aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Quasiparticle band gaps and optical spectra of strained
monolayer transition-metal dichalcogenides
Wenshen Song and Li Yang
Phys. Rev. B 96, 235441 — Published 26 December 2017
DOI: 10.1103/PhysRevB.96.235441


http://dx.doi.org/10.1103/PhysRevB.96.235441

Quasiparticle Band Gaps and Optical Spectra of Strained Monolayer Transition Metal

Dichalcogenides
Wenshen Song" and Li Yang"?
1Department of Physics, Washington University, Saint Louis, MO, 63130

’Institute of Materials Science and Engineering, Washington University in St. Louis, St. Louis, Missouri

63130, USA

Abstract

Employing the first-principles many-body perturbation theory, we report the excited-state properties,
i.e., quasiparticle energy and excitonic effects, of strained monolayer 2H-phase transition metal
dichalcogenides, including MoS,, MoSe,, WS,, and WSe,. Beyond previous studies that considered
uniaxial or biaxial strain, we cover arbitrarily axial strains and find complicated variations of quasiparticle
band gaps, band edge energies, direct-indirect gap transitions, and exciton energies. These results
provide a complete picture for straining engineering of electronic structures and optical spectra of two-
dimensional transition metal dichalcogenides. Particularly, combined with high spatial-resolution optical
measurements, our calculated results are essential for identifying local strain distribution and
understanding the widely observed inhomogeneous free-carrier distributions and photoluminescence in

realistic 2D materials.

Text

Strain is known for impacting a wide range of properties of semiconductors and thus it is useful to tailor
materials for various applications [1-15]. This is particularly intriguing for two-dimensional (2D)
structures that can sustain much larger magnitude of strain than their bulk counterparts. For example,
significant strain effects have been observed in graphene and monolayer/few-layer transition metal
dichalcogenides (TMDs) and they are useful for realizing a wide range of unique properties, such as
pseudo-magnetism and photovoltaics [2, 16-19]. However, experimentally controllable strain
engineering is still challenging. In particular, stretching or bending 2D structures usually introduces

spatially inhomogeneous strain, as shown in schematics of Figure 1 (a). These complicated strain



distributions, which are beyond the scope of simple uniaxial or biaxial cases, will surely affect local
electronic structures and optical properties, bringing uncertainty for strain engineering [1, 2, 20, 21].
Moreover, complicated strain distribution is widely expected in fabricated samples. Recently, the
scalable production of 2D semiconductors, such as monolayer/few-layer TMDs, has achieved significant
progresses [22-27]. Interestingly, those epitaxial samples exhibit various local properties:
inhomogeneous free-carrier distributions and photoluminescence (PL) have been observed [28-30].
Given the important roles of substrates, edge reconstructions, and domain walls, strain may be
inevitable in those fabricated samples [10, 31, 32]. In this sense, connecting optical or electrical
inhomogeneity to spatial strain distributions is an effective way to understand these epitaxial processes

and local structures, giving hope to further optimizing fabrications.

Other than experimental challenges, many questions still remain in theoretical studies in this field.
Different from arbitrary or even inhomogeneous strain realized in experiments, most calculations have
focused on relatively simple cases, such as uniaxial/biaxial strains along specific high-symmetry
directions [33-35]. While uniaxial or biaxial strain decides many important properties, they are not
enough for covering those experimentally strain conditions: the strain may be applied with differently
amplitudes along different directions because of substrates or various boundary conditions, which are
common in fabricated samples. Thus, a study covering arbitrarily axial strain is necessary and essential
to explore the 2D strain-mapping properties [21, 36, 37], which is also important to fill a hole of previous
studies. Moreover, typical ab initio calculations are based on density functional theory (DFT), but the
aforementioned PL and band energies are essentially excited-state properties, requiring including many-
electron effects, i.e., electronic self-energy and electron-hole (e-h) interactions, which are beyond DFT.
Therefore, a first-principles calculation considering complicated strain conditions and including many-
electron effects is essential for explaining a wide range of measurements and guiding future strain

engineering of 2D materials.

In this work, we apply the first-principles DFT and many-body perturbation theory (MBPT) to obtain
guasiparticle energies and bright excitons of strained four typical TMD monolayers, i.e., MoS,, MoSe,,
WS,, and WSe,. By mapping their band gaps, absolute band edge energies, and exciton frequencies into
2D contours of in-plane strain distributions, we are able to provide a complete picture of arbitrary strain
effects on these important quantities. Particularly, these strain-induced variations of the absolute band
edge energies and exciton energies may accumulate optical excitations for light emission or photovoltaic

applications. Combining the high spatial-resolution of PL spectra with our calculated exciton energies,



experimentalists may understand the observed inhomogeneous PL measurements and further quantify

the local strain condition.

DFT with the Perdew—-Burke—Ernzerhof (PBE) functional is employed to calculate the ground-state
properties. Norm-conserving pseudopotentials are used to approximate the core-electron effects on the
electronic structure and excited-state properties. Only the 2H phase is considered in this work and the
atomic structure is fully relaxed according to the DFT/PBE-calculated force and stress. A 70 Ry plane-
wave truncation and an 18x18x1 k-grid sampling in the first Brillouin Zone (BZ) of the intrinsic hexagonal
unit cell are adopted for calculating fully converged ground-state properties. For strained calculations,
we take a rectangle cell with 12x21x1 k-point. The quasiparticle energies are obtained by the first-
principles single-shot GyW, approximation [38] and subsequently excitonic effects and optical
absorption spectra are obtained from solving the Bethe-Salpeter equation (BSE) within the Tam-Dancoff
approximation [39]. The involved unoccupied band number is more than 10 times of that of valence
bands to achieve the converged dielectric function. The excitonic effects are included by solving the BSE
with a fine k-point grid of 36x63x1. The Coulomb truncation is implemented in GW-BSE calculations to
mimic suspended monolayers [40, 41]. The convergence of overall quasiparticle band gaps and exciton
energies are within 0.1 eV. We will employ the middle-gap approximation to identify the absolute
quasiparticle band edge energy according to surrounding vacuum [42]. This can avoid a huge number of
unoccupied conduction states in the GW calculations. Finally, we do not include extrinsic factors such as
doping, substrate, and finite temperature effects, which, however, may impact quasiparticle band gaps

and excitons [43-47].

Take monolayer MoS; as an example. Its intrinsic band structure calculated by DFT is presented in Figure
1 (b). The first BZ and those important high-symmetry points (including the A point) in the reciprocal
space are plotted as well. Similar to previous studies [48], we observe a direct band gap located at the K
(K’) point in suspended monolayer MoS,. Following the tradition, we define the two special in-plane
orientations, the armchair and zigzag directions, which are marked in Figure 1 (a). In the following,
beyond previously studied uniaxial/biaxial strain, we will include in-plane strain through a 2D grid, which
is expanded by the orthogonal armchair and zigzag directions. The strain magnitude covers the range
from -5% to 5% along each direction with a step of 0.5 %, forming a 21 x21 grid to describe strain
conditions. The electronic structures and optical spectra will be calculated under each strain condition.
As a result, this study covers not only uniaxial and biaxial strain cases but also all possible arbitrarily axial

strain cases that are observed in fabricated samples. Finally, the linear interpolation scheme will be



employed to smooth the 2D contour plots. This procedure is similar to the recent works on Raman
spectra of strained monolayer black phosphorus (BP) [49] and the band gap variation of strained bulk BP
[9]. The local strain areas are typically of the um order in MoS, samples[37] and the exciton size of MoS,
is of the order of nm [50]. Therefore, it should be safe to assert that, in a local strain domain, excitons
feel a constant strain and our calculations are realistic. In measurements, the recent spatial resolution of
PL can reach 1 um [29], making our calculation useful for experimental identification. However, if the
resolution or the size of laser spots is larger than that of strain domains, the broadening of exciton peaks

will be expected.

There are several factors that will influence our results. First, spin-orbit coupling (SOC) is significant in
these monolayers. For example, the SOC splitting of the valence band maximum (VBM) of monolayer
WS, is around 425 meV [51]. This will surely affect the band edge energies and excitons. Fortunately, we
have checked that, although SOC is not negligible, it is not very sensitive to applied strain. For instance,
the SOC splitting of the valence band edge at the K point is around 140 meV for monolayer MoS, and the
variation of SOC is less than 10 meV when applied strain is within our studied range (+/- 5%). Thus, in
the following we will directly include fixed SOC corrections into the band gaps and exciton energies for

strained 2D structures.

Another challenge is to obtain the quasiparticle energies and excitons for strained structures. Because
the GW-BSE calculation is much more time consuming than DFT, it is nearly formidable to perform the
brute-force  GW-BSE calculation for excited-state properties of the 21x21 strained structures.
Fortunately, many-electron effects can be regarded as higher-order corrections. Therefore, although
self-energy corrections and excitonic effects are significant, these many-electron corrections may not
change substantially by strain within +/- 5%. To confirm this assumption, we have calculated the
quasiparticle band gaps and optical spectra of intrinsic monolayer MoS, and two typical strained cases
(+2% uniaxial and +2% biaxial cases), as included in table | and the figure 2. The SOC is not included here
because we mainly want to compare the difference induced by strain and, moreover, SOC is not
significantly changed by many-electron effects in these monolayers [52]. Substantial self-energy
corrections and excitonic effects have been observed in all these monolayers. Our calculated
guasiparticle band gap and optical absorption spectrum of intrinsic monolayer MoS, are consistent with
previous studies [53, 54]. Importantly, many-electron corrections are essentially insensitive to the
applied strain. For instance, the bright exciton peak of intrinsic monolayer MoS, is around 2.07 eV and

the DFT band gap is around 1.69 eV. The overall energy difference is 0.38 eV. For the biaxial strain cases



(+2% along both the zigzag and armchair directions), the DFT band gap at the K point is reduced to be
1.47 eV while the bright exciton peak is also shifted to 1.86 eV, resulting in a similar 0.39 eV correction.
Therefore, we only need to calculate the electronic self-energy corrections and excitonic effects of
intrinsic materials. They are used to rigidly shift the quasiparticle bandgaps and excitonic energies of
monolayer TMDs within moderate strain. To confirm this rigid shift, we have calculated more strain
conditions. The error bar of the rigid shift is shown to be less than 0.1 eV, making it reasonable for
applying rigid shifts to all quasiparticle band gaps and exciton energies. On the other hand, we must
address that, although these rigid shifts do not bring new physics, they are necessary to be included in
the final results because these energy values are essential for guiding experiments to identify the local
strain via the measured band gaps or optical spectra. Finally, we are interested in the band gap that only
involves the K point and the I point. Therefore, the k-point dependence of many-electron effects does

not significantly affect our conclusions.

We first focus on excited-state properties of strained monolayer MoS,. Its contour of the quasiparticle
band gap with SOC included is presented in Figure 3 (a). Significant variations of the band gap are
observed: within this +/- 5% strain range, the band gap can be changed from 1.7 eV to 2.8 eV (the
intrinsic band gap is 2.6 eV). The band gap is particularly sensitive to both the magnitude of the applied
strain and how the strain is applied. Interestingly, the most efficient way to tune the band gap is the
widely studied one, the biaxial stretching. This can be seen from that the steepest sloping direction in
figure 3 (a) is the along the diagonal direction (from the origin to the right-up corner). On the other hand,
the biaxial strain effect is highly asymmetric: the band gap is not changed substantially for the

compressing case. This is actually a result of switching band edges, which will be discussed later.

On the other hand, as shown in figure 3 (a), along the orthogonal direction to the biaxial strain, the band
gap variation is, however, the minimum. For instance, for the strain condition marked by a blue cross in
Figure 3 (a), which is a combination of +3% zigzag strain and -3% armchair strain, the band gap is nearly
the same as the intrinsic value. Based on those isolines in Figure 3 (a), we can conclude that when the
2D structure is stretched along one direction and compressed along the other orthogonal direction, its
variation of the band gap is small. In other words, the conservation of the in-plane area can minimize

the band-gap variation in strained TMDs.

In addition to the band gap value, the direct/indirect band gap is a crucial parameter in semiconductors
because it decides the transport and optical properties of semiconductors. Previous studies predicted

this transition for uniaxial (armchair/zigzag) strain in monolayer TMDs [55, 56]. In Figure 3 (a), we



present a complete picture of strain effect for such a direct-indirect band-gap transition in monolayer
MoS,. The grey area stands for the strain condition for holding a direct-band gap and the white area
stands for that of an indirect band gap. Particularly, Figure 3 (a) shows that even under significant
stretch along one direction, monolayer TMDs may still hole the direct band gap if it is allowed for

shrinking along the orthogonal direction, e.g., the blue cross.

The above direct-indirect band-gap transitions are essentially from the competitions between band
edges at those high-symmetry points, marked in Figure 1 (b). In Figures 3 (b), we have plotted the three-
dimensional (3D) contour plot of the absolute quasiparticle energies of the valence and conduction band
edges of those relevant high-symmetry points, according to the vacuum level. We can see that there are
energy crossings between those band edges. For example, in figure 3 (b), under the biaxial stretch, the
local valence band maximum (VBM) at the I point increases while that at the K point decreases. As a
result, above a critical stretch, the VBM is shifted from the K point to the I' point, inducing a direct-
indirect band gap transition. The similar conclusion can be drawn for the conduction band minimum
(CBM). As shown Figure 3 (b), the local minimum at the A point is nearly insensitive to the applied strain
while that at the K point is very sensitive. Therefore, under compress strain, we see that the local
minimum at the K point quickly increases and the band edge at the A point becomes the new CBM,

resulting in an indirect band gap.

It is important to understand the different strain responses of these band edges at high-symmetry
points. A full description can be obtained by the well-established tight-binding model [57], in which the
hopping parameters between different orbitals can be quantified. Here, we use a schematic way to
qualitatively understand these different strain responses. As an example, we focus on that the local
conduction band minimum at the A and K points. We have plotted the three-dimensional (3D) isosurface
plots of their wavefunctions in figure 3 (c). The electronic state at the A point is more localized and the
overlap between neighboring unit cells is small. On the other hand, the wavefunction at the K point is
more delocalized and has a significant overlap between neighboring unit cells. Then under strain, the
lightly overlapped wave function at the A point will not be that sensitive to the change of in-plane
distance between atoms, compared to the strongly overlapped state at the K point. This is also
consistence with the results in Figure 3 (b), in which the energy of the state at the A pointy is nearly

fixed while that of the state at the K point is varied substantially according to strain.

This arbitrary strain effect on the absolute band edge energies is useful for understanding the recently

observed inhomogeneous carrier density in monolayer TMDCs [28, 30]. Due to the substrate effect or



ripple structures, those samples may have inevitable locally complicated strain distributions, which may
be neither uniaxial nor biaxial. In particular, for those triangular-shape samples epitaxially growing on
SiO,/Si substrate, the strain may be accumulated at the corners or edges, inducing a significant shift of
the absolute band edge energy and subsequent inhomogeneous free-carrier distributions [29]. For
example, according to figure 3 (b), the accumulations of electrons or holes may indicate a locally biaxial
stretching strain condition because that strain condition can efficiently decrease the CBM of increase

the VBM.

Finally, the GW-BSE calculated energies of the brightest exciton in all four types of monolayer 2H-phase
TMDs, i.e., MoS,, MoSe,, WS,, and WSe,, according to arbitrarily axial strain are presented in Figures 4.
From these 2D contour plots, we can see that strain can significantly modify the PL frequency.
Importantly, within our strain range (+/- 5%), the optical response edge can be tuned from the visible
light range to the near infrared one (~1.3 eV). This will be useful for broad physics and biological
applications [58]. Meanwhile, the PL peak is strongly impacted by the direct/indirect band gap and it is
expected that the PL intensity will be substantially quenched for those indirect band gap regions.
Therefore, we mark the direct-indirect band gap transition regimes in figure 4 to guide strain
engineering for optical applications. Monolayer MoSe, seems to be the most robust direct-gap TMD
under stain. It can hold the direct band-gap exciton for compress strain up to 1.5% or the stretching
strain up to 3.5%. On the contrary, intrinsic monolayer WSe, is almost an indirect band-gap 2D
semiconductors. Interestingly, it is always an indirect-gap semiconductor under compress and a direct-

gap one under stretch.

The exciton energy according to complicated strain in Figure 4 is useful to understand recent optical
measurements. To date the techniques for obtaining PL spectra with a high spatial resolution has been
highly developed and applied for studying epitaxially grown samples [29]. In addition to the
inhomogeneous carrier distributions, the local strain condition may also be responsible for the shift of
the frequency of the PL peak with a spatial resolution. Therefore, our results in Figure 4 will be of help to
understand the local strain distribution. Moreover, combined with the strain induced the variation of
the band edge energy and exciton energy, it is possible to design strain distribution to accumulate

optically excited excitons and realize high-efficient light-emission or photovoltaic devices [59].

In conclusion, we have presented excited-state properties, including absolute quasiparticle band
energies, band gaps, and the bright exciton peak, for arbitrarily in-plane strain of typical monolayer 2H-

phase TMDCs. With many-electron effects include, the complete pictures of these important quantities



are described by 2D contours of strain conditions. The mechanism for the competition of band edge
energies and its impact on band gaps are discussed based on first-principles results. The variations of
these quantities are crucial for experiments to understand local strain distribution and free-carrier
inhomogeneity by optical measurements. The predicted arbitrary strain effects are also helpful for strain

engineering of transport and optical properties.
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Figure 1 (a) A schematic plot of the top view of inhomogeneously strained monolayer 2-H phase TMD.
The orthogonal armchair and zigzag directions are specified, respectively. To show atomic structures,
the spatial size of plotted local strain domains is much smaller than that of realistic samples, which is
around microns. (b) The DFT-calculated band structure of monolayer MoS,. The band energy is aligned

to the vacuum level. The inset is the first BZ with high-symmetry points marked.
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Figure 2 (a), (b), and (c) optical absorption spectra of intrinsic, +2% uniaxially strained, and +2% biaxially
strained monolayer MoS,. The blue curves are optical absorption spectra without e-h interactions
included and the red curves are those with e-h interactions included. The DFT band gap (E!’])FT) and GW

calculated quasiparticle band gap (EgW) are marked with solid and dash arrow, respectively.
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Figure 3 (a) 2D contour plot of the quasiparticle band gap in arbitrarily strained monolayer MoS,. The
indirect band-gap area is marked by the grey color. (b) The 3D contour plot of the absolute band
energies of those crucial high-symmetry points. (c) The variation of the band structure according to the
+/- 2% biaxial strain. The top view and side view of the 3D contours of the wave functions of the

conduction states at the A and K points are plotted, respectively.
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Figure 4 Contour plots of the excitation energy of the lowest-energy bright exciton of strained
monolayer MoS, (a), WS, (b), MoSe, (c) and WSe, (d). The direct band-gap regions are marked by the
grey area. SOC is approximately included as a constant correction. The temperature effect is not

included.
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Tables

Table | The DFT calculated band gaps (at the K point), quasiparticle band gaps (at the K point), and the

lowest, bright exciton energies intrinsic and strained monolayer MoS, (SOC is not included).

DFT GW Exciton

Strain (eV) (eV) (eV)
Intrinsic 1.69 2.71 2.07
+2% armchair 1.58 2.59 1.94
+2% biaxial 1.47 2.44 1.86
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