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ABSTRACT: Donor−acceptor pairs (DAPs) in wide-bandgap
semiconductors are promising platforms for the realization of
quantum technologies, due to their optically controllable, long-
range dipolar interactions. Specifically, Al−N DAPs in bulk silicon
carbide (SiC) have been predicted to enable coherent coupling
over distances exceeding 10 nm. However, their practical
implementations require an understanding of the properties of
these pairs near surfaces and interfaces. Here, using first-principles
calculations, we investigate how the presence of surfaces influence
the stability and optical properties of Al−N DAPs in SiC, and we
show that they retain favorable optical properties comparable to
their bulk counterparts, despite a slight increase in electron−
phonon coupling. Furthermore, we introduce the concept of
surface-defect pairs (SDPs), where an electron−hole pair is generated between a near-surface defect and an occupied surface state
located in the bandgap of the material. We show that vanadium-based SDPs near OH-terminated 4H-SiC surfaces exhibit dipoles
naturally aligned perpendicular to the surface, greatly enhancing dipole−dipole coupling between SDPs. Our results also reveal
significant polarization-dependent modulation in the stimulated emission and photoionization cross sections of V-based SDPs, which
are tunable by 2 orders of magnitude via the incident laser’s polarization angle. The near-surface defects investigated here provide
novel possibilities for the development of hybrid quantum-classical interfaces, as they can be used to mediate information transfer
between quantum nodes and integrated photonic circuits.

The development of solid-state quantum architectures
relies on the ability to engineer and control quantum

defects with long-range interactions and optical addressabil-
ity.1−4 Wide-bandgap semiconductors such as diamond5−7 and
silicon carbide (SiC)8−10 have emerged as promising platforms
for hosting defect-based qubits thanks to their favorable
electronic and optical properties. In particular, donor−acceptor
pairs (DAPs) across many platforms have been proposed as
candidates for tunable quantum emitter arrays11,12 and for
their optically controllable, long-range dipole−dipole inter-
actions.13 The latter offers a mechanism to extend the
interaction range between qubits beyond the short-range
spin−spin interactions commonly employed in solid-state
quantum systems.14,15

In a recent study, we demonstrated that DAPs in bulk SiC
can exhibit optically reconfigurable electric dipole moments,
enabling controllable, coherent coupling of ∼ 100 MHz over
distances well exceeding 10 nm.13 First-principles calculations
revealed that certain DAPs, particularly Al−N pairs, display
well-defined optical transitions and weak electron−phonon
coupling, making them attractive for scalable quantum
networks. However, practical implementations of DAP-based
architectures necessitate further understanding of how these
pairs behave in realistic environments, particularly near

semiconductor surfaces, and of how surface effects may
influence defects’ stability and optical properties.16

The presence of surfaces introduces both challenges and
opportunities for defect-based quantum systems. The local
environment of defects at surfaces, including geometric
reconstructions, charge trapping, and surface states, may affect
their energy levels and optical properties.17,18 Understanding
these effects is crucial for integrating DAPs into practical
quantum devices, as many proposed architectures will require
near-surface operation, in the presence of interfaces with
photonic structures or nanofabricated electrodes.
In this work, we investigate how SiC surfaces influence the

electronic and optical properties of near-surface dipoles formed
by spatially separated charge centers. We consider two classes
of systems: donor−acceptor pairs (DAPs) formed by substitu-
tional impurities, and surface-defect pairs (SDPs), in which a
near-surface defect couples to a surface-localized state. While
distinct in physical origin, both mechanisms generate optically
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controllable dipole moments whose orientation and emission
characteristics are highly influenced by surface proximity and
termination. By analyzing these two cases side by side, we aim
to clarify how different defect configurations can be engineered
for optically active and directionally aligned dipoles near
semiconductor surfaces.
Our study first extends the investigation of DAPs to

hydrogen (H)- and hydroxyl (OH)-terminated surfaces of
3C-SiC and 4H-SiC. Using density functional theory (DFT)
calculations, we analyze how donor and acceptor levels are
perturbed near the surface, and compute charge transition
levels, zero-phonon lines (ZPLs), and electron−phonon
coupling parameters to assess their suitability for quantum
applications. We then introduce and explore the SDP
configuration, wherein an electron is transferred between a
near-surface defect and an occupied surface state, forming a
dipole aligned perpendicular to the surface. Although this
mechanism differs from conventional donor−acceptor binding,
its optical signature and dipole strength are comparable. In
particular, we examine SDPs formed between substitutional
vanadium (V) and OH-terminated surfaces�a configuration
that could enable optically switchable dipoles in planar,
scalable quantum architectures. Similar surface-defect inter-
actions may already have been observed in hydrogen-
terminated nanodiamonds, as suggested by recent experiments
from Pasternak et al.19 Taken together, our findings provide a
unified framework for designing surface-integrated dipoles
based on both impurity pairs and defect−surface interactions,
with implications for hybrid quantum-classical interfaces and
photonic circuit integration.
Silicon carbide exists in several different polytypes, among

which 3C-SiC and 4H-SiC have been extensively studied, both
experimentally and theoretically with ab initio calculations.20

Due to structural differences in the stacking order of SiC
bilayers, there are significant differences in bandgap energies,
electron mobilities and surface reactivities between SiC
polytypes.21

SiC surfaces may be C- and Si-terminated, with the latter
being the most stable, and exhibit varied reconstructions. To
reduce the surface reactivity of Si-terminated SiC surfaces and
prevent immediate oxidation, it has been common procedure
to hydrogenate them.17,22 However, despite initial passivation,
these hydrogen-terminated surfaces may exhibit limited long-
term stability in air, forming native oxide layers over time.23

Hydroxyl (OH)-terminated Si-rich surfaces of SiC have shown
improved chemical stability compared to hydrogen terminated
ones.24 However, they exhibit occupied surface states in the
bandgap of the material.25 Here we study both H and OH-
terminated surfaces, recognizing that a complete understanding
and control of their long-term stability in air will need to be
achieved to optimize their integration in nanofabricated
structures for quantum information science.
We consider the atomistic models presented in Figure 1 and

we study three different surface reconstructions of two
different polytypes of SiC. Specifically, we consider the Si-
rich (001) surface of 3C-SiC and we study its (2 × 1)
reconstruction terminated either with H atoms or OH groups.
We also study the Si-rich (0001) surface of the 4H-SiC
polytype, with a (1 × 1) reconstruction terminated with OH
groups. We use periodic slab models consisting of 9 bilayers,
with 20 Å vacuum between periodic images. We saturate the
bottom C-rich surface with H atoms (see Figure 1). The (2 ×
1) H-terminated and OH-terminated slabs of 3C-SiC contain
672 and 704 atoms respectively, whereas the slab with the (1 ×
1) OH-terminated surface of 4H-SiC has 684 atoms.
An important factor determining whether a surface

termination is viable as a platform for quantum technology
applications is its electron affinity,18 defined as the energy
difference between the vacuum level and the conduction band
minimum (CBM). A positive electron affinity is desirable, as it
prevents the loss of excited electrons into the vacuum.18 Two
of the surface terminations considered here, the (2 × 1) H-
and (2 × 1) OH-terminated surfaces of 3C-SiC, have
previously been reported to have positive electron affinity.17

Figure 1. Atomistic structures of the Si-rich (001) surfaces of 3C-SiC with (a) a (2 × 1) surface reconstruction terminated with H atoms, (b) a (2
× 1) surface reconstruction terminated with OH groups, and (c) the (0001) surface of 4H-SiC with a (1 × 1) reconstruction terminated with OH
groups. (d) Side view of the 3C-SiC slab with the (2 × 1) H-termination, where the bottom C-rich surface is passivated with H atoms. The slab
consists of 9 Si−C bilayers, labeled from L0 to L8. The bottom two bilayers, noted as L0 and L1, are kept fixed during geometric optimizations.
The top layer L8 is reconstructed, L4 is the middle of the slab, L2 is the closest layer to the fixed bilayers at the bottom, and L7 is the closest bilayer
to the surface. Substitutional AlSi and NC defects are shown in the L4 and L6 layers, respectively. (e) The electronic structure of the slab model is
shown in (d). The blue and orange regions indicate the valence and conduction bands. (f) Side view of the 4H-SiC slab with the (1 × 1) OH-
termination that includes a VSi defect located in the L4 layer. (g) The electronic structure of the slab model is shown in (f). The gray dashed lines
indicate the occupied surface states introduced by the surface termination; the defect levels introduced by VSi are also highlighted.
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We find that the (1 × 1) OH-terminated surface of 4H-SiC has
a positive electron affinity as well (see SI for details).
The electronic structures of the surfaces are summarized in

Figure 1. As reported in refs. 17, 25 there are no surface states
introduced into the bandgap of the (2 × 1) H-terminated
surface, while the (2 × 1) OH-terminated substrate exhibits
occupied surface states in the bandgap immediately above the
valence band maximum (VBM). Moreover, we find that the (1
× 1) reconstruction of the OH-terminated surface of 4H-SiC
exhibits an electronic structure qualitatively similar to that of
the (2 × 1) OH-terminated surface of 3C-SiC, with occupied
surface states above the valence band. We note that the H- and
OH- terminations considered here are intentionally chosen as
idealized, uniform coverages to represent diverse surface
electrostatic environments: the H-termination yields a clean
bandgap with no in-gap states, while the OH-termination
introduces occupied surface states just above the valence band.
These idealized models allow us to systematically study how
DAP and SDP properties are influenced by different
electrostatic environments near the surface. While the
terminations chosen here may not be thermodynamically
stable under all experimental preparation conditions, they are
useful for revealing robust trends. Prior studies have shown
that mixed H/OH terminations can offer improved chemical
stability and more effective suppression of surface states.18,26

Additionally, epitaxial passivation approaches such as thin AlN
layers27 represent promising alternatives for experimental
implementations. The study of detailed mixed or epitaxial
passivation schemes is beyond the scope of this work but
presents an important direction for future investigations.
The differences in electronic structure between the H- and

OH-terminated surfaces present different opportunities for
their use. The absence of gap states in the former avoids
possible interferences with optical transitions between defect
levels. This property makes the system suitable for operations
of DAPs near surfaces for quantum sensing and enhanced
control through fabricated cavities and waveguides. On the
other hand, the introduction of occupied surface states near the
OH-terminated surfaces present the opportunity to pair them
with those of another defect close to the surface and to create a
combined surface-defect pair (SDP). While in DAPs the
electron is bound to the donor and the hole to the acceptor, in
SDPs, the hole is a surface state near the VBM and the excited
electron is localized on the defect.
In the next few paragraphs we analyze DAPs near silicon

carbide surfaces. We consider Al−N pairs, found in our
previous study13 to be promising ones, given their weak
electron−phonon coupling and efficient emission into the

ZPL. We position NC donors in the middle bilayer of the slab
(L4 in Figure 1) and we vary the position of AlSi acceptors,
thus varying the donor−acceptor pair distance (Rm) and the
relative orientation with respect to the surface.
In Table 1 we present a summary of the charge transition

levels (CTLs), computed in the bulk and near the surfaces, for
NC donors and AlSi acceptors. After extrapolating the results to
the dilute limit for the bulk and to an infinitely thick slab (see
SI), we find that the CTLs computed in the slab are only
marginally shallower than those in the bulk. The difference is
such that even at a moderate temperature the bulk and surface
values of the CTLs are to be considered the same. However,
when using a 9-layered slab, we find an increase of ∼ 0.16−
0.18 eV in the computed bandgap and a variation of ∼ 0.13 eV
in the CTLs. These differences are due to quantum
confinement.35,36 Nevertheless, we carry out our calculations
for DAPs with a slab thickness of 9 bilayers for reasons of
computational efficiency, keeping in mind the small error
relative to bulk values due to finite size effects, when we discuss
trends.
As well-known, the computed PBE value of the bulk

bandgap in 3C-SiC is underestimated (1.40 eV), compared to
the experimental value of 2.36 eV.21 Both the HSE and DDH
functionals yield reasonable values, at 2.27 and 2.35 eV
respectively. The HSE functional predicts AlSi and NC to be
shallower defects, closer to their respective band edges,
compared to the DDH functional. For NC, which has a
(+/0) charge transition level ∼ 50−70 meV below the
CBM,28−30 measured at room temperature, the HSE and DDH
predictions in bulk are 0.15 and 0.27 eV respectively. In the
slab, these predictions are 0.12 and 0.25 eV respectively.
Similarly for AlSi, which is a shallow acceptor with the (0/−)
transition level 250 meV above the VBM29−31 at room
temperature, the values computed in bulk using HSE and
DDH are 0.16 and 0.33 eV respectively. In the slab, these
values are 0.13 and 0.29 eV respectively.
While neither functional yields a perfect agreement with

experiments for the charge transition levels of both AlSi and NC,
the performance of HSE appears to be slightly better.
However, note that the differences between the results with
the HSE and DDH functionals (∼100 meV) are on the order
of the zero point renormalization of the bandgap of SiC.37,38

Hence it is not straightforward to determine whether the
performance of one functional is definitely superior.
Next we determine the zero-phonon lines (ZPL) of Al−N

DAPs near (2 × 1) H-terminated SiC surfaces and their
respective photoluminescence (PL) spectra. We compute ZPL
values using the HSE functional, and determine the Debye−

Table 1. Charge Transition Levels within Bulk and Slab Models

Functional NC(+/0) (Slab) NC(+/0) (Bulk) AlSi(0/−) (Slab) AlSi(0/−) (Bulk) Bandgap (Slab)

PBE 0.04 0.11 0.09 0.11 1.31
HSE 0.12 0.15 0.13 0.16 2.17
DDH 0.25 0.27 0.29 0.33 2.25
Expt. - 0.05−0.07a - 0.24−0.26b -

Charge transition levels (CTL) of NC and AlSi in bulk 3C-SiC and near the (2 × 1) Hydrogen terminated Si-rich surface of 3C-SiC (Slab),
computed with three different functionals (PBE,32 HSE,33 and DDH34), extrapolated to the dilute limit and infinite slab thickness, respectively. The
bandgap values are also extrapolated and the slab and bulk extrapolations yield the same number within 0.1 eV. CTLs for NC and AlSi are given
relative to the conduction band minimum and valence band maximum, respectively. Experimental values (Expt.) measured for 3C-SiC at room
temperature are also reported. All values are in eV. The bandgap computed in a 9-layered slab is ∼0.1 eV larger than the extrapolated value for all
functionals. The CTLs computed in a 9-layered slab are ∼0.13 eV higher (i.e., defects are deeper) than extrapolated values for both defects. aRefs.
28−30. bRefs. 29−31.
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Waller factors (DWF) and PL spectra using a one-dimensional
model.39−43 We approximate the effective phonon frequencies
in the ground and excited states by using a scaling factor based
on the PBE results following the same method outlined in
ref.42 This scaling factor is evaluated from the ratio of
frequencies of the bulk system’s optical phonons computed at
different levels of theory (PBE and HSE). Using a 9-layered
slab, we find a 0.2 to 0.3 eV increase in ZPL energy near the
SiC surface compared to the bulk values. Given that the
difference between computed Franck−Condon shifts in the
bulk and in the 9-layered slab is only ∼ 10−15 meV, and given
the extrapolated results presented in Table 1, we conclude that
the main reason for such an increase of the surface ZPL comes
again from finite size effects. Therefore, we conclude that
surface and bulk ZPLs do not show any notable change,
especially at finite temperature.
We find that ZPL energies from different shell numbers

decrease as a function of the pair distance Rm, due to the
weakening of the Coulomb interaction with distance.44−48 In
all cases we observe that DAPs near surfaces exhibit larger
mass-weighted displacement (ΔQ) values compared to their
bulk counterparts. This results in a more pronounced Huang−
Rhys (HR) coupling49 and hence leads to a decrease in the
DWF. We also find that DAPs with the same pair distance Rm
but with different orientations relative to the surface, may
exhibit different ΔQ values. In most cases, a considerable
increase in ΔQ, relative to the bulk, is associated with the AlSi
acceptor being placed in close proximity to the surface (in the
L6 and L7 layers of the slab; see Figure 1). When the AlSi
acceptor is placed in the lower layers (L3-L5), the ΔQ value is
lower. The dominant contributions to the increased ΔQ arise
from surface-proximal Si atoms, whose displacements drive the
overall reconfiguration. We expect this tendency to be
common but not universal, as the magnitude of ΔQ shifts is
sensitive to defect species, orientation, depth, and the specific
surface termination.
The ΔQ values for Al−N pairs near the surface range from

0.32 to 0.88 amu1/2Å compared to bulk values of 0.1−0.25
amu1/2Å. Similarly, the corresponding HR factors for Al−N
pairs near the surface range from 0.35 to 1.9, compared to their
bulk counterparts of 0.1 to 0.4. In spite of this three to 4-fold
increase, the absolute value of the ΔQ for near surface pairs
remains relatively low (e.g., compared to that of the NV-
center in diamond, with HR factor of ∼ 3.650), and should not
hinder quantum technology applications. In Figure 2 we show

the cumulative PL spectra originating from multiple shells
(m1-m9) of Al−N pairs near the (2 × 1) H-terminated surface
of 3C-SiC as well as a comparison of the PL spectra from a
single shell (m7) in the bulk and near the (2 × 1) H-
terminated surface. Note that the contribution of each shell to
the PL spectra is normalized, thus highlighting the spectral
shape rather than the absolute intensity. While the absolute PL
intensity expected to decrease with increasing DAP separation
due to the diminishing transition dipole moment, this scaling is
not reflected in the normalized spectra.
Despite the increased ΔQ and HR factors, near surface Al−

N pairs exhibit a sharp, narrow emission into the ZPL. We also
observe a broadband shoulder at low energies, originating from
the sum of all emissions into the phonon sidebands, a
phenomenon widely observed with DAPs in semiconduc-
tors.44,45 Experimentally these broad bands are pronounced
and found for high shell numbers (usually after 30th or 40th
shell44−48); in our computational model we just observe an
onset for shell numbers as low as m9. The comparison of PL
spectra for a single shell (m7) in bulk and near-surface (Figure
2b) shows a decreased emission into the ZPL and a more
pronounced phonon sideband for near-surface pairs.
In sum, the main difference found for near-surface DAPs

compared to their bulk counterpart amounts to slightly higher
ΔQ values, and consequently, an increased electron−phonon
coupling. However, this variation does not significantly affect
the electronic structure or the physical properties of the DAP
system in detrimental ways for applications in quantum science
platforms. Importantly, both in bulk and near the surface,
DAPs exhibit large electric dipole moments which render them
highly sensitive to electric fields through a Stark shift, and thus
useful for quantum sensing applications. In our previous work
on DAPs in bulk diamond and SiC,13 we computed Stark shifts
and demonstrated that electric fields of ∼ 0.5 MV/cm produce
ZPL shifts of several THz. Since Stark shifts scale with dipole
moment and are further enhanced by reduced dielectric
screening near surfaces, we expect comparable or greater
sensitivity for near-surface systems investigated here. In
addition, a possible placement of DAPs directly underneath
nanofabricated structures such as waveguides and cavities
would be beneficial to enhance the optical properties of the
nanostructures.
Having examined how near-surface electrostatic interactions

influence donor−acceptor pairs formed by substitutional
impurities, we now turn to a distinct but related system: the

Figure 2. (a) Cumulative photoluminescence (PL) spectra (red line) of the first 9 shells (m1−m9) of Al−N DAPs near a (2 × 1) H-terminated Si-
rich surface of 3C-SiC. The individual contributions to the PL spectra are shown below the cumulative one. (b) A comparison of the PL spectra
coming from the m7 shell of Al−N pairs in bulk (blue dashed line) and near a (2 × 1) H-terminated surface (Hsur) of 3C-SiC (black dashed line).
The zero-phonon line (ZPL) values are computed using the HSE functional, and the phonon sidebands are computed using a scaling factor based
on the PBE functional (see text). The near-surface ZPL value is aligned to match the ZPL value computed in the bulk for comparison (see text).
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formation of dipoles involving a near-surface defect (vana-
dium) and occupied surface states arising from the −OH
surface termination. While the physical origin of the dipole
differs - donor−acceptor binding in the former case, surface-
induced charge transfer in the latter�both systems exhibit
tunable, spatially separated charges and optically addressable
dipole moments. To explore the surface-defect pair (SDP)
system in detail, we construct a model with a substitutional
vanadium impurity (V4+, hereafter denoted simply as V) in the
presence of occupied surface states arising on the (2 × 1) OH-
terminated 3C-SiC surface and the (1 × 1) OH-terminated
4H-SiC surface. In this system, an electron is transferred from
the highest occupied surface state into a V defect orbital,
leaving behind a hole localized at the surface. The resulting
excitonic wave function of the surface-vanadium pair is shown
in Figure 3, and yields an electric dipole moment aligned
perpendicular to the surface and parallel to other SDPs, as we
verify below.

While the specific surface states modeled here originate from
a uniform OH-termination, the broader mechanism high-
lighted in our work - namely, charge transfer between a
surface-localized state and a near-surface defect - is not limited
to this particular configuration. Indeed, similar dipole-forming
interactions may occur via interface traps, chemical adsorbates,

or bound surface charges in more complex or mixed
termination schemes. Hence, the SDP model is intended not
as a proposal for a specific surface recipe, but as a conceptual
framework to understand the potential and pitfalls of using
proximal surface states to control dipole orientations. Such
surface-induced charge dynamics may also be responsible for
photoinstabilities observed in experiments, such as blinking or
bleaching,18,51 reinforcing the need for robust surface
engineering strategies to stabilize emitter charge states. Our
results point to both opportunity and caution in this regime,
highlighting routes to controllable dipole alignment as well as
identifying possible pathways for optical instability.
The electronic structure of Vanadium in bulk SiC is well

studied.52−56 In Figure 1 we show the electronic structure of a
near surface V atom which is similar to that in the bulk; hence
the presence of occupied surface states just above the VBM
does not substantially affect the V electronic structure.
Vanadium is stable as a neutral defect in a wide range of
doping levels57 and has a spin doublet ground state.54−56 It
introduces two degenerate e states, of which only one is singly
occupied in the band gap. These e states are energetically much
higher than those of the occupied surface states introduced by
the OH surface termination. The excitation from the occupied
surface states into one of the unoccupied e states corresponds
to the lowest possible optical excitation.
The shortcomings of the PBE and HSE functionals in

describing the transition metal d orbitals have previously been
documented in ref.52,57 Here we use the DDH functional to
describe surface-Vanadium pairs, which yields (+/0) and (0/
−) CTLs of V more accurately, compared to HSE, and without
the need for a non-Koopman’s correction scheme.52

Experimentally, the (+/0) and (0/−) transitions are found at
1.6−1.7 and 2.2−2.3 eV above the VBM53,58 respectively. In
our study, we find the (+/0) and (0/−) levels to be 1.18(1.32)
and 1.98(2.09) using the HSE (DDH) functional in bulk 4H-
SiC. We find that these CTLs in bulk 3C-SiC and near the
surface in our slabs are all within ≤ 0.1 eV of the above-
mentioned levels in bulk 4H-SiC.
Using the DDH functional, we find that the ZPL energies of

Vanadium SDPs in 3C-SiC are at ∼ 1.38 eV, an energy higher
than that required to ionize the neutral V and excite an
electron from the singly occupied e state into the conduction
band. This ionization energy is the difference between the
energy of the CBM and the (+/0) charge transition level, and
is ∼ 1.0 eV in our calculations, since the bandgap at the DDH
level is 2.35 eV. Therefore the Vanadium SDPs would be
unstable in 3C-SiC, i.e. subject to ionization. However, we find
that using 4H-SiC, instead of 3C, provides an alternative to
stabilizing Vanadium SDPs, due to the larger band gap of the
hexagonal polytype. The band gap of 4H-SiC is accurately
reproduced by the DDH functional (3.23 eV), and the ZPL of
Vanadium SDPs near the 4H-SiC surface are found at about
1.47 eV. As mentioned above, the relevant CTLs, (+/0) and
(0/−) are 1.32 and 2.09 eV respectively. Hence the ionization
thresholds are at CBM - (+/0) ≃ 1.9 eV and (0/−) - VBM ≃
2.1 eV, both of which are above the ZPL energy, even if we
include a considerable underestimation (0.2−0.3 eV) of the
(+/0) transition level due to finite size effects and/or
inaccuracies of the functional used here. These results indicate
that Vanadium SDPs near (1 × 1) OH-terminated surfaces of
4H-SiC are optically viable.
We next examine the alignment of the SDPs electric dipole

moments perpendicular to the surface, and parallel to other

Figure 3. Snapshot of the surface-Vanadium pair’s excitonic wave
function. Isosurfaces of the square modulus of Kohn−Sham wave
functions for the surface hole state (blue-orange) and for the
Vanadium e state (black-ice blue) are shown for the 4H-SiC slab with
a (1 × 1) OH-terminated surface. The isosurface value is set at 0.001
e/Å3. The blue-orange and black-ice blue colors represent the sign
(±) of the orbitals respectively.
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neighboring SDPs. We compute the electric dipole moment
according to the Modern Theory of Polarization59 using
maximally localized Wannier functions (MLWF) and the
Wannier90 package.60 In Figure 4 we show how the electric

dipole moment of Vanadium SDPs change as a function of the
Vanadium’s distance from the surface. We see that the
transverse (x and y) components of the SDP remain relatively
constant while the longitudinal (z) component scales linearly
as the Vanadium resides in different bilayers (L3, L4 etc.) and
its distance from the surface (L8) is increased. The fluctuations
in the transverse components are on the order of those found
in our previous study in the bulk.13 We also note that the ΔQ
value of Vanadium SDPs near (1 × 1) OH-terminated 4H-SiC
surfaces is ∼ 0.606 amu1/2Å, which translates to an HR
coupling value of ∼ 2.6. Therefore, the SDPs have a weaker
emission into the ZPL than the Al−N DAPs discussed in the
previous section; however note that their emission is still
superior to that of the NV- center in diamond. Combining our
results that show that the dipole moment is indeed aligned
perpendicular to the surface and an acceptable level of
electron−phonon coupling, Vanadium SDPs present several
advantages: It offers an opportunity to use SDPs in quantum
science platforms by leveraging their strong dipolar inter-
actions. The natural alignment of dipoles makes their
interaction stronger than in the bulk where dipoles of DAPs
are randomly oriented. Furthermore, SDPs may serve as ideal
candidates for an array-like quantum sensor platform that can
be interfaced with other nanofabricated structures at the SiC
surface.
Finally, we compute the stimulated emission (σst) and

photoionization (σion) cross sections of Vanadium SDPs to
investigate different optical control mechanisms. They are
defined as

= | |

= | |
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where α is the fine structure constant, n is the refractive index,
rj and Ej are the transition dipole moment matrix elements and
the energies of the transitions respectively. A(ℏω) is the
electron−phonon spectral function. Following refs. 39−43 we
use a one-dimensional approach to obtain the electron−
phonon spectral function A(ℏω) and compute the photo-
ionization and stimulated emission cross sections. The
transition dipole moment matrix elements are computed with
the WEST code.61,62 In our calculation of the stimulated
emission, we use the transition dipole matrix element |rs| that
corresponds to the ZPL transition; for the photoionization
calculation, we include transition matrix elements correspond-
ing to ionizations at multiple energies. By considering a
generalized incident laser light, we determine the transition
dipole moment magnitude as a linear combination of dot
products between the computed dipole moment and the two
polarization vectors of the incident laser. Further details of this
derivation are given in the SI. We show the computed
stimulated emission cross sections of Vanadium SDPs in
Figure 5. The left (right) column of the figure presents the case

of the incident laser parallel (perpendicular) to the z axis. We
note that only the transition dipole moment between the hole
state at the surface and the occupied e state in Vanadium is
contributing to the stimulated emission. As expected, this
contribution is the strongest when the Vanadium atom resides
close to the surface (L6, L7 layers). The weakening of the
contribution as V is placed further from the surface is
significant: moving the Vanadium atom by even a few
Ångstroms from the surface may result in more than a 10-
fold decrease in the magnitude of the transition.
The line shapes of the photoionization cross section shown

in Figure S1 are determined by different transition matrix
elements, depending on the distance of V from the surface. For
example, when the Vanadium is in close proximity to the
surface (L6, L7 layers), the transition matrix element
corresponding to the ZPL is dominant (as it is in the
stimulated emission case), and gives rise to the low energy
peak at 1.50 eV in Figure S1. Instead, when V is further from
the surface (e.g., in L3-L5), the photoionization process occurs
at higher energies. We note that depending on the incident

Figure 4. Transverse (x and y) and longitudinal (z) components of
the electric dipole moment of surface-defect pairs formed between
Vanadium and the (1 × 1) OH-terminated surface of 4H-SiC. The
transverse components remain almost unchanged and the longitudinal
component scales linearly with the distance of Vanadium from the
surface. The black dashed line is a y = x line meant as a guide to the
eye.

Figure 5. Stimulated emission cross sections (σst × 10−3) for
Vanadium surface-defect pairs near OH-terminated SiC surfaces for
incident exciting laser (a) parallel to the z axis and (b) perpendicular
to the z axis. Stimulated emission cross sections from slabs containing
a V defect at different bilayers (see Figure 1) from L2 to L7 are shown
together in both panels. We use a one-dimensional approach to
compute the electron−phonon spectral function A(ℏω) and compute
the transition dipole matrix elements using the WEST code61,62 (see
text).
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laser light angle with the surface, the contributions to the sum
entering eq 1 vary.
It is thus interesting to investigate how the cross section

depends on the polarization of the incident laser and we do so
using the following equation:

| | = | · | = | · + · |r e r e r e rcos sinj j j j
2 2 2

(2)

where rj are transition dipole moment matrix elements, δ is the
polarization angle of a linearly polarized incident laser light,
and e∥ and e⊥ are the two polarization vectors for the incoming
laser light. In eq 2, we expand the transition matrix element as
a linear combination of dot products, each of which is a
projection onto the polarization vectors of the incident laser
(See SI for details). By using linearly polarized light, the
magnitudes of both the ionization and the stimulated emission
cross sections can be modulated. This allows us to determine
from first-principles calculations the specific polarization angles
δ at which the optical processes of photoionization and
stimulated emission can either be enhanced or suppressed. The
locations of the peak and trough and the magnitude of the
change in cross sections as a function of δ can be expressed in
an analytical form (see SI). Surprisingly, we find that the
difference in magnitude between the peak and the trough can
be one hundred-fold, offering 2 orders of magnitude tuning
range for enhancement or suppression of these processes, thus
offering a unique tool to control the SDPs.
We have shown that the combination of long-range

interactions and optical addressability makes DAPs and SDPs
near SiC surfaces compelling candidates for quantum
technologies. Specifically, optically addressable dipole mo-
ments are critical for controlling long-range dipole−dipole
interactions in solid-state quantum platforms. By leveraging the
inherent properties of SiC, including its compatibility with
existing semiconductor processing techniques and its high
thermal stability, the defects studied here�Al−N DAPs and
surface-Vanadium SDPs�could serve as foundational ele-
ments for robust, scalable quantum platforms.
Interestingly, we have found that DAPs near H-terminated

SiC surfaces maintain most of their favorable properties
relative to their bulk counterparts, making them viable
candidates for near-surface quantum networks. On the other
hand, SDPs formed with Vanadium defects at OH-terminated
4H-SiC surfaces exhibit naturally aligned dipole moments
perpendicular to the surface, which enhances their dipolar
interaction strength significantly compared to the bulk. This
property paves the way for engineering 2D arrays of quantum
defects that can be exploited for scalable quantum sensing and
quantum communication applications.
Another critical insight of our work is the role played by

electron−phonon coupling in shaping the optical properties of
near-surface defects. Our results suggest that while near-surface
placement can slightly increase the electron−phonon inter-
action, the overall optical emission characteristics of DAPs
remain favorable. Importantly, the photostability of SDPs is
strongly dependent on their charge transition levels relative to
the conduction and valence band edges. In 3C-SiC, we find
that certain SDP configurations are prone to unwanted
photoionization, whereas the wider bandgap of 4H-SiC
provides a more stable environment for optical excitation
and dipole interaction control.
Moreover, we have explored the polarization dependence of

stimulated emission and photoionization under linearly

polarized light and shown that it is possible, entirely from
first-principles, to determine the optimal polarization angle to
enhance or suppress such optical processes in DAPs and SDPs.
We note that the determination of polarization angles is
general and can be applied to many other defects of interest.
One example could be determining the optimal polarization
angle during spin to charge conversion readout experiments
involving NV centers in diamond.63 While our current study
focuses on linearly polarized excitation for simplicity and
experimental relevance, the extension of our approach to
arbitrary polarization bases would be a valuable direction in the
future.
Future work should focus on validating our theoretical

predictions through experimental studies, including controlled
fabrication of near-surface defects and direct measurements of
their optical properties. Among the challenges to be addressed
is the air-stability of H-terminated surfaces, which is only of the
orders of tens of hours and needs to be greatly improved. In
addition, advancements in atomic-scale defect placement
techniques, such as deterministic ion implantation and in situ
processing during epitaxial growth, will be essential for
realizing practical quantum devices based on near-surface
SiC defects. Further, integration with photonic nanostructures
and waveguides will be crucial for optimizing light-matter
interactions and enhancing the scalability of these systems.
We determine the electronic structure of donor−acceptor

pairs (DAPs) and surface-defect pairs (SDPs) in 3C and 4H-
SiC using spin-polarized density functional theory (DFT), and
the planewave pseudopotential method as implemented in the
Quantum Espresso package.64−66 We use plane wave basis sets
with a kinetic energy cutoff of 80 Ry and SG15 Optimized
Norm-Conversing Vanderbilt (ONCV) pseudopotentials.67,68

We carry out lattice optimizations to determine the charge
transition levels (CTLs) of NC, AlSi, and V using three different
functionals, namely PBE,32 HSE,33 and DDH.34 The screening
and mixing parameters used for HSE are 0.2 Å−1 and 25%
respectively. For the DDH functional, we use a mixing
parameter ϵ∞

−1 = 0.153. For determining other properties, we
use lattice optimizations based on the PBE functional, but
compute the electronic structure using HSE and DDH, and
mention which one is used in the main text. All lattice
optimizations use a force convergence threshold of 10 meV/Å.
We sample the Brillouin zone at the Γ point in all calculations.
The excited states of the defects are investigated using the
constrained DFT method.
We determine the electric dipole moments of DAPs and

SDPs according to the Modern Theory of Polarization59 using
maximally localized Wannier functions (MLWF) and the
Wannier90 package.60 We compute the ZPL values using both
the HSE and DDH functionals, and in the text we mention
which one is used. We determine the Debye−Waller factors
(DWF) and the phonon sideband of the PL spectra using a
one-dimensional model to obtain one effective phonon
mode.39−43 We approximate the effective phonon frequencies
in the ground and excited states by using a scaling factor based
on the PBE results following the same method outlined in
ref.42 This scaling factor is evaluated from the ratio of
frequencies of the bulk system’s optical phonons computed at
different levels of theory. In our calculations for the
photoionization and stimulated emission cross sections, we
determine the electron−phonon spectral function A(ℏω)
based on this one-dimensional method. We compute the
transition dipole matrix elements using the WEST code.61,62
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For stimulated emission and photoionization calculations the
matrix elements are computed in the excited state and ground
state respectively.
In our slab calculations, we use 9-bilayer slabs to study three

different surface reconstructions of two different polytypes of
SiC. We consider the Si-rich (001) surface of 3C-SiC, and
study its (2 × 1) reconstruction terminated with either H
atoms or OH groups. We also study the Si-rich (0001) surface
of 4H-SiC with a (1 × 1) reconstruction terminated with OH
groups. The bottom C-rich surface is saturated with H atoms,
and 20 Å of vacuum is added between periodic images of the
slabs. To remove the artificial electrostatic field introduced by
the asymmetry of the slab used in our calculations, we apply a
dipole correction by adding a sawtooth potential across the
entire supercell.69 This ensures that the vacuum level remains
constant throughout the supercell and that computed electro-
static potentials and Kohn−Sham energy levels are not affected
by spurious long-range dipole interactions. The bottom two
bilayers of the slab (L0 and L1) are kept fixed during
relaxation. The (2 × 1) H-terminated and OH-terminated
slabs of 3C-SiC contain 672 and 704 atoms, respectively, while
the (1 × 1) OH-terminated 4H-SiC slab contains 684 atoms.
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