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sulfide: unveiling the anisotropic nature of
Wannier excitonsy

{ '.) Check for updates ‘
Cite this: Nanoscale, 2023, 15, 17014
Mehdi Arfaoui,

Kenji Watanabe,
Sihem Jaziri® and Maciej R. Molas

*2 Natalia Zawadzka,® Sabrine Ayari,© Zhaolong Chen,**

f Takashi Taniguchi, Adam Babinski,” Maciej Koperski,*©
b

To fully explore exciton-based applications and improve their performance, it is essential to understand
the exciton behavior in anisotropic materials. Here, we investigate the optical properties of anisotropic
excitons in GeS encapsulated by h-BN using different approaches that combine polarization- and temp-
erature-dependent photoluminescence (PL) measurements, ab initio calculations, and effective mass
approximation (EMA). Using the Bethe—Salpeter Equation (BSE) method, we found that the optical absorp-
tion spectra in GeS are significantly affected by the Coulomb interaction included in the BSE method,
which shows the importance of excitonic effects besides it exhibits a significant dependence on the
direction of polarization, revealing the anisotropic nature of bulk GeS. By combining ab initio calculations
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and EMA methods, we investigated the quasi-hydrogenic exciton states and oscillator strength (OS) of
GeS along the zigzag and armchair axes. We found that the anisotropy induces lifting of the degeneracy
and mixing of the excitonic states in GeS, which results in highly non-hydrogenic features. A very good
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1. Introduction

The groundbreaking discovery of graphene and its unique pro-
perties has sparked further research on the development of
other alternative layered and non-layered materials with
various optical, electronic, and chemical properties."?
Recently, transition metal dichalcogenides (TMDs)** and
black phosphorus (BP)>® have been extensively researched for
their high carrier mobility’® and strong bound excitons.>"* >
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agreement with the experiment is observed.

However, the instability of BP under air conditions limits its
practical use."*™® An alternative class of materials with a puck-
ered honeycomb lattice, group-IV monochalcogenides MX
(where M = Ge, Sn, or Pb and X = S, Se, or Te),"*™"® has
emerged as a promising new class of layered van der Waals
(vdW) semiconductors due to their benefits such as low tox-
icity,® high thermal stability,>"*> Earth abundance,"®** and
excellent absorption energies observed in the visible frequency
range,* >’ in addition to low thermal conductivities and sig-
nificant anisotropic physical properties.'>***$!  Among
group-IV monochalcogenides, germanium sulfide (GeS) is con-
sidered a promising material in optoelectronics applications
due to its high optical absorption and optical band gap (BG)
in the visible range, which can be effectively tuned by applying
an external strain. This allows for modulation of its emission
wavelength.>>*® GeS also exhibits high photosensitivity, a
broad spectral response, and giant piezoelectricity because of
its characteristic “puckered” symmetry.*>*”*” Analogously to
BP, the low symmetry orthorhombic crystal structure of GeS
results in unique anisotropic optical, electronic, and
vibrational properties along the zigzag (ZZ) and armchair (AC)
axes,*>**! which makes it suitable for large-scale appli-
cations in photovoltaic thermoelectric** and optoelectronics.’
Polarization-resolved photoluminescence (PL), reflectance
contrast (RC), and Raman scattering (RS) measurements

This journal is © The Royal Society of Chemistry 2023
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performed over a wide temperature range in GeS confirmed its
anisotropies characteristics.”#*>** This makes it a highly
promising material for the development of polarization-sensi-
tive photodetectors. It is important to examine the many-body
interactions present in this material, particularly with regard
to the excitonic effect.>”*>*%*14445 Degpite the tremendous
progress in the study of GeS, many of its fundamental optical
anisotropic properties remain unknown.>* Indeed, our study
delves into the optical properties of the anisotropic nature of
the Wannier excitons of GeS that remain neglected or incom-
pletely understood in previous studies,>**>** using different
theoretical approaches and supported by experimental results.

In this work, we investigate the optical response of aniso-
tropic excitons in GeS encapsulated with hexagonal BN (h-BN)
flakes using a comprehensive approach that combines polariz-
ation- and temperature-dependent PL techniques, ab initio cal-
culations, and effective mass approximation (EMA). The inno-
vative point of our work originates from both the applied
experimental and theoretical approaches. A high quality of the
investigated sample was achieved by its preparation under an
inert protective gas atmosphere, and GeS was embedded in
between h-BN flakes to avoid degradation processes.
Additionally, to describe the experimental results, we
employed a state-of-the-art approach that utilized density func-
tional theory (DFT) and the quasiparticle (QP) correction GW
to determine the electronic band structure (BS) of bulk GesS,
and the anisotropic effective mass of electrons and holes in
different crystal directions. Furthermore, using both the inde-
pendent particle approximation (IPA) and the GW + Bethe-
Salpeter equation (BSE),"®"” we studied the dielectric func-
tions for light polarized along the in-plane (x-y) and out-of-
plane (z) directions. Indeed, the obtained result from the BSE
modifies the optical absorption spectra in bulk GeS. Thus, it
shows the signature of excitonic effects on the optical
response. To evaluate the different optical selection rules, we
calculated the direct interband optical transition matrix
elements (OME) in different crystal directions, as well as the
percentage of the atomic orbital contribution to the valence
and conduction bands at specific k-points of the Brillouin
zone (BZ). We were also able to predict the quasi-hydrogenic
exciton states and the oscillator strength (OS) of the excitons
along both the ZZ and AC directions by integrating ab initio
calculations with the EMA. In fact, the anisotropic effect on
the exciton characteristics in GeS (e.g., exciton binding energy
(BE) and the spatial extension of exciton wavefunction) is con-
trolled by its reduced mass and dielectric constant. Unlike the
isotropic hydrogenic model, the anisotropy lifts the degeneracy
of the exciton states, which have the same principal quantum
number but different radial and angular quantum numbers.
This increases in the number of allowed dipole transitions that
can be probed by terahertz radiation, providing new ways of
controlling device emissions.

This article is organized as follows: in section 2, we present
the experimental results obtained for a GeS flake encapsulated
with h-BN, which include its measured polarization- and temp-
erature-dependent PL spectra. In section 3, to gain a deeper
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understanding of the exciton behavior in anisotropic
materials, we used theoretical methods (DFT and GW + BSE)
to calculate the electronic BS of GeS, taking into account the
excitonic effect. In section 4, we analyze the anisotropic behav-
ior of GeS using the EMA. By varying the relevant parameters,
we control the degree of anisotropy across multiple cases,
ranging from isotropic to anisotropic. Our calculations of the
excitonic BE and OS were performed for each case. Overall, our
study of GeS as a prototype system for anisotropic layered
materials provides an understanding of the optical response of
anisotropic excitons and can be tailored for other three-dimen-
sional (3D) anisotropic materials.

2. Experimental results

To prevent degradation of the GeS flake, we encapsulated the
thick GeS flake with a thickness of about 50 nm in h-BN
flakes, see Methods for details. The side-view scheme and
optical image of the investigated GeS are presented in Fig. 1(a)
and (b). First, we examined the polarization evolution of the
PL spectra measured on the studied sample under 1.88 eV exci-
tation, see Fig. 1(c). It is observed that the GeS emission is lin-
early polarized along the AC direction, whereas the PL signal is
absent in the ZZ direction. Note that the attribution of the AC
and ZZ directions was performed by comparison with previous
results published in ref. 24, 29 and 43, and also confirmed by
our theoretical calculations shown below. It is a hallmark of
the anisotropic optical response of GeS. The upper panel of
Fig. 1(c) presents the low-temperature (T = 5 K) PL spectra of
GeS measured in two polarizations corresponding to the AC
and ZZ orientations. The PL spectrum consists of three emis-
sion lines, denoted X, L;, and L,. In contrast, the corres-
ponding polarization-resolved RC spectra, shown in section A
of the ESLT consist of a single resonance, whose energy
coincides with the X emission line and is also polarized along
the AC direction. We can certainly attribute the X line to the
free neutral exciton,>* while the assignment of the L; and L,
peaks is more questionable, and hence we denoted them as
localized excitons, see sections A and B of the ESI{ for more
details. The measured shape of the PL spectrum with a rather
low intensity of L; and L, compared to that of X is different
from those reported in ref. 24. It may suggest that the hBN
encapsulation plays a similar role as for MoS, MLs, leading to
complete quenching of the defect-related emission measured
at liquid helium temperature.*® Interestingly, the relative
intensity of the localized and free excitons strongly depends
on the excitation energy, see section A of the ESIf for details.
Fig. 1(d) presents the temperature evolution of the PL spectra
measured from 5 K to 190 K. Our measurements indicate that
with increasing temperature, the PL intensity of the exciton
decreases until it completely vanishes at 200 K. This result
suggests that the BE of the exciton, associated with its acti-
vation energy, is on the order of several meV. As the L; and L,
intensities are extremely small, we used a different excitation
energy, Le., 2.41 eV, to investigate their temperature depen-
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Fig. 1

(a) Side-view scheme and (b) optical image of the investigated GeS encapsulated with h-BN flakes. (c) False-colour map of the low tempera-

ture (T = 5 K) polarization-resolved PL spectra measured on GeS flakes under excitation at 1.88 eV. Note that the intensity scale is logarithmic. The
crystal structures along the ZZ and AC directions are drawn on top of the map. The top panel shows the corresponding PL spectra detected in the
AC and ZZ directions. The right panel demonstrates the integrated PL intensity as a function of detection angle. (d) The corresponding temperature-
dependent PL spectra measured on GeS flakes with 1.88 eV laser light excitation. The spectra are vertically shifted and are divided by scaling factors
for clarity. The determined (e) energy and (f) full width at half maximum (FWHM) of the neutral exciton (X) line. The circles represent the experi-
mental results while the curves are fits to the data obtained using eqn (1) and (2).

dence (see section A in the ESI for details). We found that at a
temperature of approximately 70 K, the measured PL spectrum
is contributed only by the neutral exciton line. To investigate
in detail the temperature evolution of the X line, we deconvo-
luted it using Gaussian. The X energy shows a redshift as the
temperature increases from 5 K to 190 K, see Fig. 1(e). This
type of evolution, characteristic of many semiconductors, can
be expressed by the relationship proposed by O’Donnell
et al.,*® which describes the temperature dependence of the
BG in terms of an average phonon energy (Aw) and reads as:

Bog(T) = By — S{hw)[coth((ha))/2ksT), (1)

where E, stands for the BG at absolute zero temperature, S is
the coupling constant, and kg denotes the Boltzmann con-
stant. As we can see that the used relationship correctly repro-
duces the temperature evolution of the X energy, we conclude
that its BE does not depend on the temperature. The deter-

17016 | Nanoscale, 2023, 15, 17014-17028

mined E, and S values are of about 1.778 eV and 4.3, respect-
ively. The average phonon energy (Aw) is found to be around
26 meV, which is close to the high density of phonon states
around 28 meV.>* Panel (f) of Fig. 1 presents the temperature
evolution of the X linewidth. As the temperature increases, the
carriers have more thermal energy and move more rapidly,
leading to a greater distribution of carrier velocities. In semi-
conductors, such an evolution can be described by the so-
called Rudin’s relationship,’® which is given by

y(T)=yo+oT+y (2)

where y, denotes the broadening of a given spectral line at 0 K,
the term linear in temperature (¢) quantifies the interaction of
excitons with acoustic phonons (of negligible meaning for the
present work), y' arises from the interaction of excitons with
LO phonons, and #e is the LO phonon energy. As can be seen

This journal is © The Royal Society of Chemistry 2023
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in Fig. 1(f), Rudin’s relationship reproduces the experimental
data quite well. Due to the anisotropic structure of GeS, we
consider Aw as a free-fitting parameter in our analysis. The
determined values of y, and y' correspond to about 8.5 meV
and 0.13. The fitted 7w parameter is around 30 meV, which is
close to the energy of the A, mode (31 meV at T = 5 K).**

The main objective of the present work is to construct a
theoretical framework to analyze the aforementioned optical
characteristics of free neutral excitons in GeS. The free exciton
is identified by its distinct spectral peak located at around 1.78
eV in the PL spectra of the GeS flake with a thickness of 60 nm
at T = 5 K. The low-temperature conditions stabilize and
clearly define the excitonic states, yielding an accurate assess-
ment of their spectral properties. The reduced thermal exci-
tation also enhances the analysis of GeS’s intrinsic optical
properties.

3. First-principles calculations of the
quasi-particle and excitonic effects in
GeS

GesS is a layered material that has an orthorhombic structure
and belongs to the Pnma (D,,'®) space group.?’ This material
crystallizes in double layers. The unit cell contains eight atoms
organized in two adjacent double layers. The puckered honey-
comb lattice of GeS has an anisotropic crystal structure charac-
terized by the two orthogonal AC(x) and ZZ (y) directions, as

View Article Online
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y and 2 are the unit vectors in the directions of the x-axis, the
y-axis, and the z-axis, respectively.

In Table 1, we present the final relaxed lattice parameters
and compared them to previously reported experimental and
theoretical data. All calculations were performed with the opti-
mized lattice parameters.

In Fig. 3(a), we plotted the BS of bulk GeS using DFT with
(black dashed curve) and without (red curve) the spin-orbit
interaction. The BS of GeS is not significantly impacted by the
relativistic correction effect. Therefore, we disregard this in our
calculation of many-body simulations. We found that bulk GeS
is a semiconductor with a BG of 1.23 eV at the I' point. The
indirect gap is only 3 meV in energy higher than the direct
one. Our results are consistent with previous DFT
calculations.”™** As we can see, the DFT direct BG (red curve)
has been significantly underestimated because of the BG
problem with the DFT Kohn-Sham (KS) approach. To over-
come this issue, we calculated the relative QP BS using the per-
turbative method GW (blue curve). In fact, G and W were con-
structed from the KS wavefunctions, and the perturbatively cor-
rected KS eigenvalues. The single-shot G,W, gives an insuffi-
ciently small BG when compared to the experimental one. To
solve this problem, we used the self-consistency of GW on

Table 1 Comparison of the lattice parameters estimated at the DFT
level while accounting for the vdW interaction with the experimental
and recent theoretical results

indicated in Fig. 2. The orthorhombic Bravais lattice of Ges References a(A) b (A) c(a)

can be specified by giving three primitive lattice vectors: G. Ding et al.”* 4.74 3.67 10.64

a; = ax, a, = ¢y, and az = ¢, and the reciprocal primitive lattice S.Haoet al® 4.44 3.67 10.76

o A 2T A o A T. Grandke et al.”® 4.30 3.64 10.47

vectors are spanned by: b; = 7kx, b, = ?ky and b; = 7kz. X, Our work 4.45 3.76 10.77
(a) Top View (b)  Side View (c)

Armchair

Fig. 2

Illustration of the atomic structure of bulk GeS. (a) Top view of the atomic structure of bulk GeS in a 3 X 3 x 1 supercell. (b) Side views of bulk

GeS along the AC and ZZ directions, respectively. (c) The bulk first BZ of an orthorhombic Bravais lattice and its projected surfaces. The gray and
black spheres stand for the Ge and S atoms, respectively. The unit cell is indicated by the dashed red rectangle in (a and b).
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Fig. 3 Electronic properties of GeS from ab initio calculations. (a) Electronic BS of bulk GeS calculated by generalized gradient approximation
(GGA) without spin—orbit coupling (red), with spin—orbit coupling (black dashed) and evGW (blue) methods. (b) and (c) 2D BSs of the topmost
valence band and the bottom most conduction band, respectively. The global maximum (minimum) of the VBM (CBM) is located at the AC direction
I' X path of the BZ. (d) Interband transitions of OME between v and c bands. (e) Color contour of the dipole OS distribution in the first BZ for light
polarized in AC (e) and ZZ (f) directions derived using DFT. The darker color indicates a larger dipole strength.

eigenvalues only (evGW), see section D in the ESIf for details.
At this theoretical level, the BG increases to 1.78 eV with the
QP correction of 0.55 eV at I'. Our results are in excellent agree-
ment with the experimental bulk GeS BG energies extrapolated
to 0 K given in ref. 54 and 55, as well as with previous theore-
tical calculations with GW in ref. 56 and 57. In addition, the
QP corrections are slightly dispersed with respect to the KS
eigenenergies. In fact, we found that by fitting the QP correc-
tions data to a linear curve, the conduction and valence bands
are slightly stretched by 7% and 1%, respectively. The band
profiles for the lowest conduction band and the highest
valence band were also extracted from DFT and are shown in
Fig. 3(b) and (c), respectively. The valence band has three
maximum locations in the AC direction: K,, K;, and I', with
the highest maximum located at the I'-point. The conduction
band has a minimum located at the I'-point.

In Fig. 3(d-f), we calculated the normalized squared OME
M:Y(K) = |PYY|* = |uy | piluci|® between the top valence band
and the bottom conduction band along a specific direction i.
Here, u,()x is the single particle Bloch function of the valence
(v) and conduction bands (c) obtained by the DFT-KS calcu-
lation for the wavevector k. p; is the momentum operator along

17018 | Nanoscale, 2023, 15,17014-17028

the i direction. M;"(k) measures the k-dependent optical
strength of the c-v interband transition. Furthermore, the
OME contain all the symmetry-imposed selection rules.
Fig. 3(e) and (f) show that the k-resolved OME for light polar-
ized in the AC and ZZ directions exhibit distinct responses,
which reveals the anisotropic nature of GeS. Of particular
interest are the valleys located in K, K, K3, K;, and I' in the
I'X and T'Y directions, where the allowed OME are significantly
higher in T'X for light polarized in the AC direction.
Additionally, the OME are not allowed in the vicinity of I'-point
for light polarized in the ZZ direction. By calculating the direct
interband OME, we calculate the linear optical characteristics
that can be derived from the complex dielectric tensor &; ;(@,q)
=&, (@,q) T iez, (w,q) for q — 0, where &, (»,q) and &, (w,q) are
the real and imaginary parts of the dielectric tensor, see sec-
tions C and D of the ESL.} 4w is the photon energy, g is the
photon wavevector and i, j = x, y, or z are the subscripts that
correspond to the Cartesian directions.

In Fig. 4, we plotted the three components of the imaginary
part of the dielectric function for linear light polarized along
the axis of the AC (x), ZZ (y) and perpendicular (z) directions to
the atomic planes for bulk GeS. In fact, Fig. 4 shows that &,(®)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Optical properties of GeS obtained from ab initio calculations.
Imaginary part of the dielectric functions calculated using IPA and GW +
BSE methods, with light polarized in the x, y, and z directions, respect-
ively. The red vertical bars represent the normalized OS (arb. units). The
DFT and GW BGs are denoted by the black and orange dashed vertical
lines, respectively. The size of each green circle in the upper panel
corresponds to the value of e,(w). The theoretical value of the first bright
exciton energy, EX = 1.77 eV, is marked by the dashed vertical violet line,
while the dashed vertical orange line points to the corresponding
experimental value of about 1.78 eV.

strongly depends on the direction of polarization. This behav-
ior reveals the anisotropic character of bulk GeS. The light
absorption of GeS has a wide range from near-infrared to near-
ultraviolet light (1-9 eV). However, compared to the experi-
mental results, the exciton peak does not appear in Fig. 4 with
the IPA method (blue line). This result is expected since the
IPA method does not include the electron-hole (e-h) inter-
action. To account for the e-h interaction, we plotted, in Fig. 4
(black line), the dielectric function using the GW + BSE
method. A detailed description of the GW + BSE method can
be found in section D of the ESI.{ In fact, compared with the
IPA results, the Coulomb interaction included in the BSE
method modifies the optical absorption spectra in bulk GeS as

This journal is © The Royal Society of Chemistry 2023
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well as a redistribution of OS, implying that excitonic effects
have an important influence on the optical properties. The
detected low-energy peak in the BSE spectrum is attributed to
the presence of a bound exciton. In comparison to the experi-
mental results, the calculated energy of the first bright exciton
peak, 1.77 eV, differs by only about 10 meV from the corres-
ponding experimental value from Fig. 1, ~1.78 eV. In addition,
our results show that GeS has remarkable optical anisotropy,
as evidenced by the presence of an excitonic peak only for light
polarized along the AC direction. This intriguing observation
aligns very well with our experimental results in Fig. 1. The first
bright exciton BE is ~10 meV. Our experimental measurements of
temperature-dependent PL spectra also support this result. In
section A of the ESI,T we estimated the exciton BE to be ~11 meV
under 2.41 eV excitation, and this value can slightly increase
(~16 meV) under resonant excitation at 1.88 eV. This BE is also
comparable to those of bulk materials such as BP (30 meV),>®
MoS, (25 meV),>® wurtzite GaN (21 meV)*® and GaAs quantum
wells (~10 meV).*" This is in contrast to layered group-VII TMD
rhenium dichalcogenides (ReX2, where X = S, Se), which exhibit a
significantly higher binding energy of 120 meV.*> Moreover, the
results in the upper panel of Fig. 4 show the contributions of the
occupied and unoccupied bands to &,, where each band is
labeled with a distinct index, ie. VB; — VB, for the occupied
bands and CB; — CB, for the unoccupied bands. In particular,
the size of each green circle is proportional to the value of &,(w).
Indeed, the analysis reveals that the first peak in &,(w) for the AC
direction is predominantly formed by the direct optical transition
between the occupied band VB, and the unoccupied band CB;.
Note that we neglect the phonon-assisted related optical absorp-
tion, which requires more computational resources and is beyond
the scope of this work.

The red shades in Fig. 5(a) show the first bright exciton
weight originating from the vertical interband transition,
which contributes to exciton formation and, as a result, to
absorption spectra. The inset characterizes the transitions in
the first reciprocal BZ. In GeS, it is mainly contributed by tran-
sitions in the nearby I valley along I'X, I'Y and I'Z. The valence
band minimum (VBM) along these directions is occupied
mainly by the p- and s-orbitals of the Ge and S atoms. The con-
duction band maximum (CBM) is populated by p- and s-orbi-
tals of the Ge atom and the S atom, see section E of the ESL}
In order to explain the anisotropic behavior shown in Fig. 4
and 5, we evaluated the different optical selection rules. In
fact, in one-photon spectroscopy, the transition dipole selec-
tion rules have to satisfy two conditions: (i) the change in
angular momentum between the valence and conduction
states should satisfy (A7 = £ — £’ = +1) and (ii) since the parity
of the momentum operator is odd, the conduction and
valence bands should have opposite parity in the i direction
and the same parity in other directions. For incident light
polarized along the AC direction, the dipole transitions are
allowed for p; < s, px < dye _ jo. Px © dz, and pyg) < dygex)-
Furthermore, the allowed transitions for the light polarized
along the ZZ direction are p, < s, py < dy2 _ 3, Py < d2, and
Pxz < dyy(z)- For bulk GeS, we calculated the percentage of the
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Fig. 5 (a) Excitonic weights showing the most important electronic
transitions along the high symmetry points of the BZ of GeS. Electronic
transitions representing exciton weights are projected onto the ground-
state electronic dispersion, which are depicted by the red shade. The
colored inset shows the 2D projected exciton wavefunction distribution
in k-space. Both the excitonic weights and k-space wavefunctions show
that the first bright exciton originates from direct optical transitions in
the vicinity of the I' valley along the I' X, I' Y and I Z directions. (b, ¢ and
d) Normalized squared exciton wavefunction of first bright exciton in
GeS using the BSE for incident light polarized along the AC direction.
We fix the position of the hole near the S atom. Side view on the bottom
and top view on the top.

contribution of the atomic orbital to the valence and the con-
duction wavefunctions at a particular k-point, as shown in
Table 2. We can clearly see that the d-orbitals do not contrib-
ute to the interband transition between the CBM and the
VBM. Unlike GeS, ReX, bands near the gap are mainly shaped
by Re metal d-orbitals, leading to stronger spin-orbit coup-
ling.*® The optical absorption for polarization in the AC (ZZ)
direction, which is related to the interband transition from the

Table 2 PDOS of the VBM and CBM band wavefunctions at the special k-

wavefunctions are listed

View Article Online

Nanoscale

VBM to the CBM along the I'X (I'Y) direction, occurs only from
Px(y) < S transitions. The projected OME in the AC and ZZ
directions (see Fig. 3(d)) show that the allowed interband tran-
sition in the I'-X direction is more significant than the tran-
sition in the I'-Y direction. Indeed, in the vicinity of the high-
symmetry I'-point, Mj¥(k) vanishes and only Mg¥(k) contrib-
utes to this interband transition, which may explain the strong
signal of the exciton peak in the AC direction. Thus, bulk GeS
strongly absorbs AC-polarized light with an energy EX, and it is
almost transparent along the ZZ direction for the same energy.
This phenomenon is the result of selection rules associated
with the symmetries of this anisotropic material.

To investigate the exciton spatial extension, we plotted the
relative e-h wavefunction in real space, see Fig. 5(b-d). This
shows how these excitonic wavefunctions unfold over the real-
space lattice. Indeed, we fixed the position of the hole on the
top of the S atom (which contributes mainly to the top of the
valence band, see section E of the ESIf for more information
on the PDOS) separated by about 1 A within the unit cell.
Because the exciton wavefunction spreads over many unit lat-
tices (more delocalized), they are more like Wannier-type exci-
tons. In contrast to GeS, other anisotropic materials such as
ReX, due to their weak interlayer interactions, even for the
bulk case, the exciton is mainly confined to a single layer
(~68%), leading to a relatively high binding energy of 120 meVv
and a small Bohr radius of 0.95 nm.®?

In the following section, we used a semi-analytical theore-
tical model based on the EMA. In Table 3, we determined the
effective masses (meff) of electrons (v = e) and holes (v = h) as
well as the static dielectric constant (¢;) in GeS for different
crystal directions (7). These parameters can be inserted directly

Table 3 Values of effective mS; (mfy) and reduced mass y; in the unit
of free electron mass (mg), and dielectric constant ¢ along the T'X, TY
and I'Z directions. The subscripts i refer to the x, y, z crystallography
direction

i h.i

mege (Mo) meg (o) i (mo) £
I'-x 0.845 1.011 0.46 10.94
-y 1.519 1.599 0.78 11.29
I-Z 0.019 0.101 0.016 10.72

points. The percentage contributions from each atomic orbital to these

S atom Ge atom

Direction k State s P: Px Py s P Px Py d, d,, dy; dyye dy
r CBM 7 0.9 8.4 0 7.9 64 6.8 0 0 0 0 0 0
VBM 0.9 59.1 5 0 20.9 12.6 0.3 0 0 0 0 0 0
AC K, CBM 6.2 3 7.5 0.0 8.4 60.2 9.2 0 0 0 0 0 0
VBM 0.97 60 4.7 0.0 20 11.8 0.86 0.0 0 0 0 0 0
77 K, CBM 6.7 1.65 8 0.0 8.1 62 7.8 0.0 0 0 0 0 0
VBM 0.9 59.8 4.8 0 20 12 0.58 0.0 0 0 0 0 0
AC Kz CBM 4.8 8 6.2 0.0 9 54.7 12 0.0 0 0 0 0 0
VBM 1.2 57.3 5.1 0.0 20.6 13 1.6 0.0 0 0 0 0 0
AC K, CBM 15.5 7 9.1 1.3 3.7 11.5 3 45.5 0 0 0 0 0
VBM 2.2 13 26.4 2 31.4 12.2 6.14 6.1 0 0 0 0 0
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into the Schrodinger equation describing the interaction
between e-h pairs. mgf'f and mgfé were calculated in terms of
effective free electron mass units (m,) by means of a parabolic
fitting of the valence and conduction band curvatures near the
I' k-point, see Fig. 3(a). m’;f’f and ¢; are strongly dependent on
the crystal direction, revealing the influence of the crystal an-
isotropy on the optical properties of the excitonic states. The
exciton reduced mass (u; = mSEmliti(mSE + mSE)) in the in-
plane direction is larger compared to that in the out-of-plane
direction, leading to a strong compression of the exciton Bohr
radius (ai, « e#*/e*u;) in the in-plane direction. As a result,
our models will consider the exciton as an unconfined e-h
pair, since the confinement potential is negligible compared

to the Coulomb potential.

4. Anisotropic Wannier exciton
theory within the EMA

BSE demonstrates that the dominant contribution to the first
bright exciton in GeS originates from the band states that lie
in the vicinity of the I" valley along the I'X, I'Y, and I'Z direc-
tions (see Fig. 5). We used this result to analyze the
Schrodinger equation that describes the unconfined exciton in
a pristine sample, taking into account the interaction between
the e-h pair with anisotropic mgf’f and ¢;. The Hamiltonian for
modeling excitons in bulk semiconductors, along with the
transformation to exciton coordinates, is described in section
F of the ESL.} Using the relative r = (x, y, z) and center-of-mass
(COM) Rcm = (Xem, Yem, Zem) coordinates, the resulting
Schrodinger equation can be written as:®*°°

n/1 0 N 1 9 N 1 07
2 MX,x 8XCM2 MXQ} 8YCMZ MX,z 8ZCMZ
n? 182+162+182
2 \p OX* * py Oy*  p, 02
2

€ X _ XX
- VEyEX? + exer)? + exsyzz}rj (Raae, 1) = £ (Raw, ),
(3)

where the first term describes the kinetic energy of the free
COM motion of the exciton in direction 7, with exciton masses

My; = me’f + mgfé The last two terms describe the relative

motion of the e-h pair, bound via the attractive Coulomb inter-
1

EX(K) = BV + E/ + 3 WK’/ (2Mx;)

=x)2

action. and
r¥(Rom, 1) = \/I/‘Vﬂé%KY’;el(r) are the eigenenergy and eigen-
function solutions of the Schrodinger equation, respectively.
Here, EJFEI and Y’;d(r) represent the eigenenergy and the eigen-
vector of the relative motion of the e-h pair. The COM wave
vector is denoted by K = (K, K, K;). The volume of a bulk semi-
conductor, V = N, depends on the number of primitive cells
(N) and the volume of the unit cell (£2). To obtain the equation
that describes Wannier excitons in an anisotropic medium, it
is more convenient to transform from anisotropic masses to

This journal is © The Royal Society of Chemistry 2023
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anisotropic via the

&= V/u/fix,, n=1/uy/Ay,, { =/u,/fiz. Thus, the equation

for the relative motion of the e-h pair with K = 0 reads

potentials change of variables,

relf_h_z(a_z_i_a_z_i_a_z)_ e (4)
X 2a\0& O O*)  \JAE ¥ B +CCF

where the Kkinetic term retains its conventional form but with a

. . . 1 EyE.
modified mass. The anisotropic parameters A = L 2 Zz, =
Hy €
I ExE i ExE " .
L ~—~and C = Ly 2 assumed to be real and positive, esti-
Hy E Hy €
mate the degree of anisotropy. A=

-1
£(1 + ! + ! and & represent the
hd — & = Y/ExE)E
3 \exhy &My  Efl, o

average reduced mass and the dielectric constant, respectively.
The problem is treated in spherical coordinates, where

p=+E+n*+ ¢ This transformation integrates the an-
isotropy into the potential while maintaining the conventional
form of an isotropic COM system with a reduced mass equal to
ji. We utilized the new coordinate system for our calculations
and only switch back to Cartesian coordinates x, y, and z when
presenting the contour plots of the density wavefunction for
clarity and interpretation. Expanding the relative wavefunction
in a basis of 3D-hydrogenic wavefunction, @, .(p, 6, @), is
convenient to solve eqn (4). We express the relative wavefunc-

tion ¥l - (0.0,¢) = 3 Cutm®Pusm(p.0,¢). Here, Cppm are
w ntm

expansion coefficients and @, , .(p,0,¢) are the basis wavefunc-
tions, where n, #, and m represent the primary, azimuthal, and
magnetic quantum numbers, respectively. The numerical diag-
onalization method was adopted for the resolution of eqn (4).
In fact, the indices n, #, and m refer to the dominant contri-
butions of the coefficients C, , ,, to the relative excitonic wave-
function T}S@_@jm) (p,0, ), corresponding to the coefficient of

the highest weight. The matrix elements of the relative
Hamiltonian can be written as:

R
<¢n‘£‘m’H§§l|d’n"(',m'> = 7n*g5n,n'5£.[’5m‘m' + <¢nl,m|Hper|¢)r1’,lﬂm’>
(5)

with R, = €*/(2éay,) is the 3D-effective Rydberg energy. ap, = &h°/
(a€®) is the 3D-exciton effective Bohr radius and the perturbed
Hamiltonian

e? 1
Hper =— 11—

& \/(A cos(¢)® + B sin(¢)®) sin(6)” + C cos(6)*
(6)

The perturbation reduces the symmetry of the system and,
therefore, breaks the degeneracy of the excitonic state com-
pared to the isotropic cases. For further information on the
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Fig. 6 (a) BE of exciton states, showcasing the transition from isotropic to anisotropic cases across three panels. Each panel is further subdivided

into columns, with each column denoting a magnetic quantum number m (ranging from 0, +1, and +2, from left to right), while the different line
colors represent ¢ states. The left panel illustrates the isotropic case with average values of the reduced exciton mass i and the dielectric constant z.

In the middle panel, we consider the transversely isotropic scenario, where

u| # puz and g # &,. The right panel showcases the BE of exciton states in

bulk GeS. (b—g) Comparison of the probability density, which represents the squared modulus of the corrected wavefunctions for the ground exci-
tonic state projected in real space, presented in contour plots. These plots are shown in the (x, y) plane for figures (b, d and f) and in the (x, z) plane
for figures (c, e and g). The unit of Bohr radius is used for all three cases. The figures correspond to the isotropic, transversely isotropic, and aniso-

tropic cases, from top to bottom respectively.

matrix elements and the excitonic Hamiltonian, see section F
of the ESL}

By the variation of the appropriate parameters (u;, ¢; and A,
B, C), we can control the degree of anisotropy. To visualize the
effects of anisotropy, Fig. 6(a) shows the first low-lying BEs of
= —fgrel

the relative excitonic states, E}? pp i

i obtained by
numerical diagonalization of the matrix resulting from the
projection of the Hamiltonian Hf' as given in eqn (4). To
assign the exciton state according to its primary orbital charac-
ter, we labelled them according to the (n, £, m) component
that produces the highest probability density ¥} . (0. 0. )|

For instance, the 1s exciton is mainly dominated by the (1, 0,
0) component, while the (2, 1, 0) component largely contrib-
utes to the 2p, exciton and the (2, 1, +1) component contrib-
utes significantly to the 2p., exciton. In the bulk GeS case, as
depicted in the right panel of Fig. 6, y; had a strong anisotropy
along the direction i, while ¢; shows slight variations. In Fig. 6,
we also studied two other different cases: (i) first, the middle
panel represents a transversely isotropic system (such as an
uniaxial system). We found that the in-plane reduced mass

-1
_ (a1 1 B imilarlyv. the in-
M = —+— = 0.58 my # u,. Similarly, the in
2 \expy  Eypy

17022 | Nanoscale, 2023, 15,17014-17028

plane (¢ = ,/&:&, = 11.11) and out-off-plane (e,) dielectric con-
stants are also slightly different. (ii) Second, the left panel
shows an isotropic system with a reduced mass of i = 0.044m,
and a dielectric constant of & = 10.98. The comparison
between these two cases and the fully anisotropic one (GeS)
shows that the anisotropy strongly affects the degeneracy of
the excitonic states. In fact, for an isotropic system, the results
of the symmetric Coulomb potential are found to follow —R,/
n?, where the states are (2n + 1)-fold degenerate. In contrast to
3D hydrogenic-like models, the anisotropy clearly lifts the
degeneracy of the different excited excitonic states.
Additionally, the excitonic states are apparent in an anomalous
energy level order of the azimuthal quantum number ¢ and
the magnetic quantum number 7. For example, the 2p.; states
lay energetically below the 25 state, due to the asymmetry
caused by the effective mass and the dielectric constant an-
isotropy. This means that the radial and angular dependencies
in the Wannier equation can be separated. However, for bulk
GeS, the anisotropy reduces the symmetry of the system. In
this case, the radial and angular degrees of freedom are
coupled, which lifts the degeneracy. Interestingly, a two-fold
degeneracy is found for transverse isotropy, so that for the
same /, positive and negative values of the magnetic quantum

This journal is © The Royal Society of Chemistry 2023
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number 7 lead to the same energy. This degeneracy is
removed in GeS, producing, for example, a 0.2 meV separation
between 2p,; and 2p_, states. In the transverse anisotropy
case, the exciton Hamiltonian exhibits a uniaxial symmetry.
Consequently, it is possible to diagonalize the matrices separ-
ately for even and odd ¢ and for different m. In the angular
momentum space, this special characteristic results in a block-
diagonal eigenvalue problem. In contrast, for GeS, the an-
isotropy mixes states with the same # but different m.

In addition to lifting the degeneracy, we can clearly notice
that the exciton BE strongly depends on the reduced mass and
the dielectric constant and hence on the anisotropic para-
meters A, B, and C. Strong anisotropy (A # B # C) leads to an
increase (E®/R, = 1.5) in the exciton BE compared to the isotro-
pic case (4 = B = C). In the EMA, we found that the Is-exciton
BE and Bohr radius of the bulk GeS were ~7.6 meV and
13 nm, respectively. This is consistent with the BSE method,
which indicates that the exciton BE is ~10 meV. In fact, the
small BE (largest Bohr radius) is due to the highest effective
dielectric function & and the smaller reduced mass ji, where
the reduced mass out-of-plane is significantly smaller than
those in-plane. These values account for the swift dis-
appearance of exciton emission at high temperatures, since
their magnitudes are lower than the thermal energy (k7). In
fact, in section A of the ESIf using temperature-dependent PL,
we estimated the quenching of the exciton emission at a temp-
erature of 130 K under 2.41 eV excitation, compared to 190 K
under 1.88 eV resonant excitation.

To better understand the impact of anisotropy on exciton
wavefunctions, we compared the probability densities (squared
moduli of the excitonic wavefunctions) for the ground-state
excitonic wavefunction 1s for the three previous cases in Fig. 6
(b-g). The isotropic case produces the well-known hydrogen-
like wavefunctions. For the transversal isotropic case, as
expected, the excitonic wavefunction for the in-plane com-
pound has a spherical symmetry, while the orbital becomes a
disk stretched along the z-direction, since the reduced mass in
the z-direction is much smaller than the average in-plane
reduced mass. For GeS, the anisotropy modifies the ground
state from a spherically symmetric s (isotropic) to a squeezed
wavefunction with a slightly peanut shape. In fact, we found
that the 1s state stretched in the three directions; however, the
distortions (squeezing) are more significant in the out-of-plane
direction due to the heavier mass of this direction. The
smaller area across which the probability density extends in
the in-plane direction for the anisotropic case as compared to
the isotopic one is due to the higher BE, which leads to more
localized wavefunctions.

Fig. 7(b) illustrates the impact of anisotropic parameters (4,
B, C) on the ground state (is) and highlights the strong depen-
dence of the exciton energy on the degree of anisotropy. By
adjusting these parameters, we can shift from the strong an-
isotropy case to the isotropy one. In fact, depending on the
values of 4 and B, we found three limiting regimes. If A=B=C
=1, eqn (4) and (5) become the well-known equation for the
isotropic case, whose eigenvalues are —R,/n’, with the well-

This journal is © The Royal Society of Chemistry 2023
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known degree of degeneracy n* so that E®, = R, as clearly
shown in Fig. 7(c). Then, with the decrease of A and B, the
degree of perturbation induced by the anisotropy increases,
leading to an increase in the exciton BE. Indeed, for A = B >
0.1, the excitonic ground state tends to the well-known 2D-
hydrogenic energy EP = 4R, due to the asymmetry in the
Coulomb potential caused by the strong perturbation induced
by the anisotropy in this regime. Interestingly, for A = B > 1,
we found that the 15-exciton energy is lower than the Rydberg
energy E2 = R,.

From the knowledge of the exciton energies and wavefunc-
tions as functions of the anisotropic parameters, we can
compute the OS and hence the PL signal for these exciton
states. Indeed, the OS is a dimensionless quantity that gives
the relative strength of a particular optical transition. Here, we
consider only the most common case of direct allowed optical
transitions between the valence and conduction bands. For
instance, the OS of the optical interband transition for exciton
states is

aq 2 —=Alm|?
fn’./‘,m " mohw, qcv |
where w, is the angular frequency of the optical transition
. X . =Alim
with  energy 7w, =E5 The quantity Fg/, =aq-

(D|eap|¢% ;) is the OME between the crystal ground state
|@) and the excited states |ZE6My corresponding to the direct
exciton in bulk Ges. Here,
& (e th) = V75 (Roms p) e (Te) Uy g, (1), and aq denotes
the photon polarization unit vector. For the scenario of uncon-
fined exciton COM motion in bulk GeS, the OS is expressed as

follows (see section F in the ESIT for more details)®’

2

" 2V ,
fn:,;, = n@.ET Z Cn.,ﬂmq)n,(’,,m(P = 0) XMzczv(k) (7)
alm |ntm

The OME and the relative wavefunction give rise to different
types of selection rules. Indeed, only allowed transitions occur
within the excitonic state wherein the relative wavefunction
Y’ff_;im(p =0) # 0. For the OME, the selection rules come
mainly from the interband coupling term, which depends on
the nature of the Bloch function.

Fig. 7(a) presents the calculated normalized OS of the three
low-lying s-exciton states 18, 2§, and 3§ in bulk GeS (black
line). For comparison, we also plotted the OS for the isotropic
(blue line) and transversal isotropic (red line) cases. It is seen
that the OS decay ratio in the anisotropic case shows an anom-
alous behavior compared to that in the isotopic case. In GesS,
the intensity ratio fA°/fA¢ exhibits different values compared
to a bare isotropic hydrogen-like Coulomb potential, where the
exciton OS of states 7is decays as f;° = fi°/n®. Specifically, the
ratio is approximately 15 for 1s/2s and 55 for 1s/3s, while it is
equal to 8 and 27, respectively, in the isotropic case. This
finding is consistent with the results reported by T. Shubina
et al. for InSe.®® Indeed, this difference is due to the fact that,
in contrast to the isotropic case, the perturbation induced by
anisotropy generates linear combinations of basis functions,
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Fig. 7 Anisotropy effect on OS for low-lying exciton states in GeS. (a) Normalized OS for the first low-lying fis state for different cases. (b) 1s-
exciton BE as a function of anisotropy parameters. The plot presents three critical regions (isotropic, weak anisotropic, and strong anisotropic),
which are separated by a dashed cyan line. (c) Theoretical prediction of the angle-resolved PL spectrum for GeS. (d) Direct comparison between

experimental and theoretical PL for low-lying exciton states.

so different orbitals with different weights, C, ,, contribute
in each anisotropic excitonic transition. Therefore, the s-, p-
and even d-state shell excitons are mixed due to the reduction
of symmetry induced by the anisotropy of GeS. This mixing
makes the p-shell states optically active. Hence, both s-shell
and p-shell excitons are active in both one- and two-photon
processes, providing an efficient mechanism of second-harmo-
nic generation. The discernible characteristic may be observed
through the perturbed matrix elements. Moreover, this illus-
trates that states with different angular momentum com-
ponents are indistinguishable in GeS, which well describes the
mixing of excitonic states with different parities, particularly
the s-shell and p-shell states. These non-linear contributions
are similar to those related to the magneto-Stark effect or the
electric-field-induced mixing of excitons in ZnO® and GaAs.”
The non-linear contributions to the exciton emission are
beyond the scope of this work, as the one-photon emission is
investigated. In addition, we found that the fis-state BEs for
the transversal isotropic and full anisotropic cases are almost
similar. This is also shown in Fig. 6, in which the exciton BEs

17024 | Nanoscale, 2023, 15,17014-17028

of the 7is-state for these two cases are almost equal. In fact,
due to the effective light mass along the z direction compared
to the in-plane effective mass, the total effective mass in the
anisotropic case (i) is almost equal to the transversal isotopic
case (u), which produces a comparable Rydberg energy (R,)
and Bohr radius (@) in both cases.

The OS per unit volume can be related to the probability of
emission of a photon over all the photon modes using the fol-
lowing formula:

Pl 0g) = [dafSL(hog ~ £5) (8)

As - Eiz”(s)2 + yrzis]

expresses the energy conservation taking into account the state
of the linewidth broadening extracted from our experiment, yig
= 8 meV. Notably, the OS of exciton states is generally different
between one- and two-photon processes. In Fig. 7(d), we
plotted the PL spectra for different excitonic states, and in the
same plot we show the experimental PL spectrum of the free
exciton at low temperature. We found that the exciton ground

where the Lorentzian L(hwq — EX) = 5,/ 7((hwqg

This journal is © The Royal Society of Chemistry 2023
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state is located at around 1.772 eV dominates the PL spec-
trum, which is expected since it has the largest OS. When com-
paring our experimental results, it is evident that the excited
excitonic states, such as 2s and 3s, are not clearly visible in our
measurements. This is due to different factors: (i) the largest
linewidth broadening (yis), which is significantly greater than
the energy separation between different excitonic § states
(6Ejs s = Ex, — E) and (ii) the value of the OS (which is
directly proportional to the PL intensity) that corresponds to
the excited exciton 7is states is lower than the is state. Thus,
the nearly energetic 7is states overlap and assemble into a
single peak in the PL spectra, which appears to be broadened
and asymmetric with a lower slope on the lower-energy side. It
is important to note that this peak’s asymmetry may also be
due to phonon-assisted processes.””

Using eqn (8), we calculated the angle-resolved PL at low
temperature in Fig. 7(d). The PL signal is strongly dependent
on the polarization angle. In fact, the exciton signal is
maximum along the AC direction, then the signal intensity
decreases until it disappears in the ZZ direction. This demon-
strates the anisotropic optical signature in GeS, and agrees
well with the experimental results in Fig. 1.

Our experimental results reveal the existence of multiple
emission peaks at low temperature in GeS encapsulated with
h-BN, in addition to the free neutral exciton peak, these peaks
are located in the energy range of approximately 60-100 meV
below the neutral exciton. Despite thorough investigations, the
nature of these low-energy emission remains unknown, both
from theoretical and experimental perspectives. During this
study, to identify these peaks, we qualitatively studied different
scenarios, including biexciton, optical phonon-assisted exciton
recombination, emission of charged excitons (trions) and their
fine structure, and exciton plus a localized exciton. More
details about the nature of these peaks can be found in sec-
tions A and B of the ESI;f however, a deep quantitative study
of these low-energy emissions is beyond the scope of the
present paper.

5. Conclusions

Anisotropy of the low-symmetry orthorhombic crystal structure
of GeS offers possibilities for the manipulation of physical pro-
perties along different crystal directions. We presented a
detailed study of the anisotropic properties of GeS using temp-
erature- and polarization-dependent PL techniques supported
by ab initio calculations. Temperature-dependent PL experi-
ments enabled us to investigate the excitonic impact on the
optical properties of GeS, whilst polarization-dependent PL
measurements revealed the anisotropic nature of the material.
Ab initio calculations were used to theoretically predict the
electronic BS and optical properties of GeS and to interpret the
experimental results. By applying both the IPA and GW + BSE
methods, we calculated the dielectric functions and showed
that including exciton effects through the BSE method mod-
ifies the optical absorption spectra in bulk GeS. Using the

This journal is © The Royal Society of Chemistry 2023
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EMA, we showed that compared to an isotropic system, the an-
isotropy in GeS breaks the degeneracy, causes mixing of states
with the same quantum number but different orbital and
angular quantum numbers, and increases the BE. We also
found a relatively low BE, on the order of ~10 meV, and a quite
large exciton Bohr radius, on the order of 13 nm, which
explains the observed rapid decrease in the exciton peak as the
temperature increases. This result provides an essential under-
standing of the complexities of anisotropic materials and may
have ramifications for the design of certain technological
applications.

6. Methods

6.1. Sample

The studied sample is composed of a thin layer of GeS, charac-
terized by a thickness of about 60 nm, encapsulated in h-BN
flakes and placed on a Si/SiO, substrate. The GeS crystal,
which was used for the preparation of the investigated sample,
was purchased from HQ graphene. Thin GeS flakes were
directly exfoliated on a 285 nm SiO,/Si substrate in an inert
gas glovebox (O, < 1 ppm, H,0 < 1 ppm). Then we used a poly
(bisphenol A carbonate)/polydimethylsiloxane stamp on a
glass slide to pick up top h-BN, thin flakes of GeS, and bottom
h-BN at 80 °C with the assistance of the transfer stage in the
glove box. Finally, the stack was released on a Si/SiO, substrate.
The thicknesses of the GeS flakes were first identified by
optical contrast and then measured more precisely with an
atomic force microscope.

6.2. Experimental techniques

PL spectra were recorded at different illumination wavelengths
with a series of continuous wave (CW) laser diodes: 4 = 488 nm
(2.54 eV), 2 = 515 nm (2.41 eV), 2 = 561 nm (2.21 eV), 4 =
633 nm (1.96 eV), and 1 = 660 nm (1.88 eV). PLE experiment
was carried out using a supercontinuum light source coupled
with a monochromator as an excitation source. For the RC
studies, the only difference in the experimental setup with
respect to the one used to record the PL and PLE signals con-
cerned the excitation source, which was replaced by a tungsten
halogen lamp. The studied samples were placed on a cold
finger in a continuous-flow cryostat mounted on x-y motorized
positioners. The excitation light was focused by means of a
100x long working distance objective with a 0.55 numerical
aperture that produced a spot of about 1/4 pm diameter in the
PL/RC measurements. The signal was collected via the same
microscope objective, sent through a 0.75 m monochromator,
and then detected using a cooled charge-coupled device
camera cooled with liquid nitrogen. The excitation power
focused on the sample was kept at 100 pW during all measure-
ments to avoid local heating. Polarization-resolved PL and RC
spectra were recorded using a motorized half-wave plate
mounted on top of the microscope objective and a fixed linear
polarizer placed in the detection path, which provides simul-
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taneous rotation of the co-linearly polarized excitation light
and detected signal.

6.3. Computational details

6.3.1. Ground-state calculations from first-principles.
Structural relaxation and electronic properties were investi-
gated using the QUANTUM ESPRESSO’>”® (QE) package with
DFT”* based on the GGA of the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional’®> within the plane-wave
expansion. The vdW correction of the PBE functional was per-
formed using the Grimme DFT-D2 method.”® The optimized
norm-conserving pseudopotentials”’ from the QE repository
were used to describe the core-valence interaction. To evaluate
the role of spin-orbit interaction, calculations were performed
using the fully relativistic version of the same pseudopoten-
tials from the QE repository. The atomic positions and lattice
constants were fully relaxed by DFT. It is assumed that the
relaxation of the structure has reached convergence when the
maximum component of the residual ionic forces is less than
107'° Ry per Bohr. The Broyden-Fletcher-Goldfarb-Shanno”®
method was used for structural optimization. After conver-
gence tests, the energy cutoff for the plane-wave expansion of
the wavefunction was set to 816 eV for all calculations and an
appropriate Monkhorst-Pack k-point sampling”® in the BZ was
centered with 18 x 16 x 4, 18 X 16 x 4, and 24 x 22 X 6 meshes
for geometry optimizations, self-consistent calculation, and
projected density of states, respectively. The cutoff energy and
k-point sample were tested with PBE-GGA calculation in the
convergence study to ensure numerical stability. The criteria
for the convergence of forces and total energy in optimization
were set to 10™* eV A~ and 107° eV, respectively.

6.3.2. Excitation energies and exciton wavefunctions from
first-principles. Self and non-self-consistent DFT calculations
were performed to obtain KS eigenvalues and eigenfunctions
to be used in the many-body perturbation theory®*® by using
the YAMBO code.®*®" YAMBO interfaced with QE, which
allows for the calculation of the optical response starting from
the previously generated KS wavefunctions and energies in a
plane-wave basis set. The YAMBO code was used to calculate
QP adjustments at GoW, and evGW, which was then used to
calculate the optical excitation energies and optical spectra by
solving the BSE. For GW simulations, the inverse of the micro-
scopic dynamic dielectric function, eG,Gr_l, was obtained
within the plasmon-pole approximation.®*®> After we calcu-
lated the convergence test of the parameters, we set the follow-
ing parameters as the starting point for our calculation. We
have used 200 bands, a 45 Ry energy cutoff for the self-energy
exchange component (the number of G-vectors in the
exchange) and a 18 Ry cutoff for the correlation part (energy
cutoff in the screening) or response block size. To speed up
convergence with respect to empty states, we adopted the tech-
nique described in ref. 86 as implemented in the YAMBO
code. QP BSs were then used to build up the excitonic
Hamiltonian and to solve the BSE. We obtained converged
excitation energies considering, respectively, six empty states
and six occupied states in the excitonic Hamiltonian, the irre-
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ducible BZ being sampled up to a 24 x 22 X 4 k-point mesh.
We used the Tamm-Dancoff approximation®*®” for the Bethe-
Salpeter Hamiltonian and took into account the local field
effects.
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