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ABSTRACT: Quantum emitters (QEs) based on deep-level defects A 7
in hexagonal boron nitride (hBN) layers are promising alternatives to N\
other qubit-candidates in three-dimensional wide bandgap semi-

conductors. The two-dimensional (2D) form factor of hBN allows N

the possibility of near-deterministic placement of quantum emitters « == < —>’ _ ﬁ’- W -
and an ease of property-tuning via different means, such as NG = - .f: S
application of strain. However, the 2D nature of hBN also results - =

in a unique set of challenges, including a sensitivity of the QEs to Freestanding hBN SiO,

their environment that can influence their different properties, such

as their emission frequencies and brightness. In particular, although

observed experimentally, theoretical works thus far have ignored substrate-induced modulation of hBN’s QE properties. As a result,
to date, the magnitude of substrate effects and the underlying mechanism(s) involved in the modulation of QE properties remain
unknown. In our density functional theory-based work, we use silicon dioxide as a prototype substrate to demonstrate that the
substrate effects can indeed have a significant impact on ground- and excited-state properties of defects responsible for quantum
emission. Our analysis shows large structural distortions at the defect sites due to substrate interactions, resulting in significant
changes in quantum emission frequencies. These calculations reveal that accounting for substrate effects is critical to the successful
use of hBN in quantum sensing and quantum computing.

KEYWORDS: quantum emitters, 2D hexagonal boron nitride, point defects, substrate effects, optical property modulation,
density functional theory

B INTRODUCTION chemical phase space for defect-based QEs in hBN. Although

The atom/molecule-like optical properties of the deep level some advances have been made in narrowing down candidate

defects in hexagonal boron nitride (hBN) layers make them defects,”>*? 73 their exact chemical nature is still debated. The
promising solid-state quantum emitters (QEs) for use in difficulties in identifying the precise defects responsible for
quantum sensing and quantum computing.™"* What gives quantum emission are compounded by large variations in the
QEs in hBN such a tremendous potential are the different defect properties, even if the defects are assumed to be the
advantages offered by the two-dimensional (2D) layered same species.” The observed variations in different properties,
structure of the host material as compared to three- such as the brightness and emission frequencies, are often
dimensional semiconductor hosts, such as different SiC attributed to differing local strains at the defect sites. A recent
pOly’typeSH_zo and diamond.”'~** These advantages include theoretical work>* explained how strain can modify different
a possibility of deterministic placement of defects in a 2D host properties of hBN defects. Within an hBN sample, there can be
and a greater ability to tune properties of the defects in 2D a number of sources of strain, including the presence of other

layers. The latter can be achieved via a number of means, such
as chemical alterations (doping) of the layers, application of
strain, and/or simple heterostructuring.

Notwithstanding the aforementioned potential advantages of
using hBN as a host to QEs, there are several challenges to
using its defects in quantum applications. The biggest hurdle is
that, to date, the chemical nature of the fluorescent defects in
hBN has remained unknown. In large part, this challenge arises
because a significant number of intrinsic and extrinsic defects
in hBN are deep level defects, resulting in a large and complex

point/extended defects in the vicinity and/or grain boundaries.
Another source of strain that has not received much attention
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Figure 1. Elucidating substrate-effects on defect-based quantum emitters (QEs) in hBN. (a) The side view and top view, showing equilibrium
structure of the pristine hBN/SiO, composite. (b) The antisite defect complex, VN, investigated in this proof-of-principle study. (c) Energy vs
configuration coordinate (Q) diagram illustrating Franck—Condon principle applied to light absorption and emission by the defect center, which is
used to obtain the zero phonon line (ZPL) of the defect within constrained-occupation DFT (CDFT). Within CDFT, total energies corresponding
to different ionic and electronic configurations for points A, B, C, and D are calculated, with the C < A transition corresponding to the ZPL.

is the substrate itself. The importance of substrate effects can
be seen in the experimental report by Exarhos et al.’ The main
goal of Exarhos et al. was to eliminate substrate effects by
characterizing single-photon sources in hBN suspended on
etched holes in a patterned Si/SiO, substrate. Nevertheless,
their extensive study also reported a non-negligible perturba-
tion of QE properties in supported regions of hBN as
compared to those QEs in suspended regions. As the observed
substrate-dependence of the optical properties was outside the
scope of their study, it was not pursued beyond providing
several conjectures regarding its origin. In fact, thus far, the
nature of hBN—substrate interactions has remained unexplored
in theoretical and experimental studies. As a result, it is not
known how and to what extent these interactions modify the
properties of the hBN layer and its defects. For example, it is
not clear if the substrate effects can result in structural
distortions and hence strain at a defect site, quenching of the
defect spin, and/or changes in the frequency of its quantum
emission, even if the defect spin state is stable. This lack of
understanding of substrate effects represents a serious
knowledge gap as revealed by recent theoretical works on
other layered materials,*>~** which show that the interactions
between 2D layers and their mixed/heterodimensional or
homodimensional substrates can modify different properties of
the 2D-layers substantially and in unpredictable ways. In this
theoretical work, we explore substrate—hBN interactions and
demonstrate how these interactions affect the ground- and
excited-state properties of quantum emitters within hBN.

B RESULTS AND DISCUSSION

Spin-resolved density-functional theory (DFT) calculations
were carried out using the Quantum-ESPRESSO package.”
To study substrate effects, we placed an hBN monolayer on a
fully passivated (111)-oriented f-cristobalite slab,*”*" which is
a polymorph of SiO, (see Methods for details). SiO, was
chosen as the substrate due to its experimental relevance.’
Figure 1(a) shows the top and side views of the hBN/SiO,

composite. Within this mixed-dimensional heterostructure, the
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pristine hBN monolayer remains planar, as can be seen in
Figure 1(a). It is physisorbed onto the fully passivated SiO,
surface, with a binding energy per unit area, Ey/area, of —10.8
meV /A%, The binding energy is defined as
Ey, =Eypnysio,— {Ensn +Esio,}, where the hBN and SiO,

geometries are those found in the composite. Using Lowdin
charge analysis, we find that there is a net charge transfer of
0.21 electrons from hBN to SiO,. This is owing to the small
difference in the work functions of the two components, with
the work functions being 5.82 and 6.59 eV for pristine hBN
and the fully passivated SiO,, respectively. Here the work
function is obtained from the difference between the
electrostatic potential in the vacuum region (far from the
surface) and the highest occupied state, i.e. the valence band
maximum, assuming that the Fermi level is at the band edge.

As mentioned in Introduction, there are many candidate
intrinsic and extrinsic, spin-active point defects in hBN. One
needs to consider the nature of orbitals from which the defect
states are derived in order to understand why most of the hBN
defects are spin-active, deep-level defects. Most of the defect
states are (sp>-hybridized) dangling bonds derived from the
highly localized 2s- and 2p-states of boron and/or nitrogen
atoms surrounding the defects. The localized nature of the
orbitals involved in the defect states,””** along with additional
quantum confinement effects due to the reduced dimension of
the host matrix,””**** result in a large exchange interaction
between the electrons in the partially filled dangling bonds.
This in turn results in spin-polarized structures with an excess
of electrons in one spin channel (majority spin) over the other
(minority-spin channel). Many of these spin-active deep
defects can potentially be QEs. In this proof-of-principle
study, we considered a neutral antisite complex (VyNp). This
intrinsic defect consists of a nitrogen vacancy next to a
nitrogen substitutional [Figure 1(b)]. This is one of the
leading candidate defects and has been postulated to be
responsible for hBN’s quantum emission in several
works.">** To study the effects of the substrate on the
excited-state properties of the VyNp complex, we calculated

https://doi.org/10.1021/acsanm.2c05233
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Figure 2. (a) Ground-state equilibrium geometry of defective hBN placed on substrate, showing the introduction of sp* character in hBN and
straining of its matrix. The weak bond between Ny of VyNj defect and the H atom of the passivated SiO, is highlighted by circling those atoms in
red. (b) Spin density plot (difference in charge densities within the two spin channels) for the defect in hBN/SiO, heterostructure, showing the
localized nature of the defect states. The boron—boron distance, dgj, is 2.00 A for this structure. (c) Spin density plot for the VyNj complex in the
freestanding hBN. (d) Density of states (DOS) projected onto defective hBN and SiO, within the hBN/SiO, heterostructure. The contribution of
the defective hBN to the total DOS shows the spin-splitting between the two spin channels, along with the localized nature of defect states as can
be seen by the sharp peaks that are introduced in the bandgap of hBN. The sharp peaks highlighted in gray and orange colors are the filled and
empty minority-spin defect states, respectively, which are involved in the lowest energy optical excitation. (e) Charge density plots showing the
filled and empty minority-spin states involved in the excitation. For the sake of clarity, a stick model is used to represent the atomic structure in
both volumetric plots. Yellow (blue) colors correspond to positive (negative) isovalues.

the zero phonon line (ZPL) for the defect using constrained-
occupation DFT (CDFT), followed by mapping of the results
onto the Franck—Condon picture,”> which is illustrated in
Figure 1(c) (see Methods for details).

Ground-State Properties of VyN;. Before investigating
the effects of the substrate on the VN complex in hBN, we
calculated the properties of the defect within a freestanding
hBN monolayer. In a freestanding monolayer, Vi(Ng possesses
a C,y point-group symmetry, as can be seen in Figure 1(b).
The two boron atoms, which are adjacent to the nitrogen
vacancy of the VyNg complex, form a weak covalent bond with
a bond length, dgp, of 1.94 A in the ground-state equilibrium
geometry (GEG), in agreement with the reported bond length
in a previous work.”* The V(N complex is a spin-1/2 defect
with a large spin polarization energy of 227.54 meV,”* which
implies that the spin of the defect will survive beyond room
temperature (kgT &~ 25 meV). The spin polarization energy is
obtained from the difference between total energies of spin-
unpolarized and spin-polarized calculations.

To elucidate how substrates themselves can modify ground-
and excited-state properties of defects in hBN, we created a
neutral VyNg complex in the hBN monolayer on the SiO,
substrate. Due to the substrate, the symmetry of the defect
reduces from the C,y point-group symmetry for freestanding
hBN to a much lower C,-symmetry. The binding energy per
unit area for the defective hBN/SiO, is found to be —12.80
meV/A2 This is a relatively small increase in E/area
compared to that for pristine hBN/SiO,. The increase in the
binding energy mostly comes from a very weak bond that is
formed between the Ny of the defect complex and one of the
hydrogens on the SiO, surface. The atoms involved in this
weak bond are circled in red in Figure 2(a). The Ny—H
distance within the heterostructure is found to be 1.72 A, as
compared to the N—H distance of 2.55 A in the case of pristine

3448

hBN/SiO, (also, compare to the N—H distance of 1.01 A in
NH,;). The formation of the weak bond between an H atom
from the passivated SiO, film and Ny of the defect complex is
facilitated by the buckling of the hBN sheet, as seen in Figure
2(a). This structural distortion introduces an sp® character to
the hBN layer. Concomitant to these out-of-plane distortions,
the weak covalent bond between boron atoms surrounding the
defect weakens, with dgp increasing to 2.00 A [see Figure 2(b)]
from a value of 1.94 A for the freestanding hBN, shown in
Figure 2(c). In addition, from the Lowdin charge analysis, we
find that there is an additional net charge of 0.09 electrons on
the defective hBN layer within the composite as compared to
the freestanding defective hBN.

Although the structural distortions around the VyNy defect
in hBN/SiO, are large, we find that there is no quenching of its
spin, and VyNj is still a spin-1/2 defect. The spatial
distribution of this spin-1/2 is visualized via the spin density
plot in Figure 2(b), which gives the difference in charge
densities within majority and minority-spin channels [Ap =
pMa spin — pMin Spin] Eioyire 2(b) shows that even in the mixed-
dimensional heterostructure, most of the spin-1/2 of the defect
comes from the atoms surrounding the defect, just as is the
case for the VyNg complex in the freestanding hBN [see
Figure 2(c) for comparison]. We also find the spin polarization
energy to be 560.93 eV for VyNg in hBN/SiO,, which is much
larger than that for the defective freestanding hBN (see Table
1). The larger value of spin polarization energy for the defect in
hBN/SiO, can be attributed to the enhanced spatial local-
ization of the defect states in the heterostructure. The latter is
caused by the greater distances between the atoms surrounding
the defect within hBN on SiO,, as compared to those in
freestanding hBN. These atoms show local out-of-plane
distortions in the presence of a substrate. The extent of spin-
splitting among the defect states and their localized nature can

https://doi.org/10.1021/acsanm.2c05233
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Table 1. Properties of the Neutral VyNg Defect in the
Freestanding hBN Monolayer and within the hBN/SiO,
Composite”

system E,y (meV) spin optically active spin channel
hBN 227.54 1/2 minority spin
hBN/SiO, 560.93 1/2 minority spin

“Here, the spin polarization energy, Eyqp is obtained from the
difference between total energies of spin-unpolarized (ESpin unpol) and
spin-polarized (ESPin pol) calculations: Eg = Egyiy unpol — Espin pol- The
spin channel involved in the lowest energy excitation is also indicated.

be seen in the density of states (DOS) plot in Figure 2(d),
which is a plot of DOS projected onto the two components,
SiO, and hBN, in the heterostructure. Table 1 also gives the
spin channel involved in the lowest-energy optical excitations,
which remains the minority spin channel for the defect in the
heterostructure, just like in the freestanding hBN. These states
are highlighted in the DOS plot (in gray and orange) of Figure
2(d) and are shown as charge density plots in Figure 2(e),
displaying their localized nature. In the remainder of the work,
we concentrate on the spin-preserving optical excitation
between these two states to elucidate the effect of the
substrate on their quantum emission.

Excited-State Properties of VyNg. To study the effect of
the substrate on the excited-state properties of the VyNy defect
complex, we used CDFT to calculate the ZPL of the defect
with and without the substrate. We find that the ZPL of the
antisite defect complex in hBN/SiO, is 0.22 eV higher than the
ZPL of an antisite complex within freestanding hBN. This
change in ZPL can be directly attributed to the substrate
interaction, which results in the changes in the local structure
around the defect [see Figure 2(a)]. These structural
distortions induce local strain at the defect site, which is
expected to affect the placement of the defect levels within
hBN’s bandgap as compared to their placement and their
separation for freestanding hBN. Figure 3(a) shows that this is
indeed the case by comparing the DOS for defective hBN in
the hBN/SiO, heterostructure with the DOS for a freestanding
hBN monolayer with a VyNg defect. To facilitate the
comparison, the DOS plots are made with respective vacuum

levels as the reference energies for the two structures. In
addition, the filled (empty) curves represent the filled (empty)
states. Concentrating on the defect states from the minority
spin channel that are involved in the lowest energy
photoexcitation, one can see that the heterostructure formation
more strongly affects the position of the filled defect state,
which is now at the edge of the valence band as compared to
the empty state. The empty defect state of the heterostructure
almost perfectly overlaps with the corresponding state in
freestanding hBN. The disparate responses of the filled and
empty minority spin states to the heterostructure formation are
a consequence of their bonding nature. The filled state [Figure
2(e), bottom plot] shows a predominant antibonding character
between Ny and the two weakly bonded borons. This state is,
therefore, stabilized as a result of increased distances between
the atoms surrounding the defect, owing to its interactions
with the substrate. On the other hand, for the empty minority
state [Figure 2(e), top charge density plot], which is involved
in the spin preserving excitation, the charge density is mostly
localized on Njp. As a result, it is minimally affected by the
substrate-induced distortion/local strain around the defect.
The resulting difference of 0.22 eV in the quantum emission
frequencies of the antisite complex within freestanding hBN
and hBN/SiO, might in part explain the experimentally
observed spectral spread of 0.2 eV in the photoluminescence
spectra of defects reported by Grosso et al.’

It is also interesting to note that the Stokes shift for defective
hBN on SiO, is 0.93 eV, which is much larger than the Stokes
shift calculated for the freestanding unstrained hBN (0.59 eV).
The theoretical values of Stokes shifts were obtained from the
difference in the vertical excitation and the ZPL, ie. by
calculating the total energy differences between points B and C
in the Franck—Condon picture of Figure 1(c). This large
increase in the Stokes shift is indicative of large changes in the
local atomic structure around the defect following the vertical
excitation. This can indeed be seen in the excited-state
equilibrium geometry (EEG) of the defect shown in Figure
3(b). It shows a complete breaking of the weak Ny—H bond
(with an EEG distance of 2.12 A between Ny and H), and as a
result, a near-perfect restoration of the local sp® structure of
hBN in the excited state.
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Figure 3. Excited state properties: (a) A comparison of the DOS for defective hBN in the hBN/SiO, heterostructure with the DOS for freestanding
hBN with a VyNj defect. The respective vacuum levels (E,,.) of the two structures are used as the reference energies. Filled (empty) curves
represent the filled (empty) states. (b) Excited-state equilibrium geometry (EEG) showing the return of hBN to a planar structure in the excited
state and a large concomitant rearrangement of atoms around the defect. The complete breaking of weak bond between Ny and the H atom in the

excited state is highlighted by circling those atoms in red.
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B CONCLUSION

In any application of the bright and robust QEs of hBN in
quantum computing and quantum sensing, it is expected that
the host hBN crystal itself will be placed on either a 2D or a
3D substrate. However, thus far, hBN—substrate interactions
have not been studied theoretically, even though noted in an
experiment.’ In our work, we have highlighted this serious
knowledge gap by isolating effects of substrates on QE
properties, while eliminating other sources of perturbation
within hBN layers (such as other defects, layer thickness, and
grain boundaries). Our analysis demonstrates that the substrate
interactions can have non-negligible effects on different
properties of defects in hBN. In particular, we showed that a
defective hBN layer interacts more strongly with the substrate,
resulting in an out-of-plane distortion and, as a result, to strain
in the layer. The response of the defect states to substrate-
induced local strains around defect sites changes the quantum
emission frequency of the defects in the hBN layer on a
substrate. Hence, although in experiments there are
undoubtedly other sources of property perturbations, the
substrates themselves are, at least in part, responsible for the
wide ranges of properties displayed by hBN QEs. Our work
shows that to properly understand the properties of hBN QEs
as reported by experiments and to ultimately use this layered
material in quantum technologies, it is imperative to take
substrate effects into account.

B METHODS

Spin-polarized DFT calculations were performed using the
QUANTUM ESPRESSO package.”” The generalized gradient
approximation (GGA)*” of Perdew—Burke—Ernzerhof (PBE)*® was
used to account for the exchange-correlation effects. All results for the
pristine and defective hBN were obtained using a 6 X 6 X 1 (72-
atoms) supercell of hBN. To study substrate effects, we placed this
72-atom hBN monolayer on a SiO, substrate, which was chosen due
to its experimental relevance.® For SiO,, we used a (111)-oriented f-
cristobalite seven-layer slab, employing the structure described by
Wehling et al.** and Bermudez et al.*' Bulk f-cristobalite has Fd3m
space group symmetry (#227). The lattice constant of bulk SiO, is
agio, = 713 A As a result, the lattice constant of the surface unit

cell for the (111)-oriented S-cristobalite is ag;, / V2 = 5.04 A, which

is only 0.40% larger than twice that of the hBN unit cell (2a5y = 5.02
A). Because the lattice mismatch is small, we constructed a
commensurate hBN/SiO, heterostructure unit cell by placing a 2 X
2 X 1 hBN supercell on the unit cell for the f-cristobalite (111)
surface, fixing the lattice constant to be 2aypy for the heterostructure
unit cell. To study properties of defects within hBN/SiO,, we
constructed a 3 X 3 X 1 supercell from the aforementioned
commensurate hBN/SiO, heterostructure unit cell [Figure 1(a)].
Because the lattice constant of the resulting heterostructure supercell
is the same as that of the freestanding (72-atom) hBN supercell, it
allowed a direct comparison of the defect properties in freestanding
hBN and hBN on the substrate. It is also important to note that the
dangling bonds of freshly cleaved SiO, are very reactive; an exposed
SiO, surface is expected to get fully passivated through water
dissociation. Hence, the SiO, slab used in this work was fully
hydroxylated on both sides by the addition of hydrogen (H) on one
side and hydroxyl groups (OH) on the other side, passivating the
dangling bonds.*" To correctly describe the interactions between hBN
and fully passivated SiO,, we employed Grimme’s DFT-D2 van der
Waals (vdW) corrections.”® The Monkhorst—Pack scheme®! was used
to create a I'-centered, 4 X 4 X 1 k-point grid to sample the Brillouin
zone. The composite hBN/SiO, structures were relaxed while keeping
the lower layers of SiO, fixed. A vacuum layer of 20 A was added in
the direction normal to the surfaces of both freestanding hBN and
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hBN/SiO, heterostructure to eliminate the spurious interactions
between the periodic images of the respective structures.

Excited-state properties of the Vy Ny antisite complex in free-
standing hBN and hBN on the substrate were calculated using CDFT,
followed by the mapping of the results onto the Franck—Condon
picture,22 which is illustrated in Figure 1(c). Within the CDFT
method, the photoluminescence process is mimicked by constraining
the occupation of the defect states via the promotion of an electron
from the highest occupied defect state in the optically active spin
channel to the previously unoccupied defect state of the same spin.
The structure is then allowed to relax with this new electronic
configuration. Finally, another self-consistent calculation is performed
with these excited-state ionic positions, but allowing the electron to
return to its ground-state electronic configuration. These different
electronic and ionic configurations provide the total energies
corresponding to points A, B, C, and D in the Franck—Condon
picture [Figure 1(c)], where it is assumed that the electronic
transition upon the absorption or emission of photons happens much
faster than the rearrangement of the ions. Hence, the absorption
corresponds to the vertical transition from A — B in the Franck—
Condon picture, the transition C <> A corresponds to the ZPL, and
the emission of a photon corresponds to the vertical transition from C
- D.
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