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Funneling and spin-orbit coupling in transition metal dichalcogenide nanotubes and wrinkles
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Strain engineering provides a powerful means to tune the properties of two-dimensional materials. Accord-
ingly, numerous studies have investigated the effect of bi- and uniaxial strain. Yet, the strain fields in many
systems such as nanotubes and nanoscale wrinkles are intrinsically inhomogeneous and the consequences of this
symmetry breaking are much less studied. Understanding how this affects the electronic properties is crucial,
especially since wrinkling is a powerful method to apply strain to two-dimensional materials in a controlled
manner. In this paper, we employ density functional theory to understand the correlation between the atomic and
the electronic structure in nanoscale wrinkles and nanotubes of the prototypical transition metal dichalcogenide
WSe2. Our research shows that the symmetry breaking in these structures leads to strong Rashba-like splitting of
the bands at the � point and they thus may be utilized in future tunable spintronic devices. The inhomogeneous
strain reduces the band gap and leads to a localization of the band edges in the highest-curvature region, thus
funneling excitons there. Moreover, we show how wrinkles can be modeled as nanotubes with the same curvature
and when this comparison breaks down and further inhomogeneities have to be taken into account.
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I. INTRODUCTION

Two-dimensional (2D) materials have been the focus of a
myriad of research in the last decade due to their fascinating
properties. After the successful synthesis of graphene [1],
other materials such as hexagonal boron nitride (h-BN) [2],
transition metal dichalcogenides (TMDCs) [3–6], and black
phosphorous [7] joined the class of 2D materials quite quickly.
Many researchers investigated the intriguing properties of this
new class of materials, such as their extraordinary strength
and high deformation before rupture, high mobility, and ease
of property alteration [8–14]. 2D materials have proved to be
useful for many applications, such as nanoelectronics, spin-
tronics, and catalysis [15–18].

Still, researchers are trying to expand the applicability of
these materials by methods such as alloying [19], introduction
of defects [20], creation of van der Waals heterostructures,
or by applying external pressure and fields [21,22]. Another
method offering a reversible and nondestructive route to mod-
ulate the properties of 2D materials is strain engineering
[23–30]. Uniaxial and biaxial strains have been studied ex-
tensively [31,32] and there are standard techniques which can
already be used during the synthesization of 2D materials
[12]. Often the application of in-plane stress will lead to
the formation of wrinkles and there are established methods
to produce these wrinkles [33], which can even be used to
determine the mechanical properties of the layered material
[34–36]. Furthermore, the changes of the electronic struc-
ture in these wrinkles leads to funneling, i.e., a preferential
emission of light from a certain spatial position along the
wrinkle [28,30,37–40]. However, the local strain in such sam-
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ples is far from being homogeneous and the comparison with
calculations of homogeneously strained systems might be
misleading. Understanding this (local) inhomogeneous strain
in 2D materials requires further research due to the vast oppor-
tunities for future applications such as polarized single photon
emitters [41,42] and flexible optoelectronics [23].

In order to understand the influence of the inhomogeneous
strain in 2D systems, one can study idealized model systems
which have a similar strain state, but are easier to control from
an experimental point of view or need less approximations
in the respective theoretical description. Nanotubes (NTs)
are structures where strain fields can play an important role
[43,44] and even though those are not strictly inhomogeneous,
since the strain can be defined by a constant curvature, they
represent such a simple model system which is different from
the uni- or biaxially strained 2D layers and closer to the
wrinkled systems in experiments.

The investigation of the electronic properties of inhomoge-
neously strained materials requires methods such as density
functional theory (DFT) or density functional based tight
binding (DFTB), which can be computationally demanding
for large systems. Fortunately, for NTs, researchers have de-
veloped a method to reduce the size of the curved systems:
cyclic DFT [45–47] employs the helical boundary condition
in nanotubes in order to reduce the cost of the calculation and
this method was successfully used to determine the bending
modulus of various 2D systems. It is important to inves-
tigate the similarities and differences of NTs and wrinkles
because this understanding is crucial, as in larger wrinkles
(or other systems where the variation of strain is due to a
variation of the local curvature) it is computationally im-
possible to entirely model the system. NTs could then be
used to further simplify the calculation by the use of cyclic
DFT.
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The sheer size of inhomogeneously strained structures
causes many theoretical investigations to neglect relativistic
effects beyond scalar-relativistic limits in order to enhance
computational speed. Including spin-orbit coupling (SOC) in
systems with heavy elements (such as TMDCs) is, however,
very important in order to understand the many fascinating
physical effects occurring in 2D materials, such as the Hall
effect at room temperature [48], the Rashba effect [49,50], and
spin-valley coupling [51].

The Rashba effect, i.e., the emergence of spin splitting in
momentum direction [49,52], occurs due to inversion sym-
metry breaking in the presence of SOC. Such splitting was
initially observed in zinc blends, wurtzite, and in systems un-
der an external electric field. Another type of system in which
this splitting is observed is Janus-type 2D materials due to the
resulting internal electric field perpendicular to the structure.
Yet, the internal electric field and the subsequent splitting are
quite small α ≈ O (10 meV Å). Cheng et al. [53] studied such
polar TMDCs (WSSe as an example), proving their stability,
and recommended them to be used for Datta-Das spin field
effect transistors. This behavior can be even more interesting
if the splitting manifests adjustability without the need of an
external electric field. Yao et al. [54] utilized biaxial strain
to manipulate the Rashba splitting in Janus heterostructures
and concluded that the change of orbital overlaps increases the
splitting. Since many symmetries including inversion symme-
try are broken in curved systems such as NTs and wrinkles,
one could also imagine the emergence of similar phenomena
especially since such a curvature-induced SOC has already
been shown for carbon NTs [55,56].

Having mentioned the importance of inhomogeneous strain
in 2D structures, in this paper, we theoretically investigate
WSe2 in the form of NTs and wrinkles. We concentrate on
these systems specifically since we also want to estimate if
and when NTs can be used to model large-scale wrinkles in
order to ease the computational load using helical boundary
conditions. The similarities between NTs and wrinkles are
expounded and strain associated phenomena in the band struc-
tures are described. We explore NTs and wrinkles in a large
range with an ab initio method including SOC effects, which
provides electronic insight about these materials for better
future applications.

II. RESULTS AND DISCUSSION

In the following, we will investigate how inhomogeneous
strain affects wrinkles and NTs of monolayer WSe2—a proto-
typical example of the TMDCs. In order to compare wrinkles
and NTs, the initial wrinkled structure was created with a
circular profile as shown in Fig. 1, with a wavelength to ampli-
tude ratio of λ/A = 4 and using NTs as input. We will discuss
the deformation energy and changes in the band dispersion
and we will explain the origin of funneling in nanoscale
wrinkles as well as a Rashba-like splitting that occurs in
curved TMDC structures. We will further explain in detail the
similarities of the electronic structure of NTs and wrinkles.

A. Deformation energy/band gaps

The relaxation of the initial structure is very different for
NTs and wrinkles. While the former only change the diameter
[cf. Figs. 1(b) and 1(c)], the latter relax into structures which

FIG. 1. WSe2 structures investigated in this study. (a),(b) Nan-
otube 3D and side view; (d),(e) wrinkle 3D and side view (periodic
boundary condition on back and front); (c),(f) side view of the re-
laxed nanotube and wrinkle, respectively. The structural parameters
such as the nanotube diameter “d” and the amplitude or wavelength
of the wrinkle, “A” or λ, are indicated in (b) and (e). Wrinkles
with an initially elliptical profile (λ = 4A) relax into a structure with
smoother areas between peaks and valleys.

no longer resemble the initial nanotubelike profile [Figs. 1(e)
and 1(f)], especially in the region close to the middle plane
of the unit cell (inflection point). In this region, the wrinkled
structure resembles a flat monolayer and is thus under less
local strain in comparison to the corresponding nanotube.
However, the peak of the wrinkles deforms stronger, leading
to areas with higher curvature. The curvature in NTs, on
the other hand, is constant since they always remain circular
[Fig. 1(c)]. In order to allow for a better comparison between
NTs and wrinkles, we will introduce two measures—the aver-
age and the minimum radius of curvature, Rave and Rmin—by
fitting a spline to the positions of the tungsten atoms and
calculating its curvature. The comparison of the deformation
energies Edef as a function of the average radius of curvature
in Fig. 2 shows that there is a small difference between NTs
and wrinkles for the smaller systems (i.e., with larger average
curvature), while the difference between armchair and zigzag
is negligible. The deformation energy Edef has been calculated
as follows:

Edef = Esys

Nu.c.
− Emono, (1)

where Esys is the energy of the wrinkle/nanotube, Nu.c. is the
number of formula units, and Emono is the energy of the flat
monolayer. This indicates that the local relaxation at the in-
flection point of the wrinkles and the corresponding increasing
curvature at the maxima can be understood as a redistribution
of the strain which leads to a total energy gain. Figure 2
furthermore shows that this energy gain (per formula unit)
becomes very small for Rave � 25 Å.
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FIG. 2. Variation of the deformation energy with increasing av-
erage radius of curvature, Rave, i.e., with increasing wavelength and
diameter for wrinkles and nanotubes, respectively.

Interestingly, the profile of the relaxed wrinkles differs
from the sinusoidal wave which is assumed in continuum me-
chanics and which follows from the harmonic approximation.
The deviation from the sinusoidal shape is more prominent
for shorter wavelengths and vanishes for wrinkles with larger
wavelength, which are more similar to monolayers. In fact, the
long-range behavior is expected and can already be predicted
by analyzing the average curvature of differently wrinkled
curves (see the “Curvature analysis” section in the Supple-
mental Material (SM) for more details [57]). In brief, for
λ/A � 3.5, the profile tends to be sinusoidal, while for smaller
λ/A, an elliptical or circular profile is preferred. This deviation
from the harmonic solution is important for analyzing the
strain fields using electron microscopy images for which one
requires an assumption about the shape of the wrinkle (cf.
Refs. [58,59]). Our structures with λ ≈ 4A after relaxation
are, in fact, better fitted by two sine functions, with one having
an almost three times larger wavelength.

Such wrinkle profiles, having periodically wrinkled ar-
eas with peaks and valleys, have already been observed in
wrinkling experiments on polymeric substrate [22,35]. Yet, in
other wrinkling experiments [60], single wrinkles with only
peaks connected with areas of lower strain have been found.
In order to keep the discussions in this paper general, we
focus on fully relaxed wrinkles which correspond to the ex-
pected relaxed freestanding wrinkle profile. The investigation
of substrate-induced effects is an interesting topic which is,
however, beyond the current investigation.

The relaxation in the wrinkles leads to differences in the
electronic structure compared to the nanotubelike structures
used for the initial geometry. Yet, the comparison of the
band dispersion for NTs and wrinkles with approximately
the same average curvature (especially for large wavelength
or diameter) also reveals similarities, especially for the con-
duction and valence bands (CB and VB). Figure 3 shows the
band structures for a (24,24) nanotube (d = 44 Å) and the
corresponding wrinkle (λ = 88 Å). Both the valence-band
maximum (VBM) and conduction-band minimum (CBM)
show large contributions from tungsten atoms (cf. Fig. S3 in

FIG. 3. Comparison of the band structures for the (24,24) nan-
otube and the corresponding wrinkle. The smallest direct band gap
is the high-symmetry K point of the monolayer which is mapped
to the � − X line (cf. element-projected band structures in the SM
[57], Fig. S3, and the “Brillouin zone of wrinkles/nanotubes and spin
texture” section).

the SM [57] for the monolayer in the rectangular unit cell),
indicating that those are the high-symmetry K points of the
primitive unit cell which are mapped to the � − X line (more
details about the backfolding can be found in the SM [57],
“Brillouin zone of wrinkles/NTs and spin texture” section).
Not only is the global band gap Egap comparable for this
specific example, but also the dispersion of the first few VBs
and CBs and, accordingly, the derived physical quantities such
as mobility and conductivity. This is a promising outcome as
it suggests that for global variables of large-scale wrinkles,
a similar nanotube can be used to reduce the computational
cost. In Fig. 4, we compare the direct band gap as a function
of the average curvature for all investigated systems.

The global direct band gap of most wrinkles is slightly
smaller than those of the NTs with similar average curvature
and, in both systems, the band gap approaches the value of
the monolayer, Eml

gap ≈ 1.34 eV, for small average curvature,

FIG. 4. Variation of the global direct band gap Egap due to the
strain field formed in wrinkles and nanotubes of WSe2. The dash-
dotted line indicates the direct band gap of the flat monolayer.
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i.e., large radius of curvature—please note that the calculated
band gap for the monolayer can vary depending on the settings
[61]. Thus, NTs can possibly be used to model the global
band gap changes in large wrinkles (or similar systems under
inhomogeneous strain) if the average curvature of the wrin-
kles is taken into account. It is worthwhile to reemphasize
that the ab initio modeling of inhomogeneous strain in wrin-
kles is computationally very demanding due to the symmetry
breaking, the presence of many heavy atoms, and spin-orbit
coupling, and that this similarity can be utilized to simplify
the theoretical modeling. One can then subsequently utilize
helical boundary conditions to further reduce the computa-
tional cost. However, there are also some differences for the
bands close to the VBM/CBM—in wrinkles, we find more
bands with similar dispersion but small differences in the
maximum/minimum energy and this can explain the funnel-
ing found in wrinkled systems, as explained in the following.

B. Funneling

Funneling is the phenomenon of absorption and emission
of light from different spatial positions along the wrinkle.
The directional guiding of the excitons can be achieved by
a spatial modification of, e.g., the dielectric screening [62]
or the band gap of the material due to external strain [37].
This phenomenon attracted the attention of numerous scien-
tists and was subject to much research [28,30,37–39,63]. It
has, for example, been shown that the photovoltaic behav-
ior of 2D materials [64] and light-emitting diodes [65] can
significantly be enhanced. Furthermore, it was proposed that
highly directional exciton transport promises not only com-
pelling advantages for exciton-based applications, but could
also be interesting to reach truly 1D regimes to study the
quantum transport phenomena of correlated many-body states
[63]. From the experimental point of view, photoluminescence
microscopy is routinely used to study these systems, although
it can be quite challenging at the nanoscale [38]; other tech-
niques such as time-resolved transient absorption microscopy
[66] are possible too, but also need additional input from
theory to interpret the results. However, in conjunction with
theoretical estimates of the band structure changes due to ex-
ternal strain [38,67,68] or different stacking regions [67,69],
a quantitative description of experimentally observed shifts of
excitonic peaks is possible.

In order to understand the difference between all the bands
close to the VBM and CBM and relate this to experimental
observations, we projected the band structure on different
atoms along the wrinkle. Figure 5 shows that the VBM is
spread all over the wrinkle, while the VB-1 and VB-2 (the
two bands below the VB) close to the VBM are more localized
in the straight and the curved region, respectively. The CBM,
on the other hand, is localized at the top of the wrinkle in the
regions with large local strain, while the higher CB also shows
contributions from the straight regions. Since the different
minima of the CBs have a larger difference in energy than
the VBs, the lowest band gap is found in the regions with
large local curvature. Figures S14a and S14b in the SM [57]
show the variation of the local density of states (LDOS) along
the (24,24) wrinkle close to VBM and CBM, respectively,
and confirm that the energy levels close to the band gap are

FIG. 5. Contribution of curved and straight sections of the
(24,24) wrinkle to its band structure; the smallest local band gaps
from each region are also indicated by arrows. The inset depicts the
region division.

more localized close to the peaks and valleys of the wrinkle.
Yet, since the band extrema also have small differences in the
momentum direction which complicate the situation, further
studies using, e.g., the Bethe-Salpeter equation to describe
the excitonic states are needed, which are—at the moment—
however, only possible for the smallest systems of our study
[40]. Nevertheless, as shown previously, the changes of the
local band gap give a very good estimate of the shifts of the
excitonic peaks [38,67,68].

Another important effect which will influence the dynam-
ics of excitons is the internal electric fields, which are induced
by the curvature [70]. In order to estimate the local electric
field which results from the local curvature, we use the dipoles
as calculated with the Hirshfeld partitioning scheme [71].
Figure 6 shows the magnitude and direction of the tungsten
dipoles for the (24,24) wrinkle. One can clearly see that the
dipoles at the peaks and valleys of the wrinkle are larger—
due to this inhomogeneity, there will be an effective electric
field which could be another force driving the excitons to the

FIG. 6. Magnitude of the Hirshfeld dipole vectors [71] of the
tungsten atoms along the (24,24) wrinkle. In order to better visualize
the position along the wrinkle, the magnitude has the same sign as
the z component, μz. The inset sketches the rotation of the dipole
vectors along the wrinkle (black balls are the W positions).
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FIG. 7. Band structure of the (11,11) wrinkle (left) and nanotube (right). The Rashba-like splitting in the momentum direction is clearly
visible for the VB in the vicinity of the � point and is—for this system with a small λ/A ratio—even above the former VBM at the K point.

regions with higher curvature. This inhomogeneity can also be
seen in the contour plot of the total electrostatic potential; see
Fig. S13 in the SM [57]. Yet, in experiments, the screening
by a substrate might be important as well and we will leave
this fascinating topic for future work since this is beyond the
current investigation.

Most interestingly, the internal electric field due to the
dipoles leads to a Rashba-like SOC splitting, as can be seen in
Fig. 3 and in Fig. S15 in the SM [57] for the CB states crossing
at the � point.

C. SOC splitting

The splitting of the bands close to the � point resembles
the Rashba spin-orbit splitting found in quantum wells or
Janus-type TMDCs [72,73]. By comparing band structures
with and without SOC (shown in the SM [57], Fig. S16), we
can directly see the effect of SOC on the band dispersion.
We observed this Rashba-like splitting (i.e., splitting of the
band energies in momentum direction [49]) in all investigated
systems and furthermore found in very small NTs an apparent
avoided crossing of the SOC-split states, which might be
either due to the interaction between atoms of opposite sides
or an artifact due to possible strain-induced changes of the
hexagonal symmetry (cf. Fig. 7 and Fig. S7 in the SM [57]).

The Rashba splitting in nanoscale wrinkles and NTs occurs
due to the symmetry breaking caused by the inhomogeneous
strain field and the resulting electric dipoles perpendicular to
the wrinkle and nanotube. Hence, in the presence of spin-orbit
coupling, two degenerate spin bands split into two separate
bands in the momentum direction. These SOC-split states are
mainly localized at the top (i.e., highest curvature part) of the
wrinkle (cf. Fig. 5).

Figure 7 depicts the band structure of the armchair (11,11)
wrinkle and nanotube, also highlighting the changes with
increasing curvature if compared to Fig. 3—the splitting not
only increases in the momentum direction, but the Rashba-
split states also move up in energy such that they eventually
become the VBM (see, also, Figs. S17–S20 in the SM [57]).
One main difference of the wrinkle with respect to the nan-
otube is the larger splitting between the uppermost VBs and
the lower bands, which might be due to the higher curvature at

the top of the wrinkles and the more diverse local strain state
in the wrinkles.

Another important difference can be found in the spin
texture of the highest valence bands and lowest conduction
bands, as shown in the “Brillouin zone of wrinkles/NTs and
spin texture” section in the SM [57]. While the NTs always
show twofold degenerate bands coming from the K and K′
point of the 2D material, the degeneracy is slightly lifted
in the wrinkle, probably due to the different strain states
along one period of the wrinkle. In fact, a slight asymmetry
is also visible in the contour plot of the total electrostatic
potential shown in Fig. S9 of the SM [57]. This also leads
to a different spin texture (compared to the NT) in which the
VB of the wrinkle does not automatically have the opposite
spin expectation value of the band just below (VB-1). The
largest contribution of 〈σi〉 for the Rashba-split states close
to � is always coming from 〈σy〉 and 〈σz〉, i.e., the directions
perpendicular to k. Furthermore, Figs. S5 and S7 in the SM
[57] show that for the wrinkle, the lowest CB has the opposite
spin polarization of the VB at the K point (the extrema closer
to the X point); the inhomogeneous strain is not large enough
to change the pattern, which is also observed in the monolayer
[74].

Figure 8 depicts the expectation value 〈σz〉 for the four
highest valence bands of the (11,11) wrinkle. Note that close
to �, only two bands are visible since the bands are doubly
degenerate due to the folding to the 1D Brillouin zone. We
thus show the average expectation value of the two degenerate
states, (〈σz〉1 + 〈σz〉2)/2. The expectation values 〈σx〉 and 〈σy〉
are either zero or the two degenerate states have opposite
signs. A complete discussion about the individual spin states
can be found in the SM [57], Figs. S5–S8.

In order to examine the strength of the Rashba-like
splitting, the Rashba coupling parameter [75] αR has been
calculated for the armchair systems using

αR = 2ER

kR
, (2)

where ER and kR are the Rashba energy and the shift of
the bands in the momentum direction, respectively. Unfortu-
nately, the different back folding of the bands in the zigzag
structures leads to the primitive unit cell’s K point being
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FIG. 8. The expectation value 〈σz〉 for the (11,11) wrinkle is
shown by the colored dots for the four highest valence bands. Note
that only two bands are visible since the bands are doubly degenerate
due to the folding to the 1D Brillouin zone.

mapped to �, thus obscuring the SOC-split states. This pre-
vents an easy and correct fitting of the Rashba model to the
band structure, even if the band structures in the SM [57]
clearly show the same splitting.

The Rashba coupling parameter shown in Fig. 9 decreases
as the wrinkle wavelength or nanotube diameter increases.
This trend can be explained by the decreasing strain differ-
ence between the outer and the inner chalcogen layer and
the corresponding smaller induced electric field. It is also
evident that the band gap and band dispersion of large NTs and
wrinkles are converging to the corresponding flat monolayer
(cf. Figs. S3 and S19 in the SM [57]). Furthermore, the Rashba
coupling parameter is only comparable between wrinkles and
NTs if it is shown with respect to the minimum radius of
curvature, Rmin, i.e., the highest curvature. This is once more
due to the wrinkles having higher curvature at their peaks. The
Rashba coupling parameter in our structures is relatively high
and almost half the size of elemental surfaces [76], and one
order of magnitude larger than in Janus-type TMDCs [53,77].

FIG. 9. The Rashba coupling parameter in armchair WSe2 nan-
otubes and wrinkles. The splitting reduces as the Rmin increases, i.e.,
as the local strain due to the curvature decreases.

Furthermore, the coupling parameter in wrinkles/NTs with
small Rmin can also be comparable to the one found in het-
erostructures, including BiSb [78], even if one probably needs
to include higher-order terms to properly describe the large
splitting [79]. It should be noted that the largest splittings
are those that are easiest to reach experimentally since the
bands move above the monolayer VBM at K . This is also a
possibility for tuning the electronic structure and the SOC-
induced splitting for the application in spintronic devices:
using (mono)layers of TMDCs deposited on elastic substrates
which can be used to induce different wrinkle morphologies
as shown in, e.g., Refs. [80,81].

It should be noted, however, that the exact shape of the
wrinkle can be different from our research, e.g., due to sub-
strate effects; the conclusions in the above sections still hold
as they are due to strain effects and the subsequent symmetry
breaking. Yet, slight quantitative differences are expected and
require further investigation. We expect that nanotubes can
still be used to model the curvature effects in wrinkled systems
and that the variation of the local band gap leads to exciton
funneling. Furthermore, the interaction with substrates and
additional external fields might lead to even higher Rashba-
like splittings.

III. CONCLUSION

We investigated NTs and 2D wrinkles of WSe2 theoret-
ically and analyzed the influence of the induced inhomoge-
neous strain on their electronic properties, but the following
conclusions should generally apply to all TMDCs. We found
that the inhomogeneous strain causes symmetry breaking in
these structures, which leads to a Rashba-like splitting of the
valence band at �. Therefore, these structures—particularly
the smaller wavelengths—could be promising candidates for
spintronic applications. In fact, spin-polarized scanning tun-
neling microscope (STM) using an additional graphene layer
as an electrode [82,83] should be able to measure the Rashba-
like splitting of the VBM. We believe that this is a general
feature of wrinkled 2D TMDCs due to the nonuniform strain
and our study will thus pave the way for the employment of
a wide range of materials in spintronic devices. This bears
witness to the important role of SOC in the physics of 2D
TMDC nanoscale wrinkles and NTs. Moreover, wrinkling
should be regarded as a method to introduce out-of-plane
dipoles in the 2D system which might be useful in other con-
texts. Investigations of bilayers and heterostructures made of
dichalcogenides could even result in the appearance of more
fascinating phenomena.

Furthermore, nanoscale TMDC wrinkles do not follow a
sine wave profile as suggested by continuum mechanics and
which has been widely utilized in strain analysis. The profiles
in our study are basically composed of a superposition of two
sine waves. Thus, the curvature varies more smoothly in the
profile’s maxima and minima. This suggests that the classical
formulation of such structures conceals important physical
properties and so conclusions based upon it might be mislead-
ing, e.g., in the calculation of strain fields from the surface
topology in nanoscale wrinkles. Moreover, we attribute the
funneling of excitons to the localization of states in different
spatial locations due to the presence of the inhomogeneous
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strain. Yet, more advanced calculations are needed to evaluate
the influence of, e.g., the induced dipoles or substrate, and
an additional investigation of the wrinkled samples via STM
[82,83] could furthermore help one to better understand the
band alignment.

Additionally, we demonstrated that NTs can be used to
approximate the wrinkles for a reduction of computational
costs. Nonetheless, one needs to take care of the differences
that exist.

IV. METHODS

NTs and wrinkles of a monolayer of WSe2 having two
edge types, i.e., armchair and zigzag, were investigated us-
ing an all-electron method based on DFT as implemented in
FHI-AIMS code [84]. We utilized the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [85] together with the
Tkatchenko-Scheffler dispersion correction [86] and the non-
self-consistent SOC implementation [87]. Additionally, no
symmetry was imposed on any of the structures in these
calculations. In order to compare wrinkles and NTs, the initial
wrinkled structure was created with an elliptical profile, as
shown in Fig. 1, with a wavelength to amplitude ratio of
λ/A = 4 and using NTs as input. The unit cell was fixed
only in the direction of the wrinkles with λ to retain the
compression. All structures have been relaxed utilizing the

Broyden-Fletcher-Godfarb-Shanno method to reach forces
below 1 meV/Å. Subsequently, the Mulliken projected band
structures with and without spin-orbit coupling were calcu-
lated. NTs are labeled with the rolling vector (m,n), and for
wrinkles, a similar notation is used such that the (m,n) wrinkle
is similar to the (m,n) nanotube.

The geometries as well as the band structures for all sys-
tems which have been investigated within this work were
uploaded to the NOMAD repository; see Ref. [88].
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