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Abstract

Two-dimensional (2D) transition metal dichalcogenide (TMD) materials have versatile electronic
and optical properties. TMD nanoribbons exhibit interesting properties due to reduced dimension-
ality, quantum confinement, and edge states, which make them suitable for various electronic and
optoelectronic applications. In a previous work conducted by our group, we demonstrated that
the edge bands evolved with bending can tune the optical properties for various widths of TMD
nanoribbons. Defects are commonly present in 2D TMD materials, and can dramatically change
the material properties. In this following work, we investigate the interaction between the edge and
the defect states in tungsten disulfide (WSz) nanoribbons with line defects under different bend-
ing conditions, using density functional theory (DFT). To gain understanding about the limits of
density functional approximations, we compare results on band gaps and energies of defect states
with quasiparticle GW. We reveal interesting semiconductor-metal phase transitions, suggesting
potential applications in nano-electronics or molecular electronics. We also calculate the optical
absorption of the bent and defective nanoribbons with the many-body GW-BSE (Bethe-Salpeter
equation) approach, revealing a tunable optical spectrum and diverse exciton states in the defective

WS, nanoribbons.



I. INTRODUCTION

Condensed matter physics'™ has undergone significant advancements since the discovery
of single-layer graphene in 20048, with the emergence of a new area of theoretical and ex-
perimental study focused on two-dimensional (2D) materials?“#. This research has revealed

novel physical properties in 2D materials, and has driven the search for new 2D semi-
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conducting materials, leading to breakthroughs in nanoelectronics , sensing~** energy
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storage , energy conversion , photonics , optoelectronics!*, magnetoresistance®®,
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and valleytronics#*=®. However, like any other materials, defects are inevitable in 2D ma-
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terials, and their presence can significantly affect their properties . Structural defects,

such as vacancies, dislocations, and grain boundaries, can alter their electronic and mechan-
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ical properties . Thus, understanding the role of defects in 2D materials is crucial for

optimizing their properties and developing new applications.

Among 2D materials, recent experiments have shown promising breakthroughs in mono-
layer transition metal dichalcogenides (TMDs)**4,  Monolayer tungsten disulfide (WS,)
emits strong photoluminescence (PL) with a high quantum yield**43 making it a promising

18448489 However, the lack of true ohmic contact be-

material for 2D optoelectronic devices
tween the 2D semiconductor and metallic electrodes remains a significant hurdle for device
design and fabrication, due to the issue of Schottky contact. Recent research has proposed
the use of heterophase homojunctions, which involve co-existing semiconducting and metal-
lic phases built from the same 2D layered materials, as a solution to this problem. Such
homojunctions have been shown to enable nearly perfect ohmic connections between semi-

conducting 2D layers and electrodes by introducing conducting phase patches or regions

through locally induced defects and/or strains via laser beam™® or ion beam*” irradiations.

Moreover, recent studies have highlighted the crucial role played by defects in the exciton
dynamics of monolayer TMDs. Zhou et al*® and Attaccalite et al*® have demonstrated the
intricate interplay between defects, electronic structure, and optical properties in TMDs.
Their findings have provided novel insights into the mechanisms governing exciton genera-
tion, recombination, and transport in TMDs. They have shown that defects can significantly
affect the exciton lifetime, the radiative and non-radiative decay rates, and the exciton dif-
fusion length in TMDs. These results have important implications for the development of

TMD-based optoelectronic devices and suggest new avenues for future research in this field.



Nanoribbons, which are quasi-one-dimensional structures with more spatial confinement
effects and rich edge states than their 2D counterparts, offer promising potential for designing
nanoscale devices”*®?, By applying uniaxial strains or bending, one can create local strains
on the nanoribbons and effectively modify the edge states and band structures, leading to

2324 Tn our previous work®, we have found

controllable electronic and optical properties
that the incorporation of bending and doping in WSy, WSey, and W'Te, nanoribbons can
lead to enhanced spin-orbit coupling (SOC) effects and controlled magnetism. This results in
spatially varying spin polarization, which has a significant impact on the spin configuration

of exciton states.

The focus of this work is two-fold: (1) investigating the potential of armchair WS,
nanoribbons with line defects under different bending radii as a means to realize the
semiconductor-metal phase connection in WS, homojunctions, (2) understanding the optical
response of bent nanoribbons with defects. Meanwhile we are assessing advanced density

functional approximations for the electronic structure including defect states.

We examine the correlation between defect and edge states for armchair WSy nanorib-
bons with defects under various bending curvatures using the Perdew-Burke-Ernzerhof
(PBE)*®, r2SCAN meta-GGA”?, the modified TASK (mTASK)*® functional approximations,
the higher-level screened hybrid functional HSE06°? and the GW method® ™3 We also in-
vestigate optical absorption and excitonic states using the many-body perturbation GW
and BSE (Bethe-Salpeter equation) methods. We confirm that the appropriate choice of the
defect sites can induce magnetic properties on the WS, nanoribbons. Our findings suggest
that defects in WS, nanoribbons are crucial for inducing magnetic properties. Specifically,
we have observed that the appropriate choice of defect sites can result in net magnetization.
In contrast, our previous work showed that net magnetization could be achieved only with
electron or hole doping in pristine WS, nanoribbons®®. Therefore, we conclude that defects
play a significant role in the magnetic behavior of WSy nanoribbons. Our results show that a
semiconductor-metal phase transition in WS, nanoribbons can be driven by line defects un-
der various bending curvatures with the appropriate choice of the defect site. These results
broaden the device design strategies for WS, homojunctions, and have potential applica-
tions in phase-change electrical devices. Our work demonstrates that the optical absorption
in A13WS, nanoribbons is robust against central sulfur defects, while the spatial extension

of excitons can be controlled through bending. Furthermore, intrinsic exciton lifetimes can



be modi ed and controlled through defect introduction and bending, which has important

implications for exciton-based quantum controls and probing exciton dynamics.

II. COMPUTATIONAL DETAILS

Density functional theory (DFT)®#®> calculations were performed using the Vienna Ab
initio Software Package (VASP%® with projector augmented-wave pseudopotentia5®®. In
order to avoid the interactions between the nanoribbon and its periodic images, a vacuum
layer of more than 12A is added along the direction of nanoribbon's width and inserted
along the direction perpendicular to the 2D surface of the nanoribbon. The energy cuto is
580 eV. The k-point mesh of 10 1 O 24 was used for all nanoribbons. The pre-relaxed WS
monolayer, which was relaxed with Perdew-Burke-Ernzerhof (PBE) functiori&, with the
in-plane lattice constants of a = b = 3.321A was used to build the nanoribbons. Then a full
structural relaxation for all the nanoribbons was done with PBE with all forces less than
0.01 eV/A. During the relaxation, the x and y coordinates of the two outermost metal atoms
on the two edge sides were xed, while their coordinates along the ribbon axis direction (z
direction) and all the coordinates of other atoms were allowed to relax. The supercell vectors
a and b along the x and y axes were also xed.

The GoW Y3 and GoW+BSE®HE calculations were carried out using BerkeleyGW
code€” by pairing with Quantum ESPRESSCG®. The wavefunction energy cuto is 70 Ry
( 950 eV). The energy cuto for the epsilon matrix is 18 Ry ( 240 eV). The k-point mesh
of 1 O 1 O 42 and both valence and conduction bands of 8 were set for optical absorption
calculations. The band number for summation is 1100. The correction of the exact static

remainder and the wire Coulomb truncation for 1D systems were also used.

[1l. RESULTS AND DISCUSSIONS
A. Defect-induced phase transition

The nanoribbon with armchair edges is cut from a WSmonolayer of the 2H phase, in
which the tungsten (W) and chalcogen sulphur (S) atoms form a trigonal prism, as illustrated
in Figures 1a-c. The edge atoms are passivated with hydrogen (H) atoms. The vacuum layer

is aligned along the y axis, the width directions are along the x axis, and the periodic (or
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ribbon length) direction of the nanoribbons is along the z axis. The supercell vectors a, b,
and c are aligned with the x, y, and z axes, respectively. As illustrated in Figure la, we
employ AnWS; to refer to the WS, nanoribbons, where n denotes the number of W atoms
in the supercell, and n=13 indicates 13 W atoms of the nanoribbon without defects in the
supercell. Figure 1b and 1c depict the relaxed structures of A13W%®ith W and S defects
under various bending curvature radii R, respectively. The calculated band structures of the
at and bent A13WS, nanoribbons without defects and with S and W defects using PBE
functional®® are shown in Figure 2a-i. Here, S defect in the nanoribbon refers to the A13WS
nanoribbon with a line of sulfur vacancies that is created by removing the central S atom in
the lower S atom layer in the supercell and hence forming a S vacancy line parallel to the
nanoribbon's length direction. The W vacancy refers to the line of tungsten vacancies that

is created in a similar manner as sulfur vacancies.

The fundamental band gap of the W$ nanoribbon is indirect or direct, depending on
the density functional approximation or the choice of bending curvatures and defects in the
nanoribbons. By de nition it is the di erence between the valence band maximum (VBM)
and conduction band minimum (CBM) (Table I). The edge band gap (EG), specic to
nanoribbons as quasi-one-dimensional systems, is de ned as the di erence between CBM
and VBM of these localized in-gap states, while the non-edge band gap (NEG) is de ned as
the di erence between the bottom of the conduction band continuum (CBC) and the top
of the valence band continuum (VBC), both at the point, (Figure 2e). In addition to the
edge bands near the Fermi level as in-gap states, there are four defect-induced bands above
the upper edge bands in the conduction band region, clearly seen in the Figures 2d, 2e, and
2f. The defect gap (DG) at is de ned as the di erence between the minimum of the upper
defect bands at and the maximum of the lower defect bands at as shown in Figure 2e.
Here we report a similar variation in the NEG and EG of the pristine A13Wg&nanoribbons
with bending curvature as discussed recently by Tangt al.>® for AL3WSe. In case of S
defect, the conduction defect bands move close to the edge bands with increasing bending
curvatures. For the largest bending curvature = 0.142/A (R =7 A), the lower defect
bands merge into the upper edge bands. We nd a semiconducting behavior in the pristine
and S-defective A13W$g nanoribbons with various bending radii. In contrast, the A13W$g
nanoribbons with central W vacancy exhibit metallic nature. Inspired by the potential of

defects in semiconductor-metal phase change in Al13¥8anoribbons, we have extented
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our study to relatively smaller and larger sized (A7Wg and A25WS) nanoribbons with

di erent bending curvatures. We show that a very controlled semiconductor-metal phase
transition can be achieved in AnW$ (n = 7, 13, 25) nanoribbons with the combination of
bending and defects as displayed in Figure 3. This can be proposed as an alternative way to
realize a heterophase homojunction that shows ohmic contact in TMDs transistors via laser
irradiation4®. This nding in WS, nanoribbons has the potential to impact various elds
and create new opportunities for technological advancement.

The density of states (DOS) analysis for A13WsSwithout defect, with S and W defects
is shown in the top, middle and bottom panels of Figure 4, respectively. The total four
W atoms located at the edges, two W atoms at each edge, are counted as the edge W
atoms. The three W atoms near the position of the S defect and four W atoms near the
position of W defect of the nanoribbon are counted as the near defect W atoms, as shown in
Supplemental Information (SI) Figure S1. In the pristine nanoribbons, the edge W atoms
dominate the DOS around the Fermi level, as shown in the top panels of Figure 4, and the
edge bands show up in the range of 0-0.5 and -0.5-0 eV. Similar to the ndings for A13WSe
by Tang et al.®>®, the W atoms close to the mid-ribbon area contribute more to the top of
the valence band (approximately -0.5 to 0 eV) with increasing bending curvature.

In the nanoribbons with S defect, the edge W atoms again dominate the DOS around
the Fermi level, as shown in the middle panels of Figure 4. In the at nanoribbon, the near
defect W atoms dominate the DOS at about 0.5 to 1 eV from the conduction bands. Those
bands corresponding to the DOS at about -0.5 to -1 eV is contributed by all W atoms.

In the nanoribbons with W defect, the DOS analysis shows that the bands crossing the
Fermi level mainly consist of the edge W atoms and near defect W atoms in at and bent
(R =12 A) nanoribbons, while mainly contributed by near defect W atoms in bent (R =7
A) nanoribbon, as shown in the bottom panels of Figure 4.

In our previous work, we demonstrate that only doping induces net magnetization. Dop-
ing makes our nanoribbons electrically charged, but the nanoribbons remain still electrically
neutral with S line defects. Doping can introduce magnetic impurities into the material,
which can lead to the formation of local magnetic moments and induce net magnetization.
For example, doping a TMDs nanoribbon with transition metal impurities can introduce lo-
cal magnetic moments that contribute to the overall magnetization of the material. Defects,

on the other hand, can induce net magnetization through the modi cation of the electronic
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structure of the material. For example, defects can introduce localized states within the
band gap of the material, which can lead to the formation of magnetic polarons or the lo-
calization of magnetic moments in the vicinity of the defects. Such magnetic moments are
great testbeds for density functional approximations. We investigate the magnetization of
pristine and defective A13W$ nanoribbons under three di erent bending curvatures: at,

R =12 A, and R = 7 A. Our results, presented in Table Il using the PBE functional,
indicate that the pristine and S-defective nanoribbons have either no net or negligible mag-
netization, which is consistent with the results of our previous woPR. However, we observe
a net magnetization in the nanoribbons in the presence of a W vacancy. Speci cally, we
nd that for the at nanoribbon, there is net magnetization along the Y-axis only, which

is perpendicular to the plane of the nanoribbon. However, when we bend the nanoribbon
along its width direction (X-axis), we observe a net magnetization along the ribbon's width
direction as well. This suggests that bending can have a signi cant impact and controlling
power on the magnetic properties of defective A13WS$ianoribbons.

For the pristine A13WS, nanoribbons the site resolved SOC energy on each W atom
shows a similar pattern as it was found by Tang et &, as shown in Figure S3. The
detailed analysis for the site resolved SOC energy on each W atom for defective A13WS
nanoribbons is presented in the SI.

Next, we analyze the fundamental band gaps and defect levels with semilocal density
functional approximations, and compare the energy levels to the ones of higher-level hybrid
functional HSE06 and one-shot GW. We present the band gaps between VBM and CBM for
the pristine A13WS, nanoribbons with various bending radii and with central S vacancy in
Table I.

Meta-generalized gradient approximations (meta-GGAs) of the third-rung of Jacob's
ladder’® such as SCAN, fSCAN in the generalized Kohn-Sham (gKS) approximatiof
are known to slightly open band gaps compared to PBE-GGA’™. The r’SCAN results in
larger band gaps in A13W$ nanoribbons than PBE. The TASK and mTASK meta-GGA's
achieve even more nonlocality at the price of losing accuracy for ground state properifés.
Within this work we focus on mTASK that proved a more suitable choice for the funda-
mental band gaps of materials with low dimension. The mTASK improves the band gaps
in comparison to both PBE and FSCAN, capturing 55-59% of the GW value for the at

pristine and S-defective nanoribbon. The accuracy decreases with bending, speci cally when
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S vacancy is present, and the decrease in accuracy is more conspicious with mTASK than
with r2SCAN. r’SCAN also makes the band gaps correctly direct as HSE06 and GW do.
mTASK, though improves band gaps in general, but band dispersion was found unrelidile
The GW method with the nonlocal self-energy correction produces signi cantly larger band
gaps than density functional approximations, highlighting the importance of the non-local
self energy in these quasi-one-dimensional materials.

The computationally more feasible semilocal DFT is useful to establish the trend between
in-gap edge, and defect states in bent and defected A13Y#sanoribbons, as shown in Table
Il and Figure 5. Our results reveal that the NEG band gap remains almost the same for the
at and bent (R = 12 A) nanoribbons using PBE, while it slightly increases using?6CAN,
MTASK and HSEO6 . This result emphasizes the predictive power of3CAN, mTASK and
HSEO6 compared to PBE in simulations of more localized defect states. However, increas-
ing the bending curvature leads to a decrease in the NEG band gap using PBESEAN,
MTASk and HSEQ6 density functionals. Using the GW method, we observe a more enhanced
decrease in the NEG band gap with increasing bending curvature. Edge and defect states
are more localized than bulk-like band states. Despite that they are localized states, density
functional approximations display a di erent trend in accuracy. While there is no remark-
able discrepancy between the accuracy of semilocal density functional approximations and
HSEO06 or GW for defect band gaps, the accuracy of the edge states varies more signi cantly

from switching from PBE to meta-GGA and non-local approximations.

B. Optical absorption and exciton states
1. A13WS, nanoribbon without defects

Panels (a)-(h) of Figure 6 represent di erent physical parameters of the band structures
for the at and bent (with bending curvature radius R =7 A) A13WS, nanoribbon without
defects. In the case of the at nanoribbon, the site-resolved DOS (density of states) plot
(panel (b)), shows that the relatively separated eight bands around the Fermi level mainly
arise from the edge W atoms (blue dots). Among the eight bands, there are four conduction
bands forming the upper edge bands and four valence bands forming the lower edge bands.

The spin-polarization of those edge bands calculated from PBE (panel (c)) a@W, (panel
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Table I: Comparison of the actual band gaps between VBM and CBM using PBE,
r’SCAN, and mTASK density functionals with the higher-level hybrid functional HSE06 or
with the GOWO approximation within many-body perturbation theory for bent and

defective A13WS nanoribbons.

Bending Defect PBE (eV) r’SCAN (eV) mTASK (eV) HSEO06 (eV) GW (eV)
R=1 (at) None 0.47 (indirect) 0.73 (direct)  1.00 (direct)  1.25 (direct) 1.82 (direct)
S 0.49 (indirect) 0.75 (direct) 1.08 (direct) 1.27 (direct) 1.83 (direct)
R=12 A None 0.42 (indirect) 0.67 (direct)  0.84 (direct) 1.13 (direct) 1.80 (direct)
S 0.53 (indirect) 0.79 (direct)  0.96 (indirect) 1.28 (direct) 1.95 (direct)
R=7A None 0.35 (indirect) 0.54 (direct)  0.77 (direct)  1.00 (direct) 1.67 (direct)
S 0.45 (indirect) 0.53 (indirect) 0.53 (indirect) 1.00 (direct) 1.66 (direct)

Table II: Calculated magnetization (in unit Bohr magneton g per supercell) for bent and

defective A13W$ nanoribbons with the PBE approximation.

Defect Flat R12 R7

X-axis Y-axis Z-axis X-axis Y-axis Z-axis X-axis Y-axis Z-axis

None O 0 0 -0.004 0 0 -0.004 0 0
S -0.007 O 0 -0.003 0 0 0 0 0
w 0 0275 O -0.022 0.116 0.002 -0.064 0.106 0

(d)) are similar, although GoW, produces a much larger band gap (1.82 eV) than that (0.47
eV) of PBE, as a manifestation of the signi cant self-energy correction from the many-body
e ects. In the bent nanoribbon at R = 7 A, the four lower edge bands are merged into the
valence band continuum, as shown in the DOS plot (panel (f)). The PBE band gap of the
bent nanoribbon is reduced to 0.35 eV from the 0.47 eV of the at nanoribbon, and the
GoW, gap of the bent nanoribbon is reduced to 1.67 eV from the 1.82 eV of the at one.
This rich interplay of bending and screening contributes to the optical response of nanorib-
bons, that re ects the alteration of screening with increased bending. Panels (i)-(I) of Figure
6 show the calculated optical absorption and exciton spectra for the at and bent nanorib-

bons, showing strong excitonic e ects. For the at nanoribbon, the absorption mainly peaks
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Table 11l: Comparison of NEG, EG and DG for PBE, PSCAN, and mTASK density
functionals with the higher-level hybrid functional HSE06 or with the GOWO
approximation within many-body perturbation theory for bent and defective A13W$

nanoribbons. The fundamental band gaps are in eV.

Defect PBE r’SCAN MTASK HSEO6 GW

NEG EG DG NEG EG DG NEG EG DG NEG EG DG NEG EG DG

Flat None 1.90 0.48 N/A 2.02 0.73 N/A 2.18 1.00 N/A 2.60 1.25 N/A 3.43 1.82 N/A

S 1.97 0.50 0.21 2.05 0.75 0.24 2.26 1.08 0.18 2.61 1.27 0.20 3.52 1.83 0.23
R12 None 1.92 0.42 N/A 2.10 0.67 N/A 2.33 0.84 N/A 2.70 1.13 N/A 3.37 1.80 N/A

S 1.98 0.54 0.63 2.14 0.79 0.64 2.36 0.96 0.58 2.78 1.28 0.68 3.47 1.95 0.67
R7 None 1.21 0.38 N/A 1.33 0.54 N/A 1.47 0.77 N/A 1.81 1.00 N/A 259 1.67 N/A

S 1.60 0.46 0.77 1.73 0.53 0.57 1.87 0.54 0.48 2.33 0.99 0.63 3.07 1.66 0.74

around 0.65 eV and 1.00 eV. The bent nanoribbon shows two broad absorption peaks, which
slightly extend to the low energy direction by about 0.05 eV, compared with those of the at
case, due to the slightly decreased fundamental band gap. A few small peaks are detected in
the bent nanoribbon at around 1.5 to 1.8 eV, which are not present in the at nanoribbon.

Bending induces more bright exciton states within the range of 0.5-1.0 eV.

Both the at and bent nanoribbons show several dark exciton states, and the lowest
exciton state is a dark exciton, with mainly transitions from the lower edge to the upper
edge bands (as shown in Figure 7(e)). The dark exciton at 0.45 eV exhibits similar physics
(Figure S5). The bright excitons makes peak A at 0.64 eV in the at nanoribbon (Figure
6(i), and its spatial extension is shown in the Supplementary Material, (Figures S6 and S7).
Another bright exciton with high oscillator strength appears at peak B at 0.99 eV (Figure
S8).

In the bent nanoribbon with R = 7 A, the dark excitons are shifted to 0.41 eV and 0.48,
and they become localized at the edge (Figure S9 and S10). Bright excitons shift similarly
by bending, peak A to 0.63 eV, and peak B to 0.95 eV, mostly preserving the nature of their
transition states, (Figures S11 and S12).
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Figure 1: The structures of the armchair W% nanoribbons and their relaxed structures
with S defect and W defect under di erent bending curvature radii R. The at nanoribbon
AnNWS, with n=13 is shown in (a). n in AnNWS, represents the number of W atoms in the
pristine nanoribbon in the periodic supercell, whose unit vectors a, b, and c are aligned
with axes X, y, and z, respectively. Blue balls represent W atoms, yellow balls are for S
atoms and small white balls are H atoms. The side views of the A13W8anoribbon are
also shown in (a). Panels (b) and (c) show the relaxed structures of the A13WS

nanoribbon under at, R =12 A, and R =7 A with W defect and S defect, respectively.

2. A13WS, nanoribbon with a line of S vacancy defects

We also calculated the optical absorption and exciton states for the A13W&anoribbon
with a line of sulfur vacancy defects. In the at defective nanoribbon, the relaxed structure
almost remains at and only slightly deformed around the middle of the ribbon. The PBE
band structure and the DOS resolved band structure are shown in Figure 8(a) and (b),
respectively. The four upper edge and the four lower edge bands remain around the Fermi
level. The defect-derived four conduction bands are located higher than the upper edge
bands. The defect-derived valence bands are mixed with bulk bands in the valence band
continuum (VBC), while the top of VBC is mainly bulk atom derived. The fundamental
band gap is 0.49 eV from PBE and 1.83 eV fror®,W,.

For the same defective A13WgSnanoribbon under bending at R = 7A, the PBE band

structure and the DOS resolved band structure are shown in Figure 8 (e) and (f), respectively.
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Figure 2. The band structures of A13W$ nanoribbons without defect, S defect and W
defect under di erent bending curvature radii R. Panels (a), (b) and (c) are the calculated
band structures of the A13W$ nanoribbons without defects for various bending curvature
radiof R=1 (at), R=12 Aand R =7 A, respectively. Panels (d), (e), and (f) are the
calculated band structures of the A13Wgnanoribbons with S defect for various bending
curvature radiiof R=1 (at), R=12 Aand R =7 A, respectively. Panels (g), (h), and
(i) are the calculated band structures of the A13Wgnanoribbons with W defect for
various bending curvature radiiof R =1 (at), R=12 Aand R =7 A, respectively. The
edge bands around the Fermi level and defect bands above the upper edge bands are

shown in red and other bands are in blue.

The conduction bands C1 and C2 are almost degenerate in energy. The DOS of C1 and
C2 shows a mixture of edge (blue spots) and defect states (green spots) in Figure 8(f),
while the valence band V1 mainly consists of the bulk states (red spots) of the nanoribbon.
The spin-polarization resolved band structures of the same bent nanoribbon calculated from
both PBE and GoW, methods (Figure 8(g) and (h)), indicate that C1 is spin-up, while
C2 is spin-down polarized within PBE, while the polarization is switched irGoW,. The

fundamental gap increases from 0.45 eV in PBE to 1.66 eV &yW,.
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Figure 3: The phase diagram for di erent sizes of WsSnanoribbon with various bending
radii. The defect locations labeled in y-axis for di erent sizes of the nanoribbons are shown

in the Figure S2. No-def in y-axis refers to the nanoribbons without defects.

The optical absorption and exciton spectra are shown in Figure 8 (i) and (j) respectively
for the at and defective nanoribbon and in Figure 8(k) and (I) for the bent defective
nanoribbon with R = 7 A. The optical absorption of the defective nanoribbon (Figure 8

(i) ) remains similar to that of the pristine nanoribbon (Figure 6(i)), especially regarding

13



Figure 4: Panels (a), (b) and (c) represent the analysis of the density of states of A13WS
nanoribbon without defect under di erent bending radii. Panels (d), (e) and (f) represent
the analysis of the density of states of A13WSnhanoribbon with S defect under di erent
bending radii. See the title on each plot for the bending radius. Panels (g), (h) and (i)
represent the analysis of the density of states of A13W®anoribbon with W defect under
di erent bending radii. See the title on each plot for the bending radius. They are
calculated with PBE and the SOC e ect included.

the positions of peaks A and B and the overall shapes of the peaks, as indicators that line
defects behave similarly as edge state, and they do not signi cantly alter the optical response.
Since the S vacancy line almost has no coupling with the edge bands of the at ribbon, the
positions of the upper and lower edge bands in th&,W, band structures do not di er in
the pristine and defective at nanoribbon, leaving the optical absorption spectra with only

some minor changes with excitonic peaks around 1.5 eV in the defective nanoribbon.
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In the at defective nanoribbon, the exciton states with the lowest energy at 0.46 and
0.47 eV is still a dark exciton, (Figure S13, S14). There are two bright excitons with almost
degenerate energy at 0.65 eV, and with mixed spin con gurations (Figures S15 and S16).
Peak B consists of several bright excitons and there are two energy-degenerate ones at 0.997
eV. The wavefunctions of the two bright excitons show slightly nodal features both in the real
space and momentum space and they occupy di erent edge (Figures S17 and S18). There is
also a bright exciton at 1.01 eV. The valence bands V1-V8 have major contributions from

the edge and bulk atoms and a minor contribution from the defect, (Figure S19).

In the bent defective nanoribbon, the optical absorption spectrum shows a similar shape
and peak positions with those of the pristine nanoribbon with the same bending curvature
radius R = 7 A, especially within the energy range of 0.5-1.0 eV. Similar to the pristine
bent nanoribbon, the lower four edge bands merge into the valence band continuum under
bending, and the V1 and V2 are bulk-derived. The four upper edge bands are mixed to
some extent with the two lower defect-derived conduction bands. These common features
make the optical absorption spectra of the pristine and defective bent nanoribbons share

similar shapes within 0.5-1.0 eV.

Due to the mixture of the upper edge bands and the defect derived conduction bands, the
exciton states formed in the defective bent nanoribbon show some di erent features. The
exciton with the lowest energy at 0.43 eV is a dark exciton, which is due to the transitions
from V1-V8 (including the bulk and lower edge bands) to C1-C6 (including the four upper
edge bands and two defect derived conduction bands). The wavefunction of this exciton
in real space is mainly located on one of the edges and also extended slightly along the
central defect S line, con rming the relevant transitions to defect derived conduction bands
(see supplemental Figure S20). The dark exciton at 0.51 eV is very similar to the one at
0.43 eV, and it is located on another edge and extended along the central defect S line (see
supplemental Figure S21). Peak A consists of several bright excitons. The one at 0.57 eV
is mainly due to the transition from V1 to C2 around . Since V1 and C2 are both up-
spin polarized, this bright exciton is mainly of like-spin con guration. Also, because of the
admixing of edge and defect contributions in V1, the wavefunction of this exciton is largely
extended along the central defect S line (see supplemental Figure S22). The wavefunctions
of the two bright excitons at 0.64 eV and 0.66 eV also show the similar spatial extension

along the central defect line (see supplemental Figures S23 and S24), since their transitioned
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bands have defect derived features. The two excitons involve more band transitions and have
a mixed spin con guration. The excitons in peak B show spatially more extended and nodal
features, as can be seen from those of excitons at 0.93 eV and 0.95 eV (see supplemental
Figures S25 and S26), which are related to transitions from V1-V8 to C1-C6. Generally,

they have a rich and mixed spin con guration.

The optical absorption shows a robust feature against the central sulfur defect line, while
the exciton's extension can be controlled across the nanoribbon with appropriately applied
bending. This may provide a ne-tuning knob for the exciton dynamics in the nanoribbons
through the defect line and bending engineering. For example, one can switch the exciton
between the edge and the center of the nanoribbon by bending, and selectively switch the

interaction of excitons with other attached species.

Unlike the optical absorption spectra, exciton lifetimes are strongly impacted by line
defects and bending. We calculated the intrinsic exciton lifetimes for the pristine and defec-
tive A13WS, nanoribbons under various bending curvatures, and the results are presented
in Figure 9. Typically, low-energy dark excitons have intrinsic lifetimes ranging from 0.1
to around 300 s, much smaller than those observed in monolayer WSvhich is 3.7 m§.
The further reduced dimensionality of the quasi-1D nanoribbon system increases electron-
electron interactions and the strength of the exciton transition dipole, and hence reduces
the intrinsic lifetime. The at and non-defective nanoribbon has a larger lifetime T 300

s) for the lower energy dark excitons in comparison to the at and defective nanoribbon
which has the lifetime of~™ 2 s, consistent with the usual experimental results of faster
recombination of excitons in defected monolayer systefis For the bent nanoribbons with
or without defects, the intrinsic lifetimes ( 0.1 s) for the low energy dark excitons are
further reduced. This may be due to the merging of the lower edge states into valence band
continuum at large bending, which results in a large mixing of edge and bulk states for the
hole wavefunction, increasing the overlapping of wavefunctions of the electron and hole in
the excitons, hence increasing the recombination rate of electron and hole and decreasing
the lifetime of excitons. Our results show that bending and defects can manifestly modify
and control the lifetimes of excitons in the Wg nanoribbons. These relatively large lifetimes

(T 0.1 - 300 s) and tunability are instrumental in realizing exciton-based quantum controls
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and probing exciton dynamics.

IV. CONCLUSIONS

In conclusion, we calculated the band structures and band gaps of armchair Y&norib-
bons with and without defects under various bending curvatures using density functional
approximations (DFA), the screened-hybrid HSEO6 approximation, and the quasiparticle
GW method. We also investigated the optical absorption and excitonic states of these
nanoribbons using the many-body GW-BSE approximation.

The calculations reveal that the d-orbitals of the edge W atoms are the primary source
of both the upper edge bands and lower edge bands around the Fermi level. The defect
bands are mainly derived from the d-orbitals of the nearby defect W atoms in the nanorib-
bons. The phase of the nanoribbon can be controlled by the interplay of the defect location
and bending in the nanoribbon. The A13W$ nanoribbon with a central lower S defect
line remains semiconducting with increasing bending, where the upper defect bands move
downward and eventually mix with the upper edge bands at a large bending curvature. The
A13WS, nanoribbon with a central W defect line is metallic under all bending curvatures
considered, while the A13W$g nanoribbon with a non-central W defect line can exhibit
a metal-to-semiconductor or semiconductor-to-metal phase transition with an appropriate
bending curvature. Additionally, the A13WS, nanoribbon with a W defect line is magnetic,
and the magnetization shows slight spatial variation with bending. These results suggest
that properly designed defected and bent WsSnanoribbons can be utilized in heterophase
homojunctions to avoid Schottky contact in phase-change electrical devices, as well as in
magnetic nano-electronics or molecular electronics.

The band gaps calculated using the mTASK functional are generally larger than those
from PBE and r’SCAN and are close to the values obtained from the screened-hybrid HSE06
functional, as a result of the more enhanced nonlocality in the exchange potential from the
kinetic energy density ingredient. The GW method yields larger values of band gaps than
all the tested methods indicating the large self-energy correction due to reduced screening in
the quasi one-dimensional nanoribbon system, but mTASK can be a reasonable alternative
in high-throughput band gap calculations.

The calculated optical absorption spectra of at WS nanoribbons with and without a
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central sulfur defect line share a similar shape, emphasizing the dominance of edge-band
transitions around the Fermi level. At a large bending curvature, the defect-derived upper
conduction bands move downward and mix with the edge-derived bands, while the lower
edge bands merge into the valence band continuum, making again the overall shape of
the optical absorption spectra for the bent W$ nanoribbons with and without a central
Sulphur defect line similar. However, the spatial distributions of the excitons of the defective
bent nanoribbon are generally more in the central area of the nanoribbon, indicating the
involvement of the defect-derived bands in the optical transitions. The defective A13WS
nanoribbon typically exhibits a rich and mixed spin con guration due to the mixing of upper
edge bands and defect-derived conduction bands. Furthermore, the A13YM&anoribbons
show large calculated intrinsic lifetimes of dark excitons and a tunability in the intrinsic
lifetime with bending, suggesting a useful application in exciton dynamics and exciton-based
guantum technologies.

Overall, our work provides valuable insights into the electronic and optical properties
of defected and bent W$ nanoribbons, o ering prospects for their utilization in various

technological elds.
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Figure 5: Schematic diagram for quasiparticle energies of edge states and defect states at
the point of AL3WS , using PBE, PSCAN and mTASK density functionals, the
higher-level hybrid functional HSEO6, and the GW method. The bottom four levels
correspond to the lower edge bands occupied with electrons with spin up or down, while
the other remaining levels correspond to the unoccupied upper edge bands and defect

bands with spin up or down.
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Figure 6: The various band structures of the pristine A13WS, nanoribbon and its optical
absorption and exciton spectra. Panels (a), (b), (c) and (d) are the PBE4+SOC band
structure, the site-DOS-resolved band structure, the PBE+SOC spin-polarization-resolved
band structure, and the GoW, spin-polarization-resolved band structure for the flat
nanoribbon, respectively. Panels (e), (f), (g) and (h) are the similarly organized band
structures for the bent nanoribbon at R = 7 A. The blue dots in panels (b) and (f)
represent the contribution by edge W atoms, while red ones by other atoms in the
nanoribbon. In panels (c), (d), (g) and (h), the odd number indexed bands are shown on
the left sub-panel and the even number indexed ones on the right sub-panel for clarity, and
the spin-up and spin-down polarizations are represented by red dots and blue dots
respectively. Band labels V1, V2, ... and C1, C2, ... are the other way to count the
bands away from the Fermi level. Panels (i) and (j) show the optical absorption and
exciton spectra, respectively, for the flat nanoribbon without defects. The former is plotted
as the imaginary part of the dielectric function as a function of photon energy with the red
curve representing the GW+BSE result with electron-hole (eh) interactions and the green
one for that without eh (noeh) interactions, both with constant broadening of 28 meV.
Panels (k)and (1) are similarly plotted and arranged for the bent (with R = 7 A)
nanoribbon without defects. Bright (dark) exciton states are represented by red (blue)

lines in panels (j) and (1).
26






	
	Abstract
	Introduction
	Computational details
	RESULTS AND DISCUSSIONS
	Defect-induced phase transition
	Optical absorption and exciton states
	A13WS2 nanoribbon without defects
	A13WS2 nanoribbon with a line of S vacancy defects


	Conclusions
	Acknowledgement
	References


