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ABSTRACT: Single photon emission (SPE) by a solid-state
source requires presence of a distinct two-level quantum system,
usually provided by point defects. Here we note that a number
of qualities offered by novel, two-dimensional materials, their
all-surface openness and optical transparence, tighter quantum
confinement, and reduced charge screeningare advantageous
for achieving an ideal SPE. On the basis of first-principles
calculations and point-group symmetry analysis, a strategy is
proposed to design paramagnetic defect complex with reduced
symmetry, meeting all the requirements for SPE: its electronic
states are well isolated from the host material bands, belong to a majority spin eigenstate, and can be controllably excited by
polarized light. The defect complex is thermodynamically stable and appears feasible for experimental realization to serve as an
SPE-source, essential for quantum computing, with ReMoVS in MoS2 as one of the most practical candidates.
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Creating photonic qubits for quantum information
processing needs materials platform-source capable of

single-photon emission (SPE).1−4 Ideal SPE requires a two-
level quantum system with a ground state and an excited state,
which can be initialized (brought into definite spin state,
perhaps by external magnetic field) and perturbed by an
external stimulus (light) to emit a single photon at a time.5 For
minimal decoherence,6 these states must be well insulated from
the bulk or external environment. In a solid-state realization
this requires the defect levels to be isolated in energy from the
band edges of the host semiconductor and be localized in real
space, that is, have a smaller Bohr radius (ad). The two-level
system must ideally be fully polarized in both absorption and
emission channels and have short excited state lifetime (or
high radiative rate (kr)).

5 With this in mind, the paramagnetic
defects in a solid-state material forming localized bound states
can act as two-level system for SPE. Another requirement
which is paramount for an ideal SPE is that the two levels of
the paramagnetic defect must preferably belong to a spin
doublet configuration. As an electronic excitation in a spin
triplet configuration usually involves one or more nonradiative
transitions between states of different spin multiplicity and is
not preferred for SPE. In the past, a number of solid-state
systems, such as trapped single molecules,7 quantum dots,8,9

and color centers (NV) in diamond10,11 have shown SPE.
However, these sources emit in the visible range and not in the
optimal for optical fiber telecommunication range of 1.2−1.5
μm (∼0.77−1 eV). Furthermore, the high refractive index of
the host material for SPE often limits the photon-extraction
efficiency from these sources.

On the other hand, so-called two-dimensional (2D)
semiconductors are only few atoms thin and have the natural
advantages for SPE. First, an obvious structural “openness”12

and light-transparency13 of 2D eliminate the issues of photon
extraction. Second, on a less obvious level, due to quantum
confinement effect and reduced screening 2D materials tend to
have defect states more isolated from the band edges, as
desired.14−16 Third, the effective defect Bohr radius (ad ∝ ε, ε
being the dielectric constant) is also much smaller due to
reduced screening in 2D. Forth, the radiative rate (kr) and the
oscillator strength ( fosc) of the optical transition between
defect electronic levels will likely be higher in 2D due to
reduced screening and smaller ad (kr ∝ fosc ∝ 1/ad

3).17,18 It was
also shown that the Franck−Condon (FC) shift associated
with defects in 2D transition-metal dichalcogenides (TMD) is
small,19 which enhances radiative efficiency of the transitions.
Interestingly, these attributes of defects in 2D semiconductors
are detrimental for doping, when it is required for (opto-)
electronic devices;20 however, it makes them better candidates
as the host systems for SPE.
Among 2D materials, TMD have attracted significant

attention due to their semiconducting electronic structure
exhibiting appealing electronic21−24 and optical proper-
ties.13,23,25−28 Recently, 2D TMD have even found an
application as host materials for single-photon emission
(SPE), essential for creating photonic qubits for quantum
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information processing.3 In fact, stable SPE has already been
observed in 2D TMD29−32 and hexagonal boron nitride h-
BN.33−38 In these works, the SPE in TMD was associated with
excitons bound to impurities, and in h-BN it was ascribed to
crystallographic defects. However, the exact nature of defect
states responsible for SPE in these materials remains unclear.
With a band gap varying within ∼0.5−4.5 eV,39 TMD include
a wide range of materials, which makes a general strategy to
create a two-level system meeting the above criteria highly
sought for or even necessary.
On the basis of first-principles calculations, we herein

propose a strategy to identify and design defects which can
form an efficient two-level system in TMD and other 2D
materials. The approach is based on perturbing the relation
between the defect’s atomic configuration (point group
symmetry) and its electronic structure. Our study will help
the understanding and design of practical two-level defect
systems in 2D materials, essential for SPE, creating photonic
qubits for quantum information processing.
We begin by comparing a NCVC defect (N substituted C site

next to a C-vacancy) commonly known as NV center, in
diamond and its 2D counterparts (Figure 1a−c). Formally, the

thinnest ultimate diamond slab40 would be graphane,41 a fully
hydrogenated graphene CH (Figure 1a), where each C is sp3-
hybridized and the band gap is ∼3.5 eV; however, it is too thin
to host a proper NV defect: removing a C entails a loss of
adjacent H, and within the gap such defect yields only one
singlet state (Figure 1d), useless for SPE (details of
methodology in SI-1, Supporting Information). Next thinnest
film of diamond would be a bilayer diamane (Figure 1b),42,43

with the exterior carbon bonds passivated with H, as in
graphane. The NV defect levels are shown in Figure 1e, along
with the diamond case in Figure 1f. The NV defect in both
diamond and diamane is paramagnetic and forms a two-level
system with the levels away from band edges. The band gap 3.2
eV in diamane is less than 4.2 eV in diamond (despite the
expected trend due to quantum confinement in 2D). The
reduced screening in diamane does shrink the defect’s effective
Bohr radius (∼5.5 Å, less than 7 Å in diamond) and accelerates
radiative electronic transition rate up to 1 GHz for the 2.02 eV
transition in diamane (Figure 1e), versus 97 MHz (order of

magnitude less) for the 1.42 eV transition in diamond (Figure
1f); see SI-2 for details of calculations. With the defect levels
located far from band edges in both diamond and diamane, the
lower Bohr radius and higher radiative rate in the latter, makes
diamane superior to diamond5 as a host system for SPE.
Although diamane is thermodynamically stable in theory43

and even detected in experiments,44,45 it remains far from
readily available (however, see ref 46). Therefore, we next
assess the defects in more common 2D materials, notably a
most stable 2H phase of monolayer MoS2, an archetypal TMD.
It can host different point defects in forms of atom-vacancies,
substitutions, antisites, adatoms, and interstitials. Out of all the
possible defects in 2D MoS2, sulfur vacancy (VS) and Re
substitution of Mo (ReMo) were found to have the lowest
formation energy.47 VS is the most commonly observed defect
in 2D MoS2.

47−49 Because as-grown MoS2 is predominantly
found to be n-type, recent theoretical study47 suggests VS to be
most stable in −1 charge state. ReMo defect has also been
observed experimentally50,51 and is most stable in its neutral
charge state.47 We first discuss the electronic structure of these
defects and assess their possible role in SPE.
To avoid defect-image interactions, we simulate defects in a

6 × 6 supercell (108 atoms), corresponding to a low
concentration ∼1.5 × 1013/cm2. VS or ReMo were created by
removing or replacing the corresponding atoms (Figure 2a,c).
For sulfur vacancy, its most stable, negatively charged state VS

−

was modeled by adding an extra electron to the system,
compensated by positive background.
For the ReMo defect in Figure 2c, its energy levels are found

to lie inside the band gap of MoS2, as marked purple in Figure
2d. The corresponding charge density is localized at the Re
site, Figure 2c. ReMo in its neutral charge state is paramagnetic

Figure 1. Crystal structure of (a) graphane, (b) diamane, and (c)
diamond with NV defect. Defect levels for neutral NV defect in (d)
graphane, (e) diamane, and (f) diamond, calculated using PBE
functional. The majority and minority spin states of defects are shown
by up ↑ and down ↓ arrows. The states above Fermi level are
unoccupied and are shown by unfilled arrows. The two-level systems
in both materials are marked with dashed ellipses.

Figure 2. Optimized geometries of the defects in the MoS2 layer: (a)
VS and (c) ReMo. The iso-charge density corresponding to HOMO is
shown in purple. The calculated band structure of supercell with (b)
Vs

− and (d) neutral ReMo defect, using PBE functional with SOC. The
defect levels shown in purple are dispersionless. The majority and
minority spin states of defects are shown by up ↑ and down ↓ arrows.
The states above Fermi level are unoccupied, as marked by unfilled
arrows. Possible electronic transitions are shown by dashed arrows.
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with a magnetic moment of 1 μB. The unpaired electron arises
from an extra valence of Re substituting Mo. The occupied
defect level at ∼0.1 eV below the conduction band minimum
(CBM) is a shallow defect state. This defect level is not well
isolated from the band edges and (unlike VS

−, discussed next)
the ReMo defect levels do not form a feasible two-level system.
(Notably, shallow defect states like of ReMo could be readily
ionized and used to n-dope the MoS2.)
For the VS defect, its charge density has a C3v symmetry

(same as NV defect in diamond, Figure 1c) and is localized on
the nearest Mo atoms surrounding the S vacancy, Figure 2a.
The band structure computed using PBE functional with spin−
orbit coupling (SOC) for the supercell (Figure 2b) preserves
the band gap ∼1.63 eV of pristine MoS2; it appears at Γ point
instead of K point, due to band folding by the enlarged
supercell. All defect levels associated with VS

− are shown in
purple and lie inside the MoS2 band gap. While the lowest
occupied defect level at ∼0.13 eV above the valence band
maximum (VBM) is spin-degenerate, the HOMO level is
nondegenerate with one unpaired electron due to the negative
charge of VS

−, making it paramagnetic with a moment 1 μB.
Note that the HOMO level in VS

− will recover its degeneracy if
VS

− turns to neutral VS after removing the additional electron
(Figure S2 in SI). With the negative charge, the degenerate
levels are found to split due to a combined effect of SOC and
Jahn−Teller (JT) distortion associated with the defect and
thus they form a two-level system with an energy difference of
∼0.27 eV. Apart from this the defect levels in VS

− form another
two-level system between the lowest occupied and highest
unoccupied eigenstates of minority (↓) spin. These states
energies are separated by ∼1.26 eV and the corresponding
excitation is shown in Figure 2b. The electronic excitations
associated with both of these two-level systems were found to
have nonzero electric transition dipole matrix elements,
meaning that they are allowed by symmetry and can be
excited by light. Hence, both two-level systems of VS

− defect
seem in principle to serve for SPE.
However, these two-state quantum systems do not meet the

criterion described earlier for SPE: the VS
− levels are not

sufficiently isolated from the host band edges. The highest
unoccupied defect level is only ∼150 meV below the
conduction band (Figure 2b). This value is comparable to
the line width of ∼100−150 meV due to electron−phonon
coupling associated with CBM in TMD52,53 at room
temperature. Therefore, the two-level quantum state in VS

−

defect can only function for SPE at low T.
To have the defect operational at room temperature, its

levels must be shifted toward the middle of the band gap. To
this end, we first retrace the relation between defect’s atomic
configuration (point group symmetry) and its electronic
structure. VS defect has a C3v symmetry with lower occupied
a1 level and higher unoccupied e level (Figure 3b) (a1 and e are
the symmetry elements of C3v symmetry); the splitting
between a1 and e levels is due to the crystal field (CF) of
the host. Further, the presence of an extra electron in VS

−

creates a paramagnetic state and also splits the majority spin
level of e by a combined effect of JT distortion and SOC. This
splitting shifts the unoccupied level closer to CBM, in
undesirable proximity to continuum (Figure 2b and 3c). To
remedy this situation and move the e levels toward the middle
of the band gap, ΔCF and ΔJT must be altered. These energy
splits depend on the host environment surrounding the defect.
Therefore, adding an impurity next to the defect can help by

perturbing ΔCF and ΔJT values, Figure 3d. We find through
direct computations that adding a Re substitution at the Mo
site (Re has one extra e−, lies to the right of Mo in the periodic
table and makes a paramagnetic impurity) near the S vacancy
ReMo + VS = ReMoVS (Figure 4a), indeed significantly alters the
defect levels. Re adds an extra electron and perturbs ΔJT,
whereas the presence of this additional defect of course also
alters ΔCF. We show below that the electronic levels in this
defect complex are significantly improved and are optimal for
SPE. This design strategy of adding a paramagnetic impurity
next to a vacancy defect appears efficient in creating the two-
level systems for SPE. We find later that this approach is
general for any point defect with C3v or D3h symmetry in TMD
and other 2D materials, as further examples demonstrate.
We first use PBE functional with SOC to find that the

electronic levels of neutral ReMoVS defect lie inside the band
gap of MoS2 (Figure 4b, purple dispersionless horizontals).
The charge density corresponding to the highest occupied
state is localized on nearby atoms (Figure 4a, also purple). The
defect in its neutral charge state has an unpaired electron and is
paramagnetic with doublet spin configuration. The minority-
spin states of the defect are unoccupied, while the majority
spin-states form a two-level system with highest occupied
ground state and empty excited state. These defect levels are
well isolated from the host band edges and are separated in
energy by ∼0.42 eV due to perturbed ΔCF and ΔJT. This two-
level state can be excited with a laser pulse, provided the
electronic transition is allowed by symmetry. To examine this,
we calculated the dipole matrix elements for all possible
electronic transitions in MoS2 with ReMoVS defect, and then
evaluated the imaginary part of the dielectric function Im ε(ω),
directly related with the absorbance spectra of the material.
Calculated under random phase approximation, Im ε(ω) along

Figure 3. Schematic describing the design strategy to create an ideal
two-level system from point defects. (a) Defect levels in a point defect
(vacancy) splits according to its symmetry. (b) VS has C3v symmetry
and its defect states splits into a1 (occupied) and e (empty) levels due
to the crystal field (CF) of the host. The defect is nonparamagnetic,
therefore (c) an addition of an extra e− in VS, i.e., charged defect,
further splits the e levels due to JT distortion and creates a two-level
system. The energy levels are not isolated from band edges making
then not ideal for SPE. (d) Addition of a paramagnetic impurity such
as making a defect complex adds an extra e− to the neutral VS and
perturbs both CF and JT energies creating an ideal two-level system.
Thus, adding a paramagnetic impurity next to a vacancy defect will be
favorable to create an ideal two-level system.
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x- and y-polarization directions is shown in Figure 4c. The
peaks there at E > 1.6 eV correspond to interband transitions
in the host material MoS2. The optical transitions associated
with defect levels can be seen in the lower energy region. The
electronic excitation associated with the two-level defect state
has a nonzero electric transition dipole matrix element only for
x-polarized light (Figure 4c). A clear peak at ∼0.42 eV
corresponding to this defect transition can be seen in Figure
4c. This polarization-selective excitation provides an additional
control of the defects emission, advantageous for SPE. The
peak at ∼1.2 eV in Figure 4c corresponds to an excitation from
the VBM to the minority spin-state and can be seen only for y-
polarized light. We also find that creating a defect complex
with a nonparamagnetic impurity such as WMoVS instead of

ReMoVS does not form a two-level system. Thus, a para-
magnetic impurity is an important consitutent of the defect
chemistry required to create a two level system.
The electronic structure with PBE (GGA) functional suffers

from underestimating the band gap as it does not correctly
account for the self-interactions and derivative discontinuity in
the exchange-correlation energy.54 Moreover, for an accurate
description of the electronic structure and optical spectra,
excitonic effects must be considered with GW+BSE formalism.
The latter is computationally very demanding for a large
system considered here. We find for MoS2 (as also known for
numerous examples) that due to self-cancellation of errors the
estimates of electronic eigenstates with hybrid HSE55 func-
tional matches very well with experiments. The value of band
gap ∼1.92 eV calculated with HSE functional (Figure 4d)
compares very well with the A-exciton peak (optical gap) seen
in the experimental optical spectra of MoS2 at ∼1.9 eV.56,57

Therefore, the defect levels should also be accurately estimated
with HSE functional, and the results of both HSE (∼0.92 eV)
and PBE (∼0.42 eV) functionals are shown in Figure 4b,d. The
transition energy is still much smaller than the optical gap ∼1.9
eV of MoS2 and thus ReMoVS defect remains good for SPE. In
experiments, the emitters are initially not at zero-strain because
of various imperfections during sample fabrication, such as
wrinkles, cracks, and lattice mismatches, that would perturb the
electronic levels of the defect.38 We evaluated the effect of
strain on the electronic levels of ReMoVS defect in MoS2 (see
SI-11, in SI). The optical transition associated with the two-
levels in ReMoVS shows a dependence of 14.5 meV/% and
−24.37 meV/% with strain along the armchair and zigzag
direction, respectively (notably few times weaker than the
strain modulation of the host-material bandgap). On the other
hand, this can be advantageous for strain tuning of quantum
emission.38

Another technologically important parameter of two-level
system is the count rate of emission, equal to radiative rate kr
times the probability kr/(kr + kn) of radiation transition, with
kn being the rate of nonradiative relaxation. We calculated the
radiative rate (1/τr, an inverse of radiative lifetime) of the
optical transition associated with the two-level system in
ReMoVS. For the transiton ΔE = 0.92 eV in Figure 4d a value of
kr = 5 GHz or τr = 0.2 ns was obtained. This lifetime for
ReMoVS defect is 2 orders of magnitude shorter than τr = 10−
30 ns5,58 observed for NV center in diamond, thereby
signifying the advantage of defects in 2D over 3D systems.
Because this defect is an odd electron system with just one
electron (S = 1/2), the spin-states with different spin
multiplicity (S = 0, 1, 3/2) are not allowed. The defect

Figure 4. (a) Optimized geometry of ReMoVS defect in the 2D MoS2
layer. The iso-charge density surface of the defect HOMO, shown in
purple, is localized on nearby atoms. (b) The band structure of
supercell with ReMoVS defect calculated using PBE functional with
SOC. The defect levels are shown in purple. The majority and
minority spin states of defect are marked by up and down arrows. A
dashed arrow shows possible electronic ∼0.42 eV transition. The
states above Fermi level are unoccupied and are shown by unfilled
arrows. (c) The imaginary part of the dielectric function Im ε(ω); the
spectra for x and y polarization directions are shown by solid and
dashed lines, respectively, and display a defect peak (DP) at ∼0.42 eV.
The scales on the left and right are different and correspond to the
same plot. (d) The electronic levels of defect computed using HSE
functional with SOC.

Table 1. Constituents of Defect Complex in Different Host 2D Systemsa

host vacancy (point group symmetry)
paramagnetic
impurity defect complex transition energy (ZPL) (eV) band gap (eV) from CBM/VBM (eV)

MoS2 VS (C3v) ReMo ReMoVS 0.92 (0.77) 1.92 0.45/0.55
WSe2 VSe (C3v) ReW ReWVSe 1.09 1.82 0.25/0.48
ZrS2 VS (C3v) TaZr TaZrVS 0.32 1.74 0.32/1.1
BN VN (D3h) CB CBVN 1.74 5.25 0.76/2.75
WS2 VS (C3v) ReW ReWVS 1.17 2.08 0.35/0.56
diamane VC (C3v) NC NCVC 3.06 3.95 0.32/0.57
diamond VC (C3v) NC NCVC 2.49 5.25 2.41/0.35

aThe paramagnetic impurity has an extra e− and lies to the right of the substituent atom in the periodic table. The vacancy has a C3v or D3h
symmetry. The transition energy of the two-level system formed by the defect complex, band gap of host material, and the distance of two-level
system from CBM and VBM is calculated using HSE functional. The ZPL emission value for ReMoVS defect is also shown.
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cannot exist in any other spin-state and the only nonradiative
transition from excited state is back to the ground state. We
estimate the rate for this nonradiative process (see SI-12, in SI)
and obtain kn = 0.1 MHz, which is 4 orders of magnitude
smaller than radiative rate, signifying the quantum efficiency to
be >99.99%.
Since most of the 2D materials synthesized until now have a

coordination number of 3 or 6, a vacancy in these systems will
either have C3v or D3h symmetry. The defect structure
proposed above, to create an SPE two-level system by adding
a paramagnetic impurity next to a vacancy of C3v or D3h
symmetry, suggests a general strategy. To test it, we apply this
design to other 2D materials such as WS2, WSe2, ZrS2, and
boron nitride (h-BN). All the constructed defect complexes
indeed exhibit two-level systems, with the transition energies
shown in Table 1 (see Figure S3 in SI for the electronic levels
of the defects) and thus affirm the validity of our approach.
This way of defect chemistry modification can be used to
create a two-level system in a variety of 2D materials for SPE.
We would also like to point out that the NV defects in diamane
or diamond (Figure 1b,c) discussed above also suits such
design scheme, and in fact was an initial motivation. There,
point defect VC has a C3v symmetry while N substitution (due
to its extra electron relative to C) acts as a paramagnetic
impurity. Notably, out of all the defects considered here, only
ReMoVS offers a transition in the optical fiber telecommunica-
tion band (Table 1). The calculated zero-phonon line (ZPL)
emission (accounting for the structural relaxation) of ReMoVS
defect is at 0.77 eV (Figure S10, in SI), which is very close to
the commonly used erbium transition around ∼0.8 eV (1.53−
1.6 μm, depending on Er concentration) in fiber tele-
communications. All the above designed defects are para-
magnetic (like NV centers) and can in principle be also used
for spin qubits. The spin states can be initialized by applying an
external magnetic field and be read out by an optical excitation.
This direct spin-based utility is however beyond the scope of
present study, focused on SPE.
One should also discuss the thermodynamic stability and the

feasibility of creating this (ReMoVS) defect in experiments. To
this end, our computations (see SI-5, in SI) show that indeed
the formation of ReMoVs complex from preexisting (as
observed in experiments47−51) ReMo and Vs is thermodynami-
cally favorable; it can likely form by diffusion of mobile
vacancies toward substitutional Re. Furthermore, we find that
this defect is preferred in its neutral charge state (see SI-5, in
SI), which is paramagnetic as required, for a reasonably broad
range of the Fermi level (Figure S4, in SI; outside of this
identified range the positive or negative states are nonmagnetic
and therefore are suboptimal for SPE). Another possible way
of engineering this desirable defect ex situ can be through e-
beam irradiation of a MoS2 sample doped with Re, and
quantitative analysis (Figure S8, in SI) shows that the
displacement threshold for S knockout is much lower in the
proximity of ReMo, favoring the formation of exactly desirable
defect-complex.
In summary, presented first-principles calculations have

quantified and highlighted the advantages of 2D materials as
host systems for SPE. For various 2D materials, diamane (C),
MoS2, WS2, WSe2, ZrS2, and h-BN, the analysis predicts
specific defects, whose electronic levels form ideal two-level
quantum systems essential for SPE. Then a general scheme is
proposed for creating a defect complex by adding a
paramagnetic impurity adjacent to a vacancy defect to obtain

a proper two-level system. This scheme can be extended to
other 2D materials with C3v or D3h symmetry which includes a
number of TMD and oxides. Out of all possible defects
considered, we find electronic transitions in ReMoVS defect in
MoS2 to lie in the optimal range for optical telecommunica-
tion. The occupied defect levels in neutral ReMoVS have a spin
doublet configuration and can be selectively excited with light
polarized along zigzag direction x, thereby providing an
additional control to exploit its functionality. ReMoVS defect
complex has a positive binding energy (relative to the
individual ReMo and VS) and can likely be created in situ in
a real material. A two-step procedure is also proposed for ex
situ creation of ReMoVS defect in experiment using electron
beam irradiation. Our theoretical analysis uncovers the
tantalizing electronic properties of 2D materials as host
systems for SPE and also predicts optimal two-level quantum
systems, which can be used as a source for single photons
required in quantum information processing.
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