ReS, [28].

The clear agreement between calculated and experimental
polarization directions (all transitions being fully polarized),
qualitative agreement on pressure coefficients and transition
energies E; and E; as shown in Table I, allow us to un-
ambiguously assign the first three optical transitions in the
Z-T'-Y region of the BZ. However, the calculated energy of
transition E, is significantly overestimated. The fact that GeS
analogs (i.e., SnS, SnSe, GeSe) clearly exhibit a prominent
valence-band local maxima around A, from their monolayer
form up to bulk [20,67,68], suggests that calculations fail to
reproduce the valence-band electronic dispersion in the I'-Y
region. Similar results are reported in the literature, where
most DFT calculations reported decrease [17,20,23,25,26,67]
or are inexistent [67,68] VB local maximum around A in ei-
ther bulk or monolayer forms. Angle-resolved photoemission
fine-structure spectroscopy measurements show that the local
VB at A should be =250 meV below the VBM at Z [72]. From
these results, it seems that our calculations underestimate the
energy of the VB at A by just 150 meV. Since the energetic
difference between calculations and experiments is larger (i.e.,
AE = 390meV, from Table I), we expect that transition E,
has a large excitonic binding energy, around 240 meV. Such
value could be valid in GeS since, in its monolayer form,
excitonic binding energies are as large as 0.7-1.2 eV. [22]
However, excitonic binding energies are not yet experimen-
tally established for bulk GeS and more work is desirable
both experimentally and theoretically to understand the exact
electronic dispersion of the valence band in the I'-Y region of
the BZ.
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FIG. 7. (a), (b) Calculated band structure in the Z-I"-Y region of the BZ at zero pressure. The calculated orbital composition for Ge and
S atoms (left and right panel, respectively) is represented with different colors (see the legend on the right) and is proportional to the line
thickness. Calculations are performed within the PBE functional with TS correction. (¢), (d) Plots of calculated electron density isosurfaces
(surface level 0.0057 e/A?) calculated at k points corresponding to each of the three direct optical transitions (close to the Z, ", and Y k points)
for conduction-band electrons and valence-band electrons. The view plane is defined by the zigzag- (y) and out of plane (x) directions.

IV. CONCLUSIONS

To summarize, we performed polarization-resolved high-
pressure PR measurements on GeS. We found that the first
and third direct optical transitions were polarized in the arm-
chair direction while the second was polarized in the zigzag
direction with dichroic ratios of 2000 and 300%, respectively.
Fits to the spectra acquired during the upstroke (unpolarized
measurements) and downstroke (polarized measurements) al-
lowed us to extract the pressure dependence of the first two
direct optical transitions. The obtained pressure coefficient
for the first (second) optical transition is —6.9 meV /kbar
(—8.3 meV /kbar). First-principles calculations were used to
explore the valley physics in GeS. Calculated matrix elements,
transition energies, and pressure coefficients allowed us to
unambiguously assign the experimentally measured optical
transitions. Finally, the effect of pressure and number of
layers on the electronic band structure was discussed in terms
of orbital composition. Our results provide a comprehensive

picture of the electronic band structure and optical properties
of GeS and validate its potential for valleytronic applications
in nondegenerate systems.
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Fig. S1. Sketch of the experimental setup used for high-pressure photoreflectance
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state laser (4). The signal is processed by a lock-in amplifier (5) and collected in the computer

OF



2 c (armchal)

a (interlayer) .‘ 25 b (zigzag) - 25

2015 20f =

1.5

x
<
T

E (eV)

051 1 051 b 05| B

Fig. S2. Effect of uniaxial strain, applied in three different directions, on the calculated
electronic band structure.

7

130 kbar

Energy (eV)

Wave Vector &

Fig. S3. Electronic band structure at a pressure of 130 kbar.

55



56

Table S1. Calculated lattice constants, telative errors with respect to the experimental values and mean
absolute relative error (MARE). In the last row, average experimental values reported in Refs [1-4] and
references therein are presented.

Lattice constants (A) Relative error (%) MARE
DFT method Y
a b c a b c (o)
D2 10.655 3.654 4.364 1.65 0.29 1.48 1.14
D3 10.642 3.658 4.471 1.53 0.40 3.97 1.97
D3+BJ 10.657 3.679 4.357 1.67 0.98 1.32 1.32
Semi-empirical TS 10.461 3.666 4.359 -0.17 0.62 1.36 0.72
corrections
TS+HP 10.556 3.665 4.316 0.71 0.59 0.36 0.55
MBD 10.437 3.673 4.254 —-0.43 0.81 —1.08 0.77
dDsC 10.424 3.670 4.210 -0.55 0.73 -2.10 1.13
revPBE 11.026 3.699 4.553 5.19 1.53 5.88 4.20
optPBE 11.026 3.698 4.554 5.19 1.50 5.90 4.20
van der Waals optB88 11.026 3.699 4.553 5.19 1.53 5.88 4.20
functionals
optB86b 11.027 3.698 4.553 5.20 1.50 5.88 4.19
rPW86 11.177 3.703 4.62 6.63 1.64 7.43 5.23
B86r 11.173 3.795 4.615 6.59 4.16 7.32 6.02
Experimental
Average 10.482 3.643 4.300

values
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Table S2. Calculated transition energies (with mBJ-TB09 potential) with experimental and optimized lattice
constants taken from Table S1, relative errors with respect to the experimental values and mean absolute

relative error (MARE).

Lattice
constants vdW method

MARE
Transition energies (eV) Relative error (%) (%)

Ep E E E E E E E;

D2 1.677 1975 1954 1531 —-14 99 —-68 -9.2 9.1

D3 1.601 1977 1981 1492 -59 100 -55 -11.5 11.0

= D3+B] 1.689 1.968 1966 1496 -0.7 95 —-63 —-112 92
.g TS 1.597 1986 1993 1473 —-6.1 105 —49 -126 114
g-( TS+HP 1.762 1983 1962 1500 3.6 104 —-64 -11.0 105
’ MBD 1.585 1.995 1952 1468 —-6.8 11.0 —-69 -129 125
dDsC 1.588 1.949 1.883 1.467 —6.6 85 —-102 —-13.0 128

D2 1.717 2129 2.086 1.668 1.0 185 =05 -1.0 7.0

D3 1.749 2228 2253 1.654 28 240 74 -18 120

o D3+B] 1.747 2086 2132 1.666 27 161 17 -—1.1 7.2
'g TS 1.684 2059 2.051 1.681 —-1.0 146 —-22 -0.2 6.0
.§" TS+HP 1.800 2.056 1.997 1582 58 144 —48 —6.1 10.4
MBD 1.624 1919 1908 1463 —45 68 —-90 -132 112

dDsC 1.565 1.860 1.834 1339 —-80 35 —125 —-205 149

Experimental

values

1.701 1.797 2.097 1.685




Table S3. Calculated transition energies (with HSE06 functional) with experimental and optimized lattice
constants from Table S1, relative errors with respect to the experimental values and mean absolute relative

error (MARE).
MARE
Latice Transition energies (eV) Relative error (%) (%)
constants vdW method Ey E B E; E E B E3
D2 1.805 2.245 2.092 1.653 6.1 249 -02 -19 111
D3 1.718 2241 2115 1.606 1.0 247 09 -47 104
= D3+B]J 1.815 2.236 2.100 1.608 6.7 244 0.1 —4.6 11.9
.g TS 1.711 2248 2120 1577 0.6 251 1.1 —06.4 11.1
g-« TS+HP 1.888 2.251 2.092 1.605 11.0 252 -0.2 —48 13.8
’ MBD 1.701 2215 2128 1579 00 232 15 —6.3 10.4
dDsC 1.751 2174 2.042 1578 29 210 -26 —-64 110
D2 1.835 2407 2224 1789 79 340 6.0 0.2 18.0
D3 1.860 2510 2396 1.793 94 39.7 143 64 232
- D3+B] 1.868 2404 2221 1780 9.8 338 5.9 5.6 18.4
'g TS 1.875 2322 2183 1.802 102 292 4.1 6.9 16.8
'§~ TS+HP 1.914 2325 2130 1.690 125 294 1.6 0.3 14.6
MBD 1.751 2174 2.042 1578 29 210 -26 -64 11.0
dDsC 1.691 2109 1974 1460 —-0.6 174 =58 -134 124
Experimental o 4 007 5007 1.685
values
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CHAPTER 4

Linear dichroism of the optical properties of SnS and

SnSe van der Waals crystals
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Overview

SnS and SnSe crystals were characterized by means of optical spectroscopy and photoemission
spectroscopy, supported by ab initio calculations. The studies revealed high sensitivity of the optical
response of both materials to the incident light polarization, which is interpreted with regard to the
orbital composition of the electronic bands and symmetry-related selection rules. From the
photoemission investigation, we determined the ionization potential, electron affinity, and work
function of SnS and SnSe.
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ABSTRACT: Tin monochalcogendies 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 func-
tionalities, such as intrinsic linear dichroism of the optical and electronic properties originating from strongly anisotropic orthorhombic crystal
structure. This property makes them perfect candidates for polarization-sensitive photodetectors working in near infrared spectral range. We
present a comprehensive study of the SnS and SnSe crystals by means of optical spectroscopy and photoemission spectroscopy, supported by
ab initio calculations. The studies revealed the high sensitivity of the optical response of both materials to the incident light polarization, which
we interpret in terms of the electronic band dispersion and orbital composition of the electronic bands, dictating the selection rules. From the
photoemission investigation we determine the ionization potential, electron affinity and work function, which are parameters crucial for the

design of devices based on semiconductor heterostructures.

INTRODUCTION

The unique layered structure and possibility of obtaining atom-
ically thin flakes make van der Waals (vdW) crystals* perfect candi-
dates for applications in two-dimensional electronics and optoelec-
tronics, such as photodetectors, solar cells, and light emitters. An in-
teresting class of devices are polarization-sensitive photodetectors,
as their responsivity depends on the incident light polarization. Such
technology can be exploited for detection of light polarization
changes after traveling through a birefringent medium, including
various solids, liquid crystals, but also biological systems, such as
protein solutions.’ In the case of the latter, the measured polarization
angle shift may allow to determine presence of certain proteins in a
sample, which is extremally important in diagnostics. Unfortunately,
the state-of-the-art polarization-sensitive photodetectors are rather
complex, as they demand integration of multiple optical compo-
nents. The design, however, can be significantly simplified by ex-
ploiting the materials with intrinsic anisotropy of the optical proper-
ties.*® Among vdW crystals, such properties was observed for black
phosphorus (BP)** and its binary analogues, group IV monochalco-
genides (MX, where M = Ge, Sn, and X = S, Se).”'® Since MXs

exhibit stability in atmospheric conditions superior to BP,”" 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 la. Along the x
axis the structure is puckered, while a ladder-like pattern is observed
in the y direction. The anisotropy of the crystal lattice induces direc-
tionality of the electronic band dispersion, which then determines
the dielectric function and the optical properties. For the considered
1:1 stoichiometry, the metal atom is in the +2 oxidation state and
forms three bonds with chalcogen atoms and a lone electron pair in
the tetragonal coordination.'® The presence of the stereochemically
active lone pairs is also know to reduce the ionization potential of a

119—21

materia and influence the photoconversion efficiency, as in the

case of metal-halide perovskites.”>*

Among the MX family, tin monochalcogenides are characterized
by relatively narrow indirect band gaps in the near infrared spectral
range (1.1 and 0.9 eV for SnS and SnSe, respectively),*** high ab-
sorption coefficient, and intrinsic p-type conductivity, enhanced by
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Figure 1. Schematic illustration of the crystal structure created with VESTA software® (a), the first Brillouin zone of the reciprocal orthorhom-
bic structure (b), the results of XRD characterization for SnS (c) and SnSe (d), and core level XPS spectra of SnS (e) and SnSe (f). In panels e
and f the Gaussian line-shape (dark solid lines) were fitted to the experimental points (circles). The components of the Gaussian fits corre-

sponding to SnX and SnX; phases are plotted with dashed red and yellow lines, respectively.

the presence of native acceptor defects,”'

making them perfect
candidates for infrared polarization-sensitive photodetectors. Apart
from optoelectronics, SnX crystals poses vast potential for applica-

2735 extremally desired in the era of

tions as thermoelectric materials,
growing energy demand. For SnSe, Zhao et al.*> reported unexpect-
edly high thermoelectric figure of merit of 2.6, exceeding the perfor-

mance of typical state-of-the-art Pb-based materials.*

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 photo-
emission spectroscopy. We discuss the influence of the stereochem-
ical activity of the lone electron pairs on the energies of the electronic
bands with respect to the vacuum level, crucial for the engineering of
semiconductor heterostructures and metal contacts.”**”* The ob-
tained results provide in-depth understanding of the mechanisms re-
sponsible for the observed phenomena at the fundamental level and
reflect the empirical implications of the selection rules.

RESULTS AND DISCUSSION

Structural characterization

SnS and SnSe crystalize in a distorted orthorhombic phase, sche-
matically presented in Figure 1a. In Figure 1b the first Brillouin zone
(BZ) of the reciprocal space is illustrated, with marked high-sym-
metry points. The structure of the investigated samples was con-
firmed by X-ray diffraction measurements (XRD), revealing charac-
teristic reflexes, assigned according to the PDF-4 database* (SnS
card no. 00-067-0519, SnSe card no. 00-048-1224), as shown in Fig-
ure 1c. For both crystals, a dominant [001] orientation was observed
in the diffraction patterns. In addition, a reflection from Si (400)
plane was detected. The lattice parameter ¢ (corresponding to the
out-of-plane crystallographic direction) equals 11.18 and 11.48 A
for SnS and SnSe, respectively, in agreement with previous reports.

An investigation of the chemical composition was performed us-
ing core level X-ray photoemission spectroscopy (XPS) (Figure
1d,e). The full-scale spectra, plotted in Figure S1 of the Supporting
Information (SI), only show the presence of Ge or Sn and S or Se
atoms, with negligible traces of oxygen and carbon, indicating high
purity of the sample surface. In Figure 1d,e regions of the spectra
with characteristic features related to contributing elements are pre-
sented, for SnS (panel d) and SnSe (panel e), identified after
Moulder et al.* The energies of individual orbital levels were deter-
mined by fitting the Gaussian line-shape to the acquired data. For S
in SnS a doublet corresponding to 2p orbitals was observed, with the
expected ps/2: p1/2 intensity ratio of ~2:1. For Se in SnSe, a 3d dou-
blet can be identified, with the ds : ds/ intensity ratio of ~3:2. For
Sn atoms, signal associated with 3d orbitals was detected. The exact
energies and spin-orbit splitting values of the observed lines are sum-
marized in Table S1 of the SI. Along with the core levels correspond-
ing to the SnX phase (with Sn at the +2 oxidation state), plotted as
red dashed components of the Gaussian fits, a weak signal originat-
ing from the SnX: 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 close position of ds/» and ds/» components, but is ap-
parent for other measured lines, indicating presence of chalcogen-
rich domains at the sample surface, which is not unusual (tin vacan-
cies are one of the most stable native defects in the system, responsi-
ble for the intrinsic p-type character).**

Optical properties
The optical properties of SnS and SnSe crystals were investi-
gated by means of complementary methods of optical spectroscopy:

4749 .1 d

photoreflectance (PR), sensitive to direct optical transitions,
optical absorption allowing to detect both direct and indirect band
gap. In Figure 2, a comparison of the photoreflectance and optical

absorption spectra acquired at the temperature of 20 K for SnS
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Figure 2. (a, c) The unpolarized photoreflectance and optical absorp-
tion spectra acquired for Sn$ (a) and SnSe (c). The fit with the Aspnes
formula (dark solid lines) is superimposed over the experimental PR
data (circles). The absorption coefficient a is plotted with solid yellow
lines. Shaded areas at the bottom of each panel are the PR resonances
moduli (Eq. 2), with the dark and light colour corresponding to y and x
polarization of the optical transition, respectively. In panel ¢, the E; and
E4 resonances and corresponding moduli are scaled by the factor of 0.5
for clarity. (b, d) The optical absorption spectra measured at the inci-
dent 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.

(Figure 2a) and SnSe (Figure 2c) is presented. For both materials,
in the PR spectra (plotted with blue and purple circles) multiple res-
onances are visible, indicating contribution of three and four optical
transitions for SnS and SnSe, respectively, labelled E;-E; in the fig-
ure. In order to determine the energies of the transitions, the Aspnes
formula,* given by

%R (hw) = Re (z Ciei(hw — E; + in)-Z) (1)

was fitted to the experimental data. In the equation, C: is the ampli-
tude of the i-th PRresonance, @i is the phase, I';is the broadening and
E; is the energy. The energies corresponding to the temperature of
20 K are summarized in Table 1. Based on the fitting parameters, the
resonance moduli, plotted as shaded areas in Figure 2a,c, were cal-
culated, using the formula

|Cil

Api(E) =

The area under the modulus curve is related to the transition oscilla-
tor strength.

The PR resonances visible in the spectra exhibit strong polariza-
tion dependence, as shown by Ho et al.*! and Herninda et al.*> and
confirmed by our preliminary results. E; 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 absorp-
tion coefficient spectra (yellow solid lines in Figure 2a,c) exhibit a
characteristic step-like shape, also suggesting contribution of multi-
ple optical transitions, with the two branches corresponding well to
the E; and E;> 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 first res-
onance energy, an absorption tail is present, which may be an evi-
dence of the indirect character of the fundamental band gap. The in-
direct absorption edge could be better resolved in the spectra ac-
quired for the incident light polarized along one of the main crystal-
lographic directions (i.e. the electric component of the EM field ¢ ||
xorel| y), presented in Figure 2b,d. A significant shift of the direct
absorption edge with varying polarization can be observed, related
to the changes of the probability of individual transitions, in-line
with the PR resonances polarization dependence. From the Tauc
plots® 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 (ahv) "/
plot s clearly visible, allowing to determine the fundamental indirect
band gaps Eo of 1.16 €V for SnS and 0.99 eV for SnSe. The (ahv)*
plots of the energetically higher regions of the spectra for both polar-
izations provided the energies of direct transitions E; and E;, in per-
fect agreement with PR, as compared in Table 1. Some minor dis-
crepancies may result from the fact that the Tauc plot method is best
applicable for materials with simple electronic band dispersion, ex-
hibiting the absorption edge originating from an optical transitions
between well-defined parabolic-like valleys.

To better understand the optical activity of SnXs, temperature
dependent experiments were carried. The obtained results are pre-
sented in Figure 3. The temperature evolution of the PR spectra
(Figure 3a,d) reveals the expected thermal redshift of PR resonances
energies and a decrease of their amplitude. In the case of optical ab-
sorption, the influence of the temperature was investigated using ei-
ther unpolarized light (Figure 3b,e) or light polarized linearly along
x and y direction (Figure S2 of the SI).

Temperature dependences of Eo and E; transitions energies
(Figure 3c,f) were approximated by Bose-Einstein (B-E)** and
Varshni* formulas, providing information about the electron-pho-
non interaction strength. The equations and obtained values of the
fitting parameters values are given in the SI (Table S2). Both ap-
proaches allow to reproduce the temperature dependence with good
accuracy, although the B-E procedure is more accurate at low tem-
peratures. For the energetically higher transitions the fits did not
converge or provided non-physical values, which may be related to
the uncommon shape of the plot, resulting from the uncertainties of
the energies extracted from the PR spectra, especially at higher tem-
peratures.

Electronic band structure

Based on the absolute energies and polarizations of the optical
transitions observed in the experiment, we propose an assignation to
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Figure 3. The temperature evolution of the photoreflectance (a,d) and optical absorption (b,e) spectra acquired for SnS (a,b) and SnSe (d,e). Tem-

perature dependence of the optical transitions energies determined based on the optical absorption (Eo) and PR (E; - E4) measurements for SnS (c)

and SnSe (f). The experimental data (circles) are approximated by Bose-Einstein formula (solid lines).

certain Brillouin zone points. In Figure 4a,c the electronic band
structure is presented, calculated employing DFT, with the use of
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional (for the com-
putational details see Methods section). The calculations confirm the
multivalley character of the band dispersion, with the conduction
band minimum (CBM) in the I'-Y path and a characteristic shape of
the valence band maximum (VBM) in the I'-X path, composed of
two hole pockets. The band shape has been observed experimentally
in the angle-resolved photoemission spectroscopy measurements
and strongly influences the thermoelectric efficiency of the materi-
als.***® The band dispersion is generally similar to germanium mon-
ochalcogenides (GeS, GeSe), except for the valence band in the I
point, pushed towards higher binding energies relative to the
VBM."*'*%%% Hence, the quasi-direct band gap character observed
for GeS¥ and GeSe'*'* is not present for SnS and SnSe crystals. In
Figure 4b,e the relative distance between highest valence band and
lowest conduction band is plotted, along with in-plane components
of the transition squared matrix element (shaded areas), determin-
ing the transition oscillator strength and, as a consequence, its prob-
ability. The matrix element distribution is governed by the selection
rules and indicates for which polarization a transition is allowed. By
comparing the experimental results to the calculated band structure
we assign the observed optical transitions as labelled in Figure 4b,e
and summarized in Table 1. The Eo transition can be attributed to
the indirect fundamental band gap between VBM and CBM. The
lowest direct transition E;, polarized along y direction, correspond
to the valley in the I'-Y path, while E, active for the x polarization,
occurs in the I'-X path, close to the X point. The transition E; can be

assigned to the U point, and Ej, visible only for SnSe, to a critical
point in the Y-S path. The agreement between experimental and the-
oretical energies is excellent for Eo, but poorer for the higher transi-
tions. Such discrepancies are not unusual, as DFT calculations, bur-
dened with approximations and sensitive to the computational pa-
rameters, often reproduce the band shapes accurately, but fail to
evaluate the absolute energies. Therefore, to find a plausible inter-
pretation of the experimental results we focus mainly on the polari-
zation and the matrix element in-plane components ratio.

The anisotropy of the matrix element distribution and, as a con-
sequence, the polarization of the optical transitions is related to the
orbital composition of the electronic bands. In Figure 4c¢,f the den-
sity of states (DOS) is plotted, including both total DOS (shaded
areas) and partial contribution of Sn and X valence orbitals (dashed
lines): Sn Ss, Sp and S 3s, 3p or Se 4s, 4p. According to DFT calcula-
tions, also d orbitals (often referred to as semi-core states) have mi-
nor contribution to the total DOS, which is not plotted in the figure
for clarity. It was shown that either including the d states to the band
structure calculation, or treating them as core-levels, provides nearly
identical results.'””° The conduction band of both materials is mainly
composed of Sn Sp orbitals, with addition of X p states. In the va-
lence band three regions can be distinguished, labelled A, B, and C
in Figure 4c,f, as was also shown for other MXs.”>*> The A band is
composed of a mixture of Sn Ss, Sp and X p orbitals, the B region is
dominated by X p states, with contribution of Sn p orbitals, and the
C peak almost entirely consists of Sn Ss states. The contribution of

the



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.

Energy (eV)
Transition BZ point Polarization Experiment (20 K)
DFT (0 K)
Absorption PR

Eo I-X—TI-Y - 1.16 - 1.16

Ei r-y y 1.23 1.23 1.39
SnS

E> r-x X 1.38 1.38 1.75

Es3 U X - 1.70 1.97

Eo I-X—TI-Y - 0.99 - 0.95

Ei r-y y 1.09 1.07 1.16
SnSe E> r-x 1.14 1.15 131

Es3 U X - 1.36 1.63

Es Y-S X - 1.45 1.72

Ss orbitals to the upper valence band is a consequence of the pres-
ence of stereochemically active s* lone electron pairs in the crystal
structure and will be discussed further in the text. In Figure 4a,d, the
contribution of the three spatial components of the p orbital (ps, py,
p-), oriented along respective crystallographic axes, is superimposed
over the band dispersion. In the figure, p states of both Sn and X at-
oms are combined. More detailed picture, including also the s states
and resolving contribution of different elements, is presented in Fig-
ure S3 of the SI. In the orbital composition plots the size of the points
is proportional to the contribution of an orbital to certain band. The
distribution of the three components across the BZ is particularly in-
teresting 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 p. orbitals, resulting in high k. matrix element
component, and consequently polarization of the optical transition
along the x direction. Similarly, in the I'-Y and Z-T paths p, orbitals
dominate, giving rise to high k, matrix element component and de-
termining the y polarization of the optical transitions. It can also be
seen that in the BZ regions where both valence and conduction
bands consists mainly of p: states (I', Z, S, and R points), the in-plane
matrix element vanishes, as a result of small value of the overlap in-
tegral. Therefore, in the applied experimental configuration, no op-
tical transition attributed to the I point of the BZ was observed, de-
spite relatively low energy with respect to the fundamental band gap.

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 excitation en-
ergies. The lab-based XPS, utilizing the Al K line of hv = 1486.6 €V,
allows observation of core-level states, confirming the material com-
position and quality, and the high energy secondary electron cut-off,
providing direct information about the work function of the investi-
gated sample. In terms of valence band investigation, for high excita-
tion energies the photoionization cross-section of the valence orbit-
als is relatively small, resulting in low photoemission intensity.
Therefore, the second applied method was UV photoemission

spectroscopy (UPS), exploiting monochromatic synchrotron radia-
tion of hv = 100 eV. The technique and the experimental setup pro-
vide significantly improved resolution and sensitivity, along with
possibility of angle-resolved measurements, which are reported in
our previous work.** Both techniques allow measurements of the va-
lence band, however UPS is more suitable, considering the pho-
toionization 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.®¢! In Figure Sa,c the UPS spectra (top plot of each panel)
are compared with the simulated valence band (bottom plots), ob-
tained by applying following procedure to the calculated partial
DOS: first, the contribution from the orbitals was weighted using the
photoemission cross-sections corresponding to the excitation en-
ergy of 100 eV, according to Yeh and Lindau.® Next, to introduce
the broadening of the electronic states, the partial DOS was con-
volved with Lorenzian (natural broadening) and Gaussian (thermal
broadening) functions. The UPS spectra were corrected by subtract-
ing the background originating from the inelastic electron scattering.
It can be seen for both SnS and SnSe that after taking into account
the photoionization cross-section, the signal from A and B bands (as
labelled in Figure 4c,d) is strongly dominated by X p orbitals, and
the contribution of Sn Ss 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 diverges in the A region. In the
calculations, the intensity of the A band is lower with respect to the
Bband, butin the experiment we observe opposite relation. The dis-
crepancy 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-sec-
tion for p states might be smaller than predicted, while estimated
correctly for s orbitals, insensitive to the polarization. Then, the con-
tribution of the Sn Ss states to the photoemission from the A region
should be greater, resulting in higher overall detected intensity. An-
other factor which may influence the respective bands intensity ratio
is the possibility that DFT calculations underestimate the contribu-
tion of the Sn Ss states to the topmost region of the valence band.
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Figure 4. (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 k. and k, 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 (Evay = 0). In panels a, b, and c results for SnS are presented, while d, e, and f correspond to SnSe.

The XPS spectra acquired for SnS and SnSe, visualizing the sec-
ondary electron cut-off and valence band maximum are presented in
Figure Sb,d. From the extrapolation of the linear region at high bind-
ing energy side of the spectrum the cut-off energy E..of was deter-
mined. The valence band maximum energy Evsu can also be esti-
mated (with respect to the Fermi level), however considering the
spectral resolution and intensity of the signal originating from the
valence band more reliable and precise values of Evsu are extracted
from the UPS data, as shown in the insets of Figure Sa,c. It can be
noticed that the VBM is observed at slightly higher energies in XPS
measurements. Such 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 re-
solved in the XPS measurements. In the UPS spectra 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 T point.

The values of Evsu obtained for SnS and SnSe are 0.33 eV and
0.12 eV, respectively. The material work function (¢) can be calcu-
lated from the relation

Q= hv — Ecut—off- (3)
Then, the ionization potential (IP) is given by
IP = @ + Eyp, 4)
and the electron affinity (y) can be defined as

x=1IP—E, (5)

where E, is the fundamental energy gap determined from the optical
absorption measurements. The values of the above parameters for
SnS and SnSe (compared with GeS and GeSe investigated in our
previous work®) are summarized in Table 2 and Figure 6, visualizing
the band alignment of the four MXs with respect to the vacuum en-
ergy. It should be noted that the work function, related to the Fermi
level position inside the band gap, may vary depending on the intrin-
sic defect or intentional dopants concentration, therefore the param-
eter more suitable for comparison with other studies is the IP, i.e. the
VBM position with respect to vacuum level.

The obtained values of the IP are relatively low compared to
other semiconducting van der Waals crystals, which leads to some
significant consequences considering potential applications, such as
band alignment with window layers for photovoltaics, affecting the
device efficiency, or with metals for electrical contacts, determining
the ohmic or Schottky character of the junction. The reason for this
is the aforementioned contribution of the metal s*lone electron pairs
to the high energy region of the valence band, confirmed by previous
studies.'”® In all MXs the metal atom is in the +2 oxidation state. For
group IV metals it implies either tetrahedral or octahedral coordina-
tion. The former characterize with three bonds with chalcogen at-
oms and one lone electron pair in the fourth vertex of the tetrahe-
dron, forming a distorted orthorhombic crystal lattice. In the latter,
six M-X bonds result in perfectly symmetric rocksalt structure.'®”!
The lattice distortion is related to the stereochemical activity of the
s* lone pairs, observed for GeS, GeSe, GeTe, SnS and SnSe, but not
for other group IV-VI compounds with the same stoichiometry, such
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as SnTe, PbS, PbSe, and PbTe. The phenomenon can be partly ex-
plained by the revised lone pair model proposed by Walsh et al.*! In
the considered materials the metal valence s orbitals hybridize with
chalcogen p states, forming bonding and anti-bonding states (as
schematically illustrated in Figure 7), 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 M s
and X p levels, yielding higher contribution for smaller energy dis-
tance. For strong M s component, the interaction of the unoccupied
Mp orbitals with the anti-bonding state leads to asymmetric 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 M s and X p
valence levels for group IV and VI elements is presented in a diagram
in Figure 7, with the energies adapted after Mann et al.** It can be
seen that due to lowest energy distance, most prominent lone pairs
form for oxides, and the X p energy increases down the VI group. For
metal atoms, the Sn Ss state is positioned higher relative to both Ge
4s and Pb 6s levels, reducing the effective distance to X p states,
which explains the significantly lower IP observed for SnX compared
to GeX. Considering only tin compounds, we should expect stronger
mixing of Sn Ss orbitals with S 3p than with Se 4p states, and there-
fore greater contribution to the A band for SnS. In Figure SS of the
SI the Sn Ss contribution to the total DOS is plotted for both inves-
tigated materials, confirming the predictions.

The revised lone pair model is in agreement with the experi-

mental results obtained for SnX crystals, however does not explain
formation of the stereochemically active lone pairs in GeX

compounds and their absence in PbXs. An attempt of justification of
the phenomenon was made by Smiles et al.,>° who proposed that the
atomic radius and bond lengths may affect the resulting favorable
structure. The theoretical study performed by the authors for GeS
and GeSe, simulating the influence of the bond length on the opti-
mized geometry by varying the unit cell volume, did not resolve the
issue, however other evidence that the explanation might be valid
can be found in the literature. XRD studies of pressure-induced
structural phase transition of PbX crystals revealed a transformation
from the perfectly symmetric rock-salt to distorted orthorhombic
structure with space group Cmcm (a supergroup of Pnma).~" Fur-
thermore, in the investigations of the thermal expansion of GeX ma-
terials, a phase transition from the orthorhombic (GeSe) or rhom-
bohedral (GeTe) to cubic system was observed.®* GeS did not un-
dergo any phase transition up to the melting point, indicating supe-
rior stability of the distorted structure.”” The observed behavior of
both Pb and Ge chalcogenides is in-line with the hypothesis that the

Table 2. lonization potential, work function, electron affinity, and
room temperature energy gap determined for SnS, SnSe, GeS, and
GeSe. The values for GeX crystals are adapted from Ref. [62]

IP (eV) ¢ (eV) 1 (eV) E, (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
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Figure 6. The band alignment diagram for the group IV-IV
chalcogenides SnS, SnSe, GeS, and GeSe, with respect to vacuum energy
Euee. The values for GeX crystals are adapted from Ref. [62].

interatomic distance may influence the stereochemical activity of the
lone electron pairs. In the case of the former, increasing the hydro-
static pressure leads to effective reduction of the interatomic dis-
tance and induce stronger interaction between Pb and X orbitals, re-
sulting in the crystal lattice distortion. For the latter, the thermal ex-
pansion causes an opposite effect, weakening the interaction and ob-
served 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 ap-
pears, 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

t.” The result confirms the trends predicted

atomic rearrangemen
based on the atomic orbital energies regarding the relation between
the stability of the s> lone pairs and the energy distance between M s

and X p valence states.

CONCLUSIONS

In conclusion, the optical properties of SnS and SnSe van der
Waals crystals were investigated by complementary methods of op-
tical spectroscopy (modulated reflectance and optical absorption)
combined with ab initio calculations of the electronic band structure
and density of states. The experimental studies confirmed the pre-
dicted indirect character of the fundamental band gap of SnS
(1.09 eV at room temperature) and SnSe (0.89 eV), and revealed
strong linear dichroism of the energetically higher direct optical
transitions. The anisotropy of the optical properties originates from
the electronic band structure and orbital composition of the individ-
ual bands, determining the selection rules and transition probability
dependent on the incident light polarization angle.

By means of UV and X-ray photoemission spectroscopy the va-
lence bands of SnS and SnSe were examined experimentally, remain-
ing 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 to determine
the work functions, ionization potentials and electron affinities of
the materials, providing information about the band alignment with
other semiconductors for heterostructures engineering. The ob-
tained relatively low values of the ionization potential (4.87 eV and
4.92 eV for SnS and SnSe, respectively) can be attributed to the

presence of the stereochemically active Sn Ss lone electron pairs in
the crystal structure. Their formation is governed by the interaction
between unoccupied Sn Sp orbitals and the anti-bonding state of hy-
bridized Sn Ssand S or Se valence p orbitals. Along with SnX, we dis-
cuss the phenomenon and its consequences also for other group IV
monochalcogenides.

In general, our results explain the origins of the linear dichroism
of the optical properties of SnS and SnSe and point towards potential
applications in polarization-sensitive photodetectors, but also possi-
bilities of integration with other crystals to form van der Waals het-
erostructures.

METHODS

Experimental details

The investigated samples were SnS and SnSe single crystals syn-
thesized using modified Bridgman technique using 6N Sn, S and Se
precursors. Prior to synthesis, as received precursors were purified
using float zone technique to reach 6N purity. Stoichiometric ratio
of Sn and chalcogen were mixed in nugget form into Bridgman am-
poule with a sharp tip to limit nucleation density and enable single
crystal formation. Typical growth temperature was set above the
melting point of SnS and SnSe, usually at 950 °C. The crystallization
occurred by lowering rate of 1 mm per week from 950 °C hot zone
to 300 °C cold zone.

For structural characterization, X-ray diffraction (XRD) meas-
urements were performed on a Marvel Panalytical Empyrean diffrac-
tometer in a Bragg-Brentano configuration using a Cu Ku
1 =1.540598 A x-ray tube and a Pixcel3D detector. A small piece of
bulk crystal was placed on a Si/SiO, substrate and a diffraction curve
was recorded. The measurement range spread from 10 to 75 degrees
under normal conditions.

For the optical spectroscopy measurements (photoreflectance
and optical absorption) the samples were exfoliated to obtain clear
surface and mounted on a brass carrier, ensuring good thermal con-
tact, inside a cryostat coupled with a closed-cycle helium cryocooler.
The experiments were carried with the use of a dedicated optical
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Figure 7. Diagram of the electronic configuration 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 from Ref. [64]. The hybridized bonding and anti-bonding
states are only presented for the illustration of the phenomenon and
does not correspond to the values on the energy scale.

67



68

setups, composed of a quartz tungsten halogen lamp (a probing
white light source), a $50 mm focal length grating monochromator
and a detection system, including Si or InGaAs photodiode and a
lock-in amplifier (Stanford Research Systems SR830). For the pho-
toreflectance measurement the modulation was achieved by peri-
odic excitation with a 532 nm continuous wave laser, mechanically
chopped at the frequency of ~300 Hz. For polarization-resolved op-
tical absorption measurements a Glan-Taylor calcite linear polarizer
and an achromatic half-wave plate were placed in the optical axis.

The photoemission studies were performed using two tech-
niques, exploiting different radiation sources. For both variants the
samples were exfoliated under ultra-high vacuum condition inside a
preparation chamber. UV photoemission spectroscopy experiments
were carried with the use of the synchrotron radiation (excitation
energy of 100 eV) of the URANOS beamline at SOLARIS National
Synchrotron Radiation Centre (Krakéw, Poland).” The photoemis-
sion signal was detected with Scienta-Omicron DA30-L electron an-
alyzer. The measurements were performed at the temperature of
77 K (achieved in a flow-type liquid nitrogen cryostat) and base
pressure below S x 10" mbar. X-ray photoemission spectroscopy
(including core-level XPS) exploiting monochromatic Al K. line
(1486.6 eV) were carried at room temperature. In this technique, the
photoelectrons were detected with a hemispherical analyzer Argus
CuU.

Computational details

Ab initio calculations were performed within the framework of
density functional theory (DFT) with the use of the relativistic pro-
jector-augmented waves (PAW) datasets’ in Vienna Ab Initio Sim-
ulation Package (VASP).” The Perdew-Burke-Ernzerhof (PBE)
parametrization of generalized gradients approximation (GGA) to
the exchange-correlation functional was employed.”* Monkhorst-
Pack k-point grid of 12 x 12 x 3, plane wave energy cutoff of 600 eV,
and a semi-empirical DFT-D3 correction for vdW interactions were
used.” The electronic band structures were calculated with the use
of Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional.”®
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Fig. S1. Full-scale core-level XPS spectra acquired for SnS (a) and SnSe (b). Lines corresponding to
individual atomic orbitals are identified. Auger lines are marked with red arrows and labels. Along
with the signal originating from Sn and S or Se, weak contribution of O 1s (at the biding energy of

532.5eV) and C 1s (284.7 eV) states was observed. The spectra are interpreted with regard to
Ref. [S1].
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Table S1. Binding energies of the core-level XPS lines (with SO splitting given in parentheses)
measured for SnS and SnSe.

SnS SnSe
XPS line (SO splitting) Binding energy (eV)
S 2ps3p2 161.2 (1.1) -
Sn 3dsy; 485.8 (8.5) 485.7 (8.4)
Se 3dsy, - 53.7 (0.9)

? T T 25 T T T T
| (a) SnS (c) SnS
— 6relly = el x
g | = 20 -
o o
S b
8 | —ok = T
= —— 60K 3 = F ——860K 7
S 4 —io0k = | 100K
) —— 140K 3 § 140K
= [ ——180K © = 180K
g 220K = g 220K
o 3F 260K 2 = 10k 260K .
I 300K o e 300K
2 [ c E
a i=l
-l £
a o - i
< 2 s
1F <<
- ...\ 14 .
O -i 1 1 ] 0 1 _ 1 1 1 0 1
1.0 1.1 1.2 1.3 1.4 1.0 1.1 12 13 14 15 1.0 1.1 1.5
Energy (eV) Energy (eV)
9 T T T Al 9 T T v A 30 T TV
(d) SnSe (e) SnSe | (f) SnSe e
8 B 8
€ g x gl x
_ [y _ ol sl €l / ]
E 7F — E 7F /
S G t 1
2 s} 41 8 st 20 - .
= — 20K - —— 20K —_ —— 20K
3 —— 60K 3 60K o 60K /
= 5 —100K E = 5 100K ! 100K
© —— 140K G 140K E 140K I
o —— 180K [+ 180K ~ 15 180K b
£ 4F —o220k - £ 4r 220K g 220K
& 260K 2 260K = 260K
3 300K 3 300K < 300K
c 3 . c 3f B 10t i
= o
o =%
5 2f 1 5 2
w w
o o 5L i
< 1} 4 < 1L E
| 0
] . o S oA o i
" 1 i 1 " 1 " 1 " 1 n 1 " 1 " 1 n i 1 " 1 " 1
0.8 09 1.0 1.1 1.2 0.8 0.9 1.0 11 1.2 0.8 0.9 1.0 11 1.2
Energy (eV) Energy (eV) Energy (eV)

Fig. S2. Temperature dependence of the optical absorption measured of SnS (a,b) and SnSe
(d,e) with incident light polarized along y (a, d) and x (b,e) in-plane crystallographic
directions. Tauc plots /v vs. (ahv)Y? of the x-polarized absorption, allowing to determine the
fundamental indirect band gap Eo of SnS (c), and SnSe (f).



Temperature dependence of the optical transition energy analysis

Bose-Einstein formulalsZ

2
B(T) = E(0) - — g t— 9.5

o () -1
E(O) - energy at the temperature of 0 K,
as - electron-phonon interaction strength,

s - average phonon temperature.

Varshni formulals3!

aT?

T (Eq. S2)

(T) =E(0) -

E(O) - energy at the temperature of 0 K,
a, f - semi-empirical Varshni coefficients.

Table S2. Temperature coefficients of the energies of the fundamental indirect (Eo) and lowest
direct (E1) optical transitions, determined from fitting the dependencies with Bose-Einstein (Eq.
S1) and Varshni (Eq. S2) formulas.

Bose-Einstein Varshni
Transition
E(0) as 08 E(0) o B
(eV) (meV) (K) (eVv) (10%eV K1) (K)
Eo 1.15 19.2 140 1.15 3.02 110
SnS
E1 1.23 27.7 133 1.23 4.67 112
Eo 0.99 28.4 133 0.99 4.85 119
SnSe
E: 1.06 78.6 223 1.07 8.75 230
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Fig. S3. (a) Total (shaded areas) and partial Sn 5s (dashed lines) DOS calculated for SnS (top
plot) and SnSe (bottom plot). (b) The percentage contribution of the Sn 5s orbital to total
DOS.
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Overview

The electronic band structure of GeS, SnS, and SnSe was experimentally measured by angle-
resolved photoemission spectroscopy. The acquired maps allowed to observe the valence band
dispersion and resolve a subtle splitting of the valence band maximum close to the X point of the
Brillouin zone, which is a feature predicted to enhance the thermoelectric properties of the materials.
Additionally, hole effective masses were directly determined from the curvature of the valence band

valleys. The accuracy of the theoretically calculated band structure is verified.
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Photoemission Study of the Thermoelectric Group IV-VI van

der Waals Crystals (GeS, SnS, and SnSe)

Agata K. ToHoczko,* Szymon J. Zelewski, Jakub Ziembicki, Natalia Olszowska,
Marcin Rosmus, Tomasz WoZniak, 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.

to be promising for application in
two-dimensional ~ (2D)  optoelectron-
ics (light detectors, solar cells)*”7] and
piezotronics.[51% Recently, they have also
been rediscovered as potentially excellent
thermoelectric materials,[''"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 = ST , where S is

Kpt+K,

the Seebeck coefficient (or tflermopower), o
is the electrical conductivity, k; and «, 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

1. Introduction

A family of van der Waals crystals isoelectronic to black phos-
phorus called group IV monochalcogenides (MXs)!!) are known
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exploited to obtain high ZT: minimizing

the thermal conductivity, and maximizing
the power factor PF = S%c. The former is commonly realized
by nanostructuring, dimensionality reduction, and introducing
heavy atoms, which reduce the lattice thermal conductivity.!*+-1¢!
The latter can be achieved by electronic band structure engineer-
ing and adjustment of the Fermi level position by changing the
charge carrier concentration.'’-2! 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.[?>23] What is more, Kuroki
and Arital?*] 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,

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:agata.tolloczko@pwr.edu.pl
https://doi.org/10.1002/adom.202302049
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202302049&domain=pdf&date_stamp=2023-10-18

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

SnSe has been the most thoroughly studied!’”"1825-31 since Zhao
et al.®?] 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, 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,[****] al-
though later complementary explanations have been proposed,
involving the electronic band structure.['?’] 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,['"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.'"3-8] GeSe follows tin
chalcogenides with several reports of ARPES[3**°l and thermo-
electric properties measurements,[*1*2] while for GeS only com-
putational simulations have been published to date.l****° 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,!**®! and, what is more, the increased
efficiency of Peltier cooling can be reached by introducing a gra-
dient of Seebeck coefficient across the device.[*!

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.[***7] In a multilayer struc-
ture the layers are sequenced in a centrosymmetric AB stacking
(particular atoms are positioned differently in alternating layers),
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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,®1% multiferroic, >8]
and nonlinear optical properties.[®1-64]

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 k, and k, wavevector components correspond to the
in-plane armchair and zigzag directions of the real space, respec-
tively, and k, 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 le. In this case four characteristic high-symmetry points
(F, ¥, X, and 8) are the projections along k, of the respective
points of the 3D BZ. Further, we also introduce the A and A sym-
bols in order to label characteristic points in the I'-X (close to X
point) and I''Y (approximately in half of the distance between I
and Y) paths, respectively, where the valence band local maxima
occur. Analogously, their projections onto the 2D reduced BZ are
referred to as A and A.

The electronic band structure along the high symmetry paths
of the 3D BZ obtained from DFT calculations with the use of
HSEO06 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

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Electronic band structure predicted by DFT calculations with the
HSEO06 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 A region. The energy of the highest VBM is assumed as E =
OeV.

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 I'-X path
close to the X point, in a k-region labeled A. The topmost band
forms a characteristic pudding mold shape,['7?*! 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 I point plays the role of the highest VBM. To bet-
ter resolve the pudding mold structure, a close-up of the A region
is presented in the inset of Figure 2a for GeS. The exact k-points
where the maxima occur are referred to as A, (closer to the X
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point) and A, (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 A, and A, 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 I'-Y path, in
a point labeled A, at the energy of 100 meV below the A 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 k, direction of the BZ. It is worth noticing
that the splitting into the A, and A, 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 MXSs is similarly com-
plex. For GeS the lowest CBM is located at I', suggesting a direct
character of the band gap, although there are two other valleys,
in the '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.’2%] In the case of SnS and SnSe the CBM appears near
the A point, however at not the same k-value as the VBM,. 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.> 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 A region
instead of I point) and lowest CBM (in the I'Y path instead of I"
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 (mB]-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).[22232%] 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 Sla (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 k;T,
where kj 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.[?*]

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 $ or Se.l>*>*]

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-
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surements (Figure 3a) revealed only vibrational modes charac-
teristic for the considered crystallographic system (symmetric A,
and asymmetric B,, shear vibrations!®**’l), 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~° 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 p; , : p;;, intensity ratio
of ~2:1. For Se in SnSe, a 3d doublet can be identified, with SO
splitting of 0.86 eV, and the d;, : d; , 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 (MX,, M,X;), oxides, or elemental forms were
observed.®®%] 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
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(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 le. The choice of the k -k,
plane containing the center of the BZ, i.e., the I point, is justi-
fied in this case. While for covalent 3D materials the electronic
bands dispersion in the k, 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 k, may still be visible in the photoemission maps. In the
experiment, different values of k, 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 Pletikosi¢
et al. regarding SnSe.l?’”] 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 ¢ 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 (Ep,) for each sample is assumed as relative
zero (Eypy = 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 k,-k, 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 4a,. 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 4a, a constant energy contour corre-
sponding to 3.0 eV below the VBM of GeS reveals four equivalent
valleys in 8 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 4b, and
¢, 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-F-X and ¥-F-¥ 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 A region (labeled in Figure 4c;).
Although the characteristic splitting into A; and A, valleys is
challenging to detect experimentally, thanks to high angular reso-
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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 A 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 k, states. DFT predicts different
energies of the maxima in A, and A, 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 A, is located below A;, 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 I point,
and the A valleys lay ~100 meV below, whereas in the ARPES
maps in Figure 4a,,a, it is clearly visible, that all three maxima
correspond to nearly equal binding energy. Assuming the lowest
CBM in the I' point, GeS turns out to be a direct or a quasi-direct
semiconductor, which is consistent with previously reported op-
tical spectroscopy investigations,>*7%7!l 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 I' point, espe-
cially in the k, direction. In the calculated structure the bands are
extremely flat and form a saddle point (with positive curvature in
the k, direction, and negative in the k). In the experiment, an
isotropic parabolic maximum was observed, with stronger dis-
persion. The bands energy, however, still remains significantly
below the VBM,,, and therefore their contribution to optoelec-
tronic properties of the material is minor.

The secondary VBM in the A 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 VBM, 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 HSEO6 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 VBM,, of 0.20-0.26 eV!?*28]). For GeS this feature could not
be resolved in the ARPES measurements due to high-intensity
band around I', overlapping photoemission originating from the
A valley, although the observed band shape follows the simulated
dispersion (see Figure 4a;).

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 HSEO6 hybrid functional is superimposed over second derivative of the corresponding photoemission maps.
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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 k, 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 k,
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-

-1
ture of the electronic band and given by m* = ® (@) , where E
2, ‘0%k

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.*¢2%387273] The reported values of m; in the A region
of the BZ in the k, direction range from 0.12 m,*! to 0.24 m,, [”*)
and in the k, direction from 0.1 m,**/ up to 0.38 m|*’! (where m,
is the free electron mass). Also the ratio of the effective mass com-
ponents in k, and k, 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 A; and A, points separately. In
the case of GeS the photoemission originating from this BZ re-
gion was too weak to precisely determine m, and only estima-
tions were made, burdened with high uncertainties. As the sec-
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ondary VBM, the F' point was analyzed for GeS, and the A point
for SnS and SnSe. The m; 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 A valley in the k,
direction, the values coincide perfectly with those reported by
Pletikosi¢ etal.””) (m} = 0.21mg, m} = 0.18 my, m> = 0.24 my),
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 A;, A,, and A
points) and GeS (in the I" point). The most significant discrepan-
cies occurred for the A, point in the case of GeS, and the A, point
in the case of SnS.

The effective mass is a parameter directly influencing the car-
rier mobility (4 = ==, where e is the elementary charge, and 7, is
the mean free time between collisions), and, as a consequence,
the electrical conductivity of a given type (¢ = enu, where n is
the carrier concentration). Therefore, the ratio of the values cor-
responding to respective crystallographic directions can be com-
pared. In the A region the m, /m, 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.,*! for SnS the hole mobility
ratio u, /u, = 1.67. For SnSe Zhao et al.*?] report u, /u, = 2, but
along with the electrical conductivity ratio of ¢,/c, = 1.2. Such
comparison may not be entirely accurate due to the influence of
7, 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!7)).

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
(Ep) can be determined by using a reference gold sample. Ac-
cordingly, the VBM position (Ey,,) with respect to the E, 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),[%] 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 E toward
the valence band may be a consequence of thermal activation
of intrinsic acceptors. For SnS and SnSe our results are in line
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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 A region and the I" or the A 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).

Adv. Optical Mater. 2024, 12, 2302049 2302049 (8 of 11)

www.advopticalmat.de

Table 1. Hole effective masses of GeS, SnS, and SnSe in the A, Ay, and T’
or A points of the BZ, along k, and k, directions, determined from ARPES

maps. The values are given as fractions of the free electron mass .

BZ point Ay A, ForA

m, m, mx/mv m, m, mx/my my m, mx/my
GeS ~0.3 ~0.7 =~043 - - - 244 (I) 159(@) 1.53
SnS 031 025 124 027 028 0.96 0.28(A) 035(A) 0.80
SnSe 024 0.19 126 023 0.18 128 0.22(A) 023 (A) 096

with Whittles et al. (~0.38 eV for SnS)!®! and Pletikosi¢ et al.
(0.12 eV for SnSe).l”]

In order to assess the CBM position (Ep,,) relative to Ep, the
energy gap (E,) of each material is necessary. E, 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!”! 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, %761 The determined values of
Evgw Ecpu, and E; 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 Ej 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”'e"’) were obtained from
DFT calculations (performed with either HSE06 or mBJ-TB09 procedure)
and correspond to the temperature of 0 K.

Evsm [eV] Ecam [eV] g™ [eV] E;"*" [eV]
HSE06 mBJ-TB09
GeS —0.67 1.02 1.69 1.84 1.83
Sns -0.38 0.77 115 1.76 1.10
SnSe —0.12 0.84 0.98 0.95 0.89

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOLULLOD A1 3|cedtdde 8y} Aq peueob a2 sajoie YO ‘8sn JO Sa|nJ 1oy Akeuq 18Ul UO 8|1 LD (SUONIPUOD-PUB-SUIB)/W0D" A8 1WA eIq1julU0//SdNy) SUONIPUOD PUe SWLB | 8U1 39S *[202/60/92] U0 Akeiqi8uliuo A8|1M ‘90us10S JO AISIBAIuN Me (oI Ad 6v0Z0EZ02 WOPe/Z00T OT/I0p/W0d A Im Afe.q 1 pul|uo//Sdny wouj pepeojumod ‘9 ‘vZ0Z ‘T.0TS6TZ


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

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

GeS SnS SnSe

2.0

1.5 .
—~ 1.0 L CB _ _
%
— o5t E .
> CBM E
> E 9
GCJ 0.0 - F 7
Wl _ B EVBM 2

0.5 VB

P
1.0} .
-1.5

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*?%] 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 m,, 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 2.62.1*2] 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 I' and A 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.
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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.[*’]

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™> 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
(<107° 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 uW and laser spot size of &5 um, focused by a 50x, 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 (Krakéw, Poland),l”’] 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 5x10™"" 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!’3] in Vienna Ab Initio Simulation Pack-
age (VASP).[””l The Perdew-Burke-Ernzerhof (PBE) parametrization of
generalized gradients approximation (GGA) to the exchange-correlation
functional was employed.[8] Monkhorst-Pack k-point grid of 12x12x3,
plane wave energy cutoff of 600 eV, and a semi-empirical DFT-D3 correc-
tion for vdW interactions were used.3'l The electronic band structures
were calculated with the use of two methods: Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional,!32] and modified Becke-Johnson (mB)-TB09)
exchange potential.[33]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. a) Schematic illustration of the pudding-mold-shaped band, and the valence band

dispersion in the A region calculated for b) GeS, ¢) SnS, and d) SnSe.
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Figure S2. Electronic band structure predicted by DFT calculations with HSEO06 hybrid
functional (solid lined) and mBJ-TB09 exchange potential (dashed lines) for a) GeS, b) SnS,

and c) SnSe.
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core level XPS spectra, revealing lines corresponding to

Table S1. Raman modes frequencies and core level XPS lines energies (with spin-orbit
splitting) measured for GeS, SnS, and SnSe.

GeS SnS SnSe
Raman mode (cm™)
B, 213 167 112
A} 239 193 134
Ag 271 217 149
XPS line (SO splitting) (eV)
Ge 3ds, 29.6 (0.5) - .
S 2psp 161.1 (1.2) 160.9 (1.2) -
Sn 4ds), - 24.5 (1.0) 24.2 (1.0)
Se 3ds, - - 53.1(0.9)
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Figure S4. Constant energy contours acquired for a) GeS, b) SnS, and c) SnSe, at the energies
for which characteristic features occur.

Table S2. Experimental (ARPES) and theoretical (HSE06 and mBJ-TB09) energies of the
valence band valleys, with respect to the energy of the highest VBM, for GeS, SnS, and SnSe.

All values are given in eV units.

BZ GeS SnS SnSe

POINt  ARPES HSEOS mBJ ARPES HSE0S mBJ ARPES HSE06  mBJ
A1 0 019 -0.14 0 0 0 005  -0.04
Ao 0 010 009 005  -013  -0.13 0 0 0
A ~-05 -0.51 -0.45 -0.26 -0.20 -0.19 -0.22 -0.19 -0.14
r 0 0 0 -0.46 -0.66 -0.61 -0.44 -0.51 -0.45
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Figure S5. Close-ups of the photoemission maps (left side of each panel) and their second

derivatives with superimposed calculated band structure (right side) in the A region in the k
direction for GeS (a), SnS (b), and SnSe (c).

Table S3. Theoretical hole effective masses of GeS, SnS, and SnSe in the A1, Ay, A, and T’
points of the BZ, along ky and ky directions, determined from band dispersions calculated with
DFT. The values are given as fractions of the free electron mass my.

GeS SnS SnSe

BZ point
HSEOQ6 mBJ HSEQ6 mBJ HSE06 mBJ
A1 My 0.54 0.71 0.29 0.34 0.18 0.21
A2 My 0.36 0.49 0.40 0.41 0.18 0.21
A my 0.78 0.75 0.22 0.24 0.27 0.21
r my 1.77 1.80 n/p n/p n/p n/p
my 1.40 1.27 5.37 5.24 1.99 2.30

n/p - non-parabolic band
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Figure S6. Tauc plots of the optical absorption coefficient spectra acquired for a) GeS, b)
SnS, and c) SnSe, at the temperature of ~80 K. From the linear fits to the experimental data

energy gaps of each material have been evaluated. Direct character of the band gap was
assumed for GeS, and indirect for tin chalcogenides.



CHAPTER 6

Influence of Native Defects on the Optical Properties
of SnX, (X =S, Se) van der Waals Crystals

Agata K. Tolloczko, Maciej Peter, Milosz Rybak, Sandeep Gorantla, Alicja Bachmariuk,

Robert Kudrawiec

Journal of Physical Chemistry C, 128, 39, 16640-16651 (2024)

Overview

Optical properties of tin dichalcogenides SnS; and SnSe; are studied by complementary methods
of optical spectroscopy (PR, optical absorption, and PL). The Burstein-Moss effect was observed in
the measurements, resulting from population of the bottom conduction band states by electrons
from ionized donor defects. Additionally, for SnS,, a strong defect-related photoluminescence
emission was detected with an unusual lineshape, quenched at a certain energy. A model allowing to

reproduce and explain the PL intensity spectral dependence is proposed.
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Fig. 6.1 Graphical abstract. Reprinted from Ref. [125] under CC-BY 4.0 license. Copyright 2024
A. K. ToHoczko et al.
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ABSTRACT: SnX, crystals (X = S and Se) are van der Waals  °[g o -0kl 3t
semiconductors with great potential for applications as photo-
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catalysts and thermoelectric materials as well as in two-dimensional g | __ gt

optoelectronics. According to density functional theory calcula- > mocel E, e &

tions, they exhibit indirect band gaps in the near-infrared (SnSe,) < F < = 7

or visible (SnS,) spectral range. The materials characterize with the ‘g ’ co
Fermi level positioned close to the conduction band (CB), as a £ o, B
consequence of low formation energy of native donor defects. The 7 >

population of the bottom CB states by electrons leads to the
Burstein—Moss (B—M) effect—an effective blue shift of the optical 0
absorption edge. In our work, we exploit modulated reflectance

(insensitive to the B—M shift) to determine the energy of the

lowest direct band gap and verify the character of the measured

absorption edge. Additionally, for SnS,, a strong defect-related photoluminescence emission was detected, with an unusual line
shape, quenched at certain energy. We postulate that the reason for such behavior is the proximity of the CB valley to the defect
level, acting as a trap for electrons in the reciprocal space. A model allowing one to reproduce the PL intensity spectral dependence is
proposed, providing information about the fundamental indirect band gap energy. In general, the obtained results reveal strong
influence of the structural defects on the optical properties of SnX, crystals, which can be exploited to improve their performance in
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various applications.

Bl INTRODUCTION

Van der Waals (vdW) crystals have been known and studied
for over 60 years; however, recently, they were rediscovered
and perceived from an entirely different perspective, thanks to
the development of the technology of single layer isolation."”
Their two-dimensional (2D) character can be now investigated
by different experimental methods and exploited in a variety of
applications. Among vdW crystals, a family of tin dichalcoge-
nides (SnX,, where X is S or Se) attracts interest due to
exceptional versality. To begin with, the materials are
compounds of earth-abundant elements of low toxicity,
which is extremely important for large-scale commercial
applications. Owing to their semiconducting character, they
can be exploited in optoelectronics (photodetection and solar
cells),”° but they also possess potential as thermoelectrics,”™”
saturable absorbers for mode-locked lasers,""™"* unexpectedly
efficient photocatalysts,”” >’ and even adsorbers for water
purification or gas sensing.”’”>* What is more, they are perfect
candidates for integration with other vdW crystals, as they
share the composition with other stoichiometric phases of tin
chalcogenides (SnX and Sn2X3)3’24_26 and the crystal structure
with transition metal dichalcogenides (TMDs, such as MoX,
and WX,),'*” 7 providing great possibilities for hetero-

© XXXX The Authors. Published by
American Chemical Society
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structures engineering. The performance of SnX, in any of
these applications is governed by their fundamental properties,
which need to be thoroughly investigated and understood.
SnX, layers characterize with hexagonal atomic arrangement
of a CdI,-type structure, with Sn in an octahedral coordination,
belonging to the space group P3ml (no. 164).°"** The
structure is schematically illustrated in Figure la, along with
the first Brillouin zone (BZ) of the reciprocal lattice (Figure
1b) and its two-dimensional projection onto the central plane
(Figure 1c), with labeled high-symmetry points. This most
stable polytype is referred to as 2H (using Ramsdell notation™
common for CdL,-like crystals), unfortunately often confused
with the 2H phase of TMDs, in which the metal atom has
trigonal prismatic coordination.”* Using the notation typical
for TMDs, the P3ml SnX, structure is labeled 1T. The
difference between the two systems was clearly explained by
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Figure 1. (a) Schematic illustration of the atomic structure of SnX,
crystals, including top view on the layer plane and side views along the
main crystallographic axes, created with VESTA software.** (b)
Graphical representation of the first BZ of the reciprocal lattice and
(¢) its two-dimensional projection on the central plane of the 3D unit
cell.

Gonzalez and Oleynik.” To date, the investigation of dielectric
function and optical properties, supported by density func-
tional theory (DFT) calculations, revealed the semiconducting
character of SnX,, with indirect band gaps of ~2. 1 eV (SnS,)
and ~1.0 eV (SnSe,), at room temperature 5739 When
combined, the materials cover the broad spectral range of the
electromagnetic spectrum, from NIR to UV. They are
intrinsically n-type materials due to the presence of defect
states at energies close to the conduction band (CB) (mainly
chalcogen vacancies and interstitial tin).”' >4 1t has also
been reported for SnS, that structural defects at the crystal
surface may improve the photocatalysis efficiency and act as
adsorptive sites for metallic and organic cationic pollutants.”’
The defects also induce the Burstein—Moss (B—M) effect,*>**
observed as an effective blue shift of the optical band gap due
to the population of the electronic states at the bottom of the
CB. The presence of the B—M effect was directly confirmed for
pristine SnSe, by Lochocki et al.,*' who observed the CB valley
in the angle-resolved photoemission spectroscopy (ARPES)
measurements. The effect may lead to misinterpretation of the
experimental results, especially obtained by optical methods,
and, as we believe, is the primary reason for major
discrepancies in the literature regarding the character and
energy of the fundamental band gap, which we discuss in detail
further in the text.

Herein, we present a comprehensive study of the optical
properties of SnX, crystals performed by means of comple-
mentary methods of optical spectroscopy: optical absorption,
modulated reflectance (photoreflectance, PR), and photo-
luminescence (PL) as a function of temperature. We compare
different approaches for the analysis of the optical absorption
spectra, considering nonparabolic valence band (VB) dis-
persion. Using PR, for both materials, we identify the observed

absorption edge as direct, despite the theoretically predicted
indirect fundamental band gap. The observed phenomenon
can be attributed to the Burstein—Moss effect, enhanced by
low probability of the optical transitions resulting from the
selection rules. The theoretical findings are supported by the
lack of photoluminescence emission originating from interband
optical transitions, although for SnS,, strong defect-related
emission was detected. In the acquired spectra, a peculiar
quenching of the PL intensity at certain energy was observed,
which could be the evidence of the proximity of a CB valley.
We introduce a model allowing determination of the indirect
band gap energy from the edge of the quenched defect-related
emission. The obtained energies are reasonable, although they
need to be further verified by a different, established method,
in order to confirm their accuracy, as well as the applicability of
the proposed model.

B METHODS

Samples and Structural Characterization. In this study,
SnS, and SnSe, bulk crystals grown by the chemical vapor
transport method and acquired from SixCarbon company were
investigated.

For structural characterization by means of scanning
electron microscopy (SEM)/transmission electron microscopy
(TEM), mechanically exfoliated flakes were transferred onto
Cu TEM grids coated with a holey carbon support film. To
eliminate any potential surface contamination, the TEM grids
carrying the flakes were subjected to low-energy Ar/O plasma
cleaning for 5—10 s before commencing the experiment. The
investigation was performed under ultrahigh-vacuum con-
ditions at room temperature using the state-of-the-art Thermo
Fisher Scientific TITAN 60—300 G2 cube microscope,
equipped with a super-X 4 detectors X-ray spectrometer,
operating at an accelerating voltage of 300 kV. Experimental
techniques included high-resolution TEM imaging, selected
area electron diffraction, high-angle annular dark-field STEM
(HAADF-STEM) imaging, and energy-dispersive X-ray spec-
troscopy (EDS) for comprehensive analysis. For HAADF-
STEM imaging, specific parameters including a beam
convergence semiangle of 21.4 mrad, a probe beam current
of 40 pA, and detector collection angles ranging from 79.5 to
200 mrad were applied.

Experimental Methods. PR was measured using the lock-
in technique (with the Stanford Research Systems SR830
phase-sensitive nanovoltmeter) to extract weak signals from
the background. For the experiment, crystals of lateral
dimensions of ~3 mm were selected. The samples were
illuminated with white light from a quartz tungsten halogen
(QTH) lamp. The reflected signal was dispersed by a S50 nm
focal length grating monochromator and detected by a Si
photodiode. For the modulation of the built-in electric field by
photogeneration, a continuous wave (CW) laser diode of
wavelength 405 nm (SnS,) or 532 nm (SnSe,) was used,
mechanically chopped at a frequency of 280 Hz. The power of
both lasers was set to 150 mW. The beam was not additionally
focused on the sample surface, and the spot size was ~1.5 mm,
which is comparable to the diameter of the white light beam.

For the optical absorption study, ~ 10 ym-thick flakes were
prepared, and the signal was collected from a circular region of
the sample of 0.5 mm diameter. The spectra were acquired
based on the transmission measurements. As a white light
source, a QTH lamp was used. The experiment was carried out
in a so-called dark configuration, in which the sample is
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Figure 2. SEM/TEM characterization of SnS, (a—d) and SnSe, (e—h) samples. (a,e) TEM images of the examined flakes and (b,f) corresponding
electron diffraction pattern indexed with the [001] zone axis trigonal crystal structure. (c,g) High-resolution HAADF-STEM images of the flakes
along the [001] projection with an overlaid simulated crystal structure. In the top right corners of panels c and g, simulated crystal structures are
overlaid, with orange and blue or purple spots corresponding to Sn and S or Se atoms, respectively. (d,h) Intensity profiles across Sn and S atomic

columns from the boxed regions in panels ¢ and g.

illuminated with monochromatic light of wavelength selected
using a grating monochromator. For signal detection, Si (SnS,)
or InGaAs (SnSe,) photodetectors and a lock-in amplifier were
used as in the case of PR measurements.

The photoluminescence emission and Raman scattering
spectroscopy were performed with a custom optical setup
allowing measurements in the microscale. An incident laser
beam of 532 nm (Raman) or 405 nm (PL) wavelength and
output power adjusted from 0.1 to 500 yW was focused on the
sample surface by a magnifying objective lens (50X, NA =
0.55), yielding a spot size of 20 ym, also used for emitted or
scattered light collection. The signal was directed into a 550
nm focal length grating monochromator coupled with a liquid
nitrogen-cooled CCD array detector camera.

For all optical experiments, the samples were mounted on a
cold finger inside a cryostat connected with a closed-cycle
helium cryocooler, allowing to cool the samples from room
temperature to 10 K. The temperature was monitored and
stabilized using a Lakeshore model 325 controller.

Computational Methods. The DFT calculations have
been performed in the Vienna Ab Initio Simulation Package.”’
The electron—ion interaction was modeled using a projector-
augmented-wave technique.”' In the case of Sn atom, the 4d"’
states were included in a valence shell. The Perdew—Burke—
Ernzerhof (PBE)”* exchange—correlation (XC) functional was
employed. A plane-wave basis cutoff of 500 eV and a 12 X 12
X 8 Monkhorst—Pack” k-point grid for BZ integrations were
set. These values assured the convergence of the lattice
constants, and the electronic gaps were within the precision of
0.001 A and 0.001 eV, respectively. A Gaussian smearing of
0.02 eV was used for integration in the reciprocal space. The
semiempirical Grimme’s correction with Becke-Johnson damp-
ing (D3-BJ)”* was employed to properly describe the weak
vdW forces. The spin—orbit interaction (SO) was taken into
account. We employ the modified Becke—Johnson (mBJ-
TB09) exchange potential”® and Heyd—Scuseria—Ernzerhof

(HSEO06) hybrid functional”® for band structure calculations,
on top of the optimized geometry obtained within the PBE +
D3-BJ + SO approach. The comparison of the two methods
has shown that the use of mBJ-TB09 potential allows
improvement of the band gaps of the investigated materials
with a relatively low computational cost.

B RESULTS AND DISCUSSION

Structural Characterization. SnS, and SnSe, samples
investigated in this work were initially characterized by TEM
to experimentally confirm their structural quality. A summary
of the obtained results is presented in Figure 2. Panels a—d
illustrate the structural properties of SnS,, and panels e—h
illustrate the structural properties of SnSe,. Figure 2a,e shows
the TEM images of the edge regions of the respective samples
after being transferred to a holey carbon support film-coated
TEM grid. Figure 2b,f shows the corresponding electron
diffraction patterns acquired for each flake, which was indexed
in good agreement with the [001] zone axis theoretical
diffraction pattern of the trigonal crystal structure. Figure 2¢,g
shows the high-resolution high-angle annular dark-field
scanning TEM (HAADF-STEM) images from which the
spacings between the atomic planes of 0.184 nm for SnS, and
0.189 nm for SnSe, could be extracted. In the top right corner
of each panel, the simulated visualization of the crystal
structure projected along the [001] direction is overlaid on the
TEM image, remaining in good alignment with the observed
atomic arrangement. To more precisely determine the distance
between Sn and chalcogen atomic columns, intensity profiles
of the yellow-boxed regions were extracted and are plotted in
Figure 2d,h. The experimentally observed interatomic spacings
of 021 nm for SnS, and 0.22 nm for SnSe, are in good
agreement with the values calculated from the reference crystal
structure (0.212 and 0.221 nm, respectively). The energy-
dispersive X-ray spectrometry (EDS) maps of SnS, and SnSe,,
demonstrating the homogeneous distribution of Sn and S or Se
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atoms, are provided in Figure S1 of the Supporting
Information, together with the corresponding EDS spectra.
In Figure S2 of the Supporting Information, additional optical
microscope images of the measured samples are shown.
Raman scattering was measured for both crystals, at a
temperature of 20 K and using a 532 nm, 200 yW CW laser
diode for excitation. The results of the experiment are
presented in Figure 3. For both materials, optical phonon
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Figure 3. Raman scattering spectra of SnS, (a) and SnSe, (b),
acquired at a temperature of 20 K, and excitation with 532 nm, 200
UW CW laser. The Lorentzian line shape was fitted to the observed
phonon modes, identified as E, and A, vibrations characteristic for
the 3m point group. For SnS,, an additional line was observed (inset
of panel a), which could be attributed to the A, mode of the
orthorhombic monochalcogenide phase, belonging to point group
mmm.

modes characteristic to the point group 3m were observed, i.e.,
total symmetric out-of-plane stretching A, and weak
centrosymmetric in-plane stretching E,, at the frequencies
summarized in Table SI. The Raman shifts at which the signal
attributed to certain vibrations appears are in line with
previous reports.45’46 In the case of SnS,, close to the E, mode,
another weak line was detected, at a frequency of 219 cm™
(see the inset of Figure 3a), which may originate from the A,
mode of the orthorhombic SnS (point group mmm) or
nonstoichiometric SnS,_, phase. For SnSe,, no such effect was
observed; however, the detected intensity of the scattered light
was significantly lower compared to SnS, and such a subtle
feature could be lost due to noise.

The obtained results confirm the overall good quality and
trigonal crystal structure of the investigated SnS, and SnSe,
samples. The potential presence of the chalcogen-poor phases
can be considered an intrinsic feature of the materials, resulting
from the low formation energy of chalcogen vacancy native
defects.

Optical Properties. Studies of the optical properties of
SnS, and SnSe, reach back to the 1960s and involve mostly
optical absorption characterization. Throughout the years,
researchers studied the SnX, materials with different
techniques; however, some major discrepancies can be found
in the literature, regarding both the character and the energy of
the fundamental band gap. First experimental report of optical
absorption of SnS, was published by Greenaway and Nitsche,*’
in which the authors determine the indirect allowed optical
band gap at an energy of 2.21 eV (corresponding to room
temperature, such as all the following values, unless stated

otherwise). Later, Domingo et al.’® reported an indirect
forbidden band gap of SnS, at 2.07 eV and observed a
secondary direct forbidden absorption edge at 2.88 eV. In the
same work, the indirect forbidden band gap and direct
forbidden optical transition of SnSe, were found at 0.97 and
1.62 eV, respectively. Similar values (0.98 and 1.63 eV) were
obtained by Manou et al,”” however assuming the allowed
character of both optical transitions. Lee et al.* observed the
indirect allowed band gaps of SnS, and SnSe, at 2.22 and 1.09
eV, respectively. Slightly lower values of 2.06 eV for SnS, and
1.02 €V for SnSe, were obtained by Julien et al,,”” interpreted
as indirect forbidden transitions. George and Joseph™, along
with the fundamental indirect absorption edge of SnS, at 2.12
eV reported another one at 2.31 eV. Some more recent studies
performed by Burton et al.""** and Whittles et al.*® regarding
the optical properties of SnS, reveal the indirect band gap at
2.25 eV and direct absorption edge at 2.38 eV. The authors
acknowledge the discrepancy between their results and
previous reports, however support the findings by the
combined X-ray photoemission spectroscopy and inverse
photoemission spectroscopy (IPES) characterization, revealing
a band gap of 2.28 eV, in agreement with their optical
measurements. Despite poorer resolution of the acquired data,
the older reports seem more reliable as more attention was
paid to the proper analysis of the absorption spectra. It is often
neglected that according to the parabolic band model, in the
Tauc plot for indirect transitions ((ahv)"? vs hv), two linear
regions should be visible, corresponding to processes involving
phonon absorption and emission, and only then, an accurate
energy of the optical transition can be determined.”’
Unfortunately, the absorption edge with phonon absorption
is often very weak or completely inactive if the phonon energy
exceeds the thermal energy kzT corresponding to the
temperature at which the experiment is carried. Then, the
analysis is limited to the phonon emission-related edge only.
For relatively low phonon frequencies, the difference is most
likely within the experimental error range; however, the
potential influence on the final result should always be
considered and, if possible, corrected by the optical phonon
energy. Furthermore, in none of the aforementioned works, the
possibility of the Burstein—Moss effect occurrence is
considered, which could explain the discrepancies in the
literature. When the Fermi level is positioned close to or inside
the CB of a material, some CB states are occupied, and the
optical band gap is effectively blue-shifted. Both optical
absorption and IPES techniques are sensitive to such a shift,
as they probe only the unoccupied electronic states. For SnSe,,
a direct evidence of the B—M effect presence is the study of
Lochocki et al.’ The authors were able to detect the signal
originating from a CB valley by means of ARPES, which only
reveals occupied states. The work is also the most reliable
report of the fundamental indirect band gap of SnSe, of 0.90
eV.

In our study, we performed an in-depth investigation of the
nature of the optical absorption edge of SnX, crystals by means
of temperature-dependent PR and optical absorption. Being
sensitive exclusively to direct optical transitions, PR spectros-
copy provides the possibility to verify the character of the
absorption edge.”” ™ The obtained results are summarized in
Figure 4. In the PR spectra acquired at a temperature of 20 K,
for both SnS, (Figure 4a) and SnSe, (Figure 4e), a broad
feature was detected, being evidence of the presence of direct
optical transitions in this spectral region. The evolution of the
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Figure 4. Results of PR and optical absorption measurements of SnS, (a—d) and SnSe, (e—h). A comparison of PR (with single resonance fitting
of eq 1), absorption coefficient, and transmission first derivative spectra acquired at 20 K (a,e). Temperature evolution of PR (b,f) and absorption
coefficient (c,g) spectra. Temperature dependence of the optical transition energies determined using different analysis methods (d,h). The
individual plots correspond to the following approaches for direct transitions: PR resonance energy (diamond symbols, the error bars represent the
resonance broadening), extrapolation of Tauc plot for direct allowed and forbidden transitions (full circles), and transmission first derivative
maximum (open circles). The star symbols correspond to the fundamental indirect band gap, determined with the PL quenching model (eq 3) for
SnS,, or reported by Lochocki et al.>' for SnSe,. The solid lines are fits of the Bose—Einstein formula (eq 2) to the experimental data.

PR spectra with increasing temperature (Figure 4b,f) reveals an
expected red shift of the observed feature energy. Although
periodic laser excitation was used as the modulating factor, the
distribution of the measured signal suggests a stronger
contribution from the modulation of the sample temperature
induced by laser radiation, rather than from the modulation of
the built-in electric field by electron—hole pairs generation.
Therefore, for the analysis, we use the first derivative of the
Lorentzian line shape, proper for thermoreflectance, instead of
the third derivative established by Aspnes for photo- and
electroreflectance.”® It is worth noting that both procedures
provide similar results. The fitting function is given by

AR . e
T(hy) = Re( ). Ce"(hv — E; + i[})) .
j

where hv is the photon energy, C; is the j-th resonance
amplitude, @; is the phase, E; is the transition energy, and I’} is
the broadening.

Regarding the unusual shape of the spectra, it is unclear
whether the signal originates from a single optical transition
with significant broadening or is a superposition of several PR
resonances. Since the latter is more likely, we made an attempt
to analyze the data assuming three (SnS,) or two (SnSe,)
resonances; however, the arbitrary choice of the initial
parameters turn out to strongly influence the final result,
with multiple combinations leading to convergence of the

~—

fitting procedure, especially at higher temperatures. Therefore,
for further analysis, only a single-resonance approach is
applied, although we do not exclude the possible contribution
of more than one optical transition. From the fitting, the
energies corresponding to the temperature of 20 K were 2.42
and 1.31 eV for SnS, and SnSe,, respectively (also listed in
Table 1). The full temperature dependence of the determined
energies is plotted in Figure 4d,h, together with the resonance
broadening represented by error bars. Bose—Einstein formula
was fitted to the temperature-dependence plot, given by

Table 1. Energies of the Fundamental Indirect and Lowest
Direct Band Gap of SnS, and SnSe,, Determined
Theoretically by DFT Calculations (Using the mBJ-TB09
Exchange Potential and the HSE06 Hybrid Functional,
Corresponding to a Temperature of 0 K) and
Experimentally at 20 and 300 K

DFT (0 K) experiment
B BB
SnS, mBJ 2.11 2.60 20 K 2.05° 2.41°
HSE 2.23 2.68 300 K 2.27°
SnSe, mBJ 1.09 1.45 20 K 1317
HSE 117 1.48 300 K 0.90° 116"

“PL quenching model (eq 3). bpR spectra. “Lochocki et al.*'
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where E(0) is the energy at a temperature of 0 K, ag is the
strength of the electron—phonon interaction, and 6y is the
average phonon temperature. The values of the parameters are
summarized in Table S2 of the Supporting Information.

Proceeding to the results of optical absorption measure-
ments, the 20 K absorption coeflicient spectra are super-
imposed over the PR data in Figure 4ae. Since optical
absorption is sensitive to both direct and indirect optical
transitions, we expect to be able to observe the fundamental
indirect band gap predicted theoretically for both SnS, and
SnSe,. Surprisingly, it can be seen in the figure that the
sharpest rise of the absorption coincides with the energy of the
PR resonance, suggesting direct character of the absorption
edge. Similar behavior was previously observed for other vdW
semiconductors, GeSe,””>’ exhibiting optical properties
dominated by direct transitions due to small energy distance
between the fundamental indirect band gap and the lowest
direct transition. In the case of SnX,, an analogous explanation
is not applicable, considering the significantly larger predicted
distance between the two transitions. Even though DFT may
fail to accurately evaluate the absolute energies of optical
transitions, the relative distance between them is usually more
reliable. In the measurements, no signal was detected in the
energy range where the indirect absorption edge was expected.
The possible causes of this phenomenon will be discussed
further in the text, but first, we focus on the experimentally
observed direct absorption edge. For the analysis of the
absorption spectra, we use two alternative methods and
compare the results in a discussion regarding their accuracy
and suitability for the investigated materials.

Tauc Plot Method. The most common approach to
analyze the absorption coeflicient spectra is by using the Tauc
plot,*® allowing to determine the optical transition energy from
the linear extrapolation of (ahv)” vs hv plot, where y is a
parameter dependent on the transition type. The Tauc plot
method is based on the assumption of a parabolic band
dispersion. Although widely used, it provides good results for
materials with simple band structure, when the absorption
edge originates from a single, well-defined optical transition
between parabolic valleys, but may fail for more complex
structures. In a first approximation, we assume direct allowed
character of the absorption edge and set y = 2. The results of
the fitting are presented in Figure S3a,c of the Supporting
Information. For both SnS, and SnSe,, the plot strongly
diverges from the expected linear character, and only the high-
energy regions of the spectra could be extrapolated. Such an
approach may not be reliable, as even for materials with
parabolic bands, the condition is best fulfilled only close to the
valley top, and hence the absorption coeflicient often follows
the model at a relatively narrow energy range. As can be seen
from Figure 4d,h, in which the temperature dependence of the
extracted energies is plotted (yellow solid circles), there is a
significant discrepancy between the values determined from
the PR and absorption spectra. Therefore, as a second step, a
possibility of direct forbidden character of the absorption edge
should be considered by using the Tauc plot with y = 2/3
(Figure S3b,d). In this case, the linear regions of the analyzed
spectra were considerably more distinct and well defined,
allowing more precise extrapolation, but most importantly

E(T) = E(0) —

positioned closer to the absorption edge. The energies of 2.36
and 1.33 eV were obtained for SnS, and SnSe,, respectively,
corresponding to the temperature of 10 K. The temperature
evolution is presented in Figure 4d,h (red and green solid
circles). In this case, the energies are red-shifted with respect to
PR. Assuming that the Tauc method is correct for the
investigated materials, the obtained results may suggest that
the transition character is neither allowed nor entirely
forbidden. Perhaps, adjusting the value of y between 2/3 and
2 could result in satisfactory agreement, but the approach
becomes empirical, losing the physical background of the Tauc
method. The observed behavior can be explained by taking
into account factors that may weaken the selection rules, such
as broken crystal symmetry near structural defects or, relevant
at higher temperatures, the electron—phonon interaction. It is
also worth noting that the energies determined from both
(ahv)* and (ahv)*’3 plots fit perfectly within the boundaries of
the PR resonance broadening, which may be another evidence
of the contribution of multiple optical transitions with different
oscillator strengths. At last, we do not consider the case of y =
1/2 or 1/3, i.e., indirect allowed or forbidden nature of the
optical transition, since the direct character of the absorption
edge is implied by the spectral coincidence with PR resonance.
A modification of the Tauc method was proposed by Cody
et al.> for amorphic or disordered semiconductors, in which
the transition energy is determined from the linear
approximation of (a/hv)” plot. We applied the method to
the acquired absorption spectra, assuming y = 2 and y = 2/3,
although neither the linearity of the plot nor the agreement
with PR resonance energies was improved compared to the
Tauc plots. In fact, the determined values differ by less than 10
meV, which is below the experimental uncertainty. Also, no
Urbach tail*® was observed in the Ina vs hv plots.
Transmittance Derivative Method. The second approach
used for the optical absorption spectral analysis was the
transmittance derivative method. While not as common as
Tauc plot, it has a physical interpretation, and there are reports
of its application for similar materials.”’ Analogous procedure
is also well established in spectroscopic ellipsometry.®>®*
Absorption coefficient is an optical constant strictly related
with the reflection coefficient, as it originates, respectively,
from the imaginary and real part of the dielectric function of a
material. Hence, the reflectance and transmittance (from which
the absorption coefficient is extracted) spectra carry similar
information about the dielectric function singularities observed
as optical transitions in the experiment. The dielectric function
is generally composed of broad regions with superimposed
rather weak but sharp features at the energies of the van Hove
critical points. Therefore, it is often more convenient to
analyze the derivatives of the spectra, in which rapid changes
are enhanced over a locally monotonous background. In the
case of reflectance, a much more efficient way to observe these
changes is by using a modulated variant of the method,
allowing us to directly measure the differential spectrum
(which can be understood as a partial derivative with respect to
the modulated parameter, such as the built-in electric field or
sample temperature in the case of PR) and detect even very
weak signals. A modulated transmittance experiment can also
be carried out but is considerably more challenging due to
rapidly varying character of the absorption function at the band
gap energy. Instead, a numerical derivative of the acquired
transmittance spectrum dT/dhv can be calculated. We applied
the procedure to our data and compared the results with the
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PR spectra, as presented in Figure 4ae (dashed lines). For
both samples, the agreement is outstanding, as the trans-
mittance derivative follows exactly the PR resonance. For SnS,,
three distinguishable features can be observed. For SnSe,, a
broad asymmetrical peak with a tail at the high-energy side
suggests contribution from at least two effects. With increasing
temperature, the spectra become more uniform and the
characteristic features can no longer be resolved (see Figure
S3c,f of the Supporting Information), as happens with the PR
results, most likely due to increasing thermal broadening. The
temperature evolution of the energy at the dT/dhy maximum
was analyzed, as shown in Figure 4d,h (yellow open circles).
The agreement between energies determined from PR and
transmittance derivative is considerably improved compared to
the Tauc method, suggesting that the approach may be more
suitable for materials with complex electronic structure, as it is
not restricted by any assumptions regarding band dispersion.

Electronic Band Structure. For the interpretation of the
experimental results, the electronic band structure needs to be
discussed. In Figure Sa,c, the band dispersion of SnS, and
SnSe, is illustrated, obtained from DFT calculations employing

6
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SnSz‘/
V

Energy (eV)
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o

Figure S. Electronic band dispersion of SnS, (a) and SnSe, (c)
calculated with the mBJ-TB09 exchange potential. The interband
distance (dark lines, left axis) and squared matrix element (shaded
areas, right axis) between the highest VB and lowest CB (b,d).

mBJ-TB09 exchange potential (see the Methods section for
details). As previously reported, for both materials, the
fundamental band gap is indirect between the valence band
maximum (VBM) close to the I point in the '—K path and
the CB minimum (CBM) in the L point (marked with dashed
arrows in Figure Sa,c), accompanied by a direct band gap in
the " point (solid arrows). The energies for both materials are
summarized in Table 1. From a comparison of the direct band
gaps with the energies determined from 20 K PR spectra, it can
be seen that the theoretical values are overestimated, but
considering the experimental error, the agreement is accept-
able. The absolute energies, often st_ronglgf influenced by the
choice of the computational method,*>*** are not as relevant
for the interpretation of the experimental results as the
electronic band dispersion. Nevertheless, the calculations with
the use of the HSE06 hybrid functional were additionally
performed, presented in Figure S5 of the Supporting
Information. The method is generally known to accurately
reproduce the band structure,” although in the case of SnX,
crystals, the resulting band gaps were even higher than the
values obtained from the mBJ calculations. Regardless of the
choice of the computational method, it can be seen that the
structure has a multivalley character and extremely flat VBs
around the I' point of the BZ. The lowest CB states form a
characteristic split-off band, separated from the rest of the CB
by ~0.7 eV and composed of a mixture of chalcogen p orbitals
with Sn s orbitals, as illustrated in Figure S4 of the Supporting
Information. The upper CB is composed mainly of Sn p
orbitals, with minor contribution from chalcogen s and p states,
while the VB consists solely of chalcogen p orbitals. The
structure is quite unusual, considering the optical activity. In
high-symmetry points, bands are flat, and there are practically
no type M, van Hove critical pointssm6 (in a 3D structure, VB
maxima aligned with CB minima), indicating that the optical
properties of the material are dominated by band-nesting
transitions, occurring between parallel bands rather than
between valley tops.

To estimate the probability of the possible direct transitions
across the BZ, the squared matrix element p* between the
highest VB and lowest CB (the split-off band) was calculated
and is plotted in Figure Sb,d as shaded areas. It reveals even
more unexpected quality of the electronic structure, which is
generally a low matrix element, vanishing in most of the high-
symmetry points, implying low probability of the optical
transitions. The matrix element increases away from high-
symmetry points, confirming the potentially band-nesting
character of the transitions allowed by the selection rules. In
the I" point, the matrix element is very low and increases
rapidly away from the BZ center. The extremely flat band and
matrix element distribution around the I" point seem to explain
our experimental observations. The unusual broadening and
the shape of the PR resonance can be attributed to the
contribution of multiple states around the I' point, with
different oscillator strengths. Low but nonzero values of p*
suggest quasi-forbidden character of the optically active
transitions, which was observed in the optical absorption
spectra. For comparison, the matrix element between the
highest VB and second lowest CB, above the split-off band, was
found to reach considerably higher values.

Indirect Band Gap and Role of Defect States.
According to DFT calculations, SnX, crystals are indirect
band gap semiconductors, with the fundamental gap
significantly narrower than the lowest direct one (with a
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Figure 6. Temperature evolution of the defect-related photoluminescence emission spectra of SnS, (a). Results of fitting of the Gaussian line shape
(shaded areas) and the model of the PL quenching given by eq 3 (dark blue solid lines) to the spectra acquired at 10 K (b) and 140 K (c). The

spectra were acquired with the use of 405 nm, 200 yW CW laser.

difference of 500 meV for SnS, and 250 meV for SnSe,). It is
highly unlikely that the inaccuracy of the DFT procedures is
such drastic. A technique typically allowing determination of
the indirect band gap energy is the optical absorption.
Surprisingly, in our experiments, we were not able to observe
any feature that could be attributed to such a transition,
although there are reports where a weak signal at reasonable
energy was detected.’®** The reason the indirect band gap is
not properly visible in the optical absorption may be the
aforementioned Burstein—Moss effect, enhanced by a low
transition matrix element. According to multiple re-
ports,”*"7*59 both SnS, and SnSe, are intrinsically n-type
semiconductors due to the presence of donor levels close to
the CB edge. For SnSe,, the evidence of the Fermi level
positioned inside the CB is the study published by Lochocki et
al,*" in which the authors were able to detect signal originating
from the CB in ARPES measurements. From the experiment,
the authors determine the Fermi level position 0.25 eV above
the CBM and the band gap of 0.90 eV (at room temperature).
They also confirm the theoretically predicted position of the
CBM at the L point. To the best of our knowledge, there are
no reports of analogous experiments carried for SnS,. In an
attempt to estimate an accurate energy of the indirect band
gap, we discovered a different phenomenon allowing us to do
so, involving photoluminescence emission measurements.
The PL method is often used as a preliminary verification of
the band gap character, as the emission is typically absent for
indirect optical transitions. Nevertheless, even then, low-
intensity phonon-assisted PL can sometimes be detected or
defect-related PL emission can occur, independently of the
band gap character. The latter was observed for SnS,, as
presented in Figure 6. The nature of the emission was
identified by excitation power-dependent measurements,
shown in Figure S6, eliminating the possibility of interband
character of the emission. In a double-logarithmic scale, the
slope of the PL intensity vs excitation power plot of ~0.5
indicates the defect-related process.”” As can be seen in Figure
6a, the 10 K PL spectrum is composed of three features,

labeled D1, D2, and D3. With increasing temperature, the
intensity of peak D2 weakens as a result of energy transfer into
peak D1. Further heating leads to quenching of the remaining
PL signal. Based on the defect formation energy diagrams
published by Liu et al.,** the observed emission lines can be
assigned as follows: D1 corresponds to interstitial Sn, with
theoretical energy inside the CB, leading to very easy
ionization, D2 can be attributed to S vacancy, and D3 to
interstitial S. The actual origin of the PL lines needs to be
verified by a different experimental technique, such as deep
level transient spectroscopy.’®® Further analysis of the
acquired PL spectra revealed that throughout the whole
temperature range, the shape of the D1 line is unusual. In
Figure 6b,c, functions composed of three and two Gaussian
lines were fitted to the spectra acquired at 10 and 120 K,
respectively, but only to the data below the maximum of the
D1 feature. Analogous analysis of all the spectra is presented in
Figure S7 of the Supporting Information. The results of the
fitting are plotted as shaded areas, and the extracted energies of
lines D1, D2, and D3 are 2.06 1.78, and 1.38 eV, respectively.
At the low energy side, the spectrum can be perfectly
approximated by a Gaussian line shape, while at the high
energy side, the emission is damped at a certain wavelength.
The asymmetric shape of the emission line can be explained by
the presence of a CB valley close to the defect energy. One
possible mechanism of the observed phenomenon could be
reabsorption of the emitted radiation at the indirect band gap,
although in such a scenario, the indirect absorption edge
should also be visible directly in the absorption experiment.
Therefore, some other process must be responsible for PL
quenching. We propose the following model, schematically
illustrated in Figure S8 of the Supporting Information and
explained in more detail in the figure caption. The density of
states of the defect levels partly overlaps with the density of
states from the L valley of the CB. Below the CBM, the
electrons bound to defects can recombine radiatively with
holes in the VB, most likely close to the I" point, since in the
wavevector space, their wave function is delocalized, and the
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momentum is preserved in this process. At the energies above
CBM, in a range where the density of states from defect levels
and CB overlap, the electrons from the defect states more
likely thermalize to the L valley of the CB, becoming localized
in the wavevector space at different k-points than the VBM and
can no longer eficiently contribute to the radiative processes.
The effect is observed in the PL spectra as rapid damping of
the emission intensity. We attempt to determine the indirect

band gap using the following model
I, () = G(hw, E)e POy 3)

where Ip; is the PL emission intensity, E, is the fundamental
indirect band gap, and G(hy,E;) is a Gaussian function
centered at the defect energy E4 (or a sum of two Gaussians, if

needed). DOSy is the CB density of states, given by

0 hl/<Eg

DOSqy(hv) =
< Clhv — Eg)l/2 hv > E, )

with C being a constant. Additional technical details regarding
the model and the fitting procedure are included in the
Supporting Information, where we also consider a modification
allowing simulation of a more empirical DOSj function shape,
with an exponential tail below E,. Based on these
considerations, we conclude that the model (in either form)
is more reliable at low temperatures. The fitting of eq 3 to the
PL spectra allowed the emission shape to be reproduced with
surprisingly good accuracy, as shown in Figure 6b,c with dark
blue solid lines, and estimate the indirect band gap throughout
the temperature range for which the PL signal was detected.
The temperature dependence of the indirect band gap is
plotted in Figure 4d with star symbols and extrapolated up to
room temperature using the B—E formula (eq 2). Although the
proposed model seems to describe well the observed
phenomenon, its applicability and the accuracy of the
determined band gap need to be verified by a better
established method. Nevertheless, it is worth noting that the
extracted band gap energy of 2.05 eV corresponding to 20 K is
in good agreement with the value of 2.11 eV predicted by DFT
calculations. What is more, the redshift of the indirect band
gap with increasing temperature is comparable to the direct
optical transition observed in PR or optical absorption. In
previous reports, the indirect band gap of SnS, was observed in
the optical absorption spectra at energies between 2.06 and
2.22 eV; however, these values correspond to room temper-
ature. Our result yielding 2.05 eV was determined at 20 K;
therefore, to compare results the value needs to be corrected
by a thermal band gap narrowing of at least 100 meV. Such
discrepancy is not unexpected and can be accounted for by the
Burstein—Moss effect. With its presence, the observed indirect
absorption edge is shifted toward higher energies, but the
electronic band gap, defined as the distance between VB and
CB, remains unchanged. We believe that our model applied to
the acquired defect-related PL spectra allowed us to estimate
the fundamental indirect band gap of SnS, of 2.05 + 0.05 eV.

B CONCLUSIONS

In this work, we exploited complementary methods of optical
spectroscopy (modulated reflectance, optical absorption, and
photoluminescence emission) to examine the fundamental
properties of SnS, and SnSe, vdW crystals and elucidate
discrepancies present in the literature. An additional aspect of

the study was the comparison of different approaches to the
analysis of the experimental results and discussion of their
applicability for the case of the SnX, crystals but also their
general limitations, which are often neglected.

The absorption edge observed in the experiment was
identified as direct based on the spectral coincidence with
the PR resonance, despite the theoretically predicted indirect
character of the fundamental band gap. The energies of the
direct optical transitions were 2.41 eV for SnS, and 1.31 eV for
SnSe, at a temperature of 20 K. According to DFT calculations
of the electronic band structure, the lowest direct transition
occurs in the I' point of the BZ. The distribution of the
squared matrix element in this region suggests possible
contribution of multiple states and low transition probability,
explaining the significant broadening and unusual shape of the
measured PR resonance. Another characteristic feature of the
electronic band structure is an extremely flat VB dispersion,
which is the reason why the analysis of the optical absorption
spectra with the Tauc plot method (based on the assumption
of parabolic band shape) did not give satisfactory results.
Considerably better agreement with PR spectra was achieved
in an alternative approach, involving the transmittance first
derivate, which is grounded in common origin of the
absorption and reflection coefficients from the dielectric
function.

The lack of signal originating from the indirect band gap can
be attributed to the Burstein—Moss effect. For both SnS, and
SnSe,, intrinsic n-type character was observed in multiple
reports, being a consequence of the presence of donor defects
localized close to the bottom of the CB, acting as a reservoir of
the electrons populating the lowest states. For SnSe,, the effect
was directly observed in ARPES measurements by Lochocki et
al.>! For SnS,, an evidence of its presence could be the peculiar
damping of the defect-related photoemission at certain energy,
observed in our experiment. With the proposed model
allowing reproducing the spectral dependence of the PL
intensity, we determined the fundamental indirect band gap of
SnS, of 2.05 eV, at a temperature of 20 K. The value is
reasonable but needs further verification. Since the model is
based on simple assumption of the relative position of defect
levels and band extrema, we believe that it should be applicable
to any system fulfilling the conditions for which similar
phenomenon can be observed.

The obtained results reveal a strong influence of the
structural defects on the optical properties of SnX, crystals. By
varying the defect concentration, the optical band gap can be
adjusted to obtain an optimal value for certain applications.
Defect concentration can also affect the efficiency of
photocatalytic processes, sensitive to surface reactive sites,
and thermoelectric conversion, by decreasing the lattice
thermal conductivity. We report participation of the defect
states in the radiative recombination processes, which greatly
contribute to the general understanding of the SnX, crystal
properties and point to possible directions for further
investigation.
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Fig. S1. EDS spectra acquired for SnS; (a) and SnSe; (b), corresponding to the EDS maps from Fig. 2

of the main text and presented here in top-right corner of each panel. Lines attributed to Sn, S or Se,
and Cu were identified, with the latter originating from Cu TEM grid on which the samples were

placed for the measurement.
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Fig. S2. Microscope images of the surface of SnS; (a) and SnSe; (b) samples. The size of the laser
spot used for the Raman scattering and PL measurements is illustrated by green circles. For the
experiment regions of the samples without any visible structural impurities were selected, such as

these marked in the images (although not precisely these).
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Table S1. Frequencies of the phonon modes observed in Raman scattering measurements.

Frequency (cm™)

Mode
SnS: SnSe;
Eq 213.4 116.5
Aig 320.9 187.9
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Fig. S3. lllustration of different methods of determination of the direct transition energies for SnS; (a-
c¢) and SnSe; (d-f), in the temperature range from 20 to 300 K. Tauc plots for direct allowed (a,d) and

direct forbidden (b,e) absorption edge, with linear extrapolations of the analyzed regions. In panel (b),
due to presence of a background signal, the transition energy was extracted from the intersection of the
linear fit of the (ahv)?® plot with extrapolation of the background. First derivatives of the transmittance

spectra (c,f).
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Table S2. Parameters of the Bose-Einstein fits to the temperature dependence of the direct optical

transitions energies determined from PR spectra and (ahv)?® Tauc plots, for SnS; and SnSe;.

Method Parameter SnS, SnSe;
PR E(0) (eV) 2.41 1.30
as (eV) 0.276 0.107
s (K) 481 267
(athv)?? E(0) (eV) 2.36 1.28
as (eV) 0.120 0.063
0 (K) 280 186
(@) SnS, (b) SnSe,
6 — , 6 — —— —
a4 gy ; 4
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Fig. S4. Orbital composition of the electronic bands of SnS; (a) and SnSe; (b). Top and bottom panels

illustrate the contribution of Sn and X orbitals, respectively.
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Fig. S5. The electronic band structure of SnS; (a) and SnSe; (b) calculated with mBJ-TB09 exchange
potential (solid lines) and HSEO6 hybrid functional (dashed lines).
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Fig. S6. Photoluminescence emission spectra of SnS;, acquired with excitation power from 0.1 to

500 uW (a). Excitation power dependence of integrated PL intensity in log-log scale, with linear fits
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Fig. S7. The temperature evolution of the defect-related photoluminescence emission measured for
SnS2. Results of the fitting of three (10 — 120 K) or two (140 - 240 K) Gaussian line-shape and the PL

guenching model (Eg. 3) to the experimental data are superimposed over the spectra.
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The PL quenching model

The spectral dependence of the defect-related photoluminescence intensity quenched by a
mechanism illustrated in Fig. S8 is given by

Ip, (hv) = G (hv, E,) e~P0Sc(hv.Eg) Eq. S1

where G (hv, E;) is a Gaussian function centered at defect energy Eq. DOScg(hv, Ey) is the

conduction band density of states, given by

0 hv < E,

Eq. 52
c(v—E,)" hv > E, |

DOScg(hv) = {
where C is a constant, and Eq = Ecem — Evaewm is the fundamental band gap. The above formula
is the simples approximation of the actual DOS, derived from the assumption of the parabolic
shape of the conduction band close to its minimum. This form was used for the analysis
presented in the main text, however we also consider a modification of the model by intr Eq. S3

an exponential tail of the density of states below Eg, described by Eq. S4.

fi(h) = AeB(v=(Eg+8) hv <Ey+6

DOS 5 (hv) =
“ () = c(hv — E,)"* hv > E, + 6

where A, B, and C are constants, and o is a small energy shift introduced to obtain smoother
and more natural shape of the function at the junction of the two regions. To preserve the
function from overparametrization, A = 1 was set (since a mutual dependence exists between
constants A and C), and the remaining parameters where chosen so that continuity conditions
are fulfilled at hv = E; + 6, i.e.
fi(Eg + 8) = f2(Eq + 6)
dfi(Eg+8) dfy(Eg +6) Eq. S4
dhv dhv

2
By solving the system of equations, we obtain B = % and 6§ = % Hence, in a final form

DOScg is given by

C—2<hv— E +i > 1

e? (Br+22) h <Ey +—
DOScp(hv) = ¢ Eq. S5

1/2 1

C(hv—E,) hv = By + =
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To visualize the difference between Eqg. S2 and Eq. S5, the functions are plotted in Fig. S9a,
assuming Eq = 2.0 eV, and C = 10.

> A > A
o2 2
2 2
L L DOS;
Ed e‘-\ < / Ed -
ECBM @ - e ECBM DOSdefecl
hv l o
.
Evew - ® . Even
h DOS,,
Wavevector DOS

Fig. S8. Graphical illustration of the mechanism of the experimentally observed photoluminescence
guenching. The presented band dispersion, electronic levels arrangement, and density of states
distribution are only used for visualization of a concept, and do not correspond to an actual material.
Valence and conduction band are shown as red and blue shaded areas, respectively. The residual red
color at the bottom of the CB represent states occupied by the electrons originating from ionized
donors (the Burstein-Moss effect). The black line at the energy Eq corresponds to a defect state, and
the thin grey lines represent the state broadening. After excitation from the valence band, the electron
(red ball) can populate the defect state and then be scattered (yellow arrows) between vibrational
levels within the state broadening, either energetically lower or higher. At energies below CBM, the
electron can recombine radiatively (solid arrow) with a hole (blue ball) in the valence band. In the
process the momentum is preserved, as the wavefunction of the electron localized on a defect in the
real space is delocalized in the reciprocal space. At the energy of CBM and above, the electron is more
likely to occupy states in the conduction band, localized in the wavevector space. The electrons from
the CB valley also can recombine with holes from VB, although due to difference in k-point, the
transition is indirect and therefore non-radiative (dashed arrow). In the experiment the mechanism is

observed as quenching of the defect-related PL emission above the energy of CBM.

S8



118

The accuracy of the fitting to the experimental data was comparably good for either form of
DOScg, however the resulting Eg values differed, as presented in Fig. S9b (star symbols). For
DOScs given by Eqg. S2, the acquired values are lower, and the temperature dependence is
stronger, resulting in larger redshift of the transition energy, compared to Eg. S5. The
discrepancy is most severe at high temperatures, suggesting the model at the current form is
best applicable close to 0 K, providing similar values regardless of the presence of the

exponential tail, but need some adjustments at higher temperatures.

(a) (b)
24+ ]
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35 -
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Fig. S9. Plots of the conduction band density of states (DOScg) given by Eg. S2 and Eq. S5 (a), and
the temperature dependence of the optical transitions energies determined by different methods:
photoreflectance (purple diamond symbols), (a/4v)® Tauc plot (red circles), and PL quenching model

with DOScg given by Eq. S2 (green star symbols) and Eq. S5 (blue star symbols) (b).
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CHAPTER 7/

CONCLUSIONS

In this work, group IV mono- and dichalcogenides — materials belonging to a family of van der
Waals crystals — were characterized exploiting various methods of optical and photoemission
spectroscopy, supported by ab initio calculations. The experiments were performed to investigate the
fundamental optical and electronic properties of the materials, as well as observe some unexpected
phenomena and assess possibilities of exploiting them in specific applications.

Optical study of MX crystals (GeS, GeSe, SnS, and SnSe) allowed to determine the energy and
character of the fundamental band gaps, resolving discrepancies present in the literature, and revealed
strong in-plane anisotropy related to the electronic orbital composition of the electronic bands
(especially different components of metal and chalcogen p states), dictating the selection rules. For
GeSe, optical absorption spectra were dominated by direct optical transitions, despite the indirect
character of the fundamental band gap (predicted by DFT calculations and confirmed by lack of
photoluminescence emission), being a consequence of small energy distance between involved valleys
in the electronic band structure. In the case of SnS and SnSe, indirect absorption edge was detected
in polarization-resolved experiments, which allowed to reduce the intensity of the lowest direct
transition active for light polarized along the xcrystallographic direction. For GeS, the position of the
valence band maximum observed in ARPES measurements inclined the direct character of the
fundamental band gap. The slightly different optical behavior of the four representatives of MX
family results from the relative position of valence and conduction band valleys varying depending
on the chemical composition, as illustrated in Fig. 1.6. For GeS, the valley in the I point plays the role
of VBM, while for GeSe valence band in this region of the BZ is pushed towards higher binding
energies and VBM is located close to the X point. The effect is even stronger for SnS and SnSe, also
featuring VBM close to the X point. Both Ge chalcogenides are characterized with CBM in the T’
point, while for SnX crystals, a valley in the I'-X path is energetically the lowest.

The optical characterization of SnS, and SnSe; crystals revealed a similar effect of domination of
the optical absorption spectra by direct optical transitions despite indirect fundamental band gap,
however, the explanation of the phenomenon is quite different. The energy distance between the
indirect and direct band gap is in this case considerable, and the fundamental absorption edge could
not be detected due to the Burstein-Moss effect and very low probability of the transitions involving
lowest CB states (within the splir-off) band, indicated by vanishing matrix element in-plane
components.

Further investigation and analysis of the obtained results lead to determination of possible
applications of MX and MX; crystals Among various optoelectronic applications, most promising is
polarization-sensitive photodetection, for which MXs are perfect candidates due to intrinsic linear
dichroism of the optical response. Such technology is exploited for detection of light polarization

changes after traveling through a birefringent medium, including various solids and liquid crystals,
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but also biological systems such as protein solutions. The state-of-the-art polarization detectors are
complex devices composed of multiple optical elements, therefore materials with intrinsic
polarization sensitivity are extremally desired. Another potential application of MXs (especially tin
compounds) is the thermoelectric conversion, more and more important in the era of growing energy
demand. Low thermal conductivity combined with multivalley character of the electronic band
structure lead to high thermoelectric figure of merit, for SnSe shown to exceed the value of typical
Pb-based materials exploited in this branch of technology. In the case of MX, crystals, the most
distinctive feature is the high concentration of native defects active as intrinsic dopants. The property
can be utilized in various technologies, with photocatalysis and gas sensing attracting the most
attention, where surface defects act as reactive and adsorptive sites.

Application opportunities can be further broadened by combining MX and MX, crystals with
each other and with different van der Waals semiconductors to form heterostructures. Especially the
intrinsic p-type and n-type character of MX and M X, materials, respectively, can be exploited in the
design of p-nheterojunctions. For heterostructures and electrical contacts engineering determination
of parameters such as work function, ionization potential, and electron affinity is crucial, as it allows
to simulate band alignment with other materials and predict Ohmic or Schottky character of contacts
with different metals. In this thesis, such characterization was performed by means of photoemission
spectroscopy.

The study contributes to the general understanding of the fundamental properties of MX and
MX, and phenomena involving interaction with light. The obtained results point toward the most
promising future applications, which are polarization-sensitive optoelectronics and thermoelectric

conversion.
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