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Mechanical deformations, either spontaneously occurring during sample preparation or purposely
induced in their nanoscale manipulation, drastically affect the electronic and optical properties of tran-
sition metal dichalcogenide monolayers. In this first-principles work based on density-functional theory,
we shed light on the interplay among strain, curvature, and electronic structure of MoSe, nanowrinkles.
We analyze their structural properties highlighting the effects of coexisting local domains of tensile and
compressive strain in the same system. By contrasting the band structures of the nanowrinkles against
counterparts obtained for flat monolayers subject to the same amount of strain, we clarify that the
specific features of the former, such as the moderate variation of the band-gap size and its persisting
direct nature, are ruled by curvature rather than strain. The analysis of the wave-function distribution indi-
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cates strain-dependent localization of the frontier states in the conduction region while in the valence,
the sensitivity to strain is much less pronounced. The discussion about transport properties, based on
inspection of the effective masses, reveals excellent perspectives for these systems as active components
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. Introduction

The exceptional electronic and optical properties of transition
metal dichalcogenide (TMDC) monolayers have made them
promising candidates for integrated electronics, optics, and
photonics.' The mechanical flexibility of these two-dimen-
sional sheets additionally enables the manipulation of their
intrinsic features through deposition on nanostructured
substrates®® where significant deformations may occur giving
rise to peculiar topologies,'’®™** such as nanobubbles'*™* or
nanowrinkles.'® These nanostructures offer the opportunity to
further tune the characteristics of the TMDCs, especially con-
cerning exciton manipulation'’ " and quantum emission.””*
However, the complex interplay between structural character-
istics, including strain and curvature, and electronic and
optical response®**7>* does not facilitate the identification of
a straightforward rationale to engineer their properties.
Conventional TMDCs formed by Mo or W and S or Se share
most of their electronic and optical properties. In the mono-
layer form, they are all direct-band-gap semiconductors with
exceptional photoluminescence.*® In response to shear and
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strain, their electronic structure exhibits a qualitatively similar
response.>” Among these materials, MoSe, has been regarded
with particular attention in several application areas, ranging
from sensing®®?° to energy harvesting,’?* and from
photodetection®*** to spin filtering.>*>’” This large spectrum
of technological perspectives is aided by the peculiar tunability
of MoSe, with respect to the substrate.*® Remarkably, interest
in this material is present also in industrial research.**™*?
Thanks to its lower predicted Young’s modulus in comparison
with the other conventional TMDCs,** it is expected that
MoSe, is expected to be the most flexible member of this
family of materials. From the computational perspective, it is
more appealing than its W-based counterpart due to the
smaller size of the metallicspecies.

First-principles methods such as density functional theory
(DFT) are ideally suited to describe and predict the electronic
features of complex materials. In particular, they enable sys-
tematic studies of structure-property relationships without
requiring the input of experimental data. This is very impor-
tant in the case of rippled TMDCs, where the large number of
degrees of freedom in play makes the effects of curvature,
strain, and local deformations particularly hard to
disentangle."®?*> Moreover, in contrast to classical models,
which are useful to reveal the mechanical characteristics of
peculiar low-dimensional topologies'**> and to connect them
with macroscopic experimental variables, a quantum-mechani-
cal description of the electronic structure is able to provide
microscopic insight into these materials.'??*2%4°

In this work, we investigate from first principles the elec-
tronic properties of MoSe, nanowrinkles with varying curva-
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ture and strain. The modeled systems are of nanometer size
and thus much smaller than experimental equivalents that
have been fabricated on the micrometer scale on nanoengi-
neered substrates and/or wunder specific mechanical
constraints.'®*»*773% Nonetheless, they offer a suitable plat-
form to investigate the electronic behavior of such systems on
a pure quantum mechanical level. We analyze the structural
characteristics of the simulated nanowrinkles by discussing
the coexistence of local domains of tensile and compressive
strain in the same sample. We explain their role in the elec-
tronic properties examined through band structure plots and
the analysis of wave-function distributions at the frontier
states. By comparing the results obtained for the nanowrinkles
with those of flat monolayers subject to the same amount of
strain, we reveal the role of curvature in preserving the size
and the direct nature of the band gap regardless of the
amount of deformation. We calculate effective masses associ-
ated with the frontier states and in the conduction region, we
find different trends depending on the strain value. These
results not only offer important insight into the fundamental
properties of TMDC nanowrinkles but also demonstrate the
exceptional perspectives of these materials, when subject to
controlled mechanical modulation, as efficient active com-
ponents for optoelectronic and photonic devices.

. Methodology
A. Theoretical background

The results presented in this work are obtained in the frame-
work of DFT,>" implemented in the Kohn-Sham (KS)
scheme.”” Electron energies ¢; and wave-functions y; are calcu-
lated from the solution of the Schrodinger - like KS equation

2
(— Zil?’le V2 4 Ve — 8,‘) w;(r) =0, (1)
where the effective potential vy is given by the sum of the
external potential v, accounting for the electron-nuclear
interaction, of the Hartree potential vy, and of the exchange-
correlation potential v,.. The exact form of the last term is
unknown and thus must be approximated. Local and semi-
local v,. are known to severely underestimate the band-gap of
semiconductors® but still offer a reliable and computationally
efficient tool to evaluate the electronic properties of these
systems on a qualitative level. It is worth stressing that these
calculations are performed at zero temperature and hence do
not provide any information about the thermodynamic stabi-
lity of the investigated systems. However, given the signifi-
cantly larger size of TMDC nanowrinkles fabricated so
far'®21:47:495% compared to those simulated here, this aspect
cannot be properly assessed with the considered modeled
structures and thus goes beyond the scope of the present
work.

To map the band structures of the nanowrinkles from the
orthorhombic representation adopted in their calculations
onto the hexagonal Brillouin zone (BZ) of the pristine mono-
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layer, we applied an unfolding procedure®*>® implemented in-
house.>”*® To this end, we introduce the spectral function

WkE) =Y [euok(Go + ) 5(E —en(k))  (2)
=

to assign the corresponding weight to each state in the target
representation. In eqn (2), ¢,(k’) is the energy of band n at the
point k'’ of the supercell. The wave vector in the BZ of the hex-
agonal cell, k, is related to k' via a reciprocal lattice (RL) vector
G, of the supercell such that k = k' + G,. The variable g runs
over the reciprocal lattice vectors pertaining to the primitive
cell, while o caters to the spin-up and spin-down channels.
The coefficients c,, - are defined through the plane-wave repre-
sentation of corresponding spinor states

nk'y =" (Z cn(,_k«(G)k’—O—G)) ® o), (3)

=1, \GER

where G sums over all the RL vectors of the supercell. Further
details about this procedure are reported in the ESI, see
Fig. S2.1

To evaluate effective masses, we approximate the highest-
occupied and the lowest-unoccupied bands as parabolic, such
that the energy dispersion can be calculated adopting the
usual free-particle approximation:

- h2k?
Tomr’

(4)

where the effective mass m* replaces the mass of the free elec-
tron. The maximum or minimum of the parabola is assumed
to be at the I'-point, where the effective masses are computed.
The effective mass of a given electronic state is extracted from
parabolic fits of the first 4 data points of the frontier states
along the I'-X path in the orthorhombic BZ.

B. Computational details

All DFT calculations presented in this work were performed
using Quantum ESPRESSO,”**° with the Perdew-Burke-
Ernzerhof (PBE) approximation®® for the v,. and SG15 ONCV
pseudopotentials®® including spin-orbit coupling (SOC). The
kinetic energy cutoffs for the wave functions and the charge
density are set to 60 Ry and 240 Ry, respectively. During struc-
tural optimization, the interatomic forces are minimized with
a threshold of 107> Ha bohr™'. The electron convergence
threshold is set to 10™° Ry in all calculations. Along the non-
periodic direction z, a vacuum layer with a thickness of 20 A is
included in the unit cell (UC) to avoid spurious couplings
between the replicas upon the application of periodic bound-
ary conditions in all directions.

[ll.  Results and discussion
A. Structural properties

To construct the MoSe, nanowrinkles considered in this work,
we start from the orthorhombic unit cell (OUC) of the material
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including two Mo and four Se atoms, and with lattice para-
meters a, = 3.30 A along x and b = /3a, ~ 5.71A along y (see
ESI, Fig. S1%). Here, a, is the lattice constant of the MoSe,
monolayer in its conventional hexagonal UC obtained in this
work through DFT optimization; the reported value is in agree-
ment with the existing literature.>®* In a supercell including
16 replicas of the above-mentioned OUC, the central 10 rep-
resent the actual wrinkle, while the remaining 6 OUC in the
lateral regions [further referred to as “periphery”; see Fig. 1a]
are meant to isolate wrinkles from their replicas in neighbor-
ing unit cells. The periphery has a total length of 6a, = 19.79 A
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Fig. 1 Ball-and-stick representation of a MoSe; nanowrinkle with strain
s = 10%, (a) side view and (b) top view: Mo atoms are visualized in grey
and Se atoms in yellow. The atoms held fixed during structural optimiz-
ation are highlighted in green in panel (a). The height of the nanowrinkle
h is marked by a red arrow. We label the segments of the nanowrinkle
(boundaries marked in blue) as follows: (1) periphery, (2) base, (3) wing,
and (4) peak. (c) z- vs. x-coordinates of the Mo atoms in all considered
nanowrinkles represented by the colored dots; the legend refers to the
corresponding strain s. Vertical bars emphasize the positions of the first
and last Mo atoms of each nanowrinkle. (d) Height h of the considered
nanowrinkles as a function of strain s.
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and the Mo atoms therein, marked in green in Fig. 1a, are kept
fixed during optimization while all the other atoms are
allowed to relax. We induce the characteristic curvature of the
nanowrinkle by applying a certain amount of uniaxial strain s
along the x-axis to the central part of the supercell. Thus, the
lattice constant a of the supercell depends on s as

a=[6+10x (1 —s)]ao, (5)

where the factor of 6 corresponds to the OUC at the periphery
while 10 x (1 — s) caters for the 10 central OUC, strained by s.
In practice, this is achieved by fixing the Mo atoms at the per-
iphery in accordance with eqn (5) and giving an initial guess
for the position of the remaining atoms, which are then
allowed to relax into the examined nanowrinkles.

We create nanowrinkles with values of s ranging from 2.5%
to 20% with increments of 2.5%. According to the amount of
applied strain, @ varies from 46.18 A (s = 20%) to 51.96 A (s =
2.5%). The deformation induced by the strain can be quanti-
fied by a “height parameter” % defined as the difference
between the z-coordinate of the uppermost Mo atom and the
Mo atoms kept fixed in the lateral regions and assumed to be
at 0 A [see Fig. 1a and for a top view Fig. 1b]. When the smal-
lest strain s = 2.5% is applied, the nanostructure remains
almost completely flat and & is equal to 0.1 A, see Fig. 1c.
Under higher strain, actual nanowrinkles are formed, and
ranges from approximately 4 A for s = 5% to 10 A when s =
20%. By plotting 4 as a function of s, the approximately linear
behavior of the height vs. strain of the nanowrinkle is apparent
[see Fig. 1d]. Expectedly, the result obtained for s = 2.5% does
not follow this trend, as the structure is substantially flat.

To better understand the effects of strain on the structural
properties of the nanowrinkles, we compare the distances
between neighboring Mo atoms in the considered systems
with respect to their distance in a pristine MoSe, monolayer,
which is equal to the lattice parameter a, = 3.3 A of its hexag-
onal UC. We visualize the resulting values in Fig. 2 by adopting
a color code to differentiate among compression (negative
strain values, in red), extension (positive strain values, in
blue), and no strain (black). The dots in Fig. 2 are color-coded
according to the z-coordinate of the respective Mo atoms,
ranging from z = 0 A (black) to z = 10 A (light gray). Inspecting
Fig. 2 from bottom to top, we notice that upon the lowest
strain, s = 2.5%, the distances between neighboring Mo atoms
with the same y-coordinate are reduced by 2%-3% compared
to their counterparts in the unstrained, flat monolayer. These
values are not significantly different from 2.5%, which is
expected given the flatness of this particular configuration. At
increasing values of strain, s = 5% and s = 7.5%, we notice a
more significant reduction in the Mo-Mo distances on the
order of 3% around the wings of the nanowrinkle. This aligns
with the observation that significant curvature appears for s =
5%, but not for 2.5%. At the peak, on the other hand, Mo-Mo
separations tend to expand slightly, although this behavior is
hardly visible in the color scale adopted in Fig. 2. In the
nanowrikles with s = 10% and s = 12.5%, the same trends

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06261a

Open Access Article. Published on 13 bezna 2024. Downloaded on 06.02.2026 13:25:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
J e @ @) —
g_ N AVAVA A VAVAYAYA) 3.0
oA /\/\/\l\ \ _\I l_\./_\z 0%)
6 \/\/\I\I IAY; AVAVAYA
31 = - —
o] AYAYAYAViVAVA) II gZE\l'\/
IR ARV AYiViViVAVAVAV.V,VAVAWAWAY L3
— @@ — @== = = L)
g_ WAYAYAYAY.VAYAYAYAY) \l\/\m
2 .:Z: 'O'..\..\... Yy £
\/\/\I\I\ \VAVAVAVLVAiVAVAY) 2
—_ 3 /(3 .-.— - c
°< 0 /\/\/\I\l\ = _\,,_\‘ ‘ l\l\/ 00 é
<L . . . 0 =
g t—o—o ———0—0Le—0— o
> g R AV AVAVAVAVAVAVAYAVAVAYZWAWEY =
| AVAYA g
214 W AYAYAYAYAYAYAYAYAYAYAYAYAVA RG] 3
6 e— o — @l = @ o
3] \VAYA \.I_\.I\I\ A
-15
-3.0

Fig. 2 Map of local strain for all considered nanowrinkles at the varying
values of s reported in the insets. The dots mark the positions of Mo
atoms and are depicted in different shades of grey to indicate the value
of their z coordinate: black means z = 0 A while light gray z = 10 A. The
bars connecting the dots highlight the Mo—-Mo distances and are
colored according to the bar on the side: positive and negative values
indicate increments or reductions with respect to the reference ag =
3.30 Ain a flat and unstrained MoSe, monolayer. The color bar is limited
to 3% from the upper end for better visualization of the systems with s €
7.5%, 10%, 12.5%.

persist: the Mo-Mo distances on the slope further decrease
while those at the peak expand, becoming larger than a,. For s
=15%, we find not only a visible extension of the Mo-Mo sep-
aration at the peak but also an increment of the same quantity
at both bases, exhibiting central reflection symmetry with
respect to the middle of the wrinkle. In the most strained
nanowrinkles (s = 17.5% and s = 20%), there is an alternation
of extension and compression domains of Mo-Mo distances
between the straight and curved parts of the system. This
seems to be a primarily geometrical feature, as the Se atoms at
the inner sides of the curves are more closely packed, giving
rise to stronger mutual repulsion that influences nearby Mo
atoms as well. In the nanowrinkle with s = 20%, some Mo-Mo
separations are almost 9% larger than in the flat and pristine
monolayer.

B. Band structures

In the next step of our analysis, we inspect the band structures
(BS) of the nanowrinkles to understand the impact of local
and global strain, including curvature, on their electronic pro-
perties. It is convenient to unfold these results onto a hexag-
onal representation to enable a direct comparison with the
band structure of pristine MoSe, as well as with its strained

This journal is © The Royal Society of Chemistry 2024
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but flat counterparts, and thus to single out the curvature
effects in the electronic properties of the nanowrinkles. In
Fig. 3, we show the unfolded band structure of the nanowrin-
kle with s = 10% (results obtained for the other systems are
reported in Fig. S4 and S5%). In the supercell, the translational
symmetry of the original UC is broken. Consequently, the
eigenstates that were originally symmetric (up to a phase
factor) under the UC translation operator are now split into
multiple components with different k-vectors. In this represen-
tation, each of such components is displayed by the value of
its spectral function defined in eqn (2). It should be stressed
that the unfolded band structure does not provide a clear
insight into the (in)direct nature of the bandgap. In this
picture, optical transitions are not required to be vertical in
k-space, as a consequence of the reduced translational sym-
metry compared to the orthogonal representation adopted for
calculating the nanowrinkles. In Fig. 3, both the valence-band
maximum (VBM) and the conduction-band minimum (CBm)
are delocalized in k-space. However, the largest spectral
weights are found at the high-symmetry point K, which
coincides with the VBM and CBm also in the flat, unstrained
monolayer in the hexagonal representation (see Fig. S6 and
S77). In the unfolded band structure of the nanowrinkle, the
VBM and CBm are accompanied by a number of replicas with
lower spectral weight due to the loss of the translation sym-
metry of the pristine unit cell (see Fig. S27). In the unoccupied
region, differences in the spectral weight of the lowest bands
at I and K, where the CBm of pristine MoSe, is located, are
less pronounced.

The size of the fundamental gap of MoSe, does not seem to
be significantly affected in the nanowrinkle (1.39 eV) with s =
10% compared to the pristine monolayer, where it amounts to

0.15

0.12

0.09

E—E .. [eV]

0.06

spectral function

0.03

. R 0.00
K I M K
Fig. 3 Unfolded band structure of the nanowrinkle with s = 10% rep-
resented by the spectral function. The white lines indicate the band
structure of the flat and unstrained MoSe, monolayer. The energy scale
is offset with respect to the vacuum level (E, ) set to zero.
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1.36 eV.* Likewise, its position remains at the high-symmetry
point K, see Fig. 3. In the valence region, the band dispersion
between K and I' of the uppermost, SOC-split band that is
visible in the BS of the unstrained sheet (white lines in Fig. 3)
is present also in the nanowrinkle. In addition, in the latter
system, a few flat bands appear along the K-I" path between
—5.4 eV and —5.75 eV; their largest spectral weight appears in
the vicinity of the I' point. These states are related to the
highest valence band of the pristine monolayer which has a
region of low dispersion around the BZ center. Between I and
M, the nanowrinkle, as well as the flat and unstrained mono-
layer, are characterized by dispersive states: in the former, they
appear at higher energies compared to the latter. A major
difference in the electronic structure of these two systems
appears between M and K. In the flat monolayer, a SOC-split
band with a large, positive slope, spans the interval —5.90 to
—5.20 eV. In the nanowrinkle, in the same energy range,
several flat bands are visible in Fig. 3. At lower energies in the
valence region, the bands of unstrained TMDC are again
largely replicated in the BS of the nanowrinkle, similarly as in
the energy range above.

In the conduction region, the highly dispersive state of pris-
tine MoSe, that is present at the band edge is replaced by a
plethora of superimposed bands in the rippled system. The
K-T" as well as the M-K paths are dominated by numerous
replica-like components of the same state, all lying at the same
energy as the CBm. Only between I and M is the minimum in
the BS of the flat monolayer replicated in the nanowrinkle
about 240 meV lower in energy, see Fig. 3. The high-energy
states in the conduction band follow the same pattern: the
highly dispersive bands of the flat monolayer are replicated
partly with slight energy shifts and partly by a large density of
flat bands in the electronic structure of the nanowrinkle.

The peculiar characteristics of the band structure of the
nanowrinkle with s = 10% call for a deeper understanding of
their origin. Existing literature on strained but flat TMDCs
reveals significant variations in the band gaps. For MoSe, with
10% biaxial strain, the gap has been noticed to decrease to 0
eV (tensile strain),*® 0.4 eV and 0.2 eV (tensile and compressive
strain, respectively),®” and 0.15 eV (tensile strain, extrapolated
from the data in ref. 27). In MoS,, a semiconductor-to-metal
transition was observed®® under both compressive (15%) and
tensile (10%) strain. In contrast, the results for the nanowrin-
kle shown in Fig. 3 do not point in the direction of such
drastic changes but rather toward a dense distribution of the
electronic states in the vicinity of the gap, which decreases by
only a few tens of meV compared to the pristine material, as
pointed out above. Similar results, albeit in a slightly different
setup, are consistent with those presented in ref. 63 and 69.
Based on this finding, it is legitimate to speculate that the
present constraint of the local strain to small regions of the
nanowrinkle is responsible for the marginal modification of
the gap despite the large value of strain applied.

To check this hypothesis, we examine the size of the band
gap as a function of the strain s in the considered configur-
ations. The results shown in Fig. 4a indicate a variation of
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Fig. 4 (a) Band gap (Eg,p) vs. strain (s) of the considered MoSe, nanow-

rinkles (orange) and of the flat monolayers under the same amount of
uniaxial strain in their hexagonal UC (blue). (b) Highest-occupied and
lowest-unoccupied band of flat MoSe, under the displayed values of
strain. The deformation of the BZ leads to different distances between
the high-symmetry points in the K-path and hence they are shown sep-
arately for each strain value.

430 meV between the largest value (Ey,, = 1.46 eV) obtained
for the system with s = 5% and the smallest one (Ega, = 1.02
eV) pertaining to the configuration with the largest strain, s =
20%. It is worth noting that the trend is non-monotonic,
especially for low values of s. For s > 10%, the gap size
decreases steadily with increasing strain.

Next, we contrast these results with those obtained for flat
MoSe, sheets in their hexagonal UC subject to the same
amounts of uniaxial strain. In this case, the band-gap shrinks
monotonically at increasing compressive deformation of the
lattice, in agreement with previous findings.**”® In particular,
the system becomes a metal under uniaxial strain above 15%.

We recall that the values reported in Fig. 4a are obtained
from DFT using the PBE functional, which is known to severely
underestimate band gaps. However, this limitation uniformly
manifests itself within similar systems (including the wrinkles
examined in this paper), and as such, the derived trends are
usually trustworthy. Under this disclaimer, the results pre-
sented and discussed in this section should be interpreted
only on a qualitative level.

In Fig. 4b, we visualize the highest valence band and the
lowest conduction band of a strained MoSe, monolayer in its
flat geometry. Our results indicate an upshift of both states.
However, this energy increase is particularly pronounced at the
M-point of the valence band, such that already at moderate

This journal is © The Royal Society of Chemistry 2024
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strain values (s > 2.5%), the gap becomes indirect and is found
between M and K, in agreement with previous findings.%”
Under extreme deformation, the system becomes metallic as
the top of the valence band at M is energetically higher than
the CBM between I and M.

C. Correlation between effective mass and wave-function
localization

The analysis of the electronic properties of the nanowrinkles
in comparison with their flat counterparts reported above has
clarified that deformation plays a vital role in preserving the
semiconducting nature of MoSe, even under amounts of strain
above 10%. The visualization of the band structure in the hex-
agonal UC facilitates the comparison with the pristine material
but is not very practical for the examination of some of the
intrinsic characteristics of the nanowrinkles. In Fig. 5, we
display the band structures of two selected systems with s =
7.5% [Fig. 5(a) and (b)] and s = 12.5% [Fig. 5(c) and (d)] along
the k-path of their native, orthorhombic BZ (see Fig. S27).
Corresponding results computed for all the systems under
study are reported in the ESI, Fig. S37.

From the inspection of these results, we immediately recog-
nize the large number of states close to the gap, which we dis-
cussed extensively in Section 2. The VBM is at I', while the
CBm appears at Y for s = 12.5% [see Fig. 5c]. The energy differ-
ence between the conduction band minima at I" and Y is,

CBm, s=7.5% X S

e

e —— SN S—————  ———

Y T VBM, s=12.5% X S

Fig. 5 Band structure in the orthorhombic BZ for the nanowrinkle with
s = 7.5% [conduction region in (a) and valence region in (b)] and s =
12.5% [conduction region in (c) and valence region in (d)].
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however, of the order of a few meV and does not affect the out-
comes of this discussion. The flatness of the bands along Y-T'
can be rationalized by recalling that this path corresponds to
the direction across the wrinkle in real space. The curvature of
the wrinkle acts as a structural defect in the lattice and
hampers charge carrier mobility. In contrast, along the I'-X
path, valence and conduction bands in both considered
systems exhibit a large dispersion: in real space, this is the
direction along the ridge of the nanowrinkle where we expect
the largest charge mobility.

Correlation between effective mass and mobility under
varying biaxial strain has previously been examined computa-
tionally for MoS,,”* which we expect to qualitatively match the
properties of MoSe,. Results from DFT are often used in con-
junction with the Boltzmann equation or the Drude model to
access transport properties of materials,”>”® for example,
through the explicit evaluation of the current (density) or the
conductivity which can be compared directly to experimental
results. Due to the lack of measurements for the specific
systems considered in this study, we focus the following ana-
lysis only on intrinsic material properties such as the effective
mass. A connection to macroscopic models can be straightfor-
wardly implemented as soon as experimental references
become available.

We evaluate the effective mass associated with the highest-
occupied and lowest-unoccupied states at I', towards the
X-point, which matches the direction along the ridge of the
nanowrinkles in real space. It should be noted that, while
there is a twofold degeneracy of states at I', such a degeneracy
is lifted by SOC away from I, resulting in two different para-
bolic bands from which the effective masses are estimated. In
this analysis, we consider the lower of the paired states. The
results, displayed in Fig. 6, indicate similar trends as a func-
tion of strain for electrons and holes. The effective mass
associated with the VBM at I' remains of the order of 0.6m,
regardless of s. The same holds for the CBm, with minor vari-
ations and except for the first three values of s, where m* is of
the order of 1.0m.. We propose that this sudden change in be-
havior at the CBm stems from an energetic reordering of states

1.241 X X —e— VBM
1.1 CBm
._wl.O X  CBm+2

£0.9
*
€08
0.7
0.6 >0<—)-&>'</0\

25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
s [%]

Fig. 6 Effective masses of the highest valence band (VBM) and the
lowest unoccupied states (CBm) at the I' point.
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in the nanowrinkles with s > 10% and s < 7.5%. This hypoth-
esis is substantiated by examining, for s < 7.5%, the m* values
associated with the second and third lowest states in the con-
duction band at I', labeled in Fig. 6 as “CBm + 1” and “CBm +
27, respectively. The second lowest state for s = 7.5% and the
third lowest state for s < 5% indeed have m* close to 0.6m.
These values of m* ~ 0.6m, are in good agreement with exist-
ing literature for flat, unstrained MoSe,,”*’® showing that
carrier mobility along the ridge of the nanowrinkle is expected
to be similar to that of a pristine MoSe, monolayer. Further
details are reported in the ESI, Fig. S8.1

We deepen our analysis by inspecting the square modulus
|| of the wave-function, averaged in the (y, z)-plane, associ-
ated with the highest valence states and the three lowest con-
duction states at I'. This averaged quantity will be referred to
as the wave-function distribution (WFD) and denoted by
|'¥r-«|*. In the valence region, the density of the highest state is
rather homogeneously distributed along the x-direction for the
system with s = 7.5%, Fig. 7b. In general, for values of s up to
12.5%, electrons are more likely to be found in the high-curva-
ture regions (peak and bases) of the nanowrinkle than in the
rest of the structure. For higher strains (s > 15%), electrons are
almost exclusively localized at the peak (see Fig. S9F).

For the conduction band, we identify three types of WFD
that are relevant for the analysis of the effective mass: deloca-
lized, localized, and semi-localized. Corresponding examples
are shown in Fig. 7a. It can be seen that the indigo-coloured
WEFD, corresponding to the CBm at s = 5%, is relatively evenly
spread throughout the wrinkle and is considered delocalized.
In contrast, the green-colored WFD, at the second lowest state
for s = 7.5%, is localized on the periphery of the nanowrinkle.

a) .-”-. —— CBm, 5% 6
0.08 —— CBm+1,7.5%
_ * .. * —— CBm+2,10%
0'5 0.06 4(2
"X0.04 N
> 2
0.02
0.00 0
0.051 p) —— VBM, 7.5%
on°le —— VBM, 10%
— 0.04 ° ° VBM, 12.5% 6
o
~_ 0.03 L 4=
My L
> e
=0.02 TN }M 2
.. ATy
. \
0 |,
-20 -10 0 10 20

Fig. 7 Normalized wave-function distribution averaged in the (y, z)-
plane of the (a) CBm and (b) VBM at I calculated for selected nanowrin-
kles with s = 7.5%, s = 10%, and s = 12.5%. The z-coordinates of the Mo
atoms in the nanowrinkles are shown for reference by colored dots.
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The purple-colored line, representing the third lowest state
with s = 10% shows some features resembling both the loca-
lized and delocalized WFD and is classified as semi-localized.
The complete results for all the considered WFD are shown in
Fig. $10-S12.1

Based on the behavior of the WFD for the selected states
discussed above, we identify a correlation between the localiz-
ation of the wave-function distribution at I and its corres-
ponding effective mass. More precisely, we introduce a unitless
localization parameter L that provides a quantitative descrip-
tion of whether the wave-function distribution is localized,
semi-localized, or delocalized by taking into account its spatial
extension. L can approximately be thought of as the absolute
difference between the normalized standard deviation of the
WEFD and a similarly normalized measure of the similarity of
its points to their neighborhood. An explicit description of L is
given in the ESI (eqn (S1) and (52)7). A low value of L indicates
high localization and corresponds to states with low effective
mass. The values of both above-mentioned quantities for the 3
lowest unoccupied states at I" at all strains are plotted in Fig. 8.
The distribution of all values of m* along s is displayed in
Fig. S13.F

The results of this analysis have important implications.
Under lower strain values (s < 7.5%), the broad distribution of
the highest valence state overlaps with the lowest conduction
state throughout the entire simulation cell. For s = 10%, the
peaked structure of the WFD associated with the VBM overlaps
well with its CBm counterpart at the bases of the nanowrinkle.
As the strain increases further, the localization of both frontier
states at the peak becomes even stronger, resulting in a very
pronounced overlap within a confined region. This overlap is
represented as a product of the square moduli of the corres-
ponding wave functions and is visualized in Fig. 9. These
characteristics may have implications on the intensity and
spatial distribution of excitons generated in these systems.

_ 081 @ cBm ® 4 20.0
% A CBm+1 ° 17.5
€061 Y CBm+2
e v 15.0
8 v 12.5—
R

.S 0.41 100
E‘}' ¢ 7.5
$02{ 4
§ 5.0

0.0 Yv A | | | 2.5

0.6 0.8 1.0 1.2
m* [me]

Fig. 8 Localization parameter L mapped against the effective mass m*
for the 3 lowest states in the conduction band at I'. States with m* <
0.8m, are densely clustered in the area with low L, while the ones with
higher effective mass are more dispersed, but still clearly correspond to
higher values of L.
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Fig. 9 Product of the WFD at the frontier states, plotted on a logarith-
mic scale. Strong localization at higher values of strain leads to a very
large overlap of the wave functions. The V and C indices denote valence
and conduction bands, respectively.

Future work beyond DFT is required to shed light on these
aspects. However, the findings presented here can be already
used to interpret available experimental data.

IV. Summary and conclusions

In summary, we presented a detailed analysis of the electronic
properties of MoSe, nanowrinkles obtained by applying to the
monolayer increasing values of strain between 2.5% and 20%.
The obtained structures with vertical elevations ranging from
0.1 A to 10.2 A alternate local domains of compressive and
tensile strain coexisting in the same materials when the strain
s exceeds 10%. All the considered nanowrinkles are semi-
conductors and their band gaps are preserved in nature and
magnitude despite the amount of deformation. Variations in
magnitude are up to 94 meV for strains up to 10% and up to
220 meV for s < 15%. Only for the extreme strain values of
17.5% and 20% do the variations reach the values of 350 meV
and 450 meV, respectively. A systematic comparison with flat
MoSe, sheets subject to the same amount of uniaxial strain as
the nanowrinkles reveals that the curvature of the Ilatter
enables the conservation of the above-mentioned character-
istics of the gap. As expected, the flat, strained monolayers
undergo a sizeable decrease of the band gap becoming metal-
lic for extreme deformations above 15%; furthermore, a direct-
to-indirect band-gap transition occurs already for s > 2.5%.

We additionally calculated the effective mass for the fron-
tier states at I and found completely different behaviors in the
valence and conduction region as a function of strain. The
effective mass for both electrons and holes remains of the
order of 0.6m. for all considered nanowrinkles, except for
those with s < 7.5%, where the effective mass of the electrons
is of the order of 1.0m.. Based on the effective mass values at
the second- and third-lowest conduction states at I', we specu-
late that this change of behavior is caused by the reordering of
the bands at s < 7.5% compared to the systems with higher

This journal is © The Royal Society of Chemistry 2024
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strain values. The analysis of the wave-function distribution of
the frontier states provides additional insight. In particular, we
managed to establish and quantify a correlation between the
effective mass values and the localization of the WFD at the
three lowest conduction states. Finally, we inspected the
overlap between the electron and hole probability densities at
the frontier states and expect high optical activity for s >
12.5% at the peak of the wrinkle, due to very strong charge
carrier localization.

Our results offer a microscopic understanding of the elec-
tronic characteristics of TMDC nanowrinkles and of the struc-
ture-property relationships therein. Our findings provide indi-
cations to predict the optical response of these nanostructures,
especially in the context of integrated optics and photonics,
where they are currently pursued as active materials for single
photon emission. Intriguing perspectives emerge also for opto-
electronic and spintronic applications,”” where the possibility
to localize charge carrier on quasi-one-dimensional channels
rather than on quantum-dot-like structures’® appears particu-
larly promising. While the systems simulated in this work are
admittedly smaller than currently nanofabricated samples, the
rationale obtained from our analysis can be scaled up to realis-
tic systems as long as they are dominated by quantum-
mechanical effects. Future work will be dedicated to obtaining
quantitative estimates of relevant quantities such as transport
and optical gaps using more advanced methods than DFT.
Nonetheless, the identified connections between curvature,
local strain domains, and electronic properties represent
invaluable insight that is hardly achievable with any other
methods.
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