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ABSTRACT: The application of strain to photovoltaics (PVs), thermoelectrics
(TEs), and semiconductors often has substantial impacts on the fundamental
properties governing the efficiency of these materials. In this work, we investigate
two stable phases of hybrid organic—inorganic two-dimensional (2D) perovskites
(2DPKs) and their response to the application of tensile and compressive strain of
up to 5%. These 2D MAPbI; analogues are known to exhibit strongly anisotropic
properties and have been put forward as excellent candidates for application in
mixed PV—TE devices. Our results, stemming from ab initio density functional
theory calculations and investigation of transport properties through the

Boltzmann transport equations, further elucidate the key properties contributing

to the success of these materials. In particular, both the M1 and M2 phases exhibit stable structures between —S and 5% biaxial
strains. The M2 phase exhibits an excellent 23.8% power conversion efficiency under the application of 5% tensile strain.
Furthermore, we analyze the effects of spin-orbit coupling on the band structures of both phases, revealing great potential for
spintronic applications with the M2 phase, demonstrating Rashba coefficients up to 3.67 eV A.

KEYWORDS: two-dimensional perovskites, Rashba spin-orbit coupling, organic—inorganic hybrid perovskite, solar cell, thermoelectric

B INTRODUCTION

Hybrid organic—inorganic perovskites are a class of materials
whose power conversion efficiency (PCE) in solar cell
applications has dramatically increased from 3.8% in 2009 to
25.7% in 2020." 7> These improvements have spurred intensive
research to break the 30% PCE barrier, approach the Shockley—
Queisser limit, increase the stability and longevity of the
perovskites, reduce usage of environmentally problematic
compounds, and relevant to this study, expand control over
the materials at the level of electronic structure.”"" Two-
dimensional (2D) materials are unmatched in their ability to
realize finely tunable optoelectronic properties through simple
changes such as pressure modification, modulation in the
number of layers, and exchange of interfacing materials.'*~"'°
This flexibility has led to successful application of 2D perovskites
(2DPKs) as efficient light emitters, photodetectors, and hybrid
photovoltaic (PV) and thermoelectric (TE) materials.'”~"* The
2D analogues of standard ABX; bulk hybrid perovskites (where
A is an organic cation, B is Pb, Sn, or Ge, and X is a halogen
anion) take the form of A’,A,_,B,X;,,,.”" In hybrid 2DPKs, A’ is
an organic cation generally of longer length than A, which acts as
a spacer between the 2D or quasi-2D perovskite layers, # is the
number of layers, and the identity of A, B, and X remains the
same.

The reduction of dimensionality benefits not only the
tunability of the materials but also their resilience to structural
decomposition.”"** Structural stability has been a long-standing
challenge for three-dimensional (3D) perovskites, as environ-
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mentally problematic lead-based materials are frequently used.”
Although increased stability of 2DPKs tends to reduce efficiency
in PV applications, previous work on 2DPKs for PV and TE
applications has demonstrated that performance losses can be
recovered through increased understanding and exploitation of
layer dependence, dopant and defect concentration, and band
engineering that is possible in these materials.”*~*” The latter is
of particular interest in the current investigation because 2DPKs
have emerged as excellent candidates for band modulation and
spintronic applications owing to the existence of significant band
splitting attributed to the Rashba effect.”®™* This effect is most
prominent in the presence of heavy atoms such as with Pb,
where spin-orbit coupling (SOC) plays a large role, or in
symmetry-broken systems such as those seen in hybrid
perovskites where the organic cations break inversion symmetry
to allow for dispersive H—X interactions with the inorganic part
of the structure.”

Due to the geometry-dependent prominence of the Rashba
effect, multiple avenues have been explored to tune its strength
and effect on band edges, such as the application of electric
fields, strain, pressure, and temperature modulation.**™>* For
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example, Ju et al. noted the tunability of Rashba spin splitting
under electric fields and strain, where N"™X"" systems exhibited
tunable bandgaps insofar as the centrosymmetry of the lattice
was broken.”” Similarly, using pressure modulation to vary the
strength of the Rashba effect, Wang et al. demonstrated an
increase in the strength of direct transitions in an indirectly
gapped perovskite system, which resulted in favorable perform-
ance for light absorption.** These previous studies highlight the
important role geometric factors have on tuning Rashba
splitting, which can be used to increase the efficiency of these
low-dimensional materials in solar energy harvesting applica-
tions. Computational investigations provide a means by which
the direct effect of these configurational changes on the
electronic structure of such materials can be explored.

In this study, we used ab initio density functional theory
(DFT) and Boltzmann transport equations (BTEs) to
investigate the effect of strain on the electronic properties of
two phases of stable 2DPKs derived from bulk MAPbI;. Figure 1
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Figure 1. Schematic representation of the strain dependence of
electronic properties such as power conversion efliciency, electronic
bandgap, and effective mass exhibited in the 2D perovskite systems.

offers a schematic representation of the interplay between strain
and electronic properties such as effective masses, power
conversion efficiencies, and electronic bandgaps, as well as the
fact that the Pbl octahedra (octahedral faces in gray, I atoms in
purple) undergo a stretching in in-plane directions. We
considered two different terminations of 2D forms of MAPDI,,
which have previously been studied computationally.*' The first
2DPK phase, M1, was derived from the orthorhombic bulk
structure and the second, M2, from the tetragonal structure. The
M1 phase is surface terminated by CH;(CH,);NH;" (BA),
whereas the M2 phase is surface terminated by the CH;NH;"
(MA) cations, giving chemical formulas of (BA),(MA),Pb,1, (n
= 2) and (MA),Pbl, (n = 1) for the M1 and M2 phase,
respectively. We applied a biaxial strain of -5, —2.5, 0, 2.5, and
5% to both phases along the in-plane directions (x, z for M1 and
x, y for M2) to investigate the impact of structural changes on
the optoelectronic and thermoelectric performance of the
materials. Our results reveal the influence of strain on the
Rashba effect, power conversion efficiency, and charge carrier
dynamics governing transport properties of these 2DPKs. This
study provides insight into the processes driving efficient solar
energy harvesting in these materials.

B RESULTS AND DISCUSSION

Structural Properties. Strain induces a variety of structural
changes in halide perovskites including sy‘mmetl}r-altering phase
transitions and local distortions in the lattice.”** It leads to
alterations of bond lengths and bond angles, which ultimately
impact the orbital overlaps causing modifications in the
electronic structure.** Upon compression of the unit cells, we

find that in-plane Pb—I bond lengths tend to decrease, and out-
of-plane bond lengths increase. This is expected as the unit cell is
squeezed along the in-plane degrees of freedom, leading to
extension of the out-of-plane bond lengths. At equilibrium,
average Pb-I lengths are 3.22 and 3.21 A in the M1 and M2
phases, respectively, which are in good agreement with the
experimental results.* Our simulations demonstrate an inverted
dependence of I-Pb—I bond angles on the strain between the
M1 and M2 phases. In the M1 phase, the bond angle decreases
with compression of the unit cell, whereas in the M2 phase, the
bond angle increases with the same compression. These bond
angle dependences directly correlate with the magnitude of the
bandgap across the tested strains in the two phases, offering a
geometrically tunable parameter for tailoring the bandgap. Liu et
al. proposed that under consideration of Pb-I-Pb bond angles
and bond lengths, the increased wave function overlap between
Pb and I atoms leads to a narrowed bandgap.** However, our
results show no such trend regarding the bond distances, but
rather that conformal changes appear to have the largest effect
on the bandgap of the materials.

Electronic Structure. Bond length and angle alterations
change the band dispersion in the materials, which thereby
modifies the bandgaps. The influence of strain on the electronic
band structure for the M1 phase and the M2 phase is shown in
Figure 2. For all strains in the M1 phase, the electronic bandgap
is between 2.00 and 2.55 eV when excluding SOC and between
1.55 and 1.94 eV when including SOC. In both scenarios, the
bandgap exhibits a sharp decrease between —2.5 and —5% strain.
The bandgap fluctuates less than 50 meV between —2.5 and 5%
strain. The large fluctuation in the bandgap between —5 and
—2.5% strain is attributed to the changing placement of the
valence band maximum (VBM) and the conduction band
minimum (CBM). Upon inclusion of SOC, the CBM shifts from
the T-U path to be very near the X point of the Brillouin zone
(BZ), and the VBM shifts from the I'-X path to the S-R path. In
calculations where SOC is not included, only the CBM shifts
from the T point to the S point, while the VBM remains along
the S-R path, in accordance with the SOC calculations. These
qualitative differences highlight the importance of SOC for an
accurate description of the band structure due to relativistic
effects in the core of the heavy Pb atoms. Rashba splitting is
observed along the U-S-Rand I'-X-Y directions, as can be seen in
Figure 2a, and full band structures for calculations both with and
without SOC for the M1 phase can be found in Figures S11 and
S12.

For all strains in the M2 phase, electronic bandgaps range
between 2.29 and 2.47 eV when excluding SOC, and between
1.44 and 1.58 eV when including SOC (Figure 2b). Fluctuations
are at most 10 meV between —5 and 2.5% strain in SOC
calculations, with a significant drop of 140 meV between 2.5 and
5% strain. Similarly, without consideration of SOC, the bandgap
is lowest at 5% strain; however, fluctuations are much more
significant across the tested values. In the SOC calculations,
band edges always remain within the Y-Z-T path, with the CBM
changing between the Y-Z and Z-T paths depending on the
strain. In the absence of SOC, we often find degeneracy between
the Z and I points, which is to be expected as they differ in the
BZ by a wavevector in the aperiodic direction. Rashba splitting is
observed along the Y-direction (present along the Y-Z-T path,
but absent along I'-X) in the M2 phase, as can be seen
qualitatively in Figure 2b. The observed Rashba effect in both
phases of 2DPK is strongly dependent on the number of
inorganic layers and surface termination.'””’ Electronic
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Figure 2. Band structures for the M1 phase with inclusion of spin-orbit coupling at —5, —2.5, 0, 2.5, and 5% strain for the (a) M1 Phase and (b) M2
phase. For clarity, the energy bands containing valence band maxima and conduction band minima are in blue and red, respectively.

structure calculations indicate that over all strains, the M1 and structures with and without SOC for the M2 phase can be

M2 phases have indirect bandgaps. Full electronic band found in Figures S13 and S14.
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Figure 3. (2) Graphical representation of the quantities used for computation of eq 1, and (b) Rashba coefficients for the M1 and M2 phases as a

function of strain.
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Figure 4. Optoelectrical properties for the 2D perovskites. (a, b) Absorption spectra for the M1 and M2 phases with insets from 360—500 and 460—
600 nm, respectively. (c, d) Current voltage curves for the M1 and M2 phases.

To elucidate the influence of compression on the magnitude

of Rashba splitting, the Rashba coeflicients ap were computed

using the following equation:*®

a = 2AE,/ Ak,

(1)

34606

where AE, and Ak, are the energy and wavevector difference,
respectively, between the vertex of the Rashba split band and the
band-crossing where the two-fold degeneracy has been lifted. A
schematic diagram of the computation of the Rashba coeflicient
from the band structure is shown in Figure 3a. As shown in
Figure 3b, the M1 phase has relatively lower Rashba coeflicients
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compared to the M2 phase. The conduction band of M2 exhibits
the highest Rashba coeficient, ranging between 2.29 and 3.67
eV A, as shown in Figure 3b, consistent with the previous
analysis of 2D-MAPbI; analogues.'* A drastic increase from 2.61
to 3.67 eV A is seen as strain increases from 2.5 to $%. Although
there is no well-defined structural parameter, which acts as an
effective modulator of Rashba splitting in 2DPKs, indirect
means of tuning the splitting mechanism have a significant effect
on the carrier recombination process and provide valuable
insights to improve the performance of solar cells. Both phases
exhibit I(p)-Pb(p) transitions, as can be seen in the density of
states (DOS) plots in Figures S1—S10. The upper part of the
valence band is dominated by the I(p) states, with a small lower
energy contribution from the 6(s) electrons of the Pb atoms,
whereas the lower part of the conduction bands consists largely
of Pb(p) states and, to a lesser degree, I(p) states. This p—p
transition is well established in thin-film or 2D perovskite
materials and is generally thought to be mediated by direct
transition."”**

Effect on Optoelectronic Properties. To investigate the
influence of pressure-induced structural changes on the optical
properties of the 2DPK, we examined optical absorption spectra
for the M1 and M2 phases. The absorption spectra were
obtained from the real and imaginary parts of the dielectric
functions for the M1 (Figure 4a) and M2 phases (Figure 4b), for
which more information can be found in the Computational
Methods section. From the absorption spectra, Tauc plots were
generated to determine optical bandgaps and short-circuit
current densities J, as listed in Table 1. The Tauc plot method

Table 1. Optical Properties of the M1 and M2 Phases as a
Function of the Strain Applied to the Material

strain (%) B (eV) J. (A m2) V,. (V) FF (%) PCE (%)

M1 =S 2254 96.6 1.94 93.0 17.4
-2.50 2.504 61.1 2.17 93.6 12.5
0 2454 67.3 2.12 93.5 13.4
2.50 2.504 61.1 2.17 93.6 12.5
S 2254 96.6 1.94 93.0 17.4
M2 =S 2.204 104.8 1.89 92.8 18.4
-2.50 2.154 114.4 1.84 92.7 19.5
0 2.053 134.0 175 92.4 21.6
2.50 2.003 144.8 1.7 92.2 22.7
S 1.953 156.3 1.65 92.1 23.8

for optical bandgaps consists of plotting (ahv)'/" (where r = 2

for indirect transitions) on the vertical axis against energy on the
horizontal axis. The onset of the linear regime is then
extrapolated to the abscissa, yielding the optical bandgap.*’ As
shown in Figure 4a,b, in all absorption spectra, there is an initial
gradual onset followed by a sharp peak at slightly higher
energies. This two-step absorption process has been discussed
previously in the context of perovskites as further supporting an
indirect bandgap.[“'50 Furthermore, the inset of Figure 4a,b
depicts that the gradual increase tends to occur around the DFT
gap, while the sharp increase occurs beyond it, as direct
transitions become energetically available. This is attributed to
the fact that these lower lying excitations must be phonon-
assisted due to the crystal momentum mismatch between the
initial and final state of the electron. It is worth noting that
despite the many-body nature of the phenomena responsible for
the difference in absorption amplitudes between direct and
indirect transitions, the single particle picture offered by the

Kohn—Sham DFT has been shown to qualitatively explain this
scenario in similar perovskite structures.”’ Quantitative assess-
ment of the consequences of these phenomena on properties
such as exciton lifetime requires additional treatment at the
many-body level, which is beyond the scope of this work.>*
Regardless, the two-step onset of the absorption spectra,
together with the linear regime found in the r = 2 Tauc plot,
further supports determination from the electronic band
structure that these minimum energy transitions are, in fact,
indirect.

Using the optical bandgap, the short-circuit current density .
is computed using the following expression: ™’

® S(E)
= 2 4E
=e [ = o

‘opt

where E, is the optical bandgap, S (E) is the incident power on
the Earth per unit area in accordance with the AMI1.5G
spectrum, and E is the incident photon energy. Using J,, current
density as a function of voltage is obtained for computation of
the open circuit voltage V,_ using the following equation: "’

J(V) =] = e = 1) 3)

with V, T, and k, representing the voltage, temperature (300 K in
all calculations), and the Boltzmann constant, respectively. ], is
obtained using the blackbody radiation spectra with the same
equation as J.. V, is obtained as the x-intercept of the J—V curve
and is necessary for the assessment of the PCE of the
perovskites. Figure 4c (Figure 4d) shows that V. represents
the M1 (M2) phase. The PCE is assessed through the short-
circuit current density J,, open circuit voltage V., and the fill
factor (FF) from the following equation:>*

v, J. FF
By (4)

where P, is the incident power per unit area, taken to be 1 kW
m™2 in accordance with the AM1.5G spectrum, and FF is
8,c — In(8, + 0.72) Vo

9+ 1 kT’
and T are the elementary charge, Boltzmann constant, and
temperature, respectively.

We find PCE in the M1 phase to have no clear dependence on
the strain of the material; however in the M2 phase, there is a
clear monotonic increase as the material is allowed to expand. It
is worth noting that the PCEs presented in Table 1 are
computed using quantities derived from DFT calculations,
namely ], which is determined by the optical bandgap. This
means that due to DFT’s well-established bandgap under-
estimation, optoelectronic quantities here should be considered
relative to one another across the phases and strains, for which
differences in the bandgap prove to be much more reliable, as
opposed to the absolute value for direct comparison with the
experiment.” Given this, our calculations clearly indicate that
applications employing the M2 phase as a light absorbing layer,
where the structure undergoes expansion of the lattice due to an
interfacial mismatch or externally applied strain, will result in
high efficiency for solar energy harvesting.

Effect on Thermoelectric Properties. In addition to the
optical absorption properties, probing thermoelectric (TE)
properties under strain is important as they govern carrier
mobility and transport timescales. We investigated the TE
properties of the two perovskite phases through the BTE in the
constant relaxation time approximation (RTA).*® TE properties

PCE =

computed as FF = ,using§, . = where g, ky,

https://doi.org/10.1021/acsami.2c05842
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Table 2. Charge Carrier Effective Masses, Mobilities, Relaxation Times, and Deformation Potentials as a Function of Strain and

Crystallographic Axis for the M1 Phase

strain (%) direction me* (m,) my* (m,) JE—
-5.0 x 0.87 0.13 6.39
z 0.21 0.17 8.35
-2.5 x 0.16 0.14 5.73
z 0.08 0.15 7.13
0.0 x 0.16 0.17 4.89
z 0.06 0.19 6.12
2.5 x 0.16 0.26 3.85
z 0.07 0.23 5.43

5.0 x 0.18 0.37 39
z 0.03 0.33 4.77

By He (10°cm?/V s) iy, (10°cm?/V s) 7, (fs) 7, (fs)
3.39 0.07 0.81 32.5 60.8
5.38 0.29 0.20 353 18.7
3.52 1.71 0.83 16.0 68.8

10.63 0.54 0.32 24.4 28.0
3.38 2.01 0.86 18.1 81.5
9.75 1.02 0.28 36.5 30.4
3.16 2.24 0.58 20.4 84.9
9.01 1.09 0.24 40.8 31.7
3.24 1.71 0.27 17.4 93.4
8.28 4.85 0.15 57.7 28.5

Table 3. Charge Carrier Effective Masses, Mobilities, Relaxation Times, and Deformation Potentials as a Function of Strain and

Crystallographic Axis for the M2 Phase

strain (%) direction m* (m,) m,* (m,) Evem E\cam U (103cm?/V s) wy, (103cm?/V s) 7, (fs) 7, (fs)
-5.0 x 0.08 0.07 7.64 7.25 1.18 1.29 50.3 50.0
y 0.04 0.05 11.22 7.71 3.02 1.41 75.3 353
-2.5 x 0.09 0.08 6.94 6.87 0.82 1.06 44.2 49.8
y 0.06 0.06 9.71 7.08 2.23 0.94 70.6 33.3
0.0 x 0.09 0.10 6.05 6.35 1.08 1.04 54.1 56.6
y 0.05 0.08 7.98 6.49 3.04 0.84 89.7 38.3
2.5 x 0.11 0.12 5.21 5.46 091 0.96 58.7 63.2
y 0.04 0.16 6.44 5.73 5.60 0.32 138.0 29.3
5.0 x 0.09 0.16 4.52 4.77 1.69 0.67 91.5 60.6
y 0.04 0.32 5.34 5.16 8.27 0.12 186.2 21.2
520 vs Strain
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Figure 5. Peak thermoelectric power factor S’ as a function of the applied strain.
were assessed using the Boltzwann module of the Wannier90 2013C*P
i i i i b= e
code. Details are described in the Computational Methods 3k, T(m") E; (s)

section. The carrier relaxation times (7) as a function of strain
were computed from first principles calculations using the

"
. m . o1
relation 7 = 22— where y, m*, and e are the carrier mobility, the
e

effective mass of charge carriers, and the charge of the electron,

respectively. We employed the commonly used formulation for

. e 57,58
charge carrier mobility given as follows:

34608

where C*" refers to the in-plane stiffness constant and E, is the
deformation potential of the relevant band edge. Details
regarding calculation of these quantities can be found in the
Computational Methods section. Table 2 (Table 3) contains all
of the computed strain-dependent quantities for the M1 (M2)
phase. In-plane stiffness constants were computed at 0% strain as
the equilibrium cell parameters are required to obtain a
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parabolic fit to the energy—strain curve. C2° and C2° were 40.4
and 26.9 N m™, respectively, for the M1 phase, while C2° and
C;D were 24.6 and 24.3 N m™!, respectively, for the M2 phase.
Our calculations indicate that the M2 phase is less rigid and can
tolerate larger strain in application. Computed relaxation times
in the subpicosecond range are found smaller than those in bulk
perovskites but in line with the previous work on hybrid
2DPKs.*"*” Similarly, computed values for the carrier mobilities
are in line with previous computational studies on 2DPKs.*”’
We attribute high carrier mobilities to the low effective masses,
especially along the z-direction in the M1 phase, where large
stiffness constants also aid in driving up mobility. Mobility of
electrons in both the M1 and M2 phases drastically increases
with tensile strain (117 and 143% increase from equilibrium for
the M1 and M2 phase, respectively). Similarly, hole mobility
decreases with tensile strain, attributed mainly to the drastic
increase in effective masses (from 0.11 and 0.09 m, at
equilibrium to 0.35 and 0.24 m, at 5% strain in the M1 and
M2 phases, respectively). Average quantities are discussed
above; however, it is important to highlight the strongly
anisotropic properties of both phases, an example of which can
be seen in the significantly higher electron mobility along the y-
direction of the M2 phase.

The anisotropic nature of the TE properties is further borne
out by the Seebeck coefficient (S), electrical conductivity (o),
and thermoelectric power factor (TPF) (S%6) of the materials.
Figure 5 shows that the peak TPF value between a chemical
potential of =2 and 2 eV as a function of strain for the two phases
along the in-plane directions. Full plots of the Seebeck
coeflicient, electrical conductivity, and TPF as a function of
chemical potential for the two phases can be found in Figures
S17—826, for which all calculations are run at a temperature of
300 K. The M1 phase generally exhibits a higher TPF for
transport along the z-direction when strongly anisotropic
performance is found (Figures S and S17—S21) with no clear
trend in preference for n-doped or p-doped configurations.
However, as shown in Figures $17—S21, maximum values of the
Seebeck coeflicient vary significantly with chemical potential
across the different strains. At —5% strain, the highest Seebeck
coefficient (3 mV K™, similar across all structures) occurs near
the middle of the bandgap, leading to the low thermoelectric
performance of this material under compression. As shown in
Figures $22—526, favorable TE properties in the M2 phase are
clearly biased toward n—doged configurations, similar to the
structure’s bulk counterpart.’” Unlike in the case of M1, there is
no such change in the interplay between chemical potential and
peaks in the Seebeck coefficient; rather changes in electrical
conductivity drive the variation in the TE performance. Our
calculations show that the TE properties of the M2 phase are
strongly anisotropic with the peak TPF corresponding to
transport along the y-direction. The largest TPF found in the M2
phase corresponds to a chemical potential of 1.99 eV with a TPF
of 123 mW m™" K2 The peak TPF in the M1 phase increases
from 1.8 to 10.6 mW m™ K™' from —S5 to 5% strain, indicating
better TE performance with tensile strain. Our results clearly
indicate that the M2 phase exhibits favorable performance as a
thermoelectric, offering high efficiency for implementation as a
mixed PV—TE material.

B CONCLUSIONS

In summary, we present a systematic study of the influence of
compressive and tensile strain on the electronic structure,
optical properties, and thermoelectric properties of two stable

phases of hybrid lead—iodide 2DPKs. Modulation in the
electronic bandgaps results largely from conformal changes in
the perovskite, whereby an increase in the I-Pb-I angle is directly
correlated with a widening of the gap. This offers a tunable
parameter with predictable outcomes on the electronic
structure. Rashba splitting is found to be most prominent at
the conduction band edge of the M2 phase at 5% strain, yielding
a Rashba coefficient of 3.67 eV A. The presence of strong Rashba
spin splitting is particularly relevant for solar energy harvesting
as it can be exploited to extend exciton lifetimes. The PCE of the
M2 phase is found to be 23.8 at 5% tensile strain, the highest of
all tested strains across both structures in the present study.
Strongly anisotropic thermoelectric properties are revealed
again, for which the M2 phase offers better performance,
suggesting potentially efficient hybrid PV—TE applications.
These strain-dependent properties offer valuable insights for
applications in solar energy harvesting, and aid in understanding
the role that conformal changes and organic cation orientation
play in modulating the corresponding electronic structures.

B COMPUTATIONAL METHODS

All DFT calculations were run using the Quantum Espresso package.®®
Fully relativistic norm-conserving pseudopotentials were used in all
calculations.®* Wave function and electronic density cutoffs were
measured at 100 and 400 Ry, respectively. Variable cell geometry
optimization calculations were used to determine the cell parameters to
generate the various strained unit cells. After the generation of the unit
cells from —5 to 5% strain, fixed cell optimizations were run. Geometry
optimizations were carried out using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm with a force convergence of 1e-3 Ha/Bohr
and an electronic convergence of le-8 Ryonan 8 X 1 X 8 (8 X 8 X 1)
grid for the M1 (M2) phase. A subsequent nonself-consistent
calculation was run on a denser 12 X 12 X 1 (12 X 1 X 12) grid
prior to computation of the density of states and electronic band
structure. Band structure calculations were run with 300 k-points evenly
spaced along the I'XYZTUSR high symmetry path. Dielectric
properties for optoelectronic computations were calculated at the
random phase approximation (RPA) level on a 10 X 10 X 10 grid in
accordance with the guidance of Quantum Espresso’s epsilon.x
package. Effective masses were computed in the parabolic band
approximation, deformation potentials were computed using deforma-
tion potential theory, and stiffness constants were computed in
accordance with computational literature analyzing 2D materials.>*
Calculation of thermoelectric properties using the Boltzmann transport
equation in the constant relaxation time approximation was performed
through Wannier90’s BoltzWann module.®>*® For Wannierization, 16
bands and 14 Wannier functions were used corresponding to nine
valence bands and five conduction bands. All Boltzwann calculations
followed Wannierizations, which were well converged with respect to
the DFT band structure.
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