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ABSTRACT:

Transition metal dichalcogenides (TMDs) are essential due to their fascinating electronic and
optical properties, strong exciton binding energy, and layer-dependent bandgap. They can be tuned
to function as a single-photon emitter, but the quantum yield of photoluminescence of single-layer
WSe: is low. There is some evidence that a bright emissive state can be produced by introducing
local defects through functionalization. In this paper we use spin-polarized periodic density
functional theory (DFT) to study the effect of functionalization for the specific case of cyclic
carbenes. We find that the simplest of these molecules, cyclopentadiene carbene (Cyc), binds to
the surface by a covalent bond leading to a substantial change in the bandgap (1.24 eV compared
to 1.64 eV for the pristine surface). Moreover, there are semi-flat bands below the Fermi level that
originate from o bonding and the interaction between the lone-pair p orbitals on the carbon of Cyc
that bonds with Se on the TMD. Cyc is found to form a Type lla heterojunction before and after
contact with the surface, where the “a” refers to ordering of the energy levels where the TMD
levels have the larger splitting and “b” to the reverse. The effect of various electron-withdrawing
and electron-donating groups on Cyc is investigated, and it is found that the direct bandgap and
heterointerfaces can be chemically tuned with covalently bound functional groups. With an
electron-withdrawing group (EWG) such as -CHO, -COCI, and -CN attached to Cyc, a Type 11 //
Type lla interface is formed, whereas all other EWGs used in this study form a Type Ila junction,
before and after contact to the surface. The electron-donating groups (EDG) form Type Ib // Type
la junctions, and in particular, we find that the system WSe, + Cyc-Me band structure consists of
semi-flat bands at valence band maxima localized on Cyc-Me and the conduction band minima is
coupled between the surface and functional group with a direct bandgap of 0.88 eV. Hence, we
predict that the Cyc-Me functionalized monolayer WSe> will produce a red-shifted bright emissive
state. We also find that carbenes with the Cyc all-carbon ring have (1) a triplet ground state and



(2) form covalent bonds to WSe>, while heterocyclic carbenes (1) have a singlet ground state, and

(2) do not form covalent bonds to WSes.
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1. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have diverse
mechanical,? electronic,>* and optical properties,>® making these materials versatile with an
abundance of tunable features.”® TMDs are widely used in catalysis,®>*° with applications that
include CO; reduction,'**2 hydrogen evolution,*** and water treatment,*>26 and they are also used
in photovoltaics,*”8 energy storage,*® quantum information.?° In particular, TMDs exhibit strong
light-matter interaction, leading to important linear and nonlinear optical properties, as well as
large exciton binding energies, and spin-valley coupling.}” Tungsten is the heaviest metal within
the common family of 2D TMDs, and the larger atomic radius of W makes these 2D TMDs more
flexible for the development of devices with tunable properties. However, the literature present on
W-based TMDs is not extensive compared to that for Mo-based TMDs.?! Thus, there is great
interest in designing W-based TMDs and improving understanding of the electronic structure and
chemical properties to obtain insights into the formation of 2D materials of technological interest.
In 2005, quantum light emission in 2D semiconductors was first demonstrated in monolayer (ML)
WSe; at low temperatures.?>? The scalability, robustness, and ease of handling of solid-state
quantum emitters make them potentially useful in quantum computing and sensing.?”?® One
direction for this work involves the use of TMDs as single-photon emitters (SPE). SPE on WSe>
flakes has been demonstrated using several methods which introduce defects or stains to tune
electronic structure, including the bandgap.3%-32 The mechanism of SPE is not well understood in
these results but it is hypothesized that the excitons are trapped by localized strain gradients or
defects in the TMD flakes.3® Defects can also be introduced by surface functionalization,
producing heterojunctions, as has been done for WSe, with NO2** and adenine.® These studies are
related to earlier work concerning the brightening of carbon nanotube photoluminescence (PL)

through the sp® defects introduced by covalent functionalization and the formation of type I



heterojunctions, including as described by our group®® and others.®” In this work, we will use
density functional theory (DFT) to examine the possibilities for using functionalization of WSe;

to generate bright emissive states which may show SPE behavior.

TMDs are composed of transition metals (TM) and chalcogens with the chemical formula
MX2, where M is TM and X is chalcogen; the TM plane is sandwiched between the X planes.
Coordination of the X atom around the M atom within the monolayer (ML) can have different
symmetries, such as octahedral (1T), distorted octahedral (1T"), or trigonal prismatic (2H).3® In the
ML form, the phonon dispersion of the ML trigonal prismatic (1H)3*-*° polymorph exhibits no
unstable frequencies, whereas the 1T polymorph show imaginary frequencies in the range of 100i
to 200i cm™.* Moreover, the bandgap of the TMDs also depends on the number of layers.
Generally, the bulk and double layer exhibit an indirect bandgap, whereas the ML shows a direct
bandgap.*?*3 Owing to these structural and electronic aspects, we selected the 1H polymorph of

ML for our study.

Pristine WSe; has a low quantum yield for PL. In order to generate a bright emissive state,
we introduce defects on the surface by functionalization. The functional groups which form a type
I or Straddling gap are of interest since this helps to bypass the low-lying dark states of the pristine
WSe». Moreover, carbenes are used as functional groups because they form systems with net spin-
zero, which also helps avoid the low-energy dark states usually produced by open-shell systems.
In the present study, we first consider unfunctionalized single-layer WSe,, examining its band
structure and the effect of spin-orbit coupling using several levels of DFT. Next, we characterize
functionalized surfaces for three different carbenes, using the calculations to gain insight into the
mechanism of chemisorption and physisorption. The nature of the band structure and energy level
alignment at the carbene/WSe> ML junction is investigated with spin-polarized DFT, and we study
how the electron-donating or -withdrawing nature of a range of functional groups attached to
cyclopentadiene carbene covalently bound to the surface can modulate the bandgap, band
structure, and heterojunction. Based on these studies we identify classes of covalently bound

carbenes that should lead to the desired Type I band alignment.



2. METHODS

All the calculations of pristine ML WSe> surface and the functionalized surfaces are
performed using the Vienna ab initio simulation package (VASP) based on spin-polarized density
functional theory (DFT) with a plane-wave basis set and the projector-augmented wave (PAW)*
technique. For geometry optimizations, the generalized gradient approximation (GGA) refined by
Perdew, Burke, and Ernzerhof (PBE)* is utilized with Grimme's DFT-D3 correction;* and the
energy- and force-convergence the parameters are 1 x 1078 eV/cell and 1 x 102 eV/A, respectively.
The energy cutoff is 520 eV, and the Brillouin Zone is sampled using the I'-centered
Monkhorst—Pack k-grid scheme with a 4x4x1 supercell. Pristine WSe> surface is also optimized
using HSEO06 hybrid functional to calibrate. The T point (1x1x1) is employed for isolated

molecules. The adsorption energy of the functional group on the surface is defined as
Eads= Etotal — (Esurface + Efunctional_group) (1)

where Etotal, Esurface, aNd Efunctional_group denote the system's total energy, the surface energy, and the
isolated functional group energy, respectively. Negative adsorption energy represents an
exothermic reaction. Charge transfer between the surface and the functional group is obtained from
a Bader charge analysis. A negative charge difference (Ap) indicates charge accumulation on the
adsorbate, whereas a positive value refers to charge depletion. Electron localization function
(ELF)*-*® maps were evaluated to obtain information on the bonding type and electron
localization. To carry out a periodic natural bond orbital (NBO) analysis, we have used a 2x2x1
supercell. The plane wave function was projected to a def2-TZVP basis set for C, H, N, S, and Se
atoms, and the jorge-DZP basis set was used for W. We also did an NBO analysis for a finite
model employing the 2x2x1 supercell but without periodic boundary conditions using NBO74°
coupled with QChem?®® and B3LYP/def2-TZVP level of theory.

To understand the electronic structures, band structure calculations with and without spin-
orbit coupling (SOC) were performed along the high symmetry points in the Brillouin zone (BZ)
with GGA-PBE-D3, denoted as PBE-D3 and PBE-D3/SOC, respectively for pristine WSe, ML.
We have also used the range-separated hybrid functional HSE06° coupled with SOC
(HSE06/SOC) on the PBE-D3 geometry to evaluate the band structure and energy level alignment.



Band structures and other post-processing are carried out using VASPKIT.%? The surface coverage

calculation were calculated using Chemcraft program.>

3. RESULTS AND DISCUSSION

First, we study pristine WSe> monolayer (ML) properties at different levels of theory, followed by
functionalization of the surface by carbenes. The properties of pristine WSe; have been studied
both theoretically and experimentally in the literature,*? so our study of pristine WSe; is only to
calibrate our work. We have optimized the unfunctionalized pristine WSe> surface geometry using
the HSE06 method. The W-Se bond obtained using HSE06 is 2.53A, whereas it is 2.55A with
PBE-D3. Hence it did not lead to much structural parameter changes, as expected. Hence, we used
PBE-D3 to evaluate the structural parameters for the systems under study. We selected
Cyclopentadiene carbene (Cyc) as the refenced carbene for this study, and Imidazol-2-ylidene
carbene (lyc), and Thiazol-2-ylidene carbene (Tyc) as heterocyclic carbenes (Figure 1) for
comparison. The bandgap is calculated as the difference in the energy between the highest valence

K-point to the lowest conduction K'-point for the K — K' transition.
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Figure 1. The structures of carbenes. T represents triplet and S singlet for the ground
electronic state.

3.1 Band Structure of pristine WSe2 Monolayer

The 4 x 4 unit cell of pristine 1H-WSe; ML and the band structures from PBE-D3 without
and with SOC and with HSE06 with SOC (denoted HSE/SOC) are presented in Figure S1. This
shows that ML WSe> has a direct bandgap of 1.64 eV based on HSE06/SOC for the K— K’
transition. An experimental bandgap of 1.60-1.66 eV is reported in the literature.>**® The band
character (direct bandgap) remains unchanged when calculated using the GGA functional PBE,

including Grimme's dispersion interaction, D3. However, the bandgap is larger compared to



HSE06/SOC (1.50 eV with PBE-D3 and 1.21 with PBE-D3/SOC vs. 1.64 eV with HSE06/SOC),
as expected since GGA functionals are known to underestimate bandgaps. The reported bandgap
using PBE/SOC is 1.25 eV.> A splitting of 0.48 eV in the valence band maximum (VBM) and
0.04 eV in the conduction band minimum (CBM) is obtained from HSE06/SOC. The reported
experimental splitting in the VBM is 0.45-0.50 eV®, and the splitting in CBM is 0.038 eV.%! These
numbers change only slightly between simulations using the HSEQ06 and the PBE-D3 functional.
In ML TMDs, inversion symmetry is absent, which breaks the spin degeneracy of the valence and
conduction bands. The partial charge densities (Figure S2) indicate that the splitting originates
from W. All the TMDs show similar behavior, but the magnitudes of the splitting are different.
Since W is the heaviest TM in all TMDs, high-spin-orbit interaction results in the most prominent
splitting among the TMDs.%2 Since HSE06/SOC performs best, we choose this level of theory for
all other systems under study.

3.2 Surface Functionalization by Carbenes

The carbene functionalized ML WSe> surfaces are represented as WSe>+Y, with Y being
the carbene. The optimized structures of WSe,+Cyc, WSez+lyc, and WSe,+Tyc and their lowest
energy adsorption sites are shown in Figure 2. The adsorption sites are the H site (on top of a
hexagon), TS (on top of a Se atom), and B site (on top of a Se-W-Se).
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Figure 2. Side view of optimized structures of (a) WSe»+Cyc, (b) WSex+lyc, and (c) WSex+Tyc

and their adsorption sites are represented.
The PBE-D3 results show that although the isolated Cyc carbene has a triplet ground state
with a singlet-triplet energy gap (AEs-t) of 0.33 eV (Table 1), it binds to the WSe> monolayer at a

TS site in a singlet state, forming a covalent bond (chemisorption), with the C—Se bond length



being 1.86 A (Figure 2). The selenide atom at the TS site (Se*) is attached to 3 W atoms and the
C atom (C*) of Cyc.

To understand the bonding properties, we have carried out periodic and finite molecule
NBO analyses. The NBO analysis, which provides insight into lone pair (LP) orbitals as well as o
bonding and antibonding orbitals, is carried out as implemented in VASP for the periodic version
and QChem for the finite molecule. Here we find that the Se* atom of the pristine WSe; has a LP
and three o bonding and antibonding orbitals with the three neighboring W atoms. In WSe,+Cyc,
the LP of WSe> participates in the o bond formation with Cyc. The orbital occupancies in the
orbitals decrease and o* orbitals increase for W-Se in WSe>+Cyc compared to the pristine ML
(Figure S3).

From the finite molecule NBO analysis, a more detailed picture is obtained. The Wiberg
bond indices of Se* in the Natural Atomic Orbital (NAQO) basis are 1.5652(W), 1.5591(W),
1.5677(W), and 1.2651 (C*). Hence, Se* has a bond order > 1 with W and C*, indicating bonding
beyond sigma contributions. When the isolated triplet Cyc with two unpaired electrons is adsorbed
to the surface, the C* carbon is predominantly sp hybridized (2s (27.44%) and 2py (72.41%)). One
of the unpaired electrons in the sp hybridized orbital of C* forms a covalent bond by sharing an
electron with a predominantly spd (4s (18.56%), 5py (34.16), and 3dxy (45.36%)) hybridized orbital
of Se*. The donor-acceptor sigma bonding/antibonding (BD—BD?¥*) interaction energy is 70.49
kcal/mol; BD occupancy being 1.76959, and BD* is 0.09988. The donor LP orbital of Se* with
occupancy 1.93877 is predominantly pd hybridized (4p; (68.99%) and 3dy; (27.16%)). The other
unpaired electron of C* resides on a 2p, orbital with occupancy 1.11078 forming the acceptor LP
orbital. The donor-acceptor interaction energy between these orbitals, LP—LP, is 14.96 kcal/mol.
These interactions are represented in Figure 3. These interactions in the complex explain the
presence of two bands below the Fermi energy in the band structure of WSe,+Cyc, as discussed

in a later section.
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Figure 3. Finite molecule NBO analysis of WSe2+Cyc. The orbital occupancies are indicated in
parenthesis. An isovalue of 0.15 is used. AE represents the donor-acceptor interaction energy.

Isolated lyc and Tyc carbenes have a singlet ground state, and they bind to WSe> by van
der Waals interaction or charge-transfer doping with the WSe> monolayer (i.e., physisorption). lyc
binds to the H site, the C—Se distance being ~3.4 — 3.5 A and the C—W distance being ~4.8 — 4.9
A (Figure 2). Tyc adsorption site is to the B site, the C—Se distance being 3.3 A and 3.6 A (Figure
2). The adsorption energies for the three carbenes are —1.65 eV (Cyc), —0.52 eV (lyc), and —-0.39
eV (Tyc) (Table 1); so only the Cyc will give a stable structure under ambient conditions. The
DFT calculations indicate that the paired electrons on C* are in an orbital that is 2s2p hybridized
predominantly (LP orbital) both in isolated lyc and Tyc and in WSez+lyc and WSe,+Tyc. We have
also performed an ELF analysis, and we find that the electron localization and the bonding pattern
obtained from the ELF map provide the same picture (as represented in Figure S4).
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Figure 4. Charge density difference plots for (a) WSe2+Cyc, (b) WSe>+lyc and (c) WSex+Tyc.
The red (green) distribution corresponds to charge accumulation (depletion). The isosurface is
taken as 5 x 10 e/Bohr3. The direction and value of the Bader charge differences are also denoted.



Next, a Bader charge analysis is performed to predict the charge transfer direction and
value. It is found that the Cyc carbene is a charge acceptor with 0.514e obtained from ML WSey,
whereas lyc and Tyc behave as charge donors, providing 0.046e and 0.033e to the ML, respectively
(Figure 4). Although the amount of charge transfer is very small in WSe>+lyc and WSe>+Tyc, the
estimates of charge transfer corroborate with the weak interaction between Tyc and WSe,, and the
slightly stronger WSex+lyc interaction, consistent with the adsorption energies. For Cyc
adsorption on ML WSe», charge is transferred to the Cyc molecule, inducing a p-doping effect on
the WSe>, whereas lyc and Tyc induce n-type doping. The magnitude of charge transfer is also

many folds higher in Cyc due to chemical bond formation.
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Figure 5. Energy level alignment (ELA) of the (a) VBM and CBm of ML WSe; and the HOMO
and LUMO of isolated carbene (b) VBM and CBm of WSe, and WSe,+carbene. The vacuum level
issetto 0 eV.

We next focus on the energy-level alignment, which can be derived from the corresponding
IE and EA values.®® Scheme 1 represents the different types of heterointerfaces discussed in this
work. Note that we distinguish between Type I junctions in which the TMD energies have a larger
separation than the adsorbate (Type la) from the case where the TMD energies are smaller than
the adsorbate (Type 1b). A similar terminology is introduced for Type Il. The valence band maxima
(VBM) and conduction band minima (CBm) of the pristine ML and the HOMO and LUMO of the
carbene are plotted in Figure 5(a), while Figure 5(b) shows the VBM and CBm of ML WSe; and
WSe+Carbene. The band structures of the carbene functionalized surfaces are plotted in Figure
6.

While the isolated WSe>+Carbene band structure provides important insight concerning
electronic structure, the results in Figures 5 and 6 are non-trivial; for example, semi-flat bands
near the Fermi level are present for WSe,+Cyc but not in WSex+lyc and WSex+Tyc. In the
complex (WSex+Cyc), the covalent bond between C* of Cyc and Se* of the surface and the
interaction between the electron in the p orbital of C* in Cyc, and lone pair of Se* produces the
two semi-flat bands (Figure 6(a)). As shown in Figure 5(a), the energy band alignment of single-
layer WSe and the molecular energy levels of Cyc predict that WSe,+Cyc will form type lla
heterojunction, which is consistent in ML-WSe>/ML-WSe>+Cyc (Figure 5(b)). However, Figure
5(a) indicates that for the separated WSe,+Cyc species, and thus the VBM and CBm originate
from WSe, and Cyc, respectively. These results are altered significantly when WSe, and Cyc
interact. We see in Figure 5(b) that covalent interaction between the Cyc and WSe> reduces the
LUMO level of the Cyc by 380 meV (ELumo (Cyc) — Ecem(WSe2+Cyc)) and VBM of WSe; by 40
meV (Evem (WSe2) — Evem(WSe2+Cyc)) in WSe2+Cyc. Figure 6 provides a different picture for
the band structure, where the WSe,+Cyc system has almost semi-flat occupied bands in the vicinity
of the Fermi-level, indicating that these localized states originate from the Cyc molecule. The
minimum energy difference between the occupied semi-flat band and CBm is found to be 1.24 eV.
Figure 7 depicts that the partial charge density of the highest occupied band lies on the Cyc
molecules, whereas the lowest unoccupied bands are from W. Thus WSe>+Cyc forms type lla
band alignment where the VBM and CBm originate from the localized Cyc and WSe>, respectively.

10



Similar observations were found for 1,6-hexanedithiol functionalization of MoS,,%* and for MoS;

functionalized by Cyc.%
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Figure 6. Optimized unit cell geometries and band structures of (a) WSez+Cyc, (b) WSez+lyc and
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Figure 7. Electronic band structure of WSe,+Cyc and partial charge densities at the edges of the
two highest and two lowest valence and conduction bands, respectively. An isovalue of 0.0005 is
used.

Now we focus on the two heterocyclic carbenes lyc and Tyc, respectively. Figures 5(a)
and 5(b) reveal that the energy band edges of single-layer WSe, and the molecular energy levels
of lyc and Tyc are aligned to form type Ib junctions, with lyc and Tyc having the larger gap, and
in WSez+lyc and WSez+Tyc the VBM and CBm at the junction originates from W (Figure S5).
For the latter junctions, the VBM and the CBm move in the same direction by about 50 meV in
WSex+lyc and 90 meV in WSe,+Tyc, forming type Ilb junctions, and there is no change in the
corresponding Kohn—Sham gap for the pristine surface (1.64 eV, K — K”). The band structures of
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both WSe>+lyc and WSe>+Tyc reveal the same picture, and the valence occupied bands, and

unoccupied bands are not altered compared to pristine WSex.

Table 1. Important parameters of pristine WSe, isolated carbenes and functionalized surface

carbenes.
C*—ISe* bond N IAp| Band gap A_EST =Es-E,

ength 3 of isolated carbene

A) (eV) e/Bohr (eV) (V)
WSe, - - - 1.64 -
WSe,+Cyc 1.861 -1.65 0514 1.24 0.33
WSe,+lyc - -0.52  0.046 1.64 -
WSe,+Tyc - -0.39 0.033 1.64 -
WSe,+Cyc-x, x=EWG
WSe,+Cyc-CHO 1.889 -1.92 0.635 1.55 0.11
W3e,+Cyc-COMe 1.881 -1.87  0.645 1.48 0.14
WSe,+Cyc-COOMe 1.877 -1.92 0.586 1.51 0.22
W3e,+Cyc-COOH 1.878 -1.94  0.662 1.55 0.22
WSe,+Cyc-COCI 1.884 -2.01 0.739 1.58 0.24
WSe, +Cyc-CF3 1.875 -1.97 0.684 1.57 0.24
W3e,+Cyc-CN 1.881 -1.77  0.661 1.56 0.39
WSe,+Cyc-x, x=EDG
WSe,+Cyc-OMe 1.876 -1.22 0535 0.64 0.16
WSe,+Cyc-OH 1.880 -0.96 0535 0.64 0.09
WSe,+Cyc-Me 1.939 -0.71 0.453 0.88 0.53

@The excited triplet electronic state calculation for the isolated lyc and Tyc carbenes converged to singlet ground state.

Based on the results just presented, we are primarily interested in the Cyc carbene because

it is adsorbed to the surface by chemisorption, which therefore shows a more substantial effect on

the bandgap. Also, modulation of the bandgap is expected to be systematic when we consider

substituted Cycs. In the light of these observations, we further study the substitution effect of

electron-withdrawing group (EWG) and electron-donating group (EDW) on binding of the Cyc

carbenes to the surface.
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3.3 Effect of substitution on the Cyc carbene

In this section, we focus on the effect of substitution on the Cyc carbene by an electron-
withdrawing group (EWG) at the meta-position and by an electron-donating group (EDG) at the
ortho-position with respect to the C* atom of Cyc (Figure S6).% The substituted Cyc’s are denoted
as Cyc-x. All the isolated Cyc-x have a triplet ground state (Table 1). The binding nature of the
Cyc-x remains the same as unsubstituted Cyc with the WSe; surface, i.e., chemisorption takes
place at the TS site. The C—Se bond length for the Cyc-x’s and the adsorption energies are
presented in Table 1.

Many factors contribute to the variation in absorption energies of these molecules, like the
deactivating (by EWG) or activating (by EDG) strength of the group X, steric effect, etc., and these
in turn affect the C-Se bond length. The effect of EWGs is weaker because the substituent is
attached to the meta-position, whereas the EDGs have a larger effect since they are attached to the
ortho-position. The deactivating nature of the x follows the order -CHO < -COMe < -COOMe < -
COOH < -COCI < -CF3 < -CN and the order of the activating group is -OMe > -OH > -Me. For
EWGs, the C-Se bond length is ~1.88-1.89 A. In EDG, the C-Se bond length is ~1.88 A for x = -
OMe and x = -OH but increases for x = -Me to 1.94 A, probably due to the steric effect of -Me to
the surface atoms. For the the EWGs, the Eaps vary from ~ -1.9 to ~ -2.0 eV; Cyc-CN is -1.77 eV.
A better correlation is found for x = EDG and Eans. With the decrease in electron-donating strength
the absorption energies decrease (Eabs = -1.22 eV (X = -OMe) > Eaps = -0.96 eV (X = -OH) > Eans =
-0.71 eV (x =-Me)). Irrespective of x being a EWG or EDG, the Bader charge analysis shows that
all the Cyc-x pulls electron density from the surface. The order of charge withdrawal (JAp|) is Cyc-
Me (0.453), Cyc (0.514) < Cyc-OMe (0.535) < Cyc-OH (0.535) < Cyc-COOMe (0.586) < Cyc-
CHO (0.635) < Cyc-COMe (0.645) < Cyc-CN (0.661) < Cyc-COOH (0.662) < Cyc-CF3(0.684) <
Cyc-COCI (0.739).

Now we focus on the band structure of the surface after Cyc-x functionalization (Figure
S7) and also the energy level alignment (ELA) before and after complex formation (WSex+Cyc-
X) (Figure S8-S9). For all the EWG (x=EWG), the energy level alignment of VBM and CBm of
the WSe; surface and the HOMO and LUMO energies of the isolated carbene molecules (Cyc-x)

are shown in Figure S8. This reveals that a type Ila heterojunction is formed except for Cyc-CHO,
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Cyc-COCl, and Cyc-CN where type Il junctions are predicted. Also it seems from the energy
levels that the VBM would originate from the WSe; surface and the CBm from Cyc-x after contact
and formation of type lla junctions (Figure S9) as was found for WSe; and Cyc. Interface dipoles
are formed due to charge transfer which shifts the levels at the interface.®” For Cyc-CHO, Cyc-
COCI and Cyc-CN, electron transfer from the VBM of WSe> to the LUMO of Cyc-x (x = -CHO,
-COCI and -CN) results in positive charge on the WSe> and negative charge on the Cyc-x. The
positive charge drives the local electrostatic potential at WSe, down, thus resulting in a downward
shift of the levels in WSe,. Similarly, the negative charge on Cyc-x results in an upward shift of

the levels in Cyc-x. This results in a type Ila ELA at the interface (Figure S9).

Covalent bond formation between the surface and Cyc-x in WSe,+Cyc-x alters the band
dispersion properties at the interface. The band structures of these complexes show the presence
of semi-flat occupied bands in the vicinity of the Fermi-level, indicating that these localized states
originate from the Cyc-x molecule and the unoccupied CBm resembles that of the pristine surface.
The splitting in the flat VBMs (Figure S7) originates from coupling between the Cyc-x and surface
as depicted by the partial charge density plots (Figure S10). The bandgap in these systems ranges
from 1.5 to 1.6 eV, similar to pristine ML (1.64 eV).
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Figure 8. Electronic band structure of WSe»+Cyc-Me and partial charge densities at the edges of

the three highest and two lowest valence and conduction bands, respectively. An isovalue of
0.0005 is used.
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Table 2. Types of heterojunctions formed before and after contact of the carbene with ML WSeo.

ML-WSey/Carbene //

Carbene ML-WSe,/ ML-WSe,+Carbene
Cyc Type lla// Type lla
lyc Type Ib /] Type lIb
Tyc Type Ib // Type llb

x =EWG

Cyc-CHO Type 1 // Type lla
Cyc-COMe Type lla// Type lla
Cyc-COOMe Type la/l Type lla
Cyc-COOH Type lla// Type lla
Cyc-COCI Type 1 // Type lla

Cyc-CF3 Type la// Type lla

Cyc-CN Type 1 // Type lla

x=EDG

Cyc-OMe Type Ib // Type la
Cyc-OH Type Ib // Type la
Cyc-Me Type Ib // Type la

When x = EDG (-OMe, -OH, and -CHg), in the initial state, i.e., before contact, the surface
and Cyc-x valence energy levels are aligned to form a type Ib junction with Cyc-x having a wider
gap component than WSe; (Figure S8). Figure S9 predicts type la interface formation so that both
VBM and CBm after contacts originate from the surface. In particular, the deviation between VBM
and CBm for WSe2+Cyc-Me and pristine WSe; is 390 meV and 370 meV, respectively, with a
bandgap of 0.88 eV. However, like the WSe,+Cyc-x (X = EWG), the band structure also shows
semi-flat bands below the Fermi level, and the CBm is flat near the I' and M k-points, which is
more prominent in WSe>+Cyc-Me than WSe>+Cyc-OMe or WSe,+Cyc-OH. The partial charge
densities (Figure 8) of WSe»+Cyc-Me show that the VBM originates from Cyc-Me and the CBm
(at K) arises from W. The CBm at I" and M shows some coupling between the molecule and
surface, resulting in the semi-flat band. This observation is also supported by the projected density
of states (Figure S11). In Table 2 we summarize the type of heterointerfaces formed before and
after contact of WSe; and carbenes studied in this work. We have also checked the effect on band
structure on decreasing the surface area using WSe, 4x8x1 supercell and Cpc-CHs. We observe
that the bandgap has increased for the 4x8x1 superlattice as expected, but the valence and

conduction band structure remain almost the same (Figure S12). The surface coverage of Cpc-
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CHz on WSe, 4x4x1 super-cell (19.40 %, Figure S13) is almost twice that of Cpc-CHz on WSe;
4x8x1 super-cell (10.48 %, Figure S14). Because Cyc-Me functionalization produces well-
defined direct type la gaps after contact, the low-lying dark states of the pristine WSe> can be
avoided as the system relaxes after initial excitation above the band gap. This indicates that the

functionalized surfaces will produce a red-shifted bright emissive state.

4. CONCLUSION

Engineering the bandgap of materials like TMDs can improve their quantum yield as a
single-photon emitter. The bandgap engineering can be carried out by various methods like
alloying, applying strain, or functionalization of the surface. In this work, we have adopted the
functionalization method to modulate the bandgap by adding carbenes. Carbenes have the
advantage over spin Y2 species such as phenyl as the adduct is always a singlet. The DFT
calculations reveal that the Se atom of the surface has o-framework with the nearest tungsten atoms
(3 x W) and can interact with a Cyc and its variants that have a triplet ground state through two
orbitals, one where the Se* participates in o bond with one of the electrons in the sp hybridized
orbital of C* in the Cyc, and the other involving a p orbital of C*. These interactions produce two
semi-flat bands below the Fermi level of WSe,+Cyc. The heterocyclic carbenes (lyc and Tyc) have
a singlet ground state and are physisorbed to the surface by charge transfer. We observe Type lla
and Ilb heterointerfaces in WSe,+Cyc and WSe>+heterocyclic-carbene, respectively.

In search of functional groups which produce a Type | heterojunction in contact with the
surface, we studied the effect of EWG and EDG on Cyc. The band structure of substituted Cyc
and Cyc are similar. The EWG substituted Cyc forms Type lla heterointerface after contact with
the surface with VBM being localized on the carbene and the CBm on the W. The EDG substituted
Cyc forms a Type la heterojunction in contact with the surface and the occupied valence band
originating from the functional group, whereas the unoccupied conduction band is coupled
between W and carbene, particularly for Cyc-Me.

This work demonstrates that (1) triplet carbenes can form a covalent bond with single-layer
WSe;, which substantially tunes the bandgap, and (2) electron-donating group substituted carbene
forms a Type la heterojunction with the surface, which consists of occupied and unoccupied bands
that are semi localized on the functional group. In particular, we predict that among the scanned

functional groups, Cyc-Me carbene is a good candidate for producing a red-shifted bright emissive
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state with single-layer WSe:. In the future, a larger carbene-based material space, particularly with
carbenes having triplet electronic ground states, can be screened by high-throughput and machine
learning to expand the tungsten diselenide-based material space for the efficient single-photon

emitters and interesting photoluminescence.
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