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Spin-active defects in silicon carbide (SiC) are promising quantum light sources for realizing
scalable quantum technologies. In different applications, these photoluminescent defects are often
placed in a nanostructured host or close to surfaces in order to enhance the signal from the defects.
However, proximity to the surface not only modifies frequencies of the quantum emission from the
defect, but also adversely affects their photo-stability, resulting in blinking and/or photobleaching of
the defect. These effects can be ameliorated by passivating surfaces with optimal adsorbates. In this
work, we explore different passivation schemes using density functional theory-based calculations.
We show that a uniform surface passivation with either hydrogen or with mixed hydrogen/hydroxyl
groups completely removes surface states from the SiC band gap, restoring the optical properties of

the defects.

I. INTRODUCTION

Luminescent point defects in different polytypes of sil-
icon carbide (SiC) are being explored as quantum bits
(qubits) due to their addressable spins [1H4], long spin
coherence times [2HO], and spectral stability [7, [§]. In
addition, different defect-based quantum emitters in SiC
display near-telecom range emissions [5l 9], resulting in
relatively low propagation losses. SiC itself is cheap and
commercially available as a semiconductor-grade mate-
rial with well-developed fabrication protocols, giving an
edge to the quantum emitters in SiC over those in dia-
mond [TOHT5] for creating scalable quantum technologies.

In order to employ point defects in quantum computing
and sensing applications, one often places them in close
proximity to surfaces or within nanostructures, such as
photonic crystal cavities fabricated in SiC hosts [T6HI9)
or in arrays of nanopillars [20H22]. Such arrangements,
while advantageous, can also introduce complications
due to surface and quantum confinement effects that
can change quantum emitter properties in unpredictable
ways. Over the last few years, this realization has re-
sulted in several experimental works on near-surface de-
fects in different semiconductors hosts of qubits [21] 23
26]. However, on the theoretical side, most ab-initio
works concentrate on defect properties in bulk crystals,
with a very few exceptions that have considered deep-
level defects in nanostructured hosts [27H30]. In particu-
lar, a recent theoretical work by Joshi et al. [30] started
to address the aforementioned knowledge gap by con-
sidering a negatively charged silicon monovacancy (Vgil)
in a 2H-SiC nanowire (NW). Joshi et al. showed that
different finite size effects, such as the naturally-present
strain in the unpassivated NW and the surface states
at the valence and conduction band edges, profoundly
affect properties of the near-surface silicon monovacan-
cies. As a result, the frequency of quantum emission
from VS_il in a NW changes dramatically relative to that
in bulk. They further showed that these finite-size effects
can lead to deterioration of the device performance due
to the defect’s charge-state conversion from the bright
negatively-charged state to the dark neutral state (VY;)

upon photoexcitation. The charge-state conversion itself
is facilitated by spatial and energetic overlap between the
defect and surface states, resulting in blinking or photo-
bleaching of the defect.

While the aforementioned work showed how the fi-
nite size effects are detrimental to the properties of
near-surface defects in nanostructured hosts, Joshi et al.
did not consider potential passivation schemes that can
ameliorate these effects. In this density functional the-
ory (DFT)-based work, we have addressed the issue of
charge-state instability of the near-surface Vgil by iden-
tifying different chemical terminations for the surfaces
of the nanostructured SiC that effectively remove the
surface states from the band gap of the nanostructure.
In particular, we show that surface passivation with ei-
ther hydrogen (-H) or mixed hydrogen/hydroxyl groups
(-H/OH) produce the desired effects, while fluorination
(-F) should be avoided. In both of the preferable chemi-
cal passivation schemes, we find near-perfect restoration
of the frequency of quantum emission and the removal
of surface states from the valence and conduction band
edges, signifying increased photostability of the defect-
based quantum emitter.

II. COMPUTATIONAL DETAILS

We employed the QUANTUM ESPRESSO pack-
age [311, B2] to perform spin-polarized, DFT-based calcu-
lations. Ultrasoft pseudopotentials [33] were used to de-
scribe electron-ion interactions, allowing for a low energy
cut-off and hence, a relatively small plane-waves basis set
for representing the wave functions. We found that the
energy cutoffs of 50 Ry for expanding wave functions and
350 Ry for charge densities were sufficient to ensure con-
vergence. lonic relaxation was performed for all struc-
tures until the forces on the atoms were smaller than
1072 Ry/a.u. In our calculations, exchange-correlation
effects were included within the generalized gradient po-
tential approximation (GGA) [34] of Perdew, Burke, and
Ernzerhof (PBE) [35]. Although the semilocal PBE func-
tional is known to underestimate band gaps [36], we chose
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FIG. 1. Passivated silicon carbide nanowire (NW). (a) From left to right: top view of a NW with hydrogen (-H), mixed
hydrogen/hydroxyl group (-H/OH) and fluorine (-F) passivation of three-fold coordinated silicon (Si) and carbon (C) atoms on
the surface. (b) A close-up of the NW surface with the -H/OH passivation. The particular scheme chosen here reduces steric
repulsion between the hydroxyl groups. This is ensured by alternating rows of -H and -OH groups on nearest-neighbor silicon
atoms at the edges (separated by about 3.09 A) All carbons are passivated with hydrogens. This is just one such structure
that can be created and is used as a “model” for mixed -H/OH passivation.

to use it instead of computationally expensive hybrid
functionals, such as HSE06 [37, [38]. We made this choice
because: (i) it made calculations feasible for the large
structures used in the present study and (ii) in our work,
we are interested in determining the quantum emission
energies of the near-surface defects within nanostructures
(without and with surface passivations) relative to the
quantum emission energy of the defect in bulk 2H-SiC.
Our emphasis on energy-differences rather than their ab-
solute values minimizes the error in our predictions and
allows us to use the PBE functional without reducing the
accuracy of our analysis. That PBE may become a more
judicious choice over the prohibitively-expensive HSE06
functional can be seen in DFT calculations within the
two functionals that yielded very similar adiabatic poten-
tial energy surfaces for a quantum emitter in hexagonal
boron nitride [39, 40].

In order to facilitate a direct comparison with the
results obtained by Joshi et al. [30], we have adopted
the bulk and NW structures as described in their work.
Hence, we chose to create our nanostructure using the
2H-SiC polytype. The selection of the 2H-polytype al-
lowed us to create a stoichiometric nanostructure with
no magnetic moment on any atom, including those on
the NW surface. This, in turn, ensured that the spin of
stil7 once it was introduced, did not interact with other
surface-related spins. Hence, the choice of the 2H-SiC
polytype helped to isolate and emphasize different sur-
face and quantum confinement effects that modify prop-
erties of the quantum emitters over any other spurious
effects. The unpassivated (“bare”), as-created nanowire
was periodic in the [0001]-direction (c-axis) and consisted
of 216 atoms. The equilibrium diameter of the bare NW
was 15.43 A. The interactions between the periodic im-

ages of the nanowire in the lateral direction were mini-
mized by adding a vacuum of about 12 A around the NW
in the plane perpendicular to the c-axis. All calculations
for NWs were performed using a gamma-centered k-point
grid of 1 x1x6, created according to the Monkhorst-Pack
scheme [41]. For bulk 2H-SiC, we used an 8 x 8 x 2 super-
cell, consisting of 512-atoms. Although this was a large
supercell, a I'-centered 2x2x 6 k-grid was used, which has
been found to be necessary to obtain converged results
for this defect [6l, B0} 42}, 43].

Starting from the pristine, as-created NW, we passi-
vated the dangling bonds on the NW surface with sim-
ple adsorbates (-H, mixed -H/OH or -F). Figure [[fa)
shows the equilibrium geometries for the defect-free, pas-
sivated NWs. Single covalent bonds are formed between
the three-fold coordinated Si and C atoms on the sur-
face and the adsorbates. It should be pointed out that
there are a number of possible structural models for the
mixed -H/OH passivation, such as: (i) the “Si-OH 4 C-
H” structure, where the surface silicon-atoms (carbon-
atoms) are passivated with hydroxyl groups (hydrogens),
and (ii) the “Si-H+ C-OH” structure, where the sur-
face silicon atoms (carbon atoms) are passivated with
hydrogen atoms (hydroxyl group). Since the former sur-
face passivation scheme (i.e. Si-OH+ C-H) was recently
shown to be energetically more favorable [44], we chose
to adopt it, but with a modification to further reduce
steric repulsion. Since the silicon atoms on the surface
can be as close as 3.09 A, a uniform passivation of all
under-coordinated Si atoms on the surface with the -OH
group can result in the crowding of hydroxyl groups. In
our modified scheme for -H/OH passivation, all under-
coordinated C atoms were passivated with hydrogens,
while it was ensured that the Si atoms on the surface



that were closer to each other have alternating -H and
-OH groups, as shown in Fig. [I[b).

Effects of surface passivation on the structural, elec-
tronic, and optical properties of the near-surface defects
were studied by creating a VS_i1 defect in the passivated
2H-SiC NWs. In order to study if the adsorbates affect
the doping conditions under which the negative charge
state of the defect is stable, we calculated the defect for-
mation energies as a function of the electronic chemical
potential (i.e. the Fermi energy, Er). The formation en-
ergy, AEform, of a defect X (here, Vg;) in charge state
q is defined as [45]:

Alafown (Xa q) :ETotal (Xa Q) - ETotal (ideala 0)
+ psi + q[Evem(X) + EF] (1)

where pug; is the chemical potential of Si, accounting for
the removal of a Si-atom from the supercell to create
Vsi, and Erotal(X; @) [ETotai(ideal, 0)] is the total energy
of the defective [pristine/ideal] supercell. The valence-
band maximum, Ey g (X), of the defective supercell is
calculated using:

EVBM(X) = EVBM(ideal) + Va’u (X) — Vav (zdeal) (2)
Here, Eypp(ideal) is obtained from the difference
in the total energies of the neutral and positively-
charged ideal/perfect supercells [i.e. Evy g (ideal) =
Erotai(ideal; 0) — Erotar(ideal; +1)]. In Eq. |2} since we
are using Ey gy (ideal) to determine Ey gy (X), we need
to ensure that the band structures of the defective and
ideal structures line up. This is done by assuming that
far away from the defect, the potential in the defective
structure should be similar to that in the ideal. Hence,
the difference between the averaged potentials (V,,) be-
tween the perfect and defective supercells provides the
offset between Ey gps(ideal) and Ey g (X).

In order to determine how passivation affects the opti-
cal properties of the near-surface VS_il, we calculated the
zero-phonon line (ZPL) using the ASCF method [I1],
which constrains the occupation of the defect states
to emulate the photo-excitation process. The ASCF
method provides a computationally inexpensive means
of determining ZPL values and has been successfully em-
ployed to study excitations between spatially-localized
defect states of deep-level defects in different wide band
gap semiconductors [30} [46, 47]. In order to obtain the
ZPL of the defect using the ASCF method, one starts
from the ground state equilibrium structure given by gen-
eralized coordinate, Qground, and the ground state elec-
tronic configuration of the system, corresponding to point
A of the Franck-Condon picture shown in Fig. a). The
vertical excitation process is then emulated by constrain-
ing electronic occupation to that of the excited state.
This is achieved by emptying a filled defect state and
promoting it to an empty defect state of the same spin,
while leaving the ionic position unchanged [point B in

Fig. a)]. The point C in Fig. a) is obtained by relax-
ing the structure, while constraining the electronic oc-
cupation to that for the excited state, emulating ionic
relaxation in response to the changed charge density dis-
tribution. Lastly, the point D is obtained by constrain-
ing the ionic positions to those obtained in previous step
(Qexcited), while requiring a ground state electronic con-
figuration. A difference in total energies of the system at
points A and C gives the ZPL.

IIT. RESULTS
A. Silicon vacancy in bulk SiC and bare SiC NW

Before discussing our results for the passivated NW,
we briefly describe those for bulk and the bare NW
to highlight the importance of finding appropriate sur-
face coverages. A greater in-depth exposition can be
found in Ref. [30]. In different hexagonal polytypes of
bulk SiC, the negatively charged monovacancy, stil, is
a spin-3/2 defect that has a Cj5, point group symme-
try [6 30, 42], 43| 48-50]. The dangling sigma bonds of
the surrounding carbon atoms are derived from their 2s-
and 2p-orbitals, which are known to result in spatially
localized defect states [30, 46 [47, FIH53]. The single-
electron molecular orbitals for the defect states can be
obtained from the dangling sigma bonds, resulting in
two singlet states [herein denoted as a; and a1] and a
doublet [e = {ex,ey}]. Figure b) is a schematic dia-
gram showing the spin-split single particle energy levels
(not to scale). The distribution of five electrons left be-
hind by ngl in these states results in an excess of three
electrons in the majority spin channel as compared to
the minority spin channel [Fig. 2(b)]. In the same fig-
ure, we have also shown the charge density plots for the
optically-active defect states (minority-spin) that are in-
volved in the photoexcitation process. For VS_il in bulk
2H-SiC, the lowest energy optical excitation corresponds
to aﬁcﬁeTT — aIdIieﬁ, with a reported ZPL value of
1.19eV [30].

In contrast to the ZPL of VS_il in 2H-SiC bulk, a much
lower ZPL of 0.87 eV was reported [30] for a Vg;' defect at
a near-surface site in the interior of an unpassivated/bare
NW. Figure[2f(c) is a schematic energy-level diagram (not
to scale), showing the changes in the electronic structure
of Vgil in the bare NW. In the figure, VB, CB and SS re-
fer to the valence band, conduction band and, the surface
states that are introduced at the band edges, respectively.
Out of different finite size effects, Joshi et al. showed
that the most significant factor contributing to the 325.6
meV reduction in the ZPL energy of the defect in the
bare NW as compared to the bulk is the hybridization
between the surface states and the defect states. The hy-
bridization is made possible by the energetic and spatial
overlap between the defect and the surface states. One
consequence of this is the narrowing of the gap between
the frontier orbitals (i.e. the highest-occupied and lowest-
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FIG. 2.

(a) Franck-Condon picture onto which the ASCF results are mapped to emulate the photoexcitation process. (b)

Schematic single particle level diagram (not to scale), showing the defect states introduced by VS_il in 2H-SiC bulk, where the
structure has a Cs,-point group symmetry. The spin-split defect states are labelled by their group theoretical representations,
with black (grey) arrows in the superscripts used to emphasize that the states are filled (empty). The green vertical arrow in
the energy level diagram indicates the lowest energy photo-excitation in bulk. In the charge density plots on the right for the
optically-active, minority-spin (spin-down) defect states, only the carbon atoms surrounding Vgil are shown for clarity. Teal
(mauve) color corresponds to positive (negative) isovalues, highlighting the bonding and/or antibonding character of the defect
states. (c) Schematic energy-level diagram (not to scale), showing the changes in the electronic structure of Vg;' when created
in an unpassivated /bare NW. Here, VB, CB, and SS refer to the valence band, conduction band and surface states, respectively.

unoccupied defect states), from 1287.7 meV in bulk to
938.3 meV for a near-surface defect in the bare NW. The
energetic and spatial proximity of the surface states to
the defect states not only tunes the emission frequencies,
but also has detrimental effects on the charge-state sta-
bility of a monovacancy, converting it from the bright
Vgil to the dark neutral defect (VZ;). This occurs when
the surface states either temporarily trap the photoex-
cited electron, resulting in the blinking of the defects or
permanently remove the photoexcited electron resulting
in photobleaching. In what follows, we show that appro-
priate passivation of the surfaces of the nanostructured
hosts can counter the unpredictable ZPL changes and
improve photostability of the near surface defects.

B. Defect-free passivated NW

In their work on a pristine 2H-SiC NW, Joshi et al. [30]
reported a considerable contraction of bonds between
atoms at the under-coordinated sites on the surface of
the bare NW. This skin-bond contraction is a character-
istic effect found in very small nanostructures [54] and
aids in a reduction of the surface energy via strength-
ening of the remaining bonds at the undercoordinated
surface sites. Once the under-coordinated sites on the
NW surface are passivated, the structural reconstruction
of bonds at these surface sites, which still have a differ-
ent chemical environment than the underlying bulk, is
much smaller as compared to that in the bare NW. As
a consequence, the structural changes that propagate to
the interior of the passivated NW are even smaller. For
example, upon hydrogenation, the Si-C bond lengths at a
hydrogenated surface site contract by 1.21% and 0.34%

in the axial- and basal-directions, respectively as com-
pared to the bulk. These are much smaller bond con-
tractions when compared to those reported for the sur-
face sites of a bare NW, which showed 8.5% and 3.20%
contraction along the axial direction and basal plane, re-
spectively [30]. For H-passivation, the interior sites now
show a bond-length elongation of 0.06% and 0.18% in the
axial- and basal-directions, respectively, relative to the
bulk values. Similarly, for the mixed -H/OH passivation,
the interior sites now show, on average, a bond-length
elongation of about 0.05% and 0.21% in the axial- and
basal-directions, respectively. In the case of fluorination,
the overall strain in the system is larger, with the Si-C
bonds showing an elongation of 0.11% along the axial-
direction and an average elongation of 0.38% for Si-C
bonds with carbons in the basal-plane. Hence, our results
show that the local strains close to the surfaces depend
on the surface chemistries, and we expect them to play
a role in modifying the electronic and optical properties
of the near-surface defects.

In addition to influencing the structural properties at
the near surface sites, different surface chemistries also
modify the electronic structure properties. Figure a)
shows the density of states (DOS) of the bare NW, along
with the DOS of bulk 2H-SiC for comparison. Although,
one expects a larger band gap in the nanostructure due
to quantum confinement effects as compared to the band
gap (2.31eV) of bulk 2H-SiC, the bare NW actually has
a smaller band gap of 1.73eV, as seen in Fig. (a). The
smaller band gap of the NW is a consequence of states at
the valence and conduction band edges of the NW [see the
highlighted states in Fig. [3a)], which are absent in the
DOS of the bulk. To understand the origin of the states
at the band edges, we have plotted the DOS projected
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FIG. 3. Electronic structure properties of defect-free 2H-SiC NWs. (a) Density of states (DOS) for unpassivated/bare NW,
along with the DOS of perfect 2H-SiC bulk, showing surface states (highlighted) at the band edges of the NW. (b) Total
DOS (TDOS) and DOS projected onto the three-fold and four-fold coordinated carbons and silicons on the surface of the bare
nanowire. (¢) From top to bottom: total and projected DOS plots for NW-H, NW-H/OH and NW-F. The DOS projected onto
the carbon and silicon atoms, which have now been passivated with the adsorbates, are shown with solid orange and dash-dotted
black lines in all three plots. Also shown is the DOS contributed by the adsorbate. The surface states are completely removed
by hydrogenation and mixed -H/OH adsorption. The bottom plot for NW-F shows carbon-derived states at the valence band

edge that are reminiscent of the surface states in the bare NW.

onto the three-fold coordinated C (solid orange line) and
Si atoms (dash-dotted black line) in Fig. [3[b), showing
that the main contributions to these states comes from
the undercoordinated atoms at the surface. On the other
hand, DOS contributions from the four-fold coordinated
carbon (dotted pink line) and silicon atoms (solid blue-
grey line) on the surfaces are much smaller, as seen in
Fig. b). Figure c) is a plot of the total and pro-
jected DOS of the passivated NWs in which different ad-
sorbates are used to passivate the dangling bonds of the
under-coordinated Si and C atoms. The DOS projected
onto the carbon and silicon atoms, which were previously
under-coordinated and have now been passivated with
the adsorbates, are shown with solid orange and dash-
dotted black lines in all three sub-plots. The topmost
and the middle panel in Fig. c) shows that upon pas-
sivation with -H and mixed -H/OH, the surface states
are completely removed from the band gap, resulting in
the observed larger gaps of 3.02eV and 3.05eV, respec-
tively. On the other hand, the bottom plot for NW-F
shows C-derived states at the valence band edge that are
reminiscent of the surface states in the bare NW. As a
result, NW-F has a band gap of 2.54 eV, which is smaller
than those for NW-H and NW-H/OH.

One may suspect that the smaller band gap of NW-F
[see Fig. B|(c)] might itself be mostly due to the well-
known band gap error of DFT within the PBE approx-
imation. In turn, such an underestimation of band gap
can then result in the incorrect placement of the fluo-

rine and carbon-derived states of NW-F at the valence
band edge. However, we note that the band gap er-
ror of DFT within the PBE approximation should simi-
larly affect the electronic structure properties of NW-H
and/or NW-H/OH. But neither of these two structures
display the features present in the DOS of NW-F, in-
dicating that our results for NW-F are not an outcome
of the band gap error. In fact, we attribute our NW-
F results to the chemistry at its surface. Fluorine is
the most electronegative element. As a consequence,
C—F and Si—F bonds are highly ionic in nature as
compared to, for example, the C — H and Si — H bonds
at the NW-H surface. This results in very different
bonding and charge distribution at the NW-F surface.
The differences in the nature of bonds can be quantified
by determining their fractional ionic character. As de-
fined by Pauling, the fractional ionic character, is given
by: fi(A— B) = 1 — exp[—(EN4 — ENg)?/4], where
EN,4 and ENp are the electronegativities of elements
A and B, respectively [55] 56]. Pauling’s formula yields
large fractional iconicity values of f;(Si—F) = 66.1%
and f;(C—F) = 40.0% for bonds at the NW-F sur-
face. For comparison, we get f;(Si—H) = 2.2% and
fi:(C —H) = 3.0%, implying that the bonds between the
adsorbate and the surface atoms of NW-H are mostly co-
valent in nature. Hence, the presence of the surface-like
states at the valence band edge in NW-F is not a spuri-
ous effect caused by the underestimation of the band gap
within PBE, but is most likely driven by the chemistry
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FIG. 4. Hydrogen and mixed hydrogen/hydroxyl group passivated 2H-SiC NW with a VS_il defect. (a) Total DOS (TDOS) in
gray and the DOS contributed by the four nearest neighboring carbon atoms (Cxn) surrounding the defect (in black). Also
shown in green is the DOS projected onto the hydrogen-atoms. (b) TDOS and projected DOS for NW-H/OH, showing similar
behavior to NW-H. (c¢) Schematic energy-level diagram (not to scale) summarizing the electronic structure for NW-X (X= -H
or -H/OH), highlighting how the electronic structure properties of a defect in the passivated NW differ from those for the bare
NW. The dangling bond/surface states that previously occupied the band gap in the bare NW are now passivated and pushed
deeper into VB and CB (presented as colored bands in VB and CB). (d) The charge density plots of the optically-active empty
and filled state for NW-H. Teal (mauve) color corresponds to positive (negative) isovalues, highlighting the bonding and/or

antibonding character of the defect states.

at the surface. The incomplete removal of the surface
states from the valence band edge implies that fluori-
nation might not produce the desired effects. In what
follows, we show this explicitly by creating Vgil in the
passivated NWs.

C. Silicon vacancy in passivated SiC NW

1.  Ground state properties of Vgil in passivated SiC NW

A Vgil defect was created in the interior of the NW
to emulate near-surface defects. It is a spin-3/2 de-
fect for all passivation schemes. The spin polarization
energy, defined as the energy difference between the
non-magnetic and magnetic structures, is found to be
713meV, 714 meV and 694 meV for hydrogen, mixed hy-
drogen/hydroxyl and fluorine passivations, respectively.
These spin polarization energy values are much larger
than the thermal energy at the room temperature, im-
plying that the local moments induced by a VS_il defect
will survive well beyond room temperature in all three of
the defective, passivated NWs.

Figures [4| (a) and (b) are plots of the TDOS in gray
and the projected DOS for defective NW-H and NW-
H/OH. These plots clearly show a large spin-splitting
between the majority and minority spin channels. The
DOS contributions from the four nearest-neighboring car-
bon atoms, Cny, are plotted using black lines. The DOS
projected onto Cny show that the defect states for Vgil in

nanowires — NW-H and NW-H/OH — are derived mostly
from the 2s and 2p orbitals of Cyn. The adsorbate-
derived states show negligible contributions to the defect
states. Additionally, the filled and empty optically-active
defect states in the minority spin (spin-down) channel are
now in the band gap, well separated from the valence and
conduction bands. This is summarized in the schematic
energy-level diagram (not to scale) shown in Fig. [4] (c).
It highlights how the electronic structure properties of a
defect in the passivated NWs (jointly labelled as NW-X,
with X = -H or -H/OH), differ from that for the bare
NW. The schematic diagram shows that: (i) the filled
and empty optically-active states in the minority spin
(spin-down) channel are well-separated from the valence
and conduction bands, and (ii) the dangling bond /surface
states that previously occupied the band gap in the bare
NW are now passivated and pushed deeper into valence
and conduction bands (presented as colored bands within
VB and CB). Figure 4| (d) shows the charge density plots
of the optically-active empty and filled state for NW-H,
showing the extent of spatial localization of the defect
states around the defect site. The defect states for NW-
H/OH with a Vg' defect look similar and are not shown.
It should also be pointed out that since the defective
structures have C; symmetries, all of the defect states
are singlets and belong to the a-representation.

Figure [5| (a) shows the TDOS (gray line) for the
fluorine-passivated NW with a Vgil defect. The DOS
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FIG. 5. Fluorine-passivated 2H-SiC NW with a VS_il defect. (a) Total DOS (TDOS) in gray and DOS projected onto the
fluorine-atoms (in cyan) and the four carbon atoms that are the nearest neighbors (Cnn) surrounding the defect. The filled
optically-active state in the minority spin (spin-down) channel is resonant with the valence band as can be seen in the highlighted
portion of the DOS, a zoomed-in version of which is shown in the inset. Above this filled minority spin state, one can see
contributions from the fluorine atoms as well from other Si and C atoms in NW-F. (b) Schematic energy-level diagram (not
to scale), highlighting how the electronic structure properties of a defect in the fluorinated NW differ from the other two
passivation schemes. The filled optically-active state in the minority spin (spin-down) channel now lies below the valence band
edge, which shows a mixed surface-bulk character. This is depicted with a blue color band in VB. (c) The charge density plot
of the state at the valence band edge, showing its hybrid surface-bulk character.

projected onto the fluorine-atoms (in cyan) and the four
carbon atoms that are the nearest neighbors (Cyy) sur-
rounding the defect are also plotted, once again showing
that it is the 2s- and 2p-orbitals of Cyy that contribute
to the defect states introduced by Vgil. However, in the
case of NW-F| the filled optically-active state in the mi-
nority spin (spin-down) channel is resonant with the va-
lence band, as can be seen in the highlighted portion of
the DOS, a zoomed-in version of which is shown in the
inset in Fig. [5] (a). From the inset, one can see that
the valence band edge itself has contributions from the
fluorine atoms as well from other Si and C atoms in NW-
F. The results from the DOS plots are summarized in
the schematic energy-level diagram (not to scale) shown
in Fig. 5| (b). It highlights how the electronic structure
properties of a defect in NW-F differ from the other two
passivation schemes. The filled optically-active state in
the minority spin (spin-down) channel now lies below the
valence band edge. The DOS at the valence band edge
have a mixed surface-bulk character, which is depicted
with a blue color band in the VB. The mixed character
can also be seen in the charge density plot of the state at
the valence band edge. This filled state lies above the de-
fect state involved in the photo-excitation. It may itself
become involved in the photo-excitation of the VS_il de-
fect, and adversely affect the defect’s optical properties.
It may do so by removing the hole left behind by the
photoexcited electron from the defect site. These results
show that fluorine passivation should be avoided. Hence,
from here on we will only present our results for Vgil in
NW-H and NW-H/OH.

The DOS plots in Figs 4] (a) and (b) clearly show that

the surface-related states are removed from the respec-
tive band gaps in both NW-H and NW-H/OH by the
covalent bonds formed by the adsorbates on the surfaces.
This is one of the important requirements for an adsor-
bate to be considered optimal since the surface states
are detrimental to the photostability of the near surface
defects. However, it is also possible for a passivation
scheme to be unfavorable if it reduces the doping-range
(electronic chemical potential range) over which the neg-
ative charge state of the monovacancy is stable relative
to its other charge states. Figures[6] (a) and (b) show the
calculated formation energies for Vs; in NW-H and NW-
H/OH as a function of the Fermi energy level (i.e. the
electronic chemical potential). The Fermi energy level is
given with respect to the valence band maximum. In ad-
dition, since we are interested in growth conditions that
result in formation of silicon monovacancies, the forma-
tion energies shown in Figs [f] (a) and (b) are those ob-
tained under carbon-rich (silicon-poor) conditions. We
have highlighted the favorable doping conditions in yel-
low, which correspond to the values of electronic chemical
potential at which the bright negatively charged state of
the defect is stable. The highlighted regions reveal that
the bright, negatively-charged state of Vyg; is stable over a
considerable range of n-doping for both NW-H and NW-
H/OH. These results are almost identical to those ob-
tained in an earlier work for a silicon monovacancy in
bulk 4H-SiC [57, 58], showing that the two passivation
schemes being considered here are good choices for en-
suring photostability of Vs_il.
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FIG. 6. The calculated formation energies (AEform) for Vg;
in different charged states as a function of the Fermi energy
level (electronic chemical potential) in (a) NW-H and (b) NW-
H/OH. The Fermi energy level is given with respect to the
valence band maximum. The formation energies are calcu-
lated assuming carbon-rich conditions. The favorable doping
conditions, corresponding to the values of electronic chemical
potential at which the bright negatively charged state of the
defect is stable, are highlighted.

2. Excited state properties of Vgil in passivated SiC NW

To determine how the surface passivation affects the
optical properties of the near-surface defects, we inves-
tigated the excited state properties of VS_il in NW-H
and NW-H/OH. Here, we considered the lowest-energy,
spin-preserving excitation between the highest filled and
lowest empty defect states in the minority spin chan-
nel, as indicated by the vertical arrow in the schematic
energy-level diagram in Fig.|4|(c). Both states involved in
this photoexcitation belong to the a-representation. Our
ASCF results show that the ZPL of of VS_il is 1.15eV for
both NW-H and NW-H/OH. This near-perfect restora-
tion of the defect’s ZPL to its value in the bulk 2H-SiC
(1.19¢V [30]) can be attributed to the effective removal
of the surface states from the energetic vicinity of the
defect states.

In order to understand what contributes to the 40 meV
difference in the ZPL of Vs_il in NW-H and NW-H/OH
as compared to the bulk value, we first consider the ef-
fect that the strain at the defect site has on the ZPL.
To estimate the change in ZPL due to strain, we use the
strain-coupling parameter of 1130 meV (strain)~! (in the
basal direction), which was deduced experimentally [25].
In NW-H, the bond lengths along the basal plane (at
the defect site) are around 0.18% longer as compared to
the ideal basal distance. A similar strain exists at the
defect site in the case of NW-H/OH (0.21%). Hence,
for both passivations, strain results in a mere 2.03—

2.04meV change in the ZPL. Further investigation re-
vealed that the change in the Stokes shift is a more
important contributor to the ZPL change in the pas-
sivated NW. The Stokes shift, which is obtained from
the difference in the vertical excitation and the ZPL
[i.e. Eg — Ec¢ in Fig. a)], is 104.9meV, 133.4meV and
128.7meV in the bulk, NW-H and NW-H/OH, respec-
tively. This means that Vgil undergoes larger structural
changes upon photo-excitation in the passivated NW as
compared to the bulk. The calculated values of Stokes
shift are larger by about 28.5 meV in NW-H and 23.7 meV
in NW-H/OH as compared to the Stokes shift in bulk.
Thus, the changes in Stokes shift can account for most
of the calculated ZPL shift (about 40 meV) between the
passivated NWs and the bulk. A small contribution to
the ZPL shift also comes from different placement of the
defect states in the band gap due to symmetry break-
ing and changes in electronic structure properties that
result from a particular surface chemistry. As a result,
the vertical excitation values, corresponding to the exci-
tation A — B in Fig. [J[a), differ by 11.2meV for NW-H
and 19.0meV for NW-H/OH as compared to the bulk
value for Eg — E5. Hence, we find that the ZPL shifts in
the passivated NWs are not only an order of magnitude
smaller than that in the bare NW, but also the major
contributor to this change is no longer the same. In the
bare NW, hybridization of the defect states with the sur-
face states accounted for most of the ZPL shift [30]. On
the other hand, in the passivated NW, most of the shift
can be accounted for by changes in Stokes shift, the place-
ment of defect states within the band gap of a passivated
NW and to a much lesser extent, by the strain.

IV. SUMMARY

In this work, we have identified two chemical termi-
nations for the surfaces of nanostructured SiC that ef-
fectively remove the surface states from the band gap
of the nanostructure. These two passivation schemes in-
volve either using uniform -H coverage or using a mixed
-H/OH group coverage. Both coverages address the is-
sue of charge-state instability of the near-surface Vgil
defect by effectively removing the surface states from the
band gap of the nanostructure. The defect’s high spin
state (S=3/2) remains stable over a large range of elec-
tronic chemical potential in an n-doped SiC nanostruc-
ture. We also show that surface passivation with fluorine
should be avoided since it is unable to completely elim-
inate surface-related states from the valence band edge.
In addition, we find that in NW-H and NW-H/OH, we
have not only increased the photostability of VS_il, but
there is also a near-perfect restoration of the frequency of
its quantum emission. Lastly, although a small-diameter
nanowire was used in our proof-of-principle calculations,
the core results should remain valid for the spin-active
defects that are placed advertently or inadvertently near
the surfaces in larger nanostructures.
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