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Divacancy in its neutral charge state (VCVgi) in 4H silicon carbide (SiC) is a leading quantum bit (qubit)
contender. Owing to the lattice structure of 4H SiC, four different VcVy; configurations can be formed. The
ground and the optically accessible excited states of Vc VY, configurations exhibit a high-spin state, and the
corresponding optical transition energies are around = 1.1eV falling in the near-infrared wavelength region.
Recently, photoluminescence (PL) quenching has been experimentally observed for all VVg; configurations in
4H SiC at cryogenic temperatures. It has been shown that VcV§; is converted to Ve Vg; and it remains in this
shelving dark state at cryogenic temperatures until photoexcitation with the threshold energies or above is applied
to convert Vc Vg, back to Ve VY. In this study, we demonstrate both in experiments and theory that the threshold
energy for reionization is temperature dependent. We carry out density functional theory (DFT) calculations
in order to investigate the temperature dependent reionization spectrum, i.e., the spectrum of the VeV, —
VeV, process. We find that simultaneous optical reionization and qubit manipulation can be carried out at
room temperature with photoexcitation at the typical excitation wavelength used for readout of the divacancy
qubits in 4H SiC, in agreement with our experimental data. We also provide the analysis of the PL spectrum of
Vc VY, characteristic for each VeV, configuration in 4H SiC, using the Huang-Rhys theory, and find that one
configuration in 4H SiC stands out in terms of the strength of coherent emission among the four configurations.
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I. INTRODUCTION

Spin active point defects in wide band gap semiconductors
have proven to be promising candidates for numerous appli-
cations in the rapidly emerging field of quantum technology.
Leading contender of this family is the negatively charged
nitrogen-vacancy defect, i.e., the NV center in diamond with
exhibiting many desirable magneto-optical properties [1,2].
Nevertheless, further alternative point defect color centers
have been searched for in the past decade embedded in tech-
nologically more mature materials than diamond.

A suitable host candidate to this end is silicon carbide (SiC)
introducing different crystal modifications called polytypes.
The technologically most relevant polytype is the hexag-
onal 4H SiC which hosts different types of quantum bits
(qubits) [3-7] being pivotal in quantum information pro-
cessing [8—12], ultrasensitive nanosensors in magnetometry
[13-18] or thermometry [14,19].

Divacancy is one of the most successful qubits in 4H
SiC [3,20] which consists of neighbor carbon and silicon
vacancies, V¢ Vg;. 4H SiC consists of Si-C bilayers exhibiting
hexagonal () or quasicubic (k) sites. Consequently, V¢ Vg;
possesses four different defect configurations in 4H SiC be-
cause of the two possible defect sites for both V¢ and Vi;.
Henceforward, we denote the different configurations with the
lattice sites’ labels of the C and Si vacancies, respectively,
such as VCVSi (/’l/’l), chSi(kk), chSi(l’lk), and chs,' (k]’l)
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The hh and kk configurations are called axial or on-axis
configurations exhibiting C3, symmetry, while the hk and kh
configurations are basal or off-axis configurations with Cyy
symmetry. Lattice structure of 4H SiC and the V¢ Vg; defect
configurations are shown in Fig. 1.

The divacancy in 4H SiC exhibits several desirable
magneto-optical properties making it a promising qubit. In
particular, electronic structure of the neutral V¢Vs; center
(VCV(s)i) introduces high-spin (S = 1) ground and optically
accessible excited states [3,21-23]. The corresponding no-
phonon optical transitions, i.e., the zero-phonon lines (ZPLs)
are around 1100 nm falling into the near-infrared (NIR) re-
gion where optical fibers and organic tissues have relatively
low absorption window. This property makes the divacancy a
promising candidate as a single photon emitter with quantum
memory for quantum communication and as an ultrasensitive
biomarker [24-26]. Indeed, high-fidelity infrared spin-photon
interface [27] and entaglement and control of single nuclear
spins [28] have been demonstrated with divacancies in 4H
SiC. The ZPLs are now labeled [3] and identified with the
corresponding configurations [29] as PL1 - V¢ Vs;(hh), PL2 -
V¢ Vsi(kk), PL3 - V¢ Vsi(hk), and PL4 - VcVii(kh) that were
previously labeled as UD2 centers in 4H SiC in the literature
[21].

The charge state control of defect qubits is indispensable
for robust quantum information processing [30]. Photoexcita-
tion of target point defect qubits may lead to their unwanted

©2022 American Physical Society
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FIG. 1. (a) Lattice structure of 4H SiC. The [0001] crystal axis (c axis) and the /#/k bilayers are depicted. (b) Microscopic structure of the
divacancy defect. (c) The four possible V¢ Vs; configurations embedded into 4H SiC. Color code of the atoms and the vacant sites is indicated.

charge switching with losing the qubit state. According to
previous ab initio studies [31-34], all the divacancy config-
urations could appear in the positive, neutral, negative, and
double negative charge states depending on the position of
the Fermi level in 4H SiC which may be actively controlled
by doping and electrical switching in a 4H SiC diode [35].
Nevertheless, photoexcitation of the neutral divacancies may
lead to the ionization of the defect. Indeed, photolumines-
cence (PL) quenching of divacancy defects in 4H SiC has
been recently observed, i.e., the PL signals of VCV(S’i defects
do not appear upon certain excitation energies [34,36-38].
On the other hand, it has been demonstrated that applying
a second laser (repump laser) with a higher photon energy
completely recovers the PL intensity of the V¢V, centers
[34,36-38]. Here, we note that the PL quenching phenomenon
is not unique for VCV(S’i in 4H SiC but was observed for
several other defects (e.g., see Ref. [2] and references therein
for NV center in diamond). The physical mechanism behind
the quenching phenomenon may be the charge state switch-
ing of the corresponding defect upon illumination as already
demonstrated by previous experimental and theoretical works
[34,36-39]. In this case, the role of the repump laser is to
reionize the defect, i.e., to maintain the neutral charge state. In
particular, the “dark” charge state has been attributed to either
the singly positive [38] or the singly negative charge state
[37] of divacancies by earlier experimental works. In order
to unravel this issue, we carried out a combined experimental
and density functional theory (DFT) study [34] and found
that the singly negative charge state [VcV;] is the dark state
because the calculated and observed photoexcitation threshold
energies at cryogenic temperatures agreed well for this charge
state for all the divacancy configurations in 4H SiC.

In this work, we investigate the temperature dependent
charge state control of the Vc VY. defect configurations in 4H
SiC. To this end, we calculate the Vchi—related PL line-
shape and the VcVg, — VCV(S)i reionization spectra based
on the Huang-Rhys (HR) theory [40-42], and monitor the
appearance of the divacancy PL spectra as a function of
the applied repump laser’s wavelength and temperature in
high-purity semi-insulating 4H SiC samples. We find an ex-

citation scheme with simultaneous charge state control and
qubit manipulation of VCVgi by a single color laser beam
at elevated temperatures. Our paper is organized as follows:
we describe the computational methodology in Sec. II, where
we briefly describe the HR theory in Sec. IT A, the temper-
ature dependence of the charge transition levels in Sec. [IB
and the methodology of the ab initio DFT calculations in
Sec. IIC. We report and discuss our results in Sec. III. In
particular, PL spectra at cryogenic temperature of the VCV(S)i
defect configurations are discussed in Sec. III A, the simu-
lated VcVg, — Ve VY, temperature dependent reionization
spectra are reported within various levels of approximation in
Secs. III B and III C. The experimental data are presented and
interpreted by our DFT simulations in Sec. III D. We conclude
our work in Sec. IV.

II. METHODOLOGY
A. Huang-Rhys theory

The PL spectrum [/®™(/iw)] within HR theory can be ex-
pressed as [41]

™M (1) = C™M* 1 > 6u(1)|(015(0)| 05 ()]

x 8(Efly — Egg — ho), ey

where the transitions from the corresponding vibronic sub-
states of the excited state (ES), indexed by m, to those of
the ground state (GS) with the index n are also considered
establishing the phonon sideband (PSB) besides the ZPL, i.e.,
m =n =0 in I*™(iw) yields the intensity of ZPL. General-
ized coordinate Q appears in both the ES and GS vibrational
function ® according to the HR theory. The temperature de-
pendence appears by the factor c¢,,(7) with temperature T
which will be defined later. In Eq. (1), ugg is the corre-
sponding matrix element (which is now a three component
vector with the length of ugg) of the transition dipole moment
operator, lgg = g Y ; B defined as

e = (Wes ()| ftgc| Was (1)) (2)
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and fiw is the photon energy. The prefactor w* in Eq. (1)
consists of the photon density of states (DOS) causing spon-
taneous emission (~w?) and the perturbing field of those
photons (~w). In contrast, the absorption spectrum is a linear
function of w since no spontaneous emission is involved. Thus
the absorption spectrum can be expressed as

I*® (o) = C*® pf o Zcn<’f)|(®z~,s<Q)|@;;"S(Q>>|2

n,m
x 8(Efy — E&g — ho), 3)

where CEM and CABS are the corresponding material and mea-
surement dependent constants of the emission and absorption
in Eqgs. (1) and (3), respectively. Since CFMABS and [ipg are
constants across the spectrum, we used Eqgs. (4) and (5) as
the luminescence and absorption line shapes [LEMWABS (fiw)],
respectively, defined as

LM (hw) = Y cu(T)|(05%(0)| 0 (O))[*

x 8(Efy — Els — lo) C))
and

LA (o) =0 Y eo(T)|(©85(0)| 05 (Q)) [

x 8(Efy — Elg — o). 5)

The vibrational overlap integral can be calculated by ap-
plying the HR theory [40] as implemented previously [42].
In the HR framework, three basic assumptions are used: (i)
the normal modes, (ii) the vibrational frequencies are iden-
tical in the initial and final electronic states, and (iii) the
equilibrium configuration is shifted by AY in the final state
with respect to the initial nuclear configuration. Generalized
nuclear configuration weighted by the nuclear masses (Y)
can be defined as Y = M%X, where X = (Ry,...,Ry) =

X1, N, 2, ..., Xn, YN, Zy) is a vector constructed by the nu-
clear coordinates and
M,
M,
M,
M = M, ©)

My

is the mass tensor. The partial HR factor (S;) can be calculated
as the scalar product of the normal vectors of mode k (Y’g) and
the displacement vector of AY as

Se = (AYTYE). 7)
The (total) HR factor (S) can be defined as the sum of the
partial ones,

3N—-6

S=Y S ®)
k

While the partial HR factor indicates the weight of phonon
mode k in the corresponding electronic transition, total HR
factor gives a measure for the strength of the overall electron-
phonon coupling. By using the HR factors, overlapping

integral of the initial and final vibrational wave functions
describing the line shape of the spectrum can be written as

(67(@)]07(Q) = [ imlme), ©)
k
where ©7"(Q) and Of(Q) stand for the vibrational wave func-
tions of the initial and final states, respectively my and n; stand
for the phonon occupation of mode & in the final and initial
states with the corresponding n and m quantum numbers,
respectively, and

m—n

[(mi )| = ™5 —E—. (10)
(m —n)!

At T = 0K, the lowest energy phonon state is occupied

in the electronic excited state in the PL process, i.e., m = 0.

As the temperature raised higher energy m phonon states are

occupied. Boltzmann distribution function may be applied at a

given temperature for calculating the occupation of w; phonon

state which is given by c¢,,(T") in Egs. (1) and (4). By defining

¢ as the vibronic excited state’s (m) energy in the electronic
excited state,

em = Egs — Egs, (11)

cm(T) can be given as
e
o= PR a2)
Zm €xp ( kBYWJ )

By this way, the temperature dependent PL line shape may
be obtained. In the case of absorption spectrum, c,(7") can be
defined analogously to ¢, (T) but it rather represents the oc-
cupation of the vibronic excites state in the electronic ground
state. We note that all HR spectra presented in this work are
normalized.

Experimental determination of the S factor can be carried
out via the so-called Debye-Waller (DW) factor (w) [43,44]
which can be directly read out from the corresponding spectra.
DW factor represents the ratio of the ZPL and total intensity
in the corresponding spectrum and can be expressed using
S as w = exp(—S). In this work, we present normalized HR
spectra, i.e., probability density functions (PDFs) of the cor-
responding electronic transition. By this definition, the area
under the curve is one in all cases, and thus the DW factor
is the area under the ZPL peak. We note that the temperature
dependent width of ZPL emission is not incorporated in this
theory and the long wavelength acoustic phonons are not sam-
pled in our calculations due to the finite size of the supercell.

B. Charge transition levels
Formation energy as defined in Ref. [45] can be expressed
for the VVy; defect as

nsi + nc
q _ 4 __
Eform - ElOt 2

usic + gEr + AV (q), (13)

where El is the total energy of the defective system in
the g charge state, ngjyc is the number of the Si/C atoms
in the supercell, usic is the chemical potential of Si-C unit in
the perfect 4H SiC crystal, Er represents the Fermi level and

AV (q) stands for the charge correction term. To determine
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AV (g), we use the Freysoldt charge correction scheme [46].
For calculating the (—/0) charge transition level referenced
to the conduction band minimum (CBM) one may use the
following formula:

chflh;lq = Ecsm — Egy1/45 (14)

where Ecpy is the CBM energy, and E,./, is the charge
transition level calculated as

Egrijg = ES —ES £ AV(Q) — AV +1).  (15)

By increasing the temperature, the charge transition levels
may shift due to the thermal evolution of the band edges and
the thermal shift of the vibrational free energy.

Effect of the thermal shift of the CBM manifests in
Eq. (14), where Ecpy is in fact temperature dependent. Since
Ecpm decreases upon increasing temperature [47], the (—/0)
charge transition level referenced to the CBM and hence the
reionization threshold energy will also decrease upon intro-
ducing this correction as ES%VI* = EBM — AECBM(T).

On the other hand, thermal shift of the charge transition
levels originating from the vibrational entropy of the defect
is governed by the temperature dependent vibrational free
energy in the corresponding charge state (F7) formulated as
(48]

1 i
FI(T) = Z {Ehwi + kBT1n|:1 - exp<—:BiT>] } (16)
where 7 and kg are the reduced Planck constant and Boltz-
mann constant, respectively, and w; is the frequency of the ith
phonon mode. Since free energy contributes to the total energy
of the system, the E_/y charge transition level shifts by the
free energy difference of the negative and neutral charge states
[AF(T)]. The free energy difference is defined as AF(T) =
F~(T) — FOT), so the free energy-shifted charge transition
level can be written as ES%VI** = EE%‘/I + AF(T). In order
to calculate AF (T ), we considered all the quasilocal phonon
modes associated with the motion of the atoms within the
second neighbor shells around the V¢ Vg; defect both in the
negative and neutral charge states.
Combining the two correction terms, the reionization en-
ergy threshold energy is defined as

ESS Y (corr) = ES — AESPM(T) + AF(T). (17)

C. Computational methodology

In order to obtain the neutral PL spectra for all defect
configurations, we calculated the neutral ground and optically
accessible excited states by DFT. Excited state calculations
were carried out by applying the ASCF method [49]. In
addition, we calculated the ground state of VcVy; for the
VcVg — VCV(S)i reionization spectra. Nuclear coordinates
of the global energy minimum in the initial and final electronic
states, i.e., the fully relaxed geometries were obtained by
minimizing the quantum mechanical forces between the ions
falling below the threshold of 0.01 eV/A. The corresponding
electronic structure for all Vc VY, defect configurations in the
neutral ground/excited state and that for VcVg; in the ground
state is shown in Fig. 2. Here we note that both excited state
of Vc Vg, and ground state of VcVg; introduce a degenerate e

i B B |

FIG. 2. Electronic structure of the [(a) and (d)] ground and
[(b) and (e)] excited state of VCVgi defects, and [(c) and (f)] ground
state of V¢V, defects. (a)—(c) corresponds to the axial defects
exhibitng C;, symmetry and those of (d)—(f) show the electronic
structures of the basal defect configurations possessing C;, symme-
try. Black arrows represent electrons while gray arrows stand for the
reminiscent holes after optical excitation. The valence band (VB) and
conduction band (CB) of 4H SiC are also indicated along with the
characters of the corresponding Kohn-Sham states.

KS state to the band gap occupied by three electrons giving
rise to the so-called dynamical Jahn-Teller (JT) effect [50].
Accordingly, the symmetry will be reduced from Cs, to Cyy
(even for axial configurations) by coupling to phonons in or-
der to split the corresponding e level removing the degeneracy
in total energy. In calculation of the corresponding spectra we
use static JT distorted geometries exhibiting the lowest total
energy.

All investigated V¢ Vg; defect configurations were mod-
elled in a 576-atom 4H supercell. In order to reach sufficient
accuracy in the total energies, we employed I'-point cen-
tered 2 x 2 x 2 k-point mesh for all ground and excited state
calculations. Here we note that only I'-point sampling of
the Brillouin zone fails to achieve sufficient accuracy man-
ifesting in the incorrect order in the total energies of the
different VcVg; configurations as pointed out in Ref. [34].
For the electronic structure calculations we employed the
HSEQ6 range-separated hybrid functional [51]. Kohn-Sham
(KS) wave functions were expanded in plane wave basis set
with the cutoff energy of 420 eV. Only the valence electrons
were treated explicitly, the core-electrons with ionic potentials
were considered in the framework of projector augmented
wave (PAW) method [52] as implemented in the Vienna ab
initio simulation package (VASP) [53].

For the vibrational modes, we calculated the corresponding
dynamical matrix containing the second order derivatives of
the total energy by means of the Perdew-Burke-Ernzerhof
(PBE) [54] functional. We also determined the corresponding
eigenvectors. Here we note that the calculated dynamical ma-
trix and hence the HR and DW factors depend on the supercell
size where the former may be a bit underestimated because of
neglect of long wavelength phonons.
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TABLE I. Absorption cross-sections (oy,) and ratios of the ZPL
intensities (Ry) in the numerical PL spectrum for the individual
Vc V3 configurations. We also report the ZPL ratios for the exper-
imental nonquenched spectra recorded at 7 = 3.5 K (R.yp). We show
values for both 976-nm and 1053-nm excitations.

Oth th Rexp

Config. 976 nm 1053 nm 976 nm 1053 nm 976 nm 1053 nm

hh 0.0015  0.0013 1.00 1.00 1.00 1.00
kk 0.0018  0.0017 1.26 1.33 1.16 1.33
hk 0.0021  0.0019 1.42 1.42 2.62 2.55
kh 0.0022  0.0015 1.53 1.18 3.90 1.75

Localization of the phonon modes can be addressed by the
inverse participation ratio (IPR) [41,55] defined as

NYu

(Zu)”
where u; is the vector displacement amplitude of the ith atom
in the kth phonon mode and N is the number of atoms in the
defective supercell that is N = 574 in our case. Consequently,

the IPR falls in the region of [1, N] and it is equal to the
number of atoms vibrating in the certain phonon mode.

IPR; = (18)

III. RESULTS AND DISCUSSION

In Secs. I A-III C, we provide our numerical results for
the VCV(S’i PL spectra and the temperature dependent reioniza-
tion spectra for the Vc Vg, — VCVgi transition for all V¢ Vy;
defect configurations. We also discuss the charge state control
and simultaneous qubit manipulation of VCVgi in 4H SiC with
comparing our novel experimental and simulation results in
Sec. IIID.

A. PL spectra of chgi configurations

In order to verify the methodology for calculating the
PL spectra [42,49], we first compare the total PL spectrum
(i.e., including all contributions from the individual V¢Vg;
configurations) obtained from theory with the nonquenched
VeV spectrum reported in Sec. IIID. The nonquenched
PL spectra were recorded at 7 = 3.5K with using two
different excitation wavelengths, 976 and 1053 nm (cf.
Fig. 10) along with a 532-nm repump laser in order to

(a) bk
E. =976 nm kk ] kh
3 hh_ -

Lineshape function (a.u.)

1

0
700 750 800 850 900 950 1000 1050 1100 1150 1200
Energy (meV)

maintain the neutral charge state (i.e., to avoid quenching).
We note that our simulations correspond to the 7= 0K
condition which is close to the experimental one. Excitation
energies can be taken into account in the calculations by
multiplying the obtained numerical spectra with the optical
absorption cross-sections (o) of the individual VcVg; con-
figurations, respectively, as LEM(E¢,, fiw) = 0 (Eex )LFM (hw),
where LEM(E,,, hw) denotes the PL line shape upon the exci-
tation energy of E.. In our calculations, we identified o (Eex)
as the transition probability at E. in the absorption PDF, i.e.
0 (Eex) = PDFps(Ecx ). We report the corresponding values in
Table I.

The total numerical PL emission spectra (cf. Fig. 3) upon
976-nm and 1053-nm excitations are then obtained by adding
up the PL spectra obtained for the individual V¢ Vg; con-
figurations weighted by the relative strength of absorption
probability (oy,) at those excitation wavelengths. Numerical
and experimental emission spectra can be well-compared via
the ZPL intensities. To this end, we listed the ratios of the
numerical and experimental ZPL intesities in Table I. We find
that the trend in the ZPL intensity ratios agrees well; how-
ever, there are differences between the absolute values. This
discrepancy may arise from the fact that, while polarization
properties manifest in the experimental spectrum (i.e., the ex-
perimental spectrum is the sum of the individual polarization
contributions parallel and perpendicular to the ¢ axis), all the
emitted photons are considered in the theoretical spectrum.
This implies that optical alignment of the PL measurement
plays a key role in the recorded line shape. In order to allow
detection of both polarizations simultaneously, the experimen-
tal PL spectrum was registered through the edge of the sample
as given in Sec. III D. Thus the origin of the discrepancy may
be caused by other processes that are not considered in our
model.

The calculated HR emission PDFs of Vchi configurations
are shown in Fig. 4. ZPLs in all spectra are shifted to the
experimental ZPL positions as reported in Table II. We note
that the fluorescence spectra of V¢V, hh and hk configu-
rations have recently been computed in Ref. [57] reporting
similar line shapes. Here we provide the PL lineshape for
each configuration with high resolution in the PSB for further
analysis. The IPR analysis of the phonons shows that phonon
modes at &~17-35meV are mostly localized on the three
Si atoms neighboring the V¢ with the IPR of ~1-5, while
phonon modes at ~35-115meV region are mostly localized

kh
~ (b) hk -
S 4 -~
& E. =1053 nm kk
c 0
S 3 hh ™
Q
c
2
o 2
=%
©
=
[
g1
3
0 — ~1
700 750 800 850 900 950 1000 1050 1100 1150 1200
Energy (meV)

FIG. 3. Calculated PL spectra of divacancies in 4H SiC upon (a) 976-nm and (b) 1053-nm excitation wavelengths.
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FIG. 4. Calculated Huang-Rhys emission spectrum for the optical transition of Vg;VQ for all defect configurations (see the textbox)
assuming resonant excitation. All the spectra are normalized, i.e., the area under the curves is one, hence, the y axis represents the electronic
transition probability from the optically accessible excited state to the ground state.

on the three C atoms around the Vg; with a similar IPR range
[Fig. 5(b)]. The sum of the individual PL spectra is shown in
Fig. 5(a).

The corresponding HR and DW factors along with the
experimental and calculated ZPLs are listed in Table II.
The lowest ZPL energy corresponds to VCV(S)i(hh) along with
the smallest HR factor and thus the largest DW factor. Here we
note that the exceptionally large DW factor of the VeV, (hh)
was also found in a previous study [57]. Interestingly, ZPL
energy of Ve VY, (kk) is extremely close to that of VeV, (hh),
i.e., the difference between the experimental values is only
1 meV (= 0.1%). On the other hand, VCV(S)i(kk) exhibits by
~ 19% larger HR factor and =~ 40% lower DW factor than
those of VeV, (hh). We note that the DW factor of VeV, (hh)
is close to that of VCV(S)i in the cubic 3C SiC (0.07) [58].
We already showed a counterintuitive issue on the example
of vanadium defect in 4H SiC [10] that the hexagonal site
in 4H SiC has a cubic-like environment in the second and
third neighbor shells unlike the quasicubic site. Therefore ik
configuration of divacancy in 4H SiC indeed shows similar
properties to those of the divacancy in 3C SiC. The largest

TABLE II. Calculated and experimental (Ref. [56]) ZPLs for all
Vc V3. defect configurations in 4H SiC. We apply the notations for
the centers observed in experiments from Ref. [3]. The calculated
Huang-Rhys (S) and Debye-Waller (w) factors are also listed.

Config. (Center)  Eji (eV)  ESi (eV) S w

hh (PL1) 1.095 1.142 2.856 0.057
kk (PL2) 1.096 1.151 3.380 0.034
hk (PL3) 1.119 1.167 3.428 0.032
kh (PL4) 1.150 1.187 3.540 0.029

ZPL energy and HR factor along with the lowest DW factor
occur for VeV (kh) in 4H SiC.

B. Temperature dependent reionization spectra from
phonon-assisted transitions

We conclude that the HR theory VeV, reproduces well
the experimental spectrum, therefore we can apply this theory
for understanding the temperature dependent reionization pro-
cess. lonization energy of point defects can be approximated
by their charge transition level which is the position of the
Fermi level in the band gap for which the formation energies
of the defect in the two charge states are equal. We showed in
our previous study [34] that the energy separation between
the (+/0) level and the valence band maximum (VBM) is
at EYJM ~ 1.1eV, which is smaller than that between the
(0/—) level and the CBM at Ef%\’[ A~ 1.2-1.3eV forall V¢ Vs;
configurations in 4H SiC at T = 0 K. Therefore we concluded
that the dark state of the divacancy is VcVy;, i.e., the singly
negative charge state of the defect, into which V¢V, is con-
verted upon photoexcitation below the reionization threshold
energy because the photon energy of the applied laser used
to illuminate VcVY, (> 1.1eV) could immediately convert
VCV; into VCV(S)i with ejecting a hole in the valence band.
The experimental threshold energies recorded at cryogenic
temperatures and the calculated charge transition levels are
listed in Table III.

The reionization threshold energies can depend on the
temperature that we divided to three contributors: (i) phonon-
assisted photoionization, (ii) entropy contribution to the
charge transition levels, and (iii) temperature shifts of the band
edges of the host crystal.

First, we consider here the phonon-assisted photoioniza-
tion process. As we are interested in the threshold energy,
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area) and by the three C atoms around Vg; (blue shaded area).

we consider only the CBM and the phonon-assisted optical
transition to CBM which is technically well represesented
in our simulation in terms of folding the M-point of the
Brillouin-zone to the I" point of the supercell. The calculated
reionization threshold energy, i.e., the E(gj/]iM in the particular
case of divacancies in 4H SiC, can be considered as an ab-
sorption of the electron from the highest occupied defect level
by the CBM states which corresponds to a no-phonon pro-
cess. At elevated temperatures, the vibronic excited states of
Vc Vg may be occupied which effectively lowers the thresh-
old energy to reach CBM compared to that of the no-phonon
process. This is analogous to the ZPL energy versus phonon
sideband related energies in the absorption process, so HR
absorption spectrum calculations were applied for all V¢ Vs;
configurations as shown in Fig. 6. We used the Vc VY, phonons
for calculating the phonon sideband of the reionization spectra
as we did for the PL spectra (see Sec. III A).

In Fig. 6, the ZPL peak corresponds to the no-phonon ion-
ization energies and coincides with the adiabatic EOC/B_M charge
transition levels. By raising the temperature, peaks and broad
features appear at lower energies than the ZPL energy which
are responsible to lower the reionization threshold energies.
There are some subtle differences between in the low-energy
PSB spectrum of the different configurations, e.g., sharp fea-
tures are visible for Ak and hk configurations at 7 = 600K,
while those for kk and kh configurations almost completely
disappear. This implies a stronger electron-phonon coupling
in the reionization process for configurations with V¢ (h)

TABLE III. Experimental threshold energies of photoioniza-
tion recorded at cryogenic temperatures (Ref. [34]) which is
approximated by the (0/—) charge transition levels for all VcVy;
configurations referenced to the CBM. The corresponding HR (S)
and DW (w) factors are also provided which are related to the phonon
assisted ionization process.

Center  Config. Eei (V)  EgPM (eV) S w

PL1 hh 1.310 1.245 2.691 0.068
PL2 kk 1.310 1.209 3.038 0.048
PL3 hk 1.321 1.307 2.490 0.083
PL4 kh 1.281 1.174 3.267 0.038

which are associated with the vibration of the three nearest
neighbor Si atoms. The HR and DW factors of the absorption
(reionization) spectra for each configuration are listed in Ta-
ble III, which characterize the general strength of the electron-
phonon coupling associated with the optical transition.

The calculation of the phonon-assisted reionization process
can be expressed as Ep = Eex &= Epp, Where Ee, represents
the applied photoexcitation energy and E,, stands for the
energy of the absorbed (—) or emitted (+) phonon. The former
process will reduce the threshold energy for reionization. At
croygenic temperatures close to 7 = 0 K, the no-phonon pro-
cess is dominating for the threshold energy of reionization,
i.e., Eemxin = E.; as listed in Table III. At elevated tempera-
tures, Fig. 6 clearly shows that, indeed, the threshold energy
for reionization may be reduced but the absorption cross-
section has an exponential tail in the low-energy PSB of the
optical transition. However, it is difficult to define the exact
condition at which absorption cross-section the reionization
process is observable in experiments. In order to quantify the
theoretical description of this process, we setup a condition
in which we assume that the reionization process is definitely
observable when the total reionization cross-section mediated
by the phonons at a given temperature is at least as large as
the integrated reionization cross-section associated with the
half of the DW factor of the reionization spectrum which cor-
responds to the reionization cross-section at cryogenic (close
to T = 0K) temperatures.

Since the calculated reionization spectra are normalized
(those are PDFs), exciting with the energy of E. results in
the total transition probability, i.e., the cumulative transition
probability (CTP) of

Eex
CTP(E) = [ PDF(¢e)de, 19)
0
where ¢ is the variable for the excitation energy in the
reionization spectra. At cryogenic temperatures, we assume
that CTP(E.; = EzpL) = w/2 with assuming symmetrical
broadening of the ZPL peak of the reionization spectrum.
By increasing the temperature, the phonon excited states
of the negative divacancy are occupied according to the
Bose-Einstein function, thus the effective reionization en-
ergy decreases which results in a lower threshold energy
of photoionization. In other words, the phonon-assisted
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FIG. 6. Calculated temperature dependent transition probability density functions for HR absorption spectrum of VcVg — VcVY
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and 600 K (magenta lines). The ZPL energies—associated with the reionization energies at cryogenic temperature—were shifted to the
experimental data recorded at cryogenic temperatures (Ref. [34] as listed in Table III).

photoionization results in PDF(¢) > 0 for ¢ < Ezp, energy.
One can find the threshold reionization energy at a given
temperature for each configuration for which the reionization
probability is equal to that of at T = 0K, i.e., PDF(¢) = w/2
is fulfilled.

We calculated the CTP(e) at temperatures of T =
0, 150, 300, 450 and, 600 K for each divacancy configura-
tion in 4H SiC that we depict for (hh) configuration in Fig. 7.
CTP(e) can be read out as shaded area under the curves in
Fig. 7(a), whereas it is a line plot in Fig. 7(b). CTP(¢) at all
investigated temperatures is similar to the lineshape of the cu-
mulative distribution function of the Boltzmann distribution.
The wavy line shapes around the ZPL energy visible for low-
temperature simulations could be an artifact by neglecting the
temperature broadening of the ZPL emission and other size
effects of the supercell approach.

We also indicated E™" at each temperature in Fig. 7(a) and
depicted for all V¢ Vs; configurations at 7 =0, ..., 600K in
50 K steps in Fig. 8(a). This approach results in a plateau
up to T ~ 150-200K for EM™"(T'), and it then drops for all
the VcVg; configurations at higher temperatures. In other
words, Eg;li“(T) is about zero in our approximation for T <
150-200 K, and it increases for T > 150-200 K. In order to
gain further insight to the temperature dependence of the
phonon threshold energy, Egl}f“(T), we employed the Boltz-
mann distribution [f (e, T)] as the low concentration limit of
the Bose-Einstein distribution for the phonon bath appearing
in the region of [0, E,.i] as

fe.T)= (20)

— Ey )
kT ’

1 (8
T exp

where k = 8.617 x 1073 eV/K is the Boltzmann constant. By
setting the value of the integral to w/2 in the region of [0, Ei],

we arrive at
/ E5" e — E. w
—exp| ——— |de = —.
o kT kT 2
By evaluating the integral of Eq. (21) and rearranging the
equation, we arrive at

EMin(T) = —ln[ + exp<—%>}” (22)

Since the values of E.. are around 1300 meV the typical
values of exp(—22) is about 107! at the given temperature
range, and hence negllglble next to the calculated DW values
of w/2 = 0.03-0.09 (see Table III). Finally, El;‘k‘f"(T) can be
approximated as

@2y

El‘)‘ﬁm(T) ~ —ln( )kT (23)
yielding linear characteristics for E;Iﬁm(T) with the slope
of m = —In(w/2)k. Furthermore, since w/2 < 1, EL‘)}?"(T)
increases with 7' within this approximation. As a result, reion-
ization threshold energy can be expressed as

E;:m(T) = Epi — E:)Iﬁm(T) R Epei + 111( )kT (24)

Linear behavior of E;li“(T) is indeed manifested in our sim-
ulations plotted in Fig. 8(a), for T > 200 K. This approach
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FIG. 7. (a) Numerical temperature dependent transition probability density functions of the HR absorption (reionization) spectra for the
VeV (hh) — VCV(S)i (hh) transition. PSB below the ZPLs given rise at elevated temperatures are enlarged and the corresponding reionization
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shaded areas. (b) CTP for the VeV (hh) — VCVgi(hh) transition. Half of the DW factor, i.e., w/2 is indicated in the expanded part of the

CTP.

predicts that E.;(7 = 300 K) reaches 1250-1320 meV (990—
940 nm) for V¢ V§; configurations in 4H SiC which is close to
the typical photoexcitation energy of the neutral divacancies
in 4H SiC. We note that Eq. (24) is valid for any point defects
and their PL spectrum within the employed approximations
by substituting E.; with the corresponding ZPL energy of
(re)ionization. We emphasize that the actual phonon-assisted
reionization may be observed for ¢ with PDF(¢) < w/2 de-
pending on the integration time and other factors in the
experiments that are discussed in Sec. III D. Furthermore, the
temperature shifts of the charge transition level and the band
edges, i.e., temperature dependence of E., should be also
taken into for understanding temperature dependence of the
reionization process.

C. Temperature dependent reionization thershold energies
including contributions from entropy and temperature shifts of
the conduction band minimum

Temperature dependence of the charge transition levels
of point defects was discussed in Sec. IIB which de-
pends on the entropy effects in the formation enthalpy of
the point defects in their charge states (AF(T)) and the
electron-phonon renormalization of the band edges. Ther-
mal evolution of the band edges in 4H SiC was already
determined in a previous study [47]. According to this
work, thermal shifts of the VBM and CBM becomes no-
ticeable at around 7 = 300K, where the CBM/VBM is
decreased/increased by & 5meV, respectively, with respect
to their 7 = 0 K value. In Table IV, we provide the values for
AF(T)and E- CBM (corr) for all VVy; defect configurations at
room-temperature

We find that the AF is one order magnitude lower for
the kk and hk configurations than those for the hh and kh
configurations. Since F4(T) depends on frequency of the
phonon modes [cf. Eq. (16)], w;, this trend may arise from the
stronger distortion between the neutral and negative charge
states for the hh and kh configurations than that for the kk and
hk configurations. Indeed, the geometry distortion is larger by
about 10% for the hh and kh configurations than that for kk
and hk configurations. As a result, correction in ES%V[ (cf.
Table III) for the kk and hk configurations is tiny and further
reduces the reionization threshold energies. On the other hand,
the free energy contribution rather inceases the reionization
threshold energies for Ak and kh configurations and mostly
compensates the thermal shift of the band edge [cf. Figs. 8(b)
and 8(c)]. These results clearly demonstrate that considering
only the free energy term in the temperature dependence of the
photoionization threshold energies can lead to a false result as
the contribution from the phonon-assisted ionization process
could dominate and even change the sign of the thermal shift
in the ionization threshold energy [cf. Figs. 8(a) and 8(c)].

TABLE 1V. Free energy correction term (AF) to ESR" and
the corrected charge transition levels referenced to the CBM

[ECT (corr)] at room temperature (T = 300 K). We already included
the AEcgm(T) = SmeV decrease of the CBM in the calculation of
ESR (corr).

Config. hh kk hk kh
AF(eV) 0.041 —0.008 —0.001 0.050
ECBM(corr) (eV) 1.281 1.196 1.301 1.219
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D. Experimental aspects

The above consideration shows that the quenching behav-
ior of the divacancy in all configurations is distinctly different
at low temperature (say <2 K) and at elevated temperatures.
While at low temperature there is a distinct threshold for
the excitation energy for each divacancy configuration, below
which quenching of the corresponding PL is observed but can
be recovered using higher-energy repump illumination. Above
the threshold the PL of the corresponding divacancy config-
uration does not quench even if no repump is applied. At
higher temperatures, however, there are no distinct thresholds
because phonon-assisted photoionization of the VcVy; charge
state becomes possible, whereas no phonons are available at
low temperature for this process. Given a fixed excitation
energy E, the minimum energy of a phonon E;‘;li“ that can
combine with the incident photon to produce phonon-assisted
photoionization of VcVg; is given by the energy balance
quoted in Sec. IIT A,

Erei =Ex + Il)llllin- (25)

Here we assume that E., < E.;, hence Egﬂi“ > (. All phonons

with energies Ep, > Eg‘}‘li“ also contribute to phonon-assisted
photoionization, hence the cumulative transition probability
CTP(E) is given by Eq. (19). From practical point of view, it
may be desirable to have the possibility for optical charge state
control also at elevated temperatures. This can be achieved
by using lower excitation energies E., because these pro-
vide lower CTP(E), hence the quenching behavior can be
preserved also at elevated temperatures. It is clear that if
E;'l‘li" > kgT for given temperature 7 (the case of lower en-
ergy E.x) the amount of phonons available for phonon-assisted
reionization is negligible and CTP(E.x) =~ 0. Note that Ec is
bound from below by the condition Eex > EZPY, where EZP-
refers to the corresponding divacancy configuration. Our goal
here is to examine the concept of phonon-assisted reionization
by comparing the quenching properties at higher temperatures
for two excitation energies, both below the thresholds, but one
of which is close to the threshold while the other is far enough
so that E“ﬁi“ =Ei — Ex > kgT.

The energy diagram (inset in Fig. 9) depicts the two exci-
tation cases for Eex = 1.270eV (976 nm) and Eex = 1.177eV
(1053 nm), which have been used in the experiments pre-
sented below. Both excitations are below the thresholds for all
divacancy configurations, but the former is close to the thresh-
olds (only &~ 11 meV lower than the threshold for PL4, cf.
Table IT), whereas the 1.177-eV excitation is about 100 meV
(up to 140 meV for the different configurations) below all
thresholds. As a consequence, the condition E;;‘]i“ > kgT is
fulfilled only for the second excitation at 1.177 eV, as long
as the temperature does not exceed room temperature. The
CTPs as a function of temperature for the two used excitations
and for the four divacancy configurations are calculated using
Eq. (19) and displayed in Fig. 9 in the temperature range
0-350 K. Using these dependencies we can make qualitative
comparison with the experimental data presented in Fig. 10
and obtained using these two fixed laser excitations, 976 and
1053 nm. The repump laser beam used in these experiments
is at 532 nm directed unfocused on the sample with power
density of the order of 1 mW /cm™2. On the other hand, the
excitation beam (976 or 1053 nm) is moderately focused on
the sample to a spot of ~1 mm diameter, with estimated power
density at the sample of the order of several watts per cm ™.
The experimental conditions are detailed in Ref. [34].

We compare now the quenching behavior of the divacancy
emission at different temperatures when the two different
excitations are used. The experimental spectra obtained at dif-
ferent temperatures are presented in Fig. 10. The spectra with
the infrared laser excitation alone (976 or 1053 nm) are ob-
tained after switching off the repump laser and quenching the
divacancy PL for about 1/2 hour, and are referred to further as
the “quenched” spectra (denoted by Q in Fig. 10). The rest of
the spectra are with the repump laser applied in addition to the
infrared excitation; under these conditions the divacancy PL is
stable and the spectra are denoted by NQ for “nonquenched”
in Fig. 10. One can see from the spectra that at liquid He
temperature (3.5 K) the divacancy PL quenches about 10-30
times for each of the two excitations, as expected because
both excitation energies are below the thresholds for all diva-
cancy configurations. Also, at this temperature essentially no

165108-10



FLUORESCENCE SPECTRUM AND CHARGE STATE ...

PHYSICAL REVIEW B 105, 165108 (2022)

025 T T T T T T \u\
—©—hh -976 nm kh-976 nm = ©= *hh - 1053 nm kh - 1053 nm
—#—hk - 976 nm —&—kk-976 nm = -#= ‘hk-1053 nm = A=~ kk- 1053 nm

2 02¢f CONDUCTION BAND ‘ 8
3 y v
©
Qo AE ~ 140 meV]
o S
o SA S| AE ~50 meV
c 015 I~ i @ N
9 ~|
= |
7] s -
& el € I
’: ™ (g
o 01F 0 ~ i
g R
o ol 8
3 s| 2 ,
E || oo_m g =0 >
© 0.05 13106V 13270V gn® 1
hh & kk hk A
(PL1-2)  (PL3) e L
S L -
0‘ . - - - Emwm =
0 50 100 150 200 250 300 350

Temperature (K)

FIG. 9. Theoretical dependencies of the cumulative transition probability on the temperature for the four divacancy configurations as
denoted for each curve taking all the temperature effects into account, and for the two excitation wavelengths used in the experiment. The inset
displays an energy diagram of the phonon-assisted photoionization illustrated on the hk divacancy configuration. The (0/—) charge transition
levels are labeled with the corresponding configuration and the experimentally determined energy separation from the conduction band. The
two bold vertical arrows represent the two experimental laser energies whereas the wavy arrows represent the phonons with minimum energies
needed for reionization of the divacancy from negative to neutral charge state.

phonons are available for phonon-assisted reionization, hence
the accumulation of the divacancy in the negative charge state
is irreversible for both IR excitations used. We notice also
that in the particular sample used in these experiments the
quenched PL never reaches zero intensity, similar to sample
1 of Ref. [34].

At 80 K, however, we notice differences in the quenching
behavior of one of the divacancy configurations (k). Namely,
with the 976-nm excitation the PL4 line corresponding to
the kh configuration shows nearly the same intensity in the
quenched spectrum as in the “nonquenched”, i.e., it does not
quench. We notice here that the relative contribution of the
PL4 line in the spectra at 80 K is strongly reduced compared
to the spectra at 3.5 K, but this behavior is not understood at
present. The rest of the lines (PL1-PL3) do quench exhibiting
large intensity contrast (similar to that at 3.5 K) between the
quenched and nonquenched spectra for both excitations. We
notice further that the PL4 also quenches in a way similar
to that at 3.5 K if the 1053-nm excitation is used. Referring
to the CTP plots in Fig. 9 we notice that at temperature
T = 80 K only the kh configuration (corresponding to the PL4
line) exhibits CTP ~ 0.0015 for 976-nm excitation, while for
the rest of the divacancy configurations at 976 nm and all
configurations at 1053 nm the CTP is essentially negligible (<
3.5 x 10~*) for both excitation wavelengths. Thus the experi-
mental data for the PL4 line imply that for CTP of only 0.0015
(0.15% probability of phonon-assisted ionization of VcV;)
the reionization process outcompetes the accumulation of
the divacancy in the negative charge state. Consequently, for
CTPs in the low 1073 range one may expect to notice impact

of the phonon-assisted reionization on the quenching process.
This provides a means to define semiquantitatively the ex-
perimental conditions when the rate of the phonon assisted
reionization is comparable with the rate of capture of electrons
to neutral divacancies, thus creating negatively charged ones.
We can define that this condition (similar rates of ionization
an reionization) is true if the quenched spectra exhibit roughly
50% of the intensity of the nonquenched ones.

At temperatures higher than 80 K, the contribution of the
kh configuration (PL4 line and phonon sideband) in the spec-
trum can be neglected owing to the abovementioned rapid
decrease of the PL4 intensity with increasing temperature.
Thus we investigate the behavior of the PL1-PL3 lines, the
phonon sidebands of which coalesce into a broad band extend-
ing between 1100 and 1320 nm. Note that also the threshold
energies of these three configurations (hk, hh, and kk) are
rather close according to the energy diagram inset in Fig. 9.
At T = 150K, the contributions from the these three diva-
cancy configurations are still discernible via their zero-phonon
lines, although the latter are much broader and weaker than at
cryogenic temperature. However, the dominant contribution
to the spectrum at this and higher temperatures comes from
the PSBs of each configuration, which overlap to form a
single band concealing the individual contribution from the
different configurations. Therefore, in the following, we shall
compare the intensities of the broad bands in the quenched
and nonquenched spectra, looking for each infared (IR) exci-
tation for the temperature when the intensity in the quenched
spectrum is roughly half of the intensity in the nonquenched
one.
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FIG. 10. Experimental spectra of the divacancy emission obtained at different temperatures with the simultaneous application of the IR
laser and the 532-nm repump laser (denoted NQ, or nonquenched) and with the IR laser alone after a long term quenching (Q, or quenched).
The panels to the left (right) refer to the 976 nm (1053 nm) IR laser, respectively. The two bottom panels show also the anti-Stokes part of the
spectra and illustrate the upconversion in the emission of the silicon vacancy.

We observe from Fig. 10 that our criterion is fulfilled
for the 976-nm excitation at 7 = 150K, when the intensity
of the phonon sideband is about 1/2 of the intensity in the
nonquenched one. The corresponding CPTs for the 976-nm
excitation are 2.3 x 1073, 1.2 x 1073, and 6.5 x 10~ for
the hk, hh, and kk configurations, respectively. These val-
ues are in good agreement with our anticipation that the
phonon-assisted reionization rate is comparable with that of
the divacancy ionization to VcVg;. Further temperature in-
crease to 200 K completely inhibits the quenching as seen
from the corresponding spectrum for 976 nm excitation in
Fig. 10. On the other hand, the quenching is well pronounced
for the 1053 nm excitation at both temperatures, 150 and
200 K. For this excitation (1053 nm), one notices significant

change in the quenching contrast only at 250 K, when the
intensity of the quenched spectrum is about 30% of that of
the nonquenched one. The corresponding theoretical CPTs are
1.2 x 107%,4.4 x 1074, and 3.1 x 1073 for the hk, hh, and kk
configurations, respectively. These values imply that kk con-
figuration contributes the most or entirely to the nonquenched
spectrum, and we still expect impact on the quenching prop-
erties for such values of the CPT for hk and hh configurations.
Thus the experimental data are in reasonable agreement with
the theory and we may conclude that the dominant reason
for the loss of the quenching properties above 7 = 150K
quoted in Ref. [34] where 976-nm excitation has been used
is the phonon-assisted reionization activated at this and higher
temperatures. In contrast, the quenching property disappears
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completely only at room temperature when the 1053 nm exci-
tation is used. Indeed, the CPT values in these conditions are
2.4 x 1073, 1.3 x 1073, and 1.2 x 1072 for the hk, hh, and
kk configurations, respectively, which are all above the quoted
CPT threshold value.

We notice the appearance of the luminescence of the sili-
con vacancy (V) at elevated temperatures when the 976-nm
excitation is used, via the upconversion mechanism discussed
in Ref. [34]. Indeed, at T = 250K the spectrum obtained with
976-nm excitation is dominated by the contribution of Vg;,
as shown in the bottom left panel of Fig. 10. However, the
Vg; spectrum can be discerned even below 7' = 200 K when
976-nm excitation is used. For instance, the Stokes part of
the Vg, luminescence is clearly visible in the spectrum at
T = 200K (left panels). In contrast, weak contribution from
the upconverted Vg; luminescence can be observed with 1053-
nm excitation only at room temperature (293 K, bottom right
panel); at T = 250 K or lower temperatures its contribution to
the spectrum is negligible and the dominant luminescence is
that of the divacancy. Since the upconverted Vg; luminescence
is associated with increased generation of free electrons [34],
its appearance serves as an indicator of the rapid increase of
the free-electron population with temperature when 976-nm is
used, owing to the rapid increase of the CTP with increasing
temperature for this excitation. On the contrary, the increase
in the CTP (and the electron population) is much smaller with
the 1053-nm excitation, so that the contrast between quenched
and nonquenched spectra disappears only at 7 = 293 K and is
associated with the weak appearance of upconverted lumines-
cence from V;, as expected.

Thus the experimental data suggest that the phonon-
assisted divacancy reionization apparently influences the
quenching behavior at temperatures and excitations for which
the CTP is of the order of low 1073, i.e., well below 1%.
We notice that this value is much smaller than the half of
the Debye-Waller factor (w/2) used as a reference during the
discussion of the probabilities in the previous section. We
can understand the fact that low reionization probability (of
the order of 0.1%) is sufficient to counteract the process of
accumulation of the divacancy in the negative charge state,
if we consider the model describing the quenching dynamics
presented in Ref. [34]. In this simplest model, two types of
centers are considered: traps capable to emit electrons to the
conduction band as a result of photoionization (via the IR
excitation) and divacancies capable of capturing electrons.
Consequently, the traps can be in two states: with captured
electron (capable to emitted an electron to the conduction
band via photoionization), and with a missing electron (ca-
pable to recapture of free electron). The divacancies in this
model are also assumed to have two charge states: neutral
(capable of capturing electron) and negatively charged (with
captured electron). The latter state cannot be photoionized us-
ing IR excitation below the threshold, hence the accumulation
of divacancies in the negative charge state leads to quenching
of the luminescence from the neutral charge state.

Naturally, there exist various traps capable of emitting elec-
trons via photoionization, for instance, the nitrogen donors,
the carbon vacancy, the silicon vacancy in double (2—) and
triple (3—) negative charge states, just to name a few. The
model in Ref. [34] assumes only one kind of traps which may

be thought as having the dominant capture cross section for
electrons and the dominant concentration. If these were the
nitrogen donors, for instance, then the capture cross-section of
ionized donors for electrons is “giant” [59] owing to the pos-
sibility for capture via the excited donor states. On the other
hand capturing of electrons occurs to the neutral divacancy
which, therefore, is assumed to have much smaller capture
cross section for electrons. Indeed, in order to reproduce cor-
rectly the shape of the time decay of the divacancy PL, the
model in Ref. [34] admits that the ratio of capture cross sec-
tions for electrons of the divacancy and the trapis 2 x 1073, In
other words, an electron is emitted from traps and recaptured
from traps many times before it eventually can be captured
by the divacancy. On the other hand, one can assume that the
probability for absorption of a photon which is stipulated by
the optical-absorption cross-section is similar for the traps and
the divacancies. Recapturing of electrons is fast to the traps,
but only about 0.1% of the total free-electron population are
captured to divacancies. Thus the divacancy population in the
negative charge state grows slowly, and this slow process can
be counteracted by phonon-assisted reionization with a CTP
of about 0.1%.

To conclude this section, we can state that excitations
with longer wavelength (lower energy) widen the temperature
range in which the quenching phenomenon can be observed.
However, in many cases when the silicon vacancy Vg; is also
present, excitation with too high photon energies (e.g., close
to or even above the threshold of all divacancy configurations)
leads at elevated temperatures to upconverted PL of V; in-
stead of excitation of the divacancy PL, as illustrated in the
low left panel of Fig. 10. Thus, if the PL of the divacancy is to
be measured at higher temperatures or at room temperature,
lower excitation energies are also preferable. It should be
noted, however, that it might be possible to stabilize the diva-
cancy PL by Fermi-level tuning even when excitations above
the thresholds is applied, but this is a subject of a different
study and will not be discussed here.

IV. CONCLUSIONS

In this paper, we investigated the photoluminescence line
shape of the Vc VY, qubits in 4H SiC at 7 = 0K by DFT
calculations. We obtained the corresponding PL spectra by
using the HR theory and found that the corresponding PSB
exhibits a rich set of sharp features for each configuration. The
sharp features originate from quasilocalized phonon modes.
We showed via IPR analysis that phonons are localized on
the three neighbor Si atoms around the V¢ in the phonon
energy region of ~17-35meV, while those falling in the
~35-115meV are localized on the three neighbor C atoms
around the Vs;. We also calculated the HR and DW factors
of the PL spectra yielding the smallest HR factor (and thus
the largest DW factor) for VeV, (hh) implying Vc Ve, (hh)
to be the most attractive VCV(S’i qubit candidate in terms
of extracting the brightest optical transition at the coherent
ZPL emission among the divacancy configurations in 4H SiC.
These optical properties of Vc Ve, (hh) in 4H SiC are remines-
cent of the VCV(S’]- in the cubic polytype of SiC, i.e., 3C SiC.

We carried out experiments and ab initio calculations on
the temperature dependent VcVg, — VcVY; reionization
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process in 4H SiC. We found that the reionization of di-
vacancies in 4H SiC upon unfocused green repump laser
illumination is a complex process in which very efficient traps
(most likely nitrogen donors) and the silicon vacancy defects
present in the sample are involved. For efficient driving of
divacancy qubits in 4H SiC at elevated temperatures, lower
excitation energies are preferable. We found that the PL sig-
nals of divacancies can be fully recovered at room temperature
with typical infrared photoexcitation energies without apply-
ing any green repump laser for such divacancy configurations
which have stable fluorescence up to room temperature. This
result strongly indicates that the reionization threshold en-
ergies of divacancies decrease with increasing temperature.
Our calculations revealed that not the thermal shifts of the
band edges nor the charge transition levels of divacancies
caused by entropy contributions to the formation enthalpy
are responsible for an effective lowering of the reionization
threshold energies at elevated temperatures but rather the ac-
tivation of phonon-assisted photoionization transitions. This
result highlights a general conclusion that phonon-assisted
photoionization processes should be always considered in un-
derstanding the thermally activated photoionization of point
defects in semiconductors and insulators.
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