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Strain-controlled electronic transport and exciton radiative lifetime in monolayer germanium sulfide
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Monolayer germanium sulfide (GeS) has gained significant attention for its exceptional anisotropic electronic
conductance, notable excitonic effects, and wide range of applications. In this study we used density functional
theory, the nonequilibrium Green’s function, and many-body perturbation theory to investigate electronic trans-
port properties and exciton radiative lifetime of single-layer germanium sulfide. Our theoretical findings showed
that applying up to 8% compressive strain yielded a nearly threefold increase in carrier mobility and dramatically
enhanced device’s current intensity. Moreover, we observed that strain engineering allowed for fine-tuning of the
electron-hole recombination time. At 6% tensile strain, the effective radiative lifetime was as short as 0.81 ps,
which is 4 times faster than the intrinsic case and 24 times faster than at 8% compressive strain. These results
highlight the potential of strain engineering to customize the electronic and optical properties of GeS monolayer
for specific electronic, optoelectronic, and photovoltaic applications.
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I. INTRODUCTION

The successful fabrication of monolayer graphene [1]
has sparked significant interest in exploring other
two-dimensional (2D) materials, including hexagonal boron
nitride (h-BN) [2,3], transition-metal dichalcogenides
(TMDCs) [4], group-IIl monochalcogenides [5,6],
phosphorene [7], and others. Recently, 2D germanium sulfide
(GeS) has emerged as a highly researched material [8—10].
Bulk GeS also adopts a layered structure like phosphorus,
with weak van der Waals (vdWs) interactions between
interlayers and strong covalent bonding within layers.
The few layers of GeS have been successfully fabricated
via either a vapor transport process [9] or mechanical
exfoliation [10], while the monolayer GeS is predicted to
be dynamically stable [11], suggesting the high ability to
exfoliate the monolayer GeS from its bulk counterpart.
Contrary to semimetal graphene, monolayer GeS possesses
a sizable electronic band gap (~2.3eV) [11], making it
well suited for semiconductor applications. Additionally, the
monolayer form of GeS is predicted to have a much larger
free carrier mobility (~10®> cm®>V~'s™!) [11] compared
to MoS; (~200 cm?V~!'s™!) [12]. As a result of the
ultrathin monolayer and the significant reduction of dielectric
screening, the excitonic effects are predicted to be very
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strong in the GeS single layer [13,14]. One notable feature
of GeS is its anisotropic electric conductance and optical
responses [15], which distinguish it from isotropic 2D
crystals such as graphene and MoS,. Therefore, exploring
ways to manipulate these anisotropies further would be
exciting.

The current research focus on condensed-matter physics
involves modifying the electronic and optical characteristics
of layered materials [16,17]. This can be achieved through
various methods such as introducing adatoms [18,19], ap-
plying electric and magnetic fields [20], adsorbing molecule
clusters [16], and creating defects [21,22]. Another effective
method for altering the properties of materials is strain engi-
neering, which is particularly useful for one-dimensional [23]
and two-dimensional [24] crystals due to their ability to
withstand much larger strains compared to bulk crystals. For
instance, monolayer MoS, [25] and graphene [26] can sustain
strain up to their intrinsic limit (approximately 11% for MoS,
and 15% for graphene) without causing significant damage to
their crystal structures. This provides a wide range of oppor-
tunities for tuning their electronic optical properties.

Herein, by combining density functional theory (DFT)
[27], the nonequilibrium Green’s Function (NEGF) [28], and
the many-body perturbation theory (MBPT) [29], we illustrate
that strain engineering can serve as an effective tool to tai-
lor the electronic transport properties and the recombination
timescale of exciton states. Our theoretical calculations indi-
cated that electron mobility could be significantly enhanced
under compressive strain, and the I-V characteristic of the

©2023 American Physical Society
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device shows extremely high current intensity. Moreover, the
excitonic effects, especially the radiative lifetime of excitons,
can be fine-tuned upon applying the external strains. The
theoretical results achieved in the current research are of
paramount importance, not only for basic sciences but also for
high-tech applications, such as ultrafast field-effect transistors
(FETs), light-emitting diodes (LEDs), and photovoltaic (PV)
applications.

II. COMPUTATIONAL DETAILS

In this study we utilized the Vienna Ab-initio Simula-
tion Package (VASP) [30] to perform the ground-state and
excited-state calculations of the biaxial strain GeS mono-
layer. For analyzing the electronic transport properties of the
GeS monolayer, we employed QUANTUMATK simulation [31].
The exchange-correlation function was determined using the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approx-
imation [32]. Additionally, the electronic wave functions in
the core region were described using the projector-augmented
wave (PAW) pseudopotentials [33]. A plane-wave basis ex-
pansion with a cutoff energy of 500 eV was chosen. The
vacuum level was kept at 14 A to avoid the interaction of the
GeS layer with its periodic images. Geometric optimization
utilized Monkhorst-Pack sampling [34] with a 32 x 24 x 1
k-point mesh. The relaxation of all atoms was allowed until
the Hellmann-Feynman force acting on each atom was smaller
than 0.01 eV/A.

On the top of Kohn-Sham wave functions, the single-
shot GW (GOWO) approach [35] was employed for
quasielectronic-band-structure calculations. To ensure the ac-
curacy of our calculation, we have performed convergence
tests using various k-mesh values, and cut-off energy for
the response functions, as well as the number of empty
conduction bands. Our results (Fig. S2 in Supplemental Mate-
rial [36]) demonstrated that the electronic properties are very
sensitive to the input parameters, the k points of 36 x 27 x 1,
response functions with a cutoff energy of 120 eV, and 120
empty conduction bands were sufficient to achieve conver-
gence for the quasiparticle band gap.

To investigate the optical response and excitonic effects,
we solved the Bethe-Salpeter equation (BSE) [37] on top of
the GOWO calculations. The calculation considered six highest
occupied valence bands and four lowest unoccupied conduc-
tion bands as a basis for the excitonic states, which covered a
photon energy range of 0-5 eV.

III. RESULTS AND DISCUSSIONS
A. Electronic transport properties

As a typical benchmark to investigate the impact of strain
effects on electronic and optical properties, we consider the
geometric structure of pristine GeS monolayer, which is de-
picted in Fig. 1(a) and summarized in Table I. Similar to the
phosphorene, monolayer GeS also exhibited a buckled struc-
ture with each germanium atom covalently bonded with three
adjacent sulfur atoms. The optimized lattice constants are
a = 3.665 A (zigzag direction), and b = 4.471 A (armchair
direction). The calculated parameters are in good agreement

TABLE I. The optimized geometric parameters and the elec-
tronic band gap of monolayer germanium sulfide. The previous
values of theoretical predictions and experimental measurements are
also shown for comparison.

Fundamental band gap (eV)

aA) b(A) DFT GOWO
4.471? 3.665° 1.728% 2.661°
4.470° 3.666" - 2.74b
4,459 3.662¢ 1.90¢ -
4334 3.67¢ - -
4.492¢ 3.62¢ 1.713¢ -
4467 3.666" 1.722f -
44748 3.675¢ 1.82¢ -
4.20h 3.64" - -

4Theoretical data in this work.
"Theoretical data in Ref. [15].
‘Theoretical data in Ref. [38].
dTheoretical data in Ref. [11].
¢Theoretical data in Ref. [39].
"Theoretical data in Ref. [40].
gTheoretical data in Ref. [41].
hExperimental data for GeS bulk in Ref. [42].

with previous theoretical calculations [38—41] and quite close
to the experimental measurements of GeS bulk [42].

The electronic band structure along the high-symmetry
points within DFT and GOWO levels of theory is shown in
Fig. 1(b). Since the spin-orbit coupling (SOC) influences only
marginally on the electronic band gap of GeS (Fig. S3 [36]),
the relativistic effects are ignored in our calculations for
the sake of reducing the computational cost. GeS exhibits
anisotropic electronic properties; the dispersion of the occu-
pied hole along the I' — Y direction is significant, indicating
the small effective mass. The opposite behavior is true for hole
transport along the I' — X direction with relatively flat energy
dispersion related to the large effective mass. Similar char-
acteristics are also found for the electron in the unoccupied
states. The anisotropy of these bands can be easily detected by
the 3D contour plot in Fig. 1(c), while the spatial dependent of
electron and hole effective mass of the GeS monolayer, which
exhibits the “heart” and “peanut” shapes, are illustrated in
Fig. S4 (see Supplemental Material [36]). The GeS monolayer
is an indirect band gap of 1.735 eV with the highest occupied
state and lowest unoccupied state located between I' and Y
and I and X symmetry points, respectively. It is well known
that the PBE functional underestimates the band gap of semi-
conductors, and while the GW calculation gives an adequate
value [44], the electronic band gap is enhanced to 2.661 eV
when the electron-electron interactions (GW approximations)
are adopted. The theoretical prediction is in good agreement
with previous works (Table I).

Figure 1(d) depicts the electronic properties of a strained
GeS monolayer, with critical points A, B, C, D, and E marked
by red dots indicating the band-edge states that make the
band-gap evolution. The corresponding orbital characters for
these critical points are shown in Fig. 1(e) and are organized
into five categories: (A) out-of-plane interactions of Ge-4p,
and S-3p, orbitals, (B) out-of-plane hybridizations of Ge-4p,
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FIG. 1. Geometric and electronic characteristics of pristine and strained GeS monolayer. (a) Geometric structure of single-layer GeS shown
in top and side views. The red dashed rectangle illustrates the unit cell used in the calculation. (b) Electronic band structure of GeS monolayer
depicted using DFT and GOWO levels of theory. (c) Three-dimensional (3D) band structure of GeS monolayer. (d) Variation of electronic band
structure of strained GeS monolayer using DFT. (e) Band-decomposed charge density at critical points marked by red dots in (d). The GOWO
quasiparticle band structure of GeS monolayer in this work was achieved under WANNIER90 codes [43].

and S-(3py, 3p,) orbitals, (C) in-plane couplings of Ge-4p,
and S-3s orbitals, (D) interactions of in-plane Ge-4s and S-3p,
orbitals, and (E) in-plane interactions of Ge-4p, and S-3p, or-
bitals. As indicated in Fig. S5 and Table S1 [36], compressive
strain causes the d, chemical bonding and % vertical height to
increase, significantly reducing the out-of-plane Ge-4p, and
S-3p, orbital interactions, as well as the Ge-4p, and S-(3p,,
3p,) orbital interactions. This reduction leads to a significant
downward shift in energy levels for the edge states at A and
B. On the other hand, the interactions of in-plane couplings
of Ge-4p, and S-3s, and Ge-4s and S-3p, orbitals increase
due to the d; chemical bonding reduction, resulting in an
increase in energy for the edge states C and D. A decrease
in the o angle reduces in-plane interactions of Ge-4p, and
S-3p, orbitals, causing a downshift in the energy of the E
critical point. Conversely, the opposite evolution takes place

for tensile strains, d, chemical bonding, and 4 vertical height
decrease, raising energy levels for edge states A and B, while
d, chemical bonding elongates, decreasing energy levels for
edge states C and D. The critical point E moves upward as a
consequence of increasing the o angle.

Figure S5(d) [36] displays the evolution of the band
gap for the strained GeS monolayer. The electronic band
gap decreases linearly with increasing compressive pressure.
However, the band-gap evolution under tensile strain is more
complex. The electronic band gap initially increases to 1.9 eV,
accompanied by an indirect-direct transition. However, at
higher tensile strains, the gap value dramatically decreases,
and the same trend is observed in the band-gap evolution with
the GW corrections.

To connect the anisotropic band dispersion with the elec-
tronic conductance, we further estimated the carrier mobility
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along the zigzag and armchair directions according to the
deformation theory [45,46]:
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In this context, the symbol m;} represents the effective mass
in the direction of transport, while m, = /(m;m;) represents

the average effective mass. The elastic module Ci, can be
determined by fitting the quadratic relationship between the
total energy E and the variation in lattice constant &1 /l, ex-
pressed as (Cap/2)(81/1y)? = (E — Ey)/So. Here, Sy denotes
the equilibrium lattice area of the 2D lattice. The deformation-
potential constant E = 0E,4g.0€ is obtained by examining the
changes in the valence-band maximum (VBM) or conduction-
band minimum (CBM) due to slight lattice compression or
expansion along the transport direction. The theoretical anal-
ysis is conducted at a room temperature of 7 = 300 K. It is
important to note that this estimation only provides a sim-
ple representation of electron-phonon interactions and may
consequently overestimate the actual carrier mobility. Never-
theless, this prediction is sufficiently accurate to capture the
anisotropic behavior of conductance and its tendency under
strains.

Since the effective mass of carriers in the zigzag and arm-
chair directions behaves differently and exhibits two extreme
values (Fig. S4 [36]), we focus on calculating the effective
mass and mobility for carriers along the ' — X and I' — Y
paths. Figure 2(a) illustrates the strain-dependent effective
mass of the highest valence hole and lowest conduction elec-
tron, which demonstrates a linear decrease under compressive
strain. This decrease reflects the band curvature shown in
Fig. 1(d) and contributes to enhanced carrier mobility. The
carrier effective mass increases significantly under an elon-
gation of the lattice constant, and the anisotropy of carriers
along the calculated directions becomes more pronounced.
Additionally, the evolution of effective mass is complex. For
example, there is a notable jump in m;} (zigzag) at 2% tensile
strain due to the transition of the VBM from I' =Y to I
band-edge states, resulting in a shift from light holes to heavy
holes.

The calculated carrier mobility of the GeS monolayer
at room temperature (7 = 300 K) according to the com-
pression and elongation of the lattice constant is shown
in Fig. 2(b). In the intrinsic case, the relatively small ef-
fective mass of electrons and the significant Ci/E ® ratio
(Table S2 [36]) contribute to the high electron carrier mo-
bility of the GeS monolayer, with a typical value of 13 x
103 cm®> V~!s~! for electrons in the zigzag direction and
about 0.35 x 10* cm? V™' s™! for electrons in the armchair
direction. The carrier mobility values for valence holes are
lower, with about 0.061 x 10> cm?V~!s™! and 0.036 x
103 cm? V~!'s~! for zigzag and armchair directions, respec-
tively. The high electron mobility of 2D GeS is consistent
with previous reports [11,47] and compatible with that of
phosphorene [48], but much higher than that of MoS, [4],
indicating its potential for high-speed electronic applications.
As expected, carrier mobility decreases upon lattice expansion
due to the increasing carrier effective mass and the decreasing

of Cip,/E i ratio. This evolution is similar to that observed

in Ref. [49]. Conversely, the mobility of carriers significantly
increases with lattice compression. Although the mobility of
holes can be controlled by applying external strain, it cannot
surpass that of the electrons. Interestingly, under 8% of com-
pression, the mobility of electrons along a zigzag direction
reaches approximately 35 x 103 cm? V~!s~!, more than 2.5
times and 400 times larger than the values under free strain
and 8% tensile strain, respectively.

Due to its exceptionally high carrier mobility, we opted for
strained GeS monolayers as the channel material in our device
construction. The transport properties have been calculated
via the NEGF method as implemented in the QUANTUMATK
package [31]. 50 x 50 x 1 k points were used for the cen-
tral region and the electrodes. When a given voltage is
applied, the current is allowed to flow across the system. The
electric current (/) is further calculated using the Landauer
approach [50], and this can be obtained from the integration
of the transmission curve as

2 +o00
(V) = f/ T(E,V)Uf (E — ) — f(E — pr)ldE,

o0
2
where f(E — pur,r) is the Fermi-Dirac distribution function of
the left (L) and right (R) electrodes, uy g is the chemical po-
tential, and T (E, V},) is the transmission function at energy E
and bias voltage Vj,. The expression of T (E, V},) is as follows:

T(E,Vy) = Tr[TL(E, Vy)G(E, Vi)Tk(E, Vs)G'(E, V)], (3)

in which the coupling matrices are given as I'; /g, and the
retarded and the advanced Green’s functions of the scattering
region are presented as G' and G.

Figures 2(e) and 2(f) illustrate the fundamental architecture
of the GeS device, highlighting its transport characteristics
along the zigzag and armchair directions. These properties
are further depicted in Figs. 2(c) and 2(d). Given the negli-
gible carrier mobility of holes, our primary focus lies on the
transport properties of electrons. To achieve efficient carrier
injection and attain optimal device performance, we employ
left and right electrodes with an n-type doping concentration
of 4.8 x 10'>e/cm?. The intrinsic monolayer GeS exhibits
a remarkable anisotropic behavior in its transport properties.
The I —V curve, when biased along the zigzag direction,
resembles that of a characteristic semiconductor, with a peak
current of approximately 1200 nA at V4, = 2 V. Conversely,
carrier transport along the armchair direction is negligible,
with the highest current reaching only 0.012 nA at 0.2 V,
followed by slight fluctuations at higher applied voltages.
These anisotropic transport characteristics of the intrinsic GeS
monolayer align well with previous findings [51] and reflect
the primary trend in carrier mobility in their respective di-
rections. Both models demonstrate a high sensitivity of the
I —V curves to external strain. As the lattice elongation in-
creases, the maximum current intensity of the zigzag and
armchair models experiences a sharp decline. Both models
exhibit strong negative differential resistance, indicating a
diminishing of current intensity with increasing bias voltage,
particularly evident under 8% lattice elongation. Interestingly,
the I — V curves of the GeS monolayer device under compres-
sion consistently exhibit semiconductor characteristics. The
current intensity of the compressive GeS device experiences
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FIG. 2. Transport characteristics of strained GeS monolayer. (a) Evolution of effective mass and (b) carrier mobility under biaxial strains.
(c) I-V characteristics for electron transport along the zigzag direction at different biaxial strains. (d) I-V characteristics for electron transport
along the armchair direction at different biaxial strains. Device models for electron transport along (e) the armchair direction (armchair model)
and (f) the zigzag direction (zigzag model) in strained GeS monolayer. The electrode and the active regions were constructed using two- and

three-unit cells, respectively.

a significant enhancement. For the zigzag model, the highest
current intensity exceeds 2000 nA and 10000 nA under 4%
and 8% compression, respectively, whereas the correspond-
ing values for the armchair model are approximately 170
and 5200 nA, respectively. These findings indicate that the
devices of compressively strained GeS monolayers possess
an extremely high sensitivity, making them well suited for
high-speed electronic applications.

B. Optical properties and excitonic effects

To obtain an accurate exciton spectrum, it is crucial to
consider the convergence properties of the Bethe-Salpeter

equation. Figure S2(d) [36] demonstrates that the positions of
the exciton states, particularly those at higher energies, exhibit
remarkable sensitivity to the number of k points employed in
the BSE calculation. As the number of k points increases, the
energy of the exciton states progressively rises until conver-
gence is achieved at approximately 1000 k& mesh.

Figure 3 shows the optical properties of the GeS mono-
layer with and without excitonic effects. The absorbance
spectra exhibit significant anisotropy due to the nonuniform
environment along the armchair and zigzag directions. The
low-frequency optical properties are primarily influenced by
the armchair polarization. The selection rules for anisotropic
optical response is further discussed in the Supplemental
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FIG. 3. The imaginary part of dielectric functions €, (w) for intrinsic GeS monolayer with polarization along the (a) armchair and (b) zigzag
directions. The imaginary part of dielectric functions, including excitonic effects, is represented by the red curve, while the blue-filled
curve excludes these effects. Exciton wave functions, projected onto the electronic band structure, are shown for (c) I, (d) II, and (e) III
excitons, demonstrating vertical excitation from the valence-band maximum (VBM) to the conduction-band minimum (CBM). The radii of
circles indicate the contribution of electron-hole pairs at specific k points to the respective exciton wave function, with the background dots
representing the corresponding GOWO quasiparticle band structures. (f) The exciton energy spectrum of the pristine GeS monolayer and the
k-space distribution of the envelope functions for the first eight excitons. Excitonic amplitudes (color scale in the left panel) are normalized
with respect to the brightest exciton among all the exciton states from blue (optically dark exciton) to red (bright exciton). The exciton states
(right panels) are labeled with primary and azimuthal quantum numbers according to their nodal structure in the radial and azimuthal directions,
respectively. The III exciton states were excluded from the hydrogenlike model due to their association with electron-hole pairs originating

from different valleys.

Material [36]. In the absence of strain, the optical properties
of GeS along the armchair and zigzag directions are char-
acterized by three exciton states, denoted as I, III, and II
in Figs. 3(a) and 3(b), respectively. The first two excitonic
states are a result of the interaction between excited holes
and electrons at the I" valley, while the third state originates
from carriers at the critical point along the I' — X direction,
as depicted by the fat band in Figs. 3(c)-3(e). The inten-
sity of the II exciton state is rather weak. In contrast, the

opposite behavior, characterized by high dipole matrix am-
plitudes, is true for the I and III excitons. The weak intensity
of the II exciton state can be partially attributed to its greater
quantum number. When excitons possess higher quantum
states, they typically spread over a larger area within the
material [52]. This expanded spatial separation between the
electron and hole results in a reduction in the overlap of their
wave functions, ultimately leading to diminished transition
dipole moments. To assess the strength of excitonic effects,
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we calculated exciton binding energy as the energy difference
between the optical gap and the fundamental direct GW band
gap at I". The exciton binding energy of the GeS monolayer is
about 0.706 eV (Table S4 [36]) and is consistent with previous
reports [13]. The large binding energies and the significant
modifications in the absorption spectra (compared with GW-
RPA spectra) indicate that these exciton states are strong and
potentially stable at high temperatures. The dissociation tem-
perature Ty (T; =~ 0.1E,/Kp) for the I exciton is around 800 K,
which is much higher than room temperature.

To better understand the character of specific exciton states,
Fig. 3(f) illustrates the energy diagram of the bound exciton
states in the GeS monolayer, as well as the k-space distribution
of the squared amplitude of the exciton wave functions in the
Brillouin zone. In addition to the bright exciton states with
high transition probabilities, the presence of significant low
optical transition dipole moments also gives rise to numerous
dark exciton states, which are manifested by blue-gray colors
in Fig. 3(f). Although not detectable in the optical absorbance
spectra, the dark exciton states are important, as they provide
fingerprints for the optical properties of typical materials. The
nodal structures of these excitonic wave functions reveal a
hydrogenlike series of states with clear angular momentum
assignments. Interestingly, the excitonic energy diagram does
not follow the Rydberg series for the 2D hydrogenic model, in
which excitons with higher azimuthal quantum numbers have
lower energies than those with smaller azimuthal quantum
numbers. For instance, the energy of 2p, and 2p, excitons is
smaller than that of the 2s ones, and this behavior is universal
in 2D materials due to their unique screening [52,53]. Another
noteworthy feature is the degeneracy of the 2p states resulting
from the in-plane anisotropy, which is a characteristic of the
GeS monolayer and other 2D materials [54,55].

Figure 4(a) illustrates the optical excitation of GeS when
subjected to biaxial strain, while Fig. 4(b) summarizes the
changes in the optical gap, the direct valence-to-conduction
band transition energy, and the exciton binding energy. For
the sake of simplification, we focus only on the features of
the first bright I exciton. When compressed, the optical gap
decreases due to the reduction of the corresponding direct
electronic band gap. The exciton binding energy of prominent
excitations and their intensity exhibits a significant alteration.
The most notable feature is that the exciton binding energy
of GeS under compressive strain is weaker than that of the
strain-free and lattice-expanded cases. This is primarily due
to the enhanced screening ability (increase in static dielectric
constant €;(0), as shown in Table S3 [36]) or the reduction
of the electronic band gap. Additionally, the anisotropy of the
optical spectrum along the armchair and zigzag polarizations
at 6% compressive strain gradually decreases compared to that
of the intrinsic case, but they start to distinguish at the higher
applied strain. This is due to the evolution of the electronic
anisotropy of the GeS monolayer under compression, as indi-
cated by the contour plots of the direct valence-to-conduction
band transitions in Fig. 5.

Conversely, when subjected to lattice expansion, the opti-
cal gap increases, and the exciton binding energy as well as the
anisotropy of the optical spectrum exhibit opposite changes
to those observed under compression. The changes in optical
properties of the GeS monolayer upon elongation are rather
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FIG. 4. Strain-dependent optical properties of a GeS monolayer.
(a) Variation of the imaginary part of the dielectric function [€,(w)]
with external strains applied to the GeS monolayer. (b) Evolution of
strain-induced changes in the energy of the first exciton state and/or
optical gap (Eqp), the direct valence-to-conduction band transition
energy (ESY) corresponding to the first bright exciton state, and
the exciton binding energy (Eyy). (c) Dependence of the effective
radiative lifetime (), the exciton effective mass ratio (Ms/Ms,),
the oscillation strength ratio (,u§ / u§0 ), and the energy ratio (ES3 /E?O)
of the first bright exciton state on external strain.

complicated, as the optical gap gradually increases but then
slowly decreases at higher applied strain. The anisotropy of
optical properties along the armchair and zigzag directions
becomes more pronounced due to the nonuniform electronic
wave functions of the tensile-strained GeS monolayer (Fig. 5).
Moreover, the exciton binding energy and the intensity of the
first bright I exciton state significantly increase. The evolution
of binding energy of the first bright exciton state could be
deduced by the increase of the electronic band gap or decrease
of the dielectric screening environment (Table S3 [36]). On
the other hand, the enhancement of its intensity can be inter-
preted as follows: the excited hole mostly localized around
the germanium atom, while the excited electron relied around
the sulfur atom of the opposite plane, as shown in the two
first panels of Fig. 1(d) and replotted in Fig. S6. The signif-
icant reduction of monolayer thickness of GeS upon lattice
expansion induces the hole and electron to get closer, thereby
enhancing the electron-hole overlap, and the transition proba-
bility, as well as exciton binding energy. However, the impact
of electron-hole physical distance does not always express the
linear relation, and the binding energy of excitons and their
oscillation strength begin to decrease when the critical strain
reaches +8%. This phenomenon occurs because the nature
of the first bright state gradually shifts from the I exciton
state to the III exciton state as the GeS monolayer undergoes
elongation. This information is illustrated in Fig. 5.

Based on the above discussion, it was found that strain
plays a vital role in modifying the recombination probability
of excited states. Specifically, we conducted additional analy-
sis on the radiative lifetimes of excitons in the GeS monolayer.
It is worth noting that the short lifetime of excitons can be
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(d) 0%

FIG. 5. Energy transition and exciton states in strained GeS
monolayer. The color map represents the direct valence-to-
conduction band transition energies within the first Brillouin zone
of a strained GeS monolayer. The red area indicates the low-energy
regime, while the green area illustrates the high-energy regime. The
blue circles depict the wave functions of the first exciton state. Under
compression of the 2D GeS lattice, the electronic functions become
more isotropic, and the exciton state denoted as I corresponds to a 1s
orbital. Conversely, an elongated lattice constant reveals noticeable
differences in wave functions along the zigzag (K,) and armchair
(K,) directions. The energies of I and III exciton states approach each
other, and at an 8% elongation of the lattice constant, the III exciton
state surpasses the I state, resulting in a switch in their nature.

advantageous for internal quantum efficiency and telecom-
munications applications. Conversely, the ultralong timescale
of electron-hole recombination is highly beneficial for ad-
vanced optoelectronic and thin-film photovoltaic cells. Using
the methodology developed for assessing radiative exciton
lifetimes in 2D materials [56], the radiative lifetime (rg ) at
room temperature (7 = 300 K) of exciton states S is defined
as follows:

-1
8me?Es(0) u2\ '3 { Es(0)
= (e 2 keT, (4
(ts) ( - Am) o) BT @

where A, is the area of the unit cell, ,u% is the square modulus
of the BSE exciton transition dipole divided by the number
of 2D k points, and Eg(0) is the exciton energy calculated
using the BSE method, and My = m + mj, is the effective
mass of the exciton. It is important to note that mj,, here
indicates the effective mass of the excited electron (hole)
related to the exciton bound state but not for the effective
mass of the CBM (VBM), as discussed in the electronic trans-
port section. Although the model is simple and the effects of

momentum-forbidden and spin-forbidden dark excitons [57]
does not directly account, it remains sufficiently accurate to
predict the exciton lifetime for a variety of 2D materials,
such as MoS, [58], GaN [59], and graphitic carbon nitride
nanosheets [60]. Therefore it can be valuable in predicting the
exciton lifetimes of strained GeS monolayers. At zero strain,
the exciton lifetime of I, II, and III excitons is about 3.17 ps,
5.14 ns, and 0.79 ps. The ultralong lifetime of dark II excitons
arises from its extremely small dipole strength.

With the assumed presence of perfect thermalization of the
exciton states, we further define an effective radiative lifetime
(ter) by averaging the decay rates over the lowest energy
bright and dark excitons:

Zs (.L.S>7167E5(0)/KBT
DS ;e EsO/KT

(Tetr) ™! (%)
The GeS monolayer exhibits an effective exciton lifetime of
approximately 3.18 ps, which is close to that of I exciton and
comparable to blue phosphorene (2 ps) [61], but faster than
MoS, (0.83 ns) [58,62] and MoSe, (0.87 ns) [58].

Figure 4(c) illustrates the relationship between strain and
the effective exciton lifetime. We also include the changes in
relative effective mass (Ms/Ms, ), relative oscillation strength
(us/ s, ), and the energy ratio of the I exciton state (Es/Es, )?
for comparison, as it significantly contributes to the effective
exciton lifetime. In Fig. 4(c) it is evident that compressive
strain causes a rapid increase in (Te) due to a decrease in
oscillation strength and exciton energy, as well as an increase
in effective mass. For instance, at 0% strain, the approximate
value of (zsr) is 3.18 ps. However, at 4% and —8% strains,
the corresponding values of (t.g) are approximately 6.99 ps
and 19.36 ps, respectively. In contrast, although there is a
significant enhancement in effective exciton mass, the radia-
tive lifetime gradually decreases with applied tensile strain
but starts to increase at +8% strain. This behavior is likely
due to significant changes in the exciton transition dipole and
an increase in the exciton energy. At 6% tensile strain, the
smallest effective radiative lifetime is about 0.81 ps, which is
4 times faster than the intrinsic case and 24 times faster than
the case with 8% compressive strain.

IV. CONCLUSIONS

To summarize, our study focused on examining the im-
pact of biaxial strain on the electronic transport properties
and exciton radiative lifetime of the GeS monolayer. The
theoretical works are based on the combination of highly
precise simulations and the appropriate theoretical models,
such as DFT, MBPT, NEGEF, the deformation-potential theory
for carrier mobility, and the developed exciton lifetime for
2D materials. Our findings revealed a significant enhancement
in the I-V characteristic when the lattice is compressed due
to an improvement in carrier mobility. The optical gap, the
anisotropic optical properties, the absorption coefficient, and
the exciton binding energy strongly depend on the applied
biaxial strain. Moreover, the strain also can finely adjust the
timescale of electron-hole recombination. Compressive strain
leads to a rapid increase in the effective recombination time
(Tesr). Conversely, the radiative lifetime gradually decreases
when tensile strain is applied. With the electronic and optical
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properties that can be flexibly modified via strain engineering,
the GeS monolayer may hold great potential for high-tech
applications such as ultrafast FETs, PVs, and optoelectronic
applications.
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