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The generation of single-photon emitters in hexagonal boron nitride around 2 eV emission is
experimentally well-recognized; however the atomic nature of these emitters is unknown. In this
paper, we use first-principles calculations to demonstrate that CoCn is a possible source of 2 eV
single-photon emitter in hBN. We showcase the calculations of a complete set of static and dynamical
properties related to quantum defects, including exciton-defect couplings and electron-phonon in-
teractions, from both DFT and many-body perturbation theory. In particular, we show it is critical
to consider both radiative and nonradiative processes when comparing with experimental lifetime
for known 2 eV emitters. We find that C2Cn has several key physical properties matching the
ones of experimentally observed single-photon emitters. These include the zero-phonon line (2.13
eV), Huang-Rhys factor (1.35), photoluminescence lifetime (2.19 ns), phonon-sideband energy (180
meV), and photoluminescence spectrum. The identification of defect candidates for 2 eV emission

paves the way for controllable single-photon emission generation.

I. INTRODUCTION

A single-photon emitter is a crucial building block in
quantum information technologies, such as linear-optical
quantum information processing [1], quantum simula-
tion [2] and quantum communication [3]. Hexagonal
boron nitride (hBN) is a two-dimensional (2D) material
with a wide bandgap (~6 ¢V) [4, 5], and can host sta-
ble and bright color centers which possess single-photon
emission [6]. Meanwhile, the manipulation of the op-
toelectronic properties of singe-photon emitters has gar-
nered special interest [7, 8]. These properties imply a
great potential of hBN in developing quantum applica-
tions. Being able to select and purify single-photon emit-
ters is critical for generating controllable and narrow line
width single-photon emission. Hence, the identification
of the atomic origin of the single-photon emitters is cru-
cial to the development of this field.

Since 2016 [9], numerous experimental results have
been reported on the photoluminescent properties of the
single-photon emitters at ~2 eV in hBN [7, 9-27]. In TA-
BLE I, we summarize the range and averaged values of
photoluminescent properties observed in experiments, in-
cluding the zero-phonon line (ZPL), phonon-sideband en-
ergy (PSE), Huang-Rhys factor (HR factor), and the pho-
toluminescence lifetime (77°%). Typically, a ~2 eV single-
photon emitter in hBN exhibits a photoluminescence
(PL) spectrum comprised of a sharp ZPL and one or two
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moderate phonon-sidebands (PSB) at room temperature.
The PSE is the energy separation between the ZPL and
the first PSB peak. The electron-phonon coupling is es-
timated by either HR factor (S) or Debye-Waller (DW)
factor (DW = e~%) [28]. The HR factor is typically ~1,
which indicates weak electron-phonon coupling. Further-
more, the PL lifetime is on the order of a few ns, and
quantum yield (QY, n) is reported to be 6~12% [8]. PL
lifetime (77F) reflects the lifetime of an excited state,
determined by radiative (77) and nonradiative recombi-
nation together (7VF, 7PL = 1/(1/78% + 1/7NE)). On
the other hand, QY (n) reflects the proportion of ra-
diative recombination rates with respect to the total re-
combination rates, and is related to PL lifetime through
7PL = 7By, PL lifetime and QY underscore the impor-
tance of studying both radiative and nonradiative recom-
bination lifetimes. Finally, many of the reported single-
photon emitters ~ 2 eV possess linearly polarized excita-
tion and emission [9, 13, 15-19, 23, 29, 31, 32], indicating
the anisotropic structural symmetry of the corresponding
defects [33, 34], i.e. possibly belonging to Cs,, Cy or Cj
groups.

In terms of the atomic origin of these single-photon
emitters, annular dark-field images have shown that car-
bon substitutions are abundant in hBN [35]. Recently,
Mendelson et al. [13] has identified that various tech-
niques of incorporating carbon into hBN yield ~2 eV
single-photon emitters. Moreover, X-ray photoelectron
spectroscopy measurements show that more C-B bonds
exist than that of C-N bonds [13]. This is an evidence
that carbon substitution of nitrogen is more likely than
carbon substitution of boron.



TABLE I: Summary of the zero-phonon line (ZPL),
phonon-sideband (PSE), Huang-Rhys (HR) factor and
photoluminescence (PL) lifetime (7F%) for ~2 eV
single-photon emitters in h-BN from experimental
measurements and our calculated two carbon defects.

ZPL (eV) PSE (meV) HR factor 7% (ns)
Range(exp.) 1.56-2.24*>  30-200°  0.63-1.93° 0.38-19.7¢
Mean(exp.) 2.0040.19* 156 £33 1.19+0.43° 2.6 + 1.5¢
CaoCn(calc.)  2.13° 180 1.35 2.19
C2Cp(calc.)  1.42° 175 1.25 3.83 % 102

@ From Ref. 7, 9-27, 29-31.

b From Ref. 7, 11-15, 17, 19-26, 29, 30.

¢ From Ref. 10, 23, 30.

d From Ref. 7, 9-12, 15-17, 20, 21, 23, 24, 31. As 19.7 ns in
Ref. 31 is far from the other data points, it is removed when

evaluating the mean.
¢ From the excitation energy at GoWo — BSEQPBE and taking
into account the Franck-Condon shift.

Theoretically, several defects have been proposed to
be possibly responsible for single-photon emission, such
as CpVy [6, 36], boron dangling bonds [37], NgVy [38],
and carbon trimers [39]. Based on experimental obser-
vations [13], we focus on carbon defects in this work.
Among the carbon defects, CgVy has high formation
energy, 3~6 eV higher than other carbon defects such as
carbon dimer and trimers [40]. Carbon trimers includ-
ing CoCn and CyCp, theoretically proposed by Jara et
al. [39], were found energetically favorable and in good
agreement with experimental PSE and PL [39]. How-
ever, some important information is still missing to con-
firm carbon trimers as a SPE candidate theoretically. For
example, only the ZPL for the lowest transition was cal-
culated, about 0.4 eV smaller than the mean of ZPL in
TABLE I. And other important properties such as HR
factor, PL lifetime and QY, as the experimental charac-
teristics of ~2 eV single-photon emitters, were not cal-
culated. Therefore, further study on these properties is
desired to unveil the role of carbon trimers as experimen-
tally observed SPEs.

In this paper, electronic and optical properties of the
carbon trimers C,Cy and C5Cpg are calculated from both
first-principles many-body perturbation theory and DFT
levels. We evaluate both static and dynamical properties
of radiative and phonon-assisted nonradiative recombina-
tion, including exciton-defect and electron-phonon inter-
actions. Our results demonstrate that CoCy has remark-
able agreement with experimental observations of 2 eV
single photon emitters, including ZPL, PL lifetime, PSE,
HR factor, and PL spectrum. We emphasize the impor-
tance of comparing all key signatures between theory and
experiments for defect identification and validations.

II. COMPUTATIONAL METHODS

We employ open source plane-wave code Quantum
ESPRESSO [41] for structural relaxation and phonon
calculations of carbon defects in monolayer hBN. We
note that experimentally multilayer or bulk hBN are of-
ten used instead of monolayer hBN. However, increasing
number of layers will decrease both quasiparticle (elec-
tronic) gap and exciton binding energy, which result in
optical gaps or ZPL with minimum changes as discussed
in Refs. 42, 43. Additionally prior theoretical [44, 45] and
experimental [46] works show negligible changes when
comparing ZPL of point defects such as boron dangling
bonds in monolayer and multilayer hBN. More detailed
studies on the layer dependence of carbon defects and its
effects on optical spectra and excited-state lifetime are
needed.

We use the optimized norm-conserving Vanderbilt
(ONCV) pseudopotentials [47] and a 55 Ry wavefunc-
tion energy cutoff. We choose a supercell size of 6 x 6
which shows good convergence as tested in Ref. 38, 48, 49.
Charged defect correction is included to eliminate the
spurious electrostatic interaction by using the techniques
developed in Ref. 50, 51 and implemented in the JDFTx
code [52]. Total energy, defect formation energy and ge-
ometry are obtained with the Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional [53]. The charged
defect formation energy E? (d) with the charge state ¢ is
calculated by

E; (d) - thot (d) - Etot (p) - Z N’LM’L + qEFcrmi + Ecorr;
(1)

where B, (d) is the total energy of the charged defect,
Eio1(p) is the total energy of the pristine system, N; is
the number of atoms of atomic species 7 that is added
(N; > 0) or removed (N; < 0), ; is the chemical poten-
tial of the atomic species i, Erermi is the electron chemi-
cal potential, and FE.qp is the charged defect correction.
The chemical potentials of B, N and C are obtained as
follows. In the N-rich condition, ug_rid‘ = 1/2E;0+(N2)
where Fiot(N2) is the total energy of No molecule. In

the N-poor condition, Mg—poor = FEiot(B) where Fio(B)

is one atom’s total energy in a boron crystal. Mg—pom
and pf " are calculated according to the constraint

UN + 4B = UBN, Where upn is the total energy of BN
with one unit cell. uc, on the other hand, is one atom’s
total energy in graphene.

We evaluate electronic structures under GW approxi-
mation with the PBE eigenvalues and wavefunctions as
the starting point by using the Yambo code [54]. The
starting wavefunctions at PBE are sufficient for accurate
descriptions of current sp defect wavefunctions by com-
paring with the ones at hybrid functionals (see SI FIG.
S1 [55] for wavefunction comparison [49, 56, 57]). Prior
studies on hBN by the GW plus Bethe-Salpeter equa-
tion method (GW-BSE) have been mostly started from



single-particle states at local and semi-local functionals,
and shown excellent agreement with experimental elec-
tronic and optical properties [42, 43, 58-62]. In single-
shot GW (GoW)y) calculations in this work, the Godby-
Needs plasmon-pole approximation (PPA) [63, 64] is used
to calculate the dielectric matrices with the plasmon fre-
quency w, = 27.2 eV. Then Bethe-Salpeter Equation
(BSE) is further solved on top of the GW approxima-
tion to include the electron-hole interaction in absorption
spectra. Coulomb truncation for 2D systems [65] is ap-
plied to the out-of-plane direction, and k-point sampling
is set to 3x 3 x 1 for 6 x 6 x 1 supercells in all of the GoWj
and BSE calculations. More details on convergence tests
can be found in ST Section IT [55].

The method in Ref. 33 based on Fermi’s golden rule
and solving BSE is applied for calculating radiative
lifetime of intra-defect transitions that include exciton-
defect coupling. Nonradiative recombination lifetime is
also calculated with electron-phonon matrix elements in
the static coupling approximation. The method of fix-
ing bulk atoms [48] is used to speed up the supercell
convergence of nonradiative lifetime. The details of the
nonradiative recombination can be found in Ref. 38, 66.
The generating function approach, which is detailed in-
troduced in Ref. 67, is applied to the calculation of PL
lineshape. More benchmark and convergence tests on PL
calculations can be found in ST Section VI [55].

III. RESULTS AND DISCUSSIONS

Our results and discussions are organized as follows.
First, we discuss the defect stability and their sta-
ble charge states through defect formation energies and
charge transition levels. Then, we present the electronic
structure, optical spectra, and radiative lifetime of the
defects. Next, we show ZPL and nonradiative recombi-
nation processes of the intra-defect transitions (transition
between two states localized on one isolated defect). We
then discuss competition between radiative and nonra-
diative recombination processes and the resulting PL life-
time. Moreover, the PL lineshape and spectral function
with the dominant phonon mode are discussed. Finally,
we show a full picture comprised of ZPL, PL lifetimes,
PSE, HR factor, and PL spectrum of CyCy in compari-
son with experiments.

A. Charged Defect Formation Energy

When nitrogen and boron atoms are unevenly substi-
tuted by atomic impurities, the formation energy of the
defects depends on the elemental chemical potentials, i.e.
different at the N-rich (B-poor) and N-poor (B-rich) con-
ditions. In the N-rich condition, C2Cp is more likely to
form than CoCy because of the smaller formation energy
of C2Cpg, as shown in FIG. 1(b). On the other hand,
CyCy is more likely to form in the N-poor condition. It
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FIG. 1: Charged defect formation energy of defects

C2Cy and C5Cp as a function of Fermi level at (a)
N-poor and (b) N-rich conditions.

is also found that both defects can be stable in charge
states of ¢ = 0,%1 at a range of electron chemical po-
tentials within the electronic band gap. Without losing
generality, we investigate both CoCyn and C,Cg in all
possible charge states of ¢ = 0,£1, and we find that the
q = *1 charge states have ZPL either too large or too
small, away from the experimental range (details found
in SI TABLE S1 [55]). Thus, we focus on the neutral
state of the defects. In particular, we find that the neu-
tral CoCy have good agreement with experiments on all
properties of ~ 2 eV single-photon emitter, so we mainly
discuss the neutral CyCy in the following. The results of
C2Cp can be found in ST Section III [55] and summarized
in Table I. We find the major discrepancy of C2Cp to
experiments is in ZPL and PL lifetime.

B. Electronic Structure and Optical Properties

The single-particle diagram in FIG. 2(a) shows the
defect-related electronic energy levels with their wave-
functions, and the host monolayer hBN band edges at
the GW approximation, referenced to the vacuum level.
One unoccupied defect state (2a3) and three occupied de-
fect states (2b1, lag, 1b1) in the spin-down channel can
lead to intra-defect transitions via radiative recombina-
tion or nonradiative recombination. To obtain optical
transitions (or two-particle excitations), we calculate the
absorption spectra by solving the BSE, which uses GW
quasiparticle energies as inputs and includes excitonic ef-
fect. Details of numerical convergence tests can be found
in ST Section II. Here only spin-conserved transitions are
considered. We then calculate the radiative lifetimes of
the intra-defect recombination via Fermi’s golden rule
by the Eq. 2 (with dielectric constant equal to unity for



monolayer 2D systems),

3¢3
R
= ———a o 2
T 4E3p2 (2)

where Ej is the excitation energy, and ug_h is modu-
lus square of exciton dipole moment in atomic units.
The derivation detail of this equation can be found in
Ref. 33, 68. We find two strong absorption peaks due to
the optically allowed intra-defect transitions in FIG. 2(b)
and summarize the optical properties in TABLE II. In
particular, only the transition 2a;), — lag) shows a rela-
tively short radiative lifetime that possibly falls into the
range of experimental values. The other transition has an
order of magnitude longer radiative lifetime. Therefore,
we mainly focus on the former transition. Its shorter
lifetime (i.e. 51.9 ns) is because of stronger oscilla-
tor strength and higher excitation energy (shown in Ta-
ble II). Note that the excitonic effect at the defect is
comparable or stronger than its host materials [43, 69],
e.g. over one eV exciton binding energy Fj for both tran-
sitions in Table II. The exciton wavefunction in SI FIG.
S3 [55] shows that the exciton is localized and bound to
the carbon defect CoCy and a few neighboring BN atoms,
consistent with its large exciton binding energy. In order
to compare with the experimental PL lifetimes in TA-
BLE I, we also need to compute nonradiative lifetime as
follows.

TABLE II: Radiative recombination of CoCy. Excitation
energy (Eo), square modulus of dipole moment (u?_,),
radiative lifetime (7%), and exciton binding energy (Ej)
of the C5Cy defect for the two transitions that are promi-
nent in the optical excitations below the optical gap.

Transition  Eo (eV) p2_, (auw) 7% (ns) By (eV)
2a5, — 2by) 1.34 4.90% 10" % 7.95 % 107 2.08
2az; — lagy 2.33 1.43 5.19 % 10! 1.58

C. Nonradiative Recombination
Nonradiative lifetime (7V) is a measure of how fast
the nonradiative recombination happens between the fi-
nal state |f) and initial state |i). The phonon-assisted
nonradiative recombination is influenced by several fac-
tors and also evaluated via Fermi’s golden rule as below,

1 27 e—ph! -
g = 7,9 D Pinl (FmHP"in) [P6(Epy — Ein)

it
(3)

where H¢ PP is the electron-phonon coupling Hamilto-
nian, ¢ is the degeneracy factor of the final state that
depends on the number of equivalent atomic configura-
tions, and p;, is the occupation number of the vibronic
state |in) following Boltzmann distribution.

n,m

Under the static coupling approximation with one-
dimensional (1D) phonon approximation [38, 66], we can
rewrite Eq. 3 as

1 2
R —gIWis X (1) (4)
' OH
Wis = (i(r, R)| 55101 (r, R) |-, (5)
Xip =

= me‘ <¢fm(R)|Q - Qa|¢m(R)> |2

X 5(mhwf —nhwi+AEif). (6)

Eq. 4 is separated into the electronic term (W;;) that
depends on the electronic wavefunction (¢) overlap, and
the phonon term (X;s) that describes the strength of
phonon contribution. The phonon term includes the en-
ergy conservation between initial and final vibronic states
with vibrational frequencies of w; and wy, and ¢ is the
phonon wavefunction. The detailed derivation can be
found in Ref. 38, 66.

We summarize the nonradiative recombination lifetime
of the intra-defect transitions, along with ZPL, HR fac-
tor of the final state (Sy(1D)) in TABLE III. Note that
the HR factor from the nonradiative recombination cal-
culation is with 1D effective phonon approximation. Its
comparison with the full-phonon HR factor (S, includ-
ing all phonon eigenmodes) can be found in SI Section
VI [55]. The calculated 1D HR factor is close to the
full-phonon HR factor as can be seen by comparing TA-
BLE III (1D) with FIG. 3 (full phonon). ZPL is evalu-
ated by two methods: one is using the vertical neutral
excitation energy obtained from BSE with subtracting
the Frank-Condon shift in the excited state (ZPL(BSE)),
and another is from constrained DFT (CDFT) at the
PBE level with geometry optimization (ZPL(CDFT)).
The ZPL from two methods has 0.1 and 0.4 eV energy
difference for the first two transitions, respectively. We
used the CDFT in the nonradiative lifetime calculation
to be consistent with other quantities in the equation.
The nonradiative recombination of §A2 — gAg is fast
due to the following reason. The electronic term Wiy
of %Ag — %Ag is large because it is symmetry-allowed,
about four orders of magnitude larger than the other
two transitions. Since 7V is inversely proportional to
the square of W;y according to Eq. 4, difference of Wy
dominates over phonon contribution in X;;. The nonra-
diative lifetime of 345 — 545 (2.29 ns) is several orders
shorter than other two transitions.

We note that different from Jara et al [39] which fo-
cuses on the first transition, we focus on the second tran-
sition at 2.13 eV (BSE) in Table III, which gives much
better agreement with experiments on several parame-
ters. More detailed comparison with Ref. 39 with hybrid
functionals can be found in SI Table S4 [55].
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FIG. 2: (a) Single-particle diagram of the ground state 3 A, at the level of GoW@PBE, and (b) GoWo — BSEQPBE
of C3CxN. VBM and CBM are -7.431 ¢V and -0.400 eV, respectively [70]. The defect states in the band gap are
denoted by the irreducible representations of Cs, symmetry group based on corresponding wavefunction symmetry.
The isosurface of the wavefunctions (PBE) is 3% of the maximum. In the GoWy — BSEQPBE spectra, the
absorption peaks are labeled by the corresponding intra-defect transitions. x and y are the in-plane directions that
are perpendicular and parallel to the Cy axis, respectively, and z is the out-of-plane direction. The spectral
broadening is 0.02 eV.

TABLE III: Properties of nonradiative recombination of the intra-defect transitions. The transitions are denoted
using the multielectron wavefunction notations. The ZPL(BSE) are evaluated by subtracting the Franck-Condon
shift (Erc) from the excitation energies from GoWo — BSE calculations. The ZPL(CDFT) are obtained by
constrained DFT calculations at PBE level, which are used as the energy input for the nonradiative lifetime. AQ is
the nuclear coordinate change between the initial and final states. 7wy is the phonon energy of the final state.
S¢(1D) is the HR factor with 1D effective phonon approximation. Wy and X,y are the electronic and phonon
terms, respectively. The nonradiative lifetimes are calculated with 6 x 6 supercell at 300 K at PBE level. Here,
fBl — 3A2 is related to the transition 2as, — 2by) in the single particle picture; transition %Ag — §A2 is related to
the transition 2as; — lag); transition %Ag — fBl is related to the transition 2b;| — lagy.

Transition Erc ZPL(BSE) ZPL(CDFT) AQ fw;  Sy(1D) Wi Xy TNR
(eV) (eV) (eV) (amu'/?A)  (meV) (eV/(amu'/?A)) (amu-A2 /eV)
B, — 24, 0.13 1.21 1.16 0.26 122 0.95 1.34 %107 % 717%10°% ~1 ms
2A, 245 020 2.13 1.70 0.27 145 1.26 3.13x 107! 4691077 229 ns
24; = 2B 0.01 - 0.55 0.19 128 0.67 5.58 % 107° 1.05%1072  3.20 us
D. PL Lifetime and Quantum Yield where i denotes the i** nonradiative pathway for the

transition from the initial state. In addition, we cal-
culate the PL lifetime which is the inverse of the total

Next we will compute PL lifetime and quantum S
recombination rate by Eq. 8

yield [37] using radiative and nonradiative recombination
lifetime from TABLE IT and TABLE III, respectively. We 1 1
list them along with the full-phonon HR factors calcu- Pk = U(x+ Z —~®) = ™. (8)
lated with the method in Ref. 67, and quantum yield (n) T 7 T

computed by Eq. 7 [71] in the multiplet diagram FIG. 3. ) )
For transition 54 — (A2, the nonradiative lifetime is

1 1 1 nearly ten times shorter than the radiative lifetime. By
n= T*R/(T*R + Z m), (7) including the nonradiative recombination 24, — 2Bj,
i the overall recombination leads to the quantum yield of
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FIG. 3: Multiplet structure and important physical
parameters of CoCx in hBN. 34, is the ground state,
and 2B, and 2A, are the excited states. The red solid

lines denote radiative recombination and the blue
dashed lines denote nonradiative recombination. S is
the HR factor with full phonon calculations. 77 and
7NE are the radiative lifetime and nonradiative lifetime,
respectively. n and 777 are the QY and PL lifetime,
respectively.

4.23%, about 2% lower than the experimental quantum
yield range 6~12% [8]. More importantly, the PL life-
time of transition §A2 — (2)142 from Eq. 8 is calculated
to be 2.19 ns, exactly within the experimental range of
PL lifetimes (TABLE I and FIG. 5(a)). In addition,
the calculated full-phonon HR factor of this transition
is 1.35, indicating weak electron-phonon interaction and
good agreement with the experimental HR factor in TA-
BLE I and FIG. 5(b).

E. Phonon Modes of C2Cn in hBN

To get more insights into electron-phonon coupling
of Co;Cy in hBN, we calculate the spectral function
(S(hw)) of 345 — 5 Ay with the partial HR factor (Sj)
of phonon mode k as shown in FIG. 4. The phonon
modes spread over the range 0~190 meV, and the phonon
modes around 180 meV have the largest contribution
to the spectral function. In particular, the 187 meV
phonon mode has the largest partial HR factor among
these modes. By visualizing this phonon mode shown
by the inset in FIG. 4, we find it to be an out-of-phase
phonon mode. The atoms involved in this phonon mode
include not only defect-related atoms but also many B
and N atoms around and away from the defect. Hence,
the 187 meV phonon mode is quasi-local. To quantita-
tively characterize the localization of dominant phonon
modes, we estimate the number of atoms involved in the
vibration of a phonon mode, by projection of inverse par-

ticipation ratio (IPR) on this phonon mode k [67],

1
Z(x (Zz ATI%;a,i)Q ’

where A7y, ; is a normalized vector that describes the
displacement of the atom « along the direction 4 in the
phonon mode k between the intial and final states. We
then estimate the localization of the phonon mode by the
localization ratio f3,

IPRx =

9)

Br = NAT/IPRy, (10)

where NAT stands for the total number of atoms in the
supercell. The larger the localization ratio is, the more
localized the phonon mode is. We find that the IPR of
the 187 meV phonon mode is 46 for the 6x6 supercell
calculation, and the localization ratio 3 is ~2. The IPR
of this mode increases as a function of supercell sizes, but
the localization ratio keeps constant, as can be seen in the
SI TABLE S4 [55]. This again reflects the nature of this
mode being a mixture of defect and bulk phonons or a
“quasi-local” mode. Besides the 187 meV phonon, the 60
meV phonon is pronounced in the low-energy range of the
spectral function, as an in-phase phonon mode (see the
inset in FIG. 4). It also has a large IPR of 48 and 3 of ~2.
Comparing the calculated phonon mode energies with the
experimental ones for 2eV single-photon emitters [7, 72],
the 187 meV phonon mode is in good agreement with the
~180 meV longitudinal optical phonon that leads to the
pronounced PSB.

F. Comparison between C2Cn defect and
Experiments

To further validate that C,Cy is a possible candidate of
experimentally observed single-photon emitters, we cal-
culate the PL of C5Cy for transition %AQ — 3A2 and
compare it with the PL spectra of ~2 eV SPEs [13] in
FIG. 5. The details of the PL calculation can be found in
SI Section V [55, 73-75]. The calculated PL shows similar
PSB peaks to the experimental PL [13], as can be seen in
FIG. 5(d). A weak PSB peak next to the first PSB peak
can be seen in both calculated and experimental PL spec-
tra. This peak has been found to be more visible when
the brightness is enhanced in an as-prepared array [72].
In addition, phonon-sideband energy can be a measure of
the averaged phonon energy, found to be 180 meV, within
the experimental range in TABLE I and FIG. 5(c). The
excellent agreement between the calculated and experi-
mental physical parameters including ZPL, PL lifetime,
HR factor, PSE and PL spectrum strongly suggest that
the CyCyn defect is one possible source of ~2 eV single-
photon emission.

According to our theoretical calculations as shown in
FIG. 3, besides the emission around 2 eV | there is a
near-infrared (near-IR) emission which can be another
identifier of CoCy defect. Note that besides PL lifetime,
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FIG. 4: Spectral function that shows the distribution of

phonon modes and the contribution of phonon modes to

the electron-phonon interaction of CoCy defect in hBN.
The left vertical axis and black solid line are for the
spectral function, and the right vertical axis and red

dots are for the partial HR factor as a function of
phonon energy. The inset figures are the low energy
phonon mode (60 meV) and dominant phonon mode
(187 meV) of CyCy for transition 345 — 2A,.The red
arrows show the atom displacement of the
corresponding phonon modes.

photon detection rate I can be another experimentally
measurable quantity,

I=al®? (11)

where « is the photon collection coefficient, I'? is the
radiative rate or emission rate [76, 77].

To estimate the photon detection rate of the near-IR
emission, we first calculate the emission rate which is
1.26 x 105 counts/s based on radiative lifetime 795 ns in
TABLE II. Second, we estimate the photon collection
coefficient from existing experiments [7], which is 0.31,
by taking the ratio of the experimental photon detection
rate (6 x 10° counts/s) of the 2 eV emission [7] to the the-
oretical emission rate (1.93 x 107 counts/s) of CoCy at
2.13 eV (radiative lifetime 51.9 ns in TABLE II). Assum-
ing the photon collection coefficient is the same between
the 2 eV and the near-IR emission, the photon detection
rate estimates to be 3.92 x 105 counts/s for the near-IR
emission. This is experimentally measurable with suffi-
ciently long acquisition time.

Finally, we note that the variation in experimental re-
sults shown in TABLE I can be from several sources of
single-phonon emitters and possible internal strains due
to material preparation. Further defect identification in-
cluding spin related properties can be through calcula-
tions of optically detected magnetic resonance (ODMR),
which measures the spin-dependent optical contrast and

is directly related to the information readout of spin
qubits [78].
IV. CONCLUSIONS

In conclusion, we investigated the possibilities of car-
bon defects for 2 eV single photon emission in hBN, by
comparing key physical properties from first-principles
calculations with experiments, including ZPL, PL life-
time and lineshape, as well as HR factor. We showcase
the importance of considering multiple key signatures in-
cluding both static and dynamical properties when iden-
tifying defects through theory and experimental compari-
son. We found CyCy has the best agreement with experi-
ments on all concerned properties. In particular, we show
the radiative lifetime can be an order longer than the ex-
perimentally observed PL lifetime; but after including
nonradiative processes, the agreement with experimental
PL lifetime is much better. We show the electron-phonon
coupling in CoCy is moderate with small HR factor and
the dominant phonon mode at ~180 meV is quasi-local
with significant participation of bulk atoms. The near-
infrared emission can be another identifier of CoCy which
can be used for experimental verification of the nature of
SPEs. Our work provides insight into the ~2 eV single-
photon emission from the theoretical perspective, which
is important for unraveling the unknown chemical nature
of defects in hBN, manipulating defects and developing
quantum applications.

Besides hBN, other 2D materials such as black phos-
phorus and graphene have shown highly tunable light
emission properties [79-81], maybe promising for single
photon emission and spin qubit applications as well. For
better spatial control and emission tunability of quantum
defects in 2D materials, promising pathways have been
suggested by interfacing quantum emitters with meta-
surfaces [82, 83], coupling with microcavities [84] and
far-field patterns [85].
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