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! Telecom-Wavelength NV-Center Analogues in Cubic Boron Nitride

Mark E. Turiansky!''* and Chris G. Van de Walle!:

! Materials Department, University of California, Santa Barbara, CA 93106-5050, U.S.A.
(Dated: June 23, 2023)

We apply first-principles calculations to investigate Vg-Cp and Vi-Sig complexes in cubic boron
nitride as potential quantum defects. We find that these centers possess a triplet ground-state spin,
analogous to that of the prototype quantum defect, the NV center in diamond. In contrast, the
main optical transition of these complexes occurs in the telecom O-band, making them appealing for
quantum networking applications. Furthermore the coupling to phonons is weaker than in the NV
center, resulting in a much larger fraction of photons (22%) being emitted in the zero-phonon line.
One inherent drawback of the longer emission wavelength is stronger nonradiative recombination;
however, the resulting lower quantum efficiency can be mitigated by cavity coupling.

5 Quantum defects are point defects or impurities em-
s bedded in solids that have properties useful for quantum
7 technologies. The prototype quantum defect is the NV
s center in diamond, a carbon vacancy neighboring a sub-
o stitutional N impurity. In the negative charge state, the
o NV center possesses a triplet ground state, allowing it to
1 act as a spin qubit. The NV center has an optical inter-
> face that enables initialization and readout of the ground-
s state spin.! These properties underlie the NV center’s
+ ubiquity in quantum-defect research, enabling nanoscale
s sensing,? quantum networking,? and long-range entangle-
s ment.*

7 Despite these successes, the NV center has various lim-
itations. The optical interface is highly lossy: less than
o 3% of the emitted photons are in the well-defined quan-
o tum state (with a wavelength corresponding to the zero-
1 phonon line) that can be used for entanglement. Further-
> more, the emitted photons are in the visible spectrum,
3 which results in considerable losses when transmitted via
. fiber-optic cables. An alternative to the NV center which
s emits photons at telecom wavelengths, where fiber-optic
s losses are minimized,® would be highly desirable for net-
» working. Moreover such photons fall into the second
s near-infrared window, which is advantageous for biolog-
o ical sensing due to reduced interaction with biological
o tissue.’

©

1 Cubic boron nitride (c-BN) is a sister compound to
> diamond, with similar properties such as an ultra-wide
s band gap, excellent stability, high thermal conductivity,”
and controllable dopability.® 19 The hexagonal phase of
s boron nitride has received much attention as a host for
quantum defects,''2 but comparatively little attention
; has been paid to c-BN, likely due to the difficulty in grow-
s ing high-quality single crystals. Still, steady progress has
s been made,'>'® and it is expected that the quality will
continue to improve. Photoluminescent centers in c-BN
1 have been observed,' but their potential as quantum
defects has not been assessed. Vp-Oy in c-BN was pro-
s posed as an NV-center analogue,?*?! but does not offer
notable advantages over the NV center. Various defect
s complexes in ¢-BN have been calculated,?? but the cal-
culations relied on semi-local functionals and the ability
» of those complexes to act as quantum defects was not
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assessed.

In this Letter, we utilize first-principles calculations
based on hybrid density functional theory to demonstrate
that neutral Vg-Cg and Vp-Sig complexes in c-BN are
attractive quantum defects. We find that they possess
a triplet ground state, similar to the NV center, which
enables them to act as spin qubits. We calculate the
zero-field splitting and hyperfine parameters to aid in
experimental identification. The complexes emit photons
at telecom wavelengths within the O-band (1260-1360
nm), making them useful for applications in long-range
quantum networking. Moreover the coupling to phonons
is drastically smaller than in the NV center: we find that
22% of the emitted photons are in the zero-phonon line
and therefore in a well-defined quantum state. Lastly,
we quantitatively evaluate the radiative and nonradiative
transition rates.

For our calculations, we use hybrid density functional
theory within the projector augmented-wave formalism?3
as implemented in the VASP code.?* We retain Fourier
components in the plane-wave basis up to an energy of
520 eV. We use the hybrid functional of Heyd, Scuseria,
and Ernzerhof?® with the fraction of Hartree-Fock ex-
change set to 33%. These parameters result in an equi-
librium lattice parameter a = 3.59 A and an indirect
band gap of 6.26 eV, in agreement with the experimental
values of 3.62 A2 and 6.36 eV.27

We investigate defects in a 216-atom supercell obtained
from a 3 x 3 x 3 multiple of the 8-atom conventional
unit cell. Lattice parameters of the supercell are held
fixed; the atomic coordinates are relaxed until forces are
below 10 meV/A. The Brillouin zone is integrated with
a single special point (1/4, 1/4, 1/4).%® Spin polarization
is explicitly taken into account.

The formation energy Ef of a given defect X7 in charge
state ¢ is defined as?®

ET[X] = Eot[X9] = Biot[e-BN] = Y nipi + qEp + A7 .

(1)
Eio is the total energy extracted from a supercell cal-
culation, and Fg is the Fermi level. n; is the number
of atoms of atomic species ¢ added to (n; > 0) or re-
moved from (n; < 0) the supercell, and y; is the corre-



s sponding chemical potential. pu; = E; + Ap;, where E; is
s the single-atom energy for the reference phase (e.g., bulk
w B for ug). Under N-rich growth conditions, Auxy = 0
o and Aupg = —2.79 eV, which is the calculated formation
o enthalpy of ¢-BN. For the incorporation of impurities,
o3 we consider the secondary phases B13Cy with enthalpy
o —0.82 eV and SizN, with enthalpy —9.12 eV. Finite-size
effects resulting from simulating a charged system in pe-
o riodic boundary conditions are accounted for in the cor-
o7 rection term A?.30

¢ The formation energies of the investigated defects are
9 shown in Fig. 1 for N-rich conditions, which represent
100 the most favorable conditions for incorporation of both
1w Vg and impurities on the B site. Boron vacancies act as
102 acceptors while Cg and Sig act as donors: these species
103 will therefore be attracted by a Coulomb interaction. We
14 will focus on the neutral charge state of V3-Cp and Vg-
10s Sig, since this corresponds to the desired triplet state.
ws Considering (V-Cg)° as formed from binding Vg~ to
17 Cp™, we calculate a binding energy of 1.33 eV. It is also
108 possible that Vp-Cp is first formed in a — or 2— charge
109 state: if we consider the binding of Cg to the appropriate
no charge state of Vg to maintain charge neutrality we find a
w binding energy of 1.97 eV for (Vs-Cp)~ and 2.56 eV for
2 (V-Cp)?~. The similarly calculated binding energy is
us 1.47 eV for (VB—SiB)O , 2.25 eV for (VB—SiB)i, and 2.89 eV
us for (Vp-Sig)?~. These sizeable binding energies ensure
us that, once formed, the complexes will remain stable.

9
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FIG. 1. Formation energies E? of the substitutional im-

purities (Cg, Cn, Sig, and Cag), Vs, and impurity-vacancy
complexes (Va-Cp and Vi-Sig) as a function of the Fermi
level Er.

us  The desired triplet ground state, which allows these
17 centers to act as spin qubits, is achieved for the neu-
us tral charge state of V3-Cp and Vp-Sig. ¢-BN is a high-
19 symmetry crystal with point group Ty. In the absence
120 of atomic relaxation, the introduction of a vacancy and
121 impurity on a second-nearest-neighbor site reduces the
122 symmetry to C1p. In our calculations, we find a slight
123 distortion that lowers the symmetry of the complex to
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C1. The distortion is more severe in the case of Si, likely
due to the larger size of the impurity.

The Kohn-Sham states of the complexes in the spin-
minority channel are shown in Fig. 2. In the spin-
majority channel, all defect orbitals are occupied and
slightly above or resonant with the valence band. We ex-
plicitly verified that the triplet state is the ground state
by also calculating the singlet state. Our calculations
predict that the lowest singlet state is 140 meV above
the triplet ground state of V3-Cg and 72 meV above the
triplet ground state of Vp-Sig. It is worth noting that
the singlet states exhibit “antiferromagnetism”, which is
indicative of “broken-symmetry” character.?'3? Various
studies have shown that the broken-symmetry states pro-
vide a reliable description of energy differences within
DFT.SLSQ

Part of the appeal of the NV center is the ability to
optically initialize, control, and readout the ground-state
spin.! These dynamics are a result of an intersystem

crossing from the triplet manifold to the singlet mani-
fold and subsequent relaxation. A full assessment of the
spin-dependent transition rates and the higher-lying sin-
glet excited states is beyond the scope of this manuscript.
It is worthwhile to note that even in the absence of an

efficient intersystem crossing, all optical techniques exist
33

to manipulate the spin.

Energy [eV]

Vs-Sig

FIG. 2. Schematic position of the Kohn-Sham states in
the spin-minority channel with respect to the band edges.
Occupied levels are depicted with a red circle. The valence
band is shown in blue, and the conduction band in orange.
The charge density isosurfaces for the Kohn-Sham states of
Vi-Cp are shown on the right. B atoms are shown in green,
N in grey, and C in brown. The isosurfaces are colored by
the phase of the wavefunction, with red and blue indicating
opposite signs.

Due to the low symmetry of the center, all three mag-
netic sublevels are non-degenerate at zero field. In Ta-
ble T we list our computed zero-field splittings arising
from spin-spin dipolar interactions; these splittings are
essential properties for microwave control and also aid in



15 experimental identification. We also computed the hy-
155 perfine coupling to the nearest-neighbor N nuclei (Ta-
157 ble I). We find that there is negligible spin density (A val-
ues less than 3 MHz) on the nearest-neighbor N nucleus
closest to the impurity; the reported values are for the
other three nuclei. For V3-Cg, the values for these three
N neighbors are the same to within 1 MHz. For V3-Sip,
which has lower symmetry and hence a more asymmet-
ric spin density, we provide values for the individual N
atoms.
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TABLE I. The calculated zero-field splitting (D, Dy, D)
and hyperfine (Agz, Ayy, Az-) parameters after diagonaliza-
tion.

Vs-Cp V&-Sis
D, -1490 -3030
Zero-field Splitting [MHz] D, -1280 180
D, 2770 2850
Avs 30 30/29/21
YN Hyperfine [MHz] Ayy 30 30/29/21
A 75 88/79/45

We now consider an optical process in which an elec-
tron transitions between the highest occupied level and
lowest unoccupied level in the spin minority channel
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strained occupation ASCF approach®! and construct a
configuration coordinate diagram (CCD) using the Non-
rad code.?® The CCD provides a succinct way to rational-
ize electron-phonon coupling in the context of radiative
or nonradiative transitions. The CCDs for Vp-Cp and
VB-Sig are shown in Fig. 3. Photons produced from the
zero-phonon line are in a well-defined quantum state use-
ful for entanglement. We find that the zero-phonon line
for Vg-Cg is 0.95 €V or 1305 nm. For Vg-Sig, the zero-
phonon line is 0.89 eV or 1393 nm. Both of these tran-
sitions fall within O-band telecom wavelengths, which is
excellent for long-range transmission of photons.®

Electron-phonon coupling reduces the number of pho-
tons emitted into the zero-phonon line and gives rise to
a phonon sideband. We can quantify the strength of
electron-phonon coupling through the Huang-Rhys fac-
tor:36

170

171

172

173

174

175

17

o

177

17

®

17

©

18

S

181

18

o

183

18

=

185

1
5= 7 (8Q)Q (2)

where (), is the vibrational frequency of the ground state.
AQ is the mass-weighted difference in atomic geometries
and is given by

(AQ)* = ZM1|RI,g ~ Ry,
1

186
187

3)

where I labels the atomic sites, M; is the Ith atomic
wo mass, and Ry /. are the coordinates of the Ith site in
01 the ground (g) or excited (e) state. We find a Huang-
12 Rhys factor of S = 1.51 for both V3-Cg and V3-Sig.
13 As a result, exp(—S5)~22% of the photons will be in the

189

(Fig. 2). To investigate the excited state, we use the con-

(a) V-Sig (b) Vg-Cp
1.25 4 .
1004 135 meV i 174 meV
— m
S 075- VANE o |
5 & | s/ o
& 0.50 Q] 3 a ) 9
g 7 78
0.25 - 7 2 ] «y >
0.00 - .
0.0 0.5 0.0 0.5
Q [amul?2 A] Q [amul? A]
FIG. 3. Configuration coordinate diagrams for the spin-

conserving optical transition in (a) Va-Sig and (b) Va-Cg.
Solid blue lines indicate the potential energy surface of the
excited state, and solid orange lines indicate the ground state.
Red arrows denote the zero-phonon line energy Ezpr, and the
average emission energy FEem. The phonon frequencies for
each potential energy surface are labeled.

zero-phonon line. This constitutes almost an order of
ss magnitude improvement over the NV center.

We now address how fast these photons can be pro-
duced, by (approximately) calculating the total radiative
emission rate using®

19

X

o

197

3 2
nrBypy it

I'n =
R 3megc3hd

(4)
19 Here Eyzpy, is the zero-phonon line energy, p is the tran-
sition dipole moment, and n, is the index of refraction,
which takes a value of =~ 2.1 in ¢-BN.3® We find a value of
I'r = 5.6 MHz (7.3 MHz) for V-Cp (Vp-Sig). This value
is smaller than that of the NV center,’ mostly due to the
smaller transition energy; however, this is a worthy price
to pay for a telecom-wavelength transition.

The quantum efficiency 7 of the transition is given by

 Tr+Tnr’

200

201

202

20

&

204
205

206

U ()
where I'ygr is the nonradiative transition rate. The non-
radiative transition rate enabled by multiphonon emis-
sion3739 is given by

27 A 2

I'ng = ?W(?g Z W Z |<Xem|Q - QO‘XgnH
m n

X 5(EZPL + mhQ), — nth) , (6)
201 where w,,, is the thermal occupation factor for the mth
20 vibrational mode of the initial state. €2/, are the phonon
20 frequencies of the excited (e) and ground (g) state derived
a0 from the configuration coordinate diagram, and Qg is
au the geometry for the perturbative expansion. W, is the
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electron-phonon coupling matrix element. We evaluate
the nonradiative transition rate enabled by multiphonon
emission®”3? using the Nonrad code.??

We find a nonradiative transition rate of I'yr
10 GHz (23 GHz) for V3-Cp (VB-Sig) at 4 K. The re-
sulting quantum efficiencies are then 0.05% for V3-Cp
and 0.03% for Vp-Sig. The low quantum efficiency is
not ideal but is not prohibitive. In applications where
the ground-state spin is utilized as the qubit, the opti-
cal interface simply provides a means of addressing the
qubit. For such applications, the quantum efficiency is
not a major limitation. However, when the photon itself
is used as a qubit or as a means of entanglement, single
photons need to be produced on demand:*° one excita-
tion should result in one photon, which requires 100%
quantum efficiency. Fortunately, the low quantum effi-
ciency can be overcome by coupling to a photonic cavity:
this increases the photon density of states, significantly
enhancing the radiative transition rate and therefore the
quantum efficiency.*!

Photons at telecom wavelengths can also be produced
using rare-earth impurities.*? However, the relevant tran-
sitions are electric-dipole forbidden, and thus the corre-
sponding rates are remarkably low (kHz or lower); cav-
ity coupling is necessary to observe the emission in the
first place.%? In that sense, Vg-Cg and Vi-Sip are an im-
provement, since they produce photons at a rate several
of orders of magnitude faster.

We now return to the issue of achieving the desired
triplet state, which corresponds to the neutral charge
state and thus requires the Fermi level to be between
1.47 and 2.56 eV for V3-Cp (1.42-2.43 eV for Vp-Sip)
(Fig. 1). The important role played by the Fermi-level
position in achieving the desired spin state of a quan-
tum defect is often overlooked, possibly because it is not
appreciated that in the case of the prototype NV center
in diamond one benefits from a fortuitous coincidence:
N impurities (which are abundantly present when NV is
formed) confine the Fermi level to a range where the de-
sired negative charge state of NV is stable.*3 We are not
so lucky in the case of the V3-Cg and Vi-Sig complexes
in c-BN. Both Sig and Cg act as donors and will thus
drive the Fermi level towards the conduction band. Vg
acts as a compensating acceptor; when it forms during
growth charge neutrality would pin the Fermi level near
the intersection point of the formation energies of Sig
(Cp) and Vg (Fig. 1), which is still well outside the range
where (Vp-Sig)? and (Vs-Cg)? are stable. Alternatively,
one could first attempt to obtain (largely) uncompen-
sated material doped with Sig or Cg by suppressing the
formation of Vi,? and subsequently introduce vacancies
with irradiation (as is the common practice for creating
the NV center in diamond). However, this is still unlikely
to result in neutral complexes.

We therefore need a strategy to control the Fermi level.
One possibility is to introduce a dopant that will pin the
Fermi level (much like N controls the Fermi level in the
case of the NV center in diamond). In the case of the
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quantum defects in ¢-BN, we would need to dope with
impurities that have either a (4/0) or (0/—) level within
the desired Fermi-level range; when such dopants domi-
nate in the charge-neutrality condition they will pin the
Fermi level. Our search for such impurities revealed only
Cap as a suitable candidate (Fig. 1). Unfortunately, Cap
has an extremely high formation energy. Still, it would
be interesting to examine whether any Ca is incorporated
in bulk c-BN grown from Ca-containing precursors.!3:14

Another possibility is to take advantage of carbon it-
self: when C is incorporated on the N (rather than the B)
site, it acts as a deep acceptor. If growth conditions are
tuned to favor incorporation of Cy as the dominant im-
purity, its neutral charge state (assuming a background
of donor-type impurities) will pin the Fermi level around
1.24 eV, just shy of the range where (Vz-Cgp)" is stable
(Fig. 1). Some fraction of C would still incorporate on the
B site and would form the V-Cp complexes, along with
vacancies created by irradiation. While the Fermi level
pinned by Cy is slightly outside the range where (Vp-
Cg)? is stable, it might actually be brought within that
range due to band bending. Since Cy pins the Fermi level
low in the gap, some amount of downward bend bending
is expected near the surface. Preferential activation of
centers in the near-surface region is actually beneficial
for optical control and for sensing applications.

Finally we note that the correct charge state can also
be achieved if the setup allows applying a gate voltage.
In the case of Cx doping, a small positive voltage (refer-
enced to the flat-band position) would lead to downward
band bending and bring the Fermi level within the region
of stability of (V-Cp)" for a range of depths below the
surface. This method of control could also conceivably be
used to achieve the neutral charge state even in the case
where Vg-Cg or Vp-Sig complexes are formed in other
charge states under near-equilibrium conditions, but the
Fermi level needs to be moved closer to the valence band.

In conclusion, we have assessed the potential of V3-Cg
and Vp-Sig in ¢-BN to act as quantum defects. These
complexes possess a triplet ground-state spin, similar to
that of the NV center. We evaluated the zero-field split-
ting and hyperfine parameters, and found that the main
optical transition occurs at O-band telecom wavelengths,
rendering it suitable for quantum networking applica-
tions. Electron-phonon coupling is weaker than in the
NV center, resulting in a much larger fraction (22%) of
photons to be emitted in the zero-phonon line. While
these features are a desirable improvement over the NV
center, one drawback of these complexes is their low
quantum efficiency. The low energy of the transition is
conducive to strong nonradiative recombination enabled
by multiphonon emission. Cavity coupling can overcome
this low quantum efficiency. Our work on these defect
complexes expands the database of potential quantum
defects, but also highlights the inherent trade-offs that
may be necessary in choosing a quantum defect for vari-
ous applications.
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