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We present a quantitative theory of the suppression of the optical linewidth due to charge fluctuation
noise in a p-n diode, recently observed by Anderson et al. [Science 366, 1225 (2019)]. We connect the
local electric field with the voltage across the diode, allowing the identification of the defect depth from
the experimental threshold voltage. Furthermore, we show that an accurate description of the decoherence
of such spin centers requires a complete spin-1 formalism that yields a biexponential decoherence process,
and predict how reduced charge fluctuation noise suppresses the spin center’s decoherence rate.

DOI: 10.1103/PRXQuantum.2.040310

I. INTRODUCTION

The effect of the environment on the optical linewidth
and spin decoherence of an optically accessible spin cen-
ter is well known to be significant; a major step forward
in reducing environmental effects was achieved recently
by the placing of a spin center in a semiconductor p-n
diode, wherein the effects of charge fluctuations can be
suppressed [1]. Applications of entangled photon pairs
to quantum information require pairs that are indistin-
guishable [2], and thus the use of light-emitting defects
to emit entangled photon pairs requires emission whose
source cannot be determined, even in principle. An opti-
cal linewidth determined by local charge fluctuations
breaks this indistinguishability [3]. Considerable effort
has already been devoted to optimizing such optically
accessible quantum-coherent spin centers associated with
defects in semiconductor crystals, including by reducing
the sources of magnetic [4—16] or electrical [4-7,15—19]
noise from nearby surfaces or other defects. A p-n diode,
however, provides the possibility of dynamically remov-
ing sources of noise as well as studying the properties
of noise under exceptionally controlled conditions. The
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interest in suppressing the optical linewidth and spin deco-
herence of these quantum-coherent centers stems in part
from their broad applicability in quantum information sci-
ences, including quantum sensing [4,20-23] and quantum
memory [24]. Their discrete optical transitions, and their
direct or indirect coupling to spin, provide an avenue to
probe fundamental quantum properties, e.g., teleportation
[25] and spin-photon entanglement [26,27]. These spin
centers can also provide components for quantum net-
working, e.g., through optical means [27—30] or magnonic
means [31-40]. Divacancies in SiC [15,41-45] and nega-
tively charged nitrogen-vacancy (NV) centers [27,46,47]
in diamond both provide excellent optical addressabil-
ity and long-lived spin coherence [1,15,43]; however, the
construction of electrical or photonic devices from SiC
for quantum information is often much simpler and less
expensive than that of diamond devices [48]. Conversely,
defects embedded in p-n diodes have also demonstrated
tunability of single-photon emission [49—53] and charge
state switching [1,51,54] through the applied voltage bias
across the diode.

Here we present a quantitative theory describing the fun-
damental properties of the quantum-coherent spin center
in the environment of a p-n-n™ diode (see, e.g., Ref. [1]
and Fig. 1), including the response of the optical transi-
tion energy, optical linewidth, and spin coherence to the
diode voltage. In a complex and nonlinear fashion, the
macroscopic voltage across the device affects the local
electric field (and thus the optical transition energy) as
well as the fluctuating electric field both in the nearby
region and in the electrical device contacts. The shift of
the spin center’s optical transition energies via the Stark

Published by the American Physical Society
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FIG. 1. The4H-SiC p-n-n* diode from Ref. [1] with one diva-
cancy located in the n region at z = zger. The (hh) or (kk) diva-
cancy lattice configuration is shown together with the response
of its frequency to an applied electric field (£, along the defect
symmetry axis) produced by the diode voltage. The red arrows
represent the PL transitions addressed in this work.

effect [1,4,15,44,55-59] is expected in this configuration;
however, we show a rigorous, quantitative, and analyti-
cal connection between the experimentally applied voltage
and the defect’s transition energy, and from that we can
determine the depth of the defect within the device (zger
in Fig. 1). In Ref. [1] both the optical transition energies
and the linewidths were observed via photoluminescence
(PL). For new spin centers with known positions in such a
diode, our results can be used to determine the local elec-
tric field, which with measured optical transition energy
shifts would determine the electric dipole moments of the
ground state (GS) and the excited state (ES) of the new spin
center. Furthermore, we propose improved diode designs
to yield shifts in the emission frequencies in response to
electric fields in excess of 1 THz for 4H-SiC divacancies,
while avoiding dielectric breakdown of the material.

The optical linewidth has been observed to narrow when
a diode is biased to deplete nearby electrical carriers.
Here our quantitative theory for the charge fluctuation
noise within both the depleted regions and the nondepleted
regions (the densely doped contacts) produces an analyti-
cal formula for the optical linewidth as a function of the
voltage, the defect position, and the diode design (thick-
nesses of regions and doping densities). Although spectral
diffusion due to fluctuations in the environment, which
leads to a broader optical linewidth, is well known for
defect emitters [60], here we describe these effects due to
the unusual and tunable features of p-n diodes. The analyti-
cal calculations are confirmed by Monte Carlo simulations
of the charge fluctuation noise, and reproduce accurately
the experimental results of Ref. [1]. We therefore propose
altered diode designs, and spin center placement within
diodes, which may further reduce the optical linewidth

of similar quantum-coherent spin centers. Moreover, our
theory for the spectral diffusion identifies the maximum
doping densities allowed that leave the linewidth close to
the fundamental limit due to the optical transition lifetime,
providing guidance for photonic device design, including
defect emitters.

Finally, we derive an extensive theory for the ground-
state spin decoherence of defects with Cs, point group
symmetry, e.g., NV centers and (hh) and (kk) SiC diva-
cancies. A key result is that the correct coherence times
can be accurately calculated only through a spin-1 for-
malism including the entire defect ground-state subspace.
We find a biexponential decoherence process that cannot
be obtained from the spin-1/2 formalism. By considering
the effect of charge fluctuation noise on the spin decoher-
ence, we predict the consequences of the diode voltage
for the quantum spin center’s coherence times. We obtain
analytical expressions for these coherence times as a func-
tion of the diode voltage, diode densities, temperature,
the defect’s position within the diode, and other sources
of decoherence. This formula clarifies how the electric
noise in a diode competes with other noise types, and
also establishes the maximum doping densities allowed
that prevent electric field noise from suppressing the spin
coherence time of the emitter. These results identify a
potential increase of the spin coherence time when the
defect is within the depletion region, although this conclu-
sion depends on the magnitude of the characteristic charge
fluctuation time and on the ground-state dipole moment.
For the diode and defect parameters from Ref. [1], no
spin coherence time increase is obtained, agreeing with the
experimental data. This permits the use of gated diodes
to implement and manipulate defect spin qubits without
susceptibility to the electric noise arising from the doped
regions.

The presentation of these results in this article begins in
Sec. IT with the description of the GS and ES Hamiltonians
for defects with C3, and Cy;, point group symmetry (elec-
tronic structure shown schematically in Fig. 1), including
the coupling to an external electric field. In Sec. III we
present a complete theory for the spatially dependent elec-
tric field and charge density in p-n and p-n-n™ diodes as
a function of voltage, focusing on the experimentally rel-
evant regime of reverse voltage (charge depletion). The
spin center’s optical emission spectrum, including the opti-
cal linewidth calculated analytically and via numerical
Monte Carlo simulation of the charge fluctuation noise, is
presented in Sec. IV. Finally, in Sec. V we predict the vari-
ation of the coherence times of defects with Cs, symmetry
as a function of diode voltage and design.

II. SPIN CENTER HAMILTONIANS

The electronic structures of defects with point group
symmetries Cs, and Cj; are strongly modified by the

040310-2
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presence of an electric field. Examples of defects with Cs,
point group symmetry include the negatively charged NV
center in diamond [4,21,22,28,29,43,45,46,55-57,61—69]
and the (hh) and (kk) divacancies in 4H-SiC [1,15,41,43—
45,58,59]. Defects with Cy;, symmetry include (hk) and
(kh) divacancies in 4H-SiC [1,15,41,43—45,58,59]. The
Stark effect [1,4,15,44,55-59,61] is responsible for cou-
pling these discrete defect energy levels to the electric
field. For this situation, the total GS Hamiltonian in the
triplet basis |7_),|Ty),|T+) for defects with C;, point
group symmetry is [61,63,65,67,69]

H ) 2 g (s2_ 2
=Dg|S— = deE. | ST —
h < 3)* 3

+dgE, (S2 - Sf) +dLE, (S8, + 5,8:)

+ dGE, (S:S. + S.80) + dyE, (S,S. + S.8,) ,
(1)

where /4 is Planck’s constant, D¢ is the zero-energy split-
ting between the triplet states m; = 0 and m, = 1, S,
Sy, and S; are the triplet spin-1 matrices, £, E), and
E. are the electric field components, and dg and d} are
electric dipole constants. For C3, point group symmetry
dg; # df. Here the z direction corresponds to the defect
symmetry axis. We emphasize that many studies have
ignored the influence of the di; terms in Eq. (1). In the
presence of small external magnetic fields, 2y B, < Dg,
JE2 + E} < Dg
[63,67] since in this regime these terms are responsible
for the coupling between the states |7) and |74). From a
perturbation perspective, this produces only small correc-
tions proportional to d2(E> + Eyz) /D¢ in the energies of
|T+), an observation already confirmed experimentally in
NV centers [63]. On the other hand, these same terms are
relevant for acoustical driving of the |Tj) <> |T+) NV cen-
ter spin transition (at large magnetic field) [70], for which
d’G/dL = /2(0.5 4+ 0.2) is obtained [70]. Moreover, they
are also shown to be important for a correct characteri-
zation of the photoluminescence and spin dynamics near
the level anticrossing in the electronic ground state [71—
80]. Finally, in this work we assume ds = 0 because (1)
to the best of our knowledge there is no theoretical or
experimental value for d; in SiC divacancies and (2) small
2y B, <« Dg) magnetic fields (far from the level anti-
crossing in the electronic ground state) are assumed in
this work. With this assumption, the eigenfrequencies of
Eq. (1) are

this approximation remains valid for d;

Ey 2
70 = —g(DG + dﬂ;Ez), (2)
Ex 1

== (Do +dbE:) £ 1a51\JE2+ 2, (3)

where we see that £, enters within the diagonal matrix ele-
ments, whereas E, and E), couple the |7_), |T.) subspace,
lifting its initial degeneracy. For the ES, the Hamiltonian
is [46,59,65,66]

3 2
HhE =D) <S2 - 3) — Moy, ® S,

+ Di [az ® (Sy2 — Sﬁ) — 0, ® (S8 + SxSy)]
+ A [0: ® (S8 + S.50) — 0 ® (8,8 + 5.5, ]
+ ngl*Ez + df;_ (UzEx - GxEy) > (4)

where oy, 0,, and o, are the Pauli matrices, A’s (Dg’s)
are the parameters due to the spin-orbit (spin-spin) inter-
action, and dg’s represents the electric dipole moments.
As the term dJ‘EEZ enters only in the diagonal of
Eq. (4), it yields a constant shift for the whole ES fre-
quency subspace. Fig. 1 shows schematically the GS and
ES discrete frequency levels and their response to an
applied E, electric field, with red arrows representing
the spin-conserving optical transitions addressed in this
work.

For defects with Cy; symmetry, e.g., (kh) or (hk) diva-
cancies in 4H-SiC, the Hamiltonians for the ground and
excited states have the same form [15]:

HlGhS(ES) ) 2 ~ 2
I 2
s, (522 s (5-2)
+ Dgg (Sy2 - Si) + DyG(E) (SeS) +8,5,) ,
Q)

with DYy = dg g Ex + Dy and D) = dgp Ey +
DG( £)- In contrast to the defect GS Hamiltonian with Cs,
symmetry [Eq. (1)], here we have a lifting of the degen-
eracy between my; = =1 triplet states in the absence of an
electric field. This is due to the appearance of the D%(E)
crystal field terms due to the reduced defect symmetry,
yielding

Ey 2
) 2+ b B, ©)
h 3
Ai(A -
(DG(E) + dG(E) )

£ (ore) + (o) 0

IIL. p-n AND p-n-n* DIODE ELECTRIC FIELDS
AND CARRIER DENSITIES

In this work our defects are assumed to be placed or built
within a p-n-n* diode configuration. Within the reverse-
bias regime, where a negligible current passes through the
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FIG. 2. (b) Electron (n) and hole (p) density carriers in the z
direction for different applied reverse voltages V. (c) Electrostatic
potential ¢ (z) along the diode for voltages V' ranging from —12
to —400 V. (d) Depletion region boundary positions as a function
of V. (e) Electric field profile in the z direction for voltages V
ranging from —12 to —400 V. (f) Electric field as a function of
V" at four different positions: z = 0.2d, z = 0.5d, z = 0.7d, and
z=10.9d.

diode, the dc electric field experienced by our defect is
produced by an interplay of the electric field arising from
the depletion region formation and from the voltage —V
applied across the diode device (Fig. 1). The orange and
green regions in Fig. 1 represent the p and n™ regions,
respectively, with acceptor impurity density N4 and donor
impurity density Np . The white region represents the »
region, with donor density N < Np. In the following sub-
sections we use the theory of diodes for the reverse-bias
regime to derive analytically the important quantities for
the defect’s optical and spin dynamical properties (e.g.,
carrier densities and electric field profiles). Secondly, we
plot and analyze these quantities for the diode configu-
ration in Ref. [1] under different applied voltages and at
different positions.

A. Fundamental theory and key equations

Diodes usually consist of a homogeneous and neutral
semiconductor with a spatially dependent doped region
[Fig. 2(a)]. The semiconductor’s band gap, £, = €. — €,
where €. and €, correspond to the energy of the conduction
and valence bands, respectively [Fig. 2(a)].

1. p-n diode regime

We consider first the p-n region of the p-n-n™ diode
shown in Fig. 1, and so we use N for the donor concen-
tration in the n region (0 < z < d) and Np for the donor
concentration in the n* region (d < z < d + dg). By dop-
ing the material with an acceptor impurity density N, for
—dy < z < 0 (with energy €, 2 €,) and a donor impurity
density N in the n region 0 < z < d (with energy ¢; < €.),
we obtain the p-n diode region (orange and white regions
in Fig. 1). For temperatures 7 such that €. —e€; = kgT
and €, — €, 2 kpT, where kg is the Boltzmann constant,
the dopants are excited and populate the conduction and
valence bands with electrons and holes [Fig. 2(a)]. After
ionization the carriers in the conduction and valence bands
are free to move and start to recombine with each other.
This recombination produces a region with few free car-
riers (depletion region) and a spatially dependent charged
background that in turn produces an electric field in the z
direction.

For the fully ionized case, we have an approximate
background charge distribution p(z) given by

0, z < —c~lp(V),
—eNy, —glp(V) <z <0,
= ~ 8
pE) eN, 0<z<d,(V)<d, ®)
0, z >d,

where e > 0 is the fundamental electronic charge, and the
positions —Zip(V) and d, (V) define the spatial boundaries
of the depletion region. The background charge density
produces both an electrostatic potential ¢(z) and an elec-
tric field E = —(9¢/0z)z, obtained through the Poisson
equation

1
2o @) =—-p(), 9)

where € is the dielectric constant of our diode mate-
rial. Here we assume small variations of the elec-
trostatic potential along the x and y axis, so 92¢ =
8y2¢ ~ 0, and Eq. (9) follows. Using the boundary con-
dition ¢|,_,_ =do/dz|,_, . = dp/dz|._, ., =0, we
solve Eq. (9), obtaining

0, z < —d,(V),
e . 2 .
SN z+a,0] —d,(1) <z <0,
¢ =12 - )
b N = £N[z=du(N] . 0<z<d,m),
P (V) d,(V) < z,
(10)
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with
~ _ 2ed)oo (V) NA/N
dn(V)—\/ 5 N,H—NSd’ (1)
~ N -~

Here ¢o (V) = (1/€) {Eg + ksTIn[NpN, /N, (T) P, (T)]
—el} is obtained by our fixing a constant chemi-
cal potential u along the entire sample, with N, (7T) =
L 2meksT/mh2)>? and P, (1) = § (2m,ksT/mh2)>?, and
effective conduction and valence band masses, m. and
m,, respectively. The electric field is straightforwardly
obtained from Eq. (10):

0. z < —d,(V),
_SNA [z+51p(V)]» —~d,(7) <z <0,
E (V)= SN[Z—gln(V)]’ 0 <z <dy(V),
0. d,(V) <z <d.
(13)

To obtain Eq. (13) we assume the voltage drops only inside
the depletion region, so the electric field vanishes outside.

and
N $@MsT 2 -,
pv(z V) =40, 0<z<d, (15)
0, z>d.

Here we have ignored the minor carrier contributions of
approximately n2/Np and approximately p2/N, as they
are much smaller than the majority carrier contributions
[Egs. (14) and (15)]. Hence, we do not expect them to have
a major influence on our results.

2. p-n-n" diode regime

For the critical voltage V., defined through gln(Vc) =d
[Eq. (11)], with solution

ed* N(Ny+ N
_NWNaAN)

E
2e NA g

c =

(16)

NN,
+kBTln< 47D )

N(D)Py(T)

we achieve full depletion of the n region. Therefore,
for V' < V. the corresponding equations [Egs. (8) and
(10)~(13)] for the effective p-n diode do not hold and must
be replaced by the corresponding equations for the p-n-n™
diode. For this situation, the background charge density is
given by

Finally, the majority carrier densities of electrons and holes 0, z < —d,(V),
can be expressed as a function of the position z and the
—eNy, —d,(V) <z <0,
voltage V as
p(z) = {eN, 0<z<d, (17)
0, z <0, eNp, d<z<d+d,DV),
ne(z, V) = { Ne=elbcN=0@VIT 0 < 7 < d, (14) 0, z>d+dy(V),
—e[poo (N —¢()]/kpT
Npe™1? YOVIT, 2 >d where the positions —d, and d, define the new
spatial boundaries of the depletion region and read
N —Np
d =d——
b () Ny + Np
Np 2¢¢ (V) »No Np —N) (Ns +N) (18)
Ni2(Ng+Np) Ny (Ny+Np)
N+ Ny
d, =—-d—
") N TNy
Ni 2epoe (), Na (Np = N) Ny +N) (19)
Np e (N4 + Np) .

Np (N4 + Np)?
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The electrostatic potential is obtained through Poisson’s equation [Eq. (9)], yielding

09
e 2
ZNA [z+d,(N]",

dZ
b () = %(”(V)

2

$oe (V)

The electric field within our diode is straightforwardly
determined:

0’ z < _dp(V)z
“Ni+dm). —d() <z <0,
E (V) = —SNAW) + SNZ, 0<z<d

ENplz —dy(N],  d<z<d+du(V),
€
0, z>d+d,V).

e2y)

B. Results for various diode configurations

As mentioned earlier, the idea of this work is to use
the diode setup to manipulate and control the defect PL
linewidth and frequencies and the coherence time of our
defect. A good setup is achieved by setting N < Ny <
Np with d > d;, which leads to a small charge concen-
tration within a large spatial region and a large electric
field within the NV region. To simulate a realistic system,
we use in this work the following diode parameters from
Ref. [1], which considers divacancies within a 4H-SiC
p-n-n* diode: Ny =7 x 10" cm™3, N ~ 4 x 10" cm~3,
Np =10 x 10" cm™, dg > d = 10 pum, d;, = 400 nm,
€ =9.6¢p, and T~ 10 K. Although the results here are
presented for the particular case of a 4H-SiC diode, the
same would hold for any diode material with alterations in
the material parameters if the donors and acceptors have
shallow states. Some materials, such as diamond, do not
possess both shallow donors and acceptors, and so the
expressions here would be considerably more complicated
to account for incomplete dopant ionization.

All the results for the corresponding diode quantities
are given in Fig. 2. In Fig. 2(b) we plot the density
of free carriers [Eqgs. (14) and (15)] for different volt-
ages within the reverse-bias regime, which shows that the
larger the modulus of V, the more we deplete the charge
carriers. The spatial boundary positions of the depletion
region are plotted in Fig. 2(d), which also captures the
increase of the depleted region size as a function of the

+d, (V)x)

oo (V) — ;ND [z — d,(NT,
€

z < —d,(V),
—d,(V) <z <0,
N
— e—zz, 0<z<d, (20)
2e

d<z<d+d,(V),
z>d+d,V).

(

voltage. Moreover, for |V]| > |V,|, the n region becomes
100% depleted and EI,,(V) becomes a constant with value
d. In both Figs. 2(d) and 2(f) we indicate the critical
voltage V, ~ —(ed*/2¢)[N (N4 + N)/N4 ~ —373 V, at
which the system stops behaving as an effective p-n diode
and starts behaving as a p-n-n* diode. Figure 2(c) shows
the electrostatic potential profile along the z axis for differ-
ent voltages spanning from —50 to —800 V. In Fig. 2(e)
we plot the electric field profile in the diode for differ-
ent voltages in the reverse-bias regime. The electric field
shows a linear trend with respect to the position until we
reach the outside of the depletion region, where the electric
field becomes zero. The linear trend in the slope is eas-
ily understood through the integration of Gauss’s equation
[Eq. (13)] 8.E.(z) = —p(2)/e — E.(z) x eNz/e, while
the amplitude of the electric field is proportional to the
voltage drop V/d. In Fig. 2(f) we plot the local electric
field at positions z = 0.2d, 0.5d, 0.7d, and 0.9d as a func-
tion of the applied voltage V. For large absolute values of
V, a linear trend with respect to V' is observed for most
of the voltage region, and is understood through E, ~ V/d
[dashed-dotted line in Fig. 2(f)]. However, we also observe
a nonlinear trend for |V] < |V.|. To understand this we
have to recall that for these voltages the n region is not
fully depleted, and its depletion region length depends on
V approximately as /—2¢V/eN [Eq. (11)], thus yielding
a nonlinear dependence of the electric field with respect
to V given by —(e/e)N (z —/—2¢ V/eN) [dashed line in
Fig. 2(f)]. Therefore, we understand that this nonlinear
trend of E, versus V is a peculiarity of a p-n-n™ diode
becoming an effective p-n diode. It is important to men-
tion that the depletion region sizes in the both p region
and the n* region, d, (V) and d,(V), also have a =V
dependence as can be seen from Egs. (18) and (19) and
in Fig. 2(d). Therefore, in principle even for |V] > |V,
we would expect an electric field deviating from the lin-
ear trend. However, because of the large electronic density
of both the p region and the n™ region, Np, Ny > N,
we find d,(V),d,(V) < d, and hence we can assume the
voltage drop V happens only within the n region with
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length d, thus yielding £, &~ V/d. Finally, the electric field
at the fixed positions z = 0.2d, 0.5d, 0.7d, and 0.9d in
Fig. 2(f) approaches zero at the threshold voltages V3, for
which these positions match the depletion boundary, i.e.,
gl,,(Vth) = z, thus experiencing no electric field. Through
this observation we can determine the defect’s position
along the z axis, zqf, by accessing only the experimental
Vi value obtained from PL measurements. More specif-
ically, when the defect is inside the depletion region, the
shift of the PL frequency as a function of the voltage can be
seen experimentally. However, when we tune V' = Vy, the
PL frequency stops responding to the applied voltage as the
defect is now outside the depletion region. This condition

0

>

e
-N Zdef —
€

E; (zger, V) &~

°N a Y

ST PR S

6 def ) d’
[

IV. DEFECT EMISSION SPECTRUM

In this section we establish and explore the relation
between the defect optical emission spectrum (which can
be measured, e.g., through photoluminescence) and the
applied voltage across the diode. More specifically, we
show analytically how the frequency and the linewidth of
the defect PL depend on the reverse-bias voltages, thus
obtaining a detailed theoretical description of the spectral
diffusion of the defect’s emission. We also provide dif-
ferent schemes for the diode configurations and defect’s
position that yield terahertz shifts in the PL. Moreover, we
compare our predictions with experimental data from Ref.
[1], and good agreement is seen.

A. Stark shift

First, we assume the spin center is located at rgef =
(Xdef, Vdef» Zdet)- From the Hamiltonians in Egs. (1), (4), and
(5), we then obtain the defect transition frequencies as a
function of the electric field. For the purpose of this work,
we report the results corresponding to the PL of (hh), (kk),
and (kh) 4H-SiC divacancies, which were experimentally
addressed in Ref. [1]. They correspond to the |Ey) — |Tp)
and |E 1,2> — |Ty) transitions for the (hh) and (kk) diva-

cancies (Fig. 1) and the ‘A;)> — );10> transition for the (kh)
divacancy, reading

2
AP = (d}l; n 5dG) E GV, Q4

happens for

2¢ Ny/N
e Ny+N

Zget (Vin) = Do Vi), (22)

and it allows the precise determination of the spin cen-
ter’s position within the diode. Finally, the different electric
field trends as a function of the voltage are important
because they establish the relation between the experi-
mental applied voltage and the electric field felt by a
defect located at 0 < zgr < d. We summarize these trends
using Egs. (11)«13) and (21), with Ny, Np > N and eV >
Eg, kB T:

V] < [Vinl,
2€VN4/N Vel <V <17
TN 9 < < Cls
e(Ns+ N) th (23)
V] > Vel

1
A E31,U2»Ti = (dl”E - 5“’@) E; (zger, V), (25)

I (dh — @) cos(109.57)E. Gaer, 1), (26)
0—>4o 3

where E; (zqer, V) is the electric field at zg.r for voltage V'
[Eq. (23)] and co0s(109.5°) accounts for the decomposi-
tion of the electric field along the high-symmetry axis of
the (kh) divacancy. Although there have been many stud-
ies of the Stark effect in defects [1,4,15,44,55-59], most
of these involved unipolar materials without significant
charge depletion. None of them provided a quantitative
relation between the voltage applied to a p-n diode and
the electric field experienced by the defect, which in turn
is the microscopic quantity coupled to their energy levels.
Here we obtain this relation [Eq. (23)] by solving Poisson’s
equation [Eq. (9)] for both p-n and p-n-n* diodes. Most
importantly, through Egs. (23)~+(26) we are able to under-
stand the quantitative dependence of defect frequency shift
on the voltage and the diode parameters. For instance, we
are able to predict that as the n region’s doping density
N increases, the electric field at the defect also increases,
which produces shifts to higher-frequency PL. Through
this connection, it is possible to engineer better diodes
to achieve higher frequency shifts using smaller voltages,
which becomes important as the possible applied voltages
reach limits determined by the dielectric breakdown field
of the material.
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Because of the different dependence on the dipoles dg

and d,'lv of Egs. (24) and (25), it is also possible to determine
both of the spin center dipole values from experimental
measurements. Usually experimental measurements [1,4,
15,44,55-59] report only the values of the effective dipole
moments corresponding to the addressed PL transitions.
Here we provide equations that, in principle, would allow
the extraction of both the dg dipole moment and the dﬂv
dipole moment. Through the experimental voltage depen-
dence of the |Ey,) — |Ty) and |E|,) — |T4) transitions,
we obtain from Egs. (23)+25) the experimental values for
dg and d,”E. Moreover, regarding the experimental work in
Ref. [1], we observe Any_>TO ~ AfEm_)Ti, which results
in dﬂp > d\., thus showing that the dipole of the excited-
state manifold is the major property responsible for the
Stark shift.

In Fig. 3(a) we use Egs. (23)+26) to fit the experi-
mental data from Ref. [1], which contains the frequency
shifts of the (hh) and (kk) |E,) — 7o) and |E2) — |Ty)

(a) (b)  zyr=5pm d=10pum
ooE; iment <107 Dielectric
= 800 ___ F;(tperlmen / |§ O breakdown
= hh =
© 600 g
o= )
E 400 ; 2106
w1
z focVeV focV q;
=
S 200 z
g Z
é L nls
0 A 10
0 200 400 600 800 1000

0 100 200 300 ¥400

-vv) V% —-V(V)
hh frequency shift 0.0-0.5-1.5-1.0-2.0-2.5-3.0-3.5
(THz) |
(C) 2det = 2.5 pm d =5 pm (d) Zdet = L pm d =2 pm
i 101 Dielectric "‘T\ 1017
g g
S breakdown S
5 g
‘B ‘Bh Dielectric
13 16 13 16 breakdown
S 10 210
Gy [
o o
2 2
£ &
5 5
A 10 A 10"
0 200 400 600 800 1000 0 200 400 600 800 1000
-V(V) =V(V)
FIG. 3. (a) Fit for the frequency shift versus voltage V for the

|E,) — |To) and |E,) — |T) (hh) and (kk) transitions and for
the ‘A6> — ’;10> (kh) transition assuming N =4 x 10> cm™3.
Frequency shift of the (hh) defect as a function of the volt-
age and density of the n region for (b) zger = d/2 =5 um, (c)
Zget = d/2 = 2.5 um, and (d) zger = d/2 = 1 um. The black line
delimits the parameter region in which the defect is placed inside
and outside the depletion region. The solid white line represents
a 1-THz frequency shift, and the dashed white line represents the
change from p-n to p-n-n" diode behavior.

transitions and the (kh) ‘Ab) — ‘;10> transition. We fit them

assuming dl, =0, as justified before. The frequency shifts
in Fig. 3(a) have two different trends with respect to the
voltages. For small voltage modulation, | V| < |V,]|, the fre-
quencies have a nonlinear dependence on V, which was
explained in Sec. III B as resulting from the incomplete
depletion of the n region. Specifically, if the n region
is not completely depleted, the depletion length depends
on the voltage as v/—V [Eq. (11)], thus yielding a fre-
quency shift proportional to E, ~ —V//—V ~ /—V. For
voltage modulation larger than |V] > |V.|, the n region
becomes fully depleted and a frequency shift proportional
to £, & —V/d is expected, assuming the small depletion
region extends into the p and n™ regions discussed previ-
ously. For the donor and acceptor density values reported
in Ref. [1], we obtain V., ~ —90 V, which is not sup-
ported by the long nonlinear trend within the 0 V < |V] <
350 V range of the experimental data [Fig. 3(a)]. This
suggests a larger unintentional doping density than the
reported N ~ 1 x 10'3 ecm™3 [1]. The best fit to the exper-
imental data is presented in Fig. 3(a), where we assume
N =4 x 10'> cm™. For this density, we obtain dﬂp,kk =

4.95 GHzMVm, d}.,, = 12.75 GHz/MV m, and dJ, , —

Zlﬂ;,kh = 118.07 GHz/MV m. The dipole values obtained
here agree with those in Refs. [1,44]. The apparent dis-
crepancy regarding the (hk) dipole value [reported as 35
GHz/MV m in Ref. [1]] is because the authors incorpo-
rated the (2/3) cos(109.5°) factor in the dipole definition.
By including this factor, and also taking into account the 4°
off-axis nature of the diode growth [1], we obtain approx-
imately 31.38 GHz/MV m. Furthermore, using Eq. (22),
we are also able to determine the positions of spin cen-
ters along the z axis by accessing the threshold voltages
Vin, yielding 28 = 4.42 pum, 2. = 1.32 pum, and ¥ =
3.53 um. For completeness, in Appendix B we also pro-
vide the data fit using densities N = 1 x 1013, 2 x 1013,
and 3 x 10" ecm™3, which clearly shows worse agreement.

In Figs. 3(b)-3(d) we plot the frequency shift for the
(hh) divacancy |Ey> — |Tp) transition as a function of
the voltage V and the density of the n region, N. We
chose three different combinations of » region length and
defect position: d = 10 um with z4.r = 5 um [Fig. 3(b)],
d =5 pm with zger = 2.5 um [Fig. 3(¢)], and d =2 um
with zger = 1 um [Fig. 3(d)]. In all three configurations
we are able to obtain an (hh) frequency shift greater than
1 THz under operable voltages. However, as E, ~ V/d,
the smaller the length d, the smaller the applied voltage
to observe terahertz shifts. For the situation in Fig. 3(d),
we obtain terahertz shifts even with small applied volt-
ages V' =~ —200 V. As we discuss below, the only drawback
of having diodes with small length d is that the defect
becomes closer to the nondepleted p and n* regions, thus
being more sensitive to the electric noise caused by the
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fluctuation of the electric charges. In Figs. 3(b)-3(d), the
black lines separate the parameter space regions in which
the defect is inside and outside the depletion region. The
solid white lines delimit the parameter region where we
have frequency shifts greater than 1 THz, and the dashed
white lines represent the parameter space region where our
effective p-n diode becomes a p-n-n™ diode. Finally, the
blank regions in the right upper part represent an inacces-
sible parameter space region for SiC, as the field exceeds
the dielectric breakdown, £, > —400 MV/m.

B. Theory of the fluctuating electric field

In addition to the static dc electric field E (z4er, V) =
[0,0, E. (z4er, V)] [Eq. (23)] that leads to the shift of the
defect frequency levels and optical transition energies, we
also need to take into account the temporally fluctuat-
ing electric field SE () that makes the frequency levels
fluctuate around the average frequency values dictated by
E (zg4et, V). These fluctuations of the frequency levels pro-
duce a finite linewidth of the PL, an effect known as
spectral diffusion. For the fully ionized case of donors and
acceptors, quasiuniform electron and hole gases form due
to the minimization of the Coulomb energy. This quasi-
uniformity arises from various factors, e.g., uncertainty
of particles’ positions (Heisenberg uncertainty principle),
thermal fluctuation of electrons’ and holes’ positions,
and collision between different electrons (holes). In addi-
tion, because of thermal fluctuations, electrons (holes) can
change from being free in the uniform gas to becom-
ing trapped on the donor (or acceptor) atoms, which is
illustrated in Fig. 4(a). Although one could argue that
these thermal fluctuations are not large for the 7'~ 10
K of Ref. [1], the laser illumination used to address the
defect PL raises the electronic temperature, thus mak-
ing the thermal fluctuation a potential contributor to the
fluctuating charge dynamics. We consider these effects
by expressing the effective coupling of a general ground
(excited) state level to the total (time-dependent) electric
field E (zger, V, 1) = E (z4et, V) + SE (9):

Hoe)
h

:fG(E) + df(:;f{E) : [E (Zdefa V) + SE (t)] . (27)

Although a complete description of the quasiuniform
electron and hole gases is in principle a correlated many-
body problem, we treat the electrons and holes as particles
that do not interact with each other because of their average
separation / ~ n~'/3> & 46 nm for typical diode n carrier
densities of 10'® cm~3. More specifically, in this work we
develop a theory for the fluctuating electric field SE (¥)
using the physical process described in Fig. 4. We solve
this problem analytically, deriving closed-form expres-
sions for the fluctuating electric field as a function of the
diode densities, diode dimensions, and spin center’s posi-
tion. Furthermore, we see that these results agree very well

(a) &Silicon :Eﬁg(t)rron Non-fully ionized case
Carbon e Donor
|l S D/ASC
P” }»* r;» DOC
?}“ﬂ,)— S A : \_\
Hrirtris RN
e %etete e
BRI
(S SSae s ;r»
(b)
Uniform density Electron Fluctuating density
¢ Hole
,‘Defect
_|_

Maximum electric field

:.\%

(c)

FIG. 4. (a) The 4H-SiC crystal structure with donors together
with the non-fully-ionized case with fluctuation of trapped
charges. (b) The total electronic density is understood as being
the sum of a uniform density and a fluctuating density of
electron-hole dipole pairs. (c) We model the electron-hole pair
fluctuating density though the dipole approximation, where the
case of maximum fluctuating electric field is shown.

with the experimental PL data from Ref. [1] and the numer-
ical results from a Monte Carlo simulation, where we fix
the donors’ positions and build an electric field histogram
by randomly changing the electronic positions.

C. Analytical calculation for the fluctuating electric
field

Figure 4 describes the electronic structure of a semi-
conductor doped with donors to illustrate the origins of
the fluctuating field. The schematically indicated system
is 4H-SiC; however, the general approach is applicable
to other semiconductor hosts. Carriers may not be fully
ionized from the dopant atoms, and depending on the ion-
ization fraction and other material parameters will produce
a spatially fluctuating charge that we model here. As the
positions of the charge fluctuations in Fig. 4 are random,
we assume that all three components of the total electric
field follow a Gaussian distribution and will produce a
linewidth I" of any specific optical transition. We consider
optical emission associated with a transition from the ES
to the GS (Fig. 1) for a spin center at z4r; the probability
function P (') of emission of a photon with frequency f is
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then
_ b T Gern]ar?
P(f:Zdefa V) (27T)1/2Fe b (28)
with frequency emission peaking at
[ ot V) =fi = fo + (4 — dF) - EGacr, ), (29)

and our goal here is to calculate I".

We simplify the calculation of the linewidth by describ-
ing the fluctuation of charge density indicated in Fig. 4(a)
as being the sum of a uniform electron (and hole) density
and a fluctuating dipole density—as shown in Fig. 4(b).
Therefore, I emerges from the standard deviation of a fluc-
tuating dipole density. We calculate §E due to one instance
i of a dipole corresponding to the displacement of charges
e and —e located at r; =~ (x;,);,z;) and separated by the
dipole distances d; [see Fig. 4(c)]. Hence, the electric field
at r = rger produced by the i’th dipole is written as

e

(R} = 3(d; - R)R; — d;R?], 30
L (R) 4MR§[( ) o (V)

with R; = r; — rger and R; = |R;|. The total fluctuating
electric field then is given by

ISE| = \/(E3), — (Ea);, (31)

where E; = Zj\g” E; (R)) is the total electric field, and
(-- ), represents the average over the different configura-
tions (realizations), which correspond to the configuration
at different times. We assume (E;), = 0 due to the large
number of dipoles Ngp, >> 1, the random character of the
fluctuations considered, i.e., (d;), = 0 and (R;), = 0, and
the absence of correlation among the random variables we
introduce. We evaluate Eq. (31) assuming that the charge
displacements d; (d; = |d;|) are equally and randomly dis-
tributed along the x, y, and z axes. Moreover, because of
the random character of our variables and Ngj, > 1, we
choose to rewrite Eq. (31) using a continuous probability
distribution for the dipolar position:

8E2 = / d3l",Ov(l')E¢21(r - rdef)a (32’)
%

where V is the nondepleted volume region within the p-n-
n™ diode and py,(r) is the density of dipoles.

Assuming there is no preferential direction for the total
fluctuating electric field |§E|, we assume equal fluctuation
of the electric field along the x, y, and z axes, with a nom-
inal value along any one axis of |§E|/+/3. For a linewidth

C) Bulk near noise

(b)

(c)
10°
10?2 \ ‘ \
= % 0.8d O‘i—
10'1>€™™ 0,67
E/ ol Zdet =0.5d &
10 . 1 Aj/g
10" [dn (V) — Zaet] 1 del
0 100 200 300 400 O 2 4 6 8 10
—V(V) Zgep (prm)
FIG. 5. The electric noise arising from (a) the » region (bulk

near noise contribution) and (b) both p and »n™ regions (bulk
p and n noise contribution). (c) Broadening I' as a function
of reverse voltage for different z4er values due to both the bulk
near noise contribution and the bulk p and » noise contribution.
(d) Same as (c) as a function of z4er for different voltages.

produced mainly due to the fluctuations of the z component
of the electric field, we obtain

SE R

r= 2 a2

To obtain the realistic fluctuating electric field |SE| for a
device, we assume two different contributions to the elec-
tric noise. The first one, which we refer to as “bulk near
noise,” arises from the fluctuation of the electrons sur-
rounding the defect in the » region [Fig. 5(a)]. The second
type, which we refer to as “bulk p and » noise,” origi-
nates from the fluctuation of electrons and holes within
the p and n* regions [Fig. 5(b)]. As the spin centers are
located far from any surfaces of the diodes, we do not con-
sider sources of noise originating from the surfaces; this
will be the topic of future work. In the following subsec-
tions we calculate analytically SE [Eq. (32)] arising from
the different contributions illustrated in Figs. 5(a) and 5(b).

(33)

1. Fluctuating electric field: bulk near noise
contribution

In this subsection we estimate the fluctuating electric
field SE{, at Yger = (Xdef, Vdef Zdet) pProduced by the fluctua-
tion of trapped charges within the nondepleted volume of
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the n diode region [Fig. 5(a)]. We evaluate Eq. (32) assum-
ing charge displacements d; (d; = |d;|) equally distributed
along the x, y, and z axes, with density py(r) = 1/3Q},.
For a nondepleted » region we have

2 6d2 Ly/2 Ly/2
c a / dz / dx /
47T€ 39 Ly/2 L}/Z

For a diode with dimensions d,L,,L, > N —1/3 and the
spin center far from the diode surfaces, we can extend the
integral limits to infinity, yielding in spherical coordinates

e \2d> (> 1
L dr— 35
4]7)%/% I G9)

where the cutoff radius, 7., was introduced to avoid the

(SE)* =
(34)

(SEL)? = 87 (

integral dlvergence at r — 0. Using d; = Iy = (Q”)l/3

QY =n"!, and . ~ n~!/3, we obtain
SEL| &~ 2 p2/3 36
|E,, | 7 > (Zget, V), (36)
e

where n(zget, V) is the effective electronic carrier density

within region I. This formula, together with Eq. (33),

provides essential insight into the general properties of

spectral diffusion for emitters. For instance, we are able

to predict that the charge density must be below a critical
7ev/6

density ngi, i.€.,
3/2
n < Agit ~ ( |d deffl 1_‘1) ) (37)

to suppress the broadening due to spectral diffusion below
the broadening due to the emitter’s optical transition life-
time, I'y. This provides clear guidance for applications of
defect emitters, especially in device designs that require a
large doping density [48].

Furthermore, there is an upper bound for the electric
field, Emax, Which correspond to the field in the middle
of two opposite dipole charges +e and —e separated by
approximately g [Fig. 4(¢c)]:

e e
s+ 5
de (Ig/2)*  4dme (Ig/2)

2e
= —n*(zge, V). (38)
e

max —

On the other hand, for an » region partially depleted, we
have

(SEy)* =
(39)

( e )2 6d2/ /-LX/Z /L}/Z
ly—,
dme/ 3, Ja,0n5za J-Lop2 L2 RS

which for L, L, 3> N~'/3 yields

OE,)* = <4ee>23ﬁg’,”
1 1
X 3 3
[an 4 —Zdef] |:(/~in " —Zdef+d]
(40)

1/3

Using d; ~ Iy = (%) ", Q% =N"', and d > d,(V) —

Z4ef, WE Obtain

e JTNS 1

SE), ~ :
4 ~ 3/2
TV a0 - ]

(41)

2. Fluctuating electric field: bulk p and n noise
contribution

We now calculate the fluctuating electric field at rger
due to the fluctuation of trapped charges within »* and p
regions [Fig. 5(b)]. The procedure is very similar to the one
considered in the previous subsection. The only difference
regards the limit of the integration of Eq. (34). Here we
have to integrate over the nondepleted p and n™ regions,
yielding

1n+ 47re d+dR Lxf2 d Ly/2
Q”+ 3
dn( —Ly/2 —Ly /2 l-

642 (=) [~d ()  pLy)2 L2
+ i,nP (;};—re) / Z/ dx/ dy 6’
3, —d; Ly/2 L2 R

(42)

(SEY)? =

where d; ,+ and d;,» are the dipole displacements within

the n* and p regions, respectively, and Q’{; and Q”Vp are the
densities of dipoles within n and p regions, respectively.
Relying on the convergence of the integral, we evaluate it
using Ly, L, — 00, leading to

2
e )2 di’,,+

SET2 — (_
(OEy) e 39}575

(o omr " GO —mrira?)

[dy (V) — zgef] [dy (V) = zger + d + dR]
€ 2 dznp

+<4ne> 3"

1 1
X — .
<[dp N +zaet]” [dp V) + zaet + dL]3>
43)
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Assuming the defect is closer to the n™ side with dg >
1/3

d and using d; ~ lyy = (qu) , with Q0 = N, we

obtain

e \/ENI/6 1
SEg ~ 4re \/§D d 3/2° “44)
[dy (V) — zqef]

This expression give us the important quantities to be con-
trolled to produce diodes with reduced broadening of the
optical transition energy due to fluctuating electric fields
coming from distant regions.

3. Voltage control of the optical emission linewidth

Using the diode densities and dimensions from Fig. 2,
we plot in Fig. 5(c) the broadening I'i+yp [Eq. (33)] due
to the bulk near noise and bulk p and » noise contribu-
tions [Eqgs. (40) and (43)] as a function of the voltage.
For the bulk near noise contribution, we assume that three
quarters of the trapped electrons within the » region are
in deep traps, and therefore only one quarter contribute to
the fluctuating electric field, i.e., 7 (zgef, V) = 1 (Zdes, V) /4.
We plot 'y for different spin center positions, from
Zget = 0.5d to zger = 0.9d. For a fixed spin center position
[Fig. 5(c)], we obtain a constant I" for voltages |V]| < |Vl
This correspond to the situation where the spin center is
surrounded by undepleted carrier electrons within the n
region, and the optical emission linewidth is mainly due
to the bulk near noise contribution [Fig. 5(a)].

As we begin to increase the voltage magnitude |V] 2
[Vl, we deplete the electrons surrounding the spin cen-
ter. When the depletion region reaches the spin center’s
position, n. & e¢"/*8T follows from Eq. (14), and we
obtain I'y o e2¢//387  which is responsible for the expo-
nential decay of the broadening in Fig. 5(c). For voltages
Vel > |V] > |Vaul, the n region is still not fully depleted,
although n.(z4es, V) ~ 0. Hence, we have the broadening

- 3/2
due to Eq. (41), T} o 1 /[d,, %% —zdef] " together with
the broadening due to the bulk p and n noise contribution,
'y o< 1/[d, (V) — Zdef]3/ 2, following from Eq. (44).

For even larger voltages, |V| > |V.|, the n region
becomes completely depleted, and therefore the remaining
broadening is due to the bulk p and » noise contribu-
tion, I'y o< 1/[d, (V) — zdet)”/?. For our diode parameters,
d,(V) —d « d [Fig. 2(d)] for —1000 V < V' < —100 V,
and an approximate independence with regard to the volt-
age can be seen in Fig. 5(c). In Fig. 5(d) we plot 'y as
a function of the spin center’s position zg.r for different
reverse voltages, where similar features can be seen.

D. Monte Carlo simulation for the fluctuating electric
field

A numerical Monte Carlo simulation yields the
fluctuating electric field at the spin center’s position for

comparison with our analytical results. The results validate
the high degree of accuracy of our analytical approach.
We numerically simulate the two types of noise contribu-
tions illustrated in Fig. 5 using two different approaches.
In the first one, a density n (p) of the donors (acceptors)
are assumed to have random and uncorrelated fixed posi-
tions, with electrons (holes) being randomly placed among
the entire region considered in an uncorrelated fashion.
In the second approach we specify the electrons’ (holes”)
positions to be constrained within a sphere of radius n~!/3
around their corresponding donors’ (acceptors’) positions,
thus capturing the dipole picture illustrated in Fig. 4(b).

1. Bulk near noise contribution

Here we obtain through Monte Carlo simulation the
fluctuating electric field due to the bulk near noise contri-
bution [Fig. 5(a)]. We proceed by assuming a spin center
placed at the origin rger = (0,0,0) of a box with dimen-
sions £ x £ x L. N donors are randomly placed within
the box (yielding electronic density n = N'/L3). N elec-
trons are then randomly placed accordingly to the two
different approaches, and finally the total electric field at
the spin center’s position is calculated. A histogram for
the three vector components of the total electric field at
the spin center’s position is then generated from a series
of different electronic distributions in space (realizations).
In Fig. 6(a) we present the histogram for the density n =
4 x 10" cm™3, where we use N = 1000 and 2 x 10* dif-
ferent realizations. The best fit to the histogram is obtained
for the Student ¢ distribution rather than either the Gaussian
distribution or the Lorenztian distribution. Roughly speak-
ing, the Student ¢ distribution differs from the Gaussian
(Lorenztian) distribution by its longer tail (broader peak
region). This difference is clearly seen in Fig. 6(a), where
we have also fitted the data using the three different distri-
butions. The underlying statistical reason for this requires
more detailed study, but at this point we suggest this comes
from (1) the small number of nearby (influential) electrons
(small sampling size) and (2) the electric field assuming
large values when electrons are close to the defect, thus
increasing the statistical weight of the tail of the distri-
bution. This statistical distribution could be verified and
realized experimentally. In our Monte Carlo simulations
the positions of electrons for different realizations have no
correlation. Therefore, the Student ¢ distribution appears
if the fluctuations in the electronic positions have short
coherence times.

Figure 6(b) displays the full width at half maximum
(FWHM) of the electric field histogram; the bulk noise
contribution depends exclusively on the density n. The
linewidth I' (FWHM) resulting from the random electric
field distribution is plotted as a function of the density »
assuming constrained and unconstrained electronic posi-
tions relative to the corresponding donors. For both cases
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FIG. 6. (a) Electric field histogram due to the bulk near noise

contribution with electronic density n = 4 x 10'> cm™3. (b) Bulk
near noise FWHM linewidth as a function of density » for con-
strained and unconstrained electrons’ positions. The dashed lines
are fits showing their #n?/* density dependence, and the orange
(red) line is the plot of the analytical result given by Eq. (36) [Eq.
(38)] (c) Electric field histogram due to the bulk # noise contri-
bution for electronic density # = 10'® cm™ and £’ = 0.05 pm.
(d) Bulk n noise FWHM linewidth as a function of density »
for constrained and unconstrained electrons’ positions for £ =
0.05 pum. (e) Bulk near n noise FWHM linewidth as a function
of £ forn =108 cm~3.

the fit to the numerical data shows an n?/?> dependence on
the linewidth, which is explained by the analytical deriva-
tion presented in the previous section [Eq. (36)]; in this
regime this also agrees with the Monte Carlo simulation
reported in Ref. [81]. We thus find that the density depen-
dence of the bulk near noise is unlikely to be dependent
on the details of the fluctuation character. In addition, we
also plot the linewidth [Eq. (33)] arising from Eqgs. (36) and
(38), where we see good agreement between the analytical
theory and the Monte Carlo simulation.

2. Bulk n and p noise contribution

Here we study the fluctuating electric field due to the
bulk p and » noise contribution [Fig. 5(b)]. We use the
same procedure as in the previous section, with the only
difference having now a spin center located outside the
box, i.e., regr = (0,0, L + L£/2). In Fig. 6(c) we plot the
histogram for the z component of the electric field, E., for
n=10"% cm™ (N =1000 and £ =0.1 um) and £ =
0.05 um. A long distribution tail is no longer visible,
which is consistent with having the spin center far from
the electrons, thus imposing an upper bound to the maxi-
mum electric field at rqer. The Lorenztian remains a poor
fit for our electric field histogram; however, the differences
between the Student # distribution and the Gaussian distri-
bution become less noticeable. However, a close look at
the maximum of the histogram reveals that the Student ¢
distribution still produces a better fit.

In Fig. 6(d) we plot the linewidth of the electric field
distribution as a function of the density, assuming con-
strained and unconstrained electronic positions, for 2L =
L =0.1 um. Unlike our expectations from bulk near
noise, here the constrained and unconstrained situations
yield a different linewidth dependence on the density #;
the constrained case yields the dependence n'/®, whereas
the unconstrained case yields a larger linewidth with n'/?
dependence. We emphasize that for constrained electrons,
a case that captures the dipole character of the process
described in Fig. 4(b), we obtain the same density depen-
dence as the analytical formula [Eq. (44)]. On the other
hand, the n'/? dependence for the unconstrained case can
be easily derived if instead of using Eq. (32) for a con-
tinuous probability of dipoles, we use it for a continuous
probability of point electron and hole densities p, (r), with
electric field E, (R) = +(e/4me)(R/IR]), ie.,

(SEIf7 =2 /v drp, (r)Ef, (r — Tgef). (45)

Assuming again the x and y integration limits are taken to
infinity, we obtain for the bulk » noise contribution

I8E, | = Lnlﬂ /L — #
v V2me L L+L-

which agrees with the Monte Carlo results in Fig. 6(d).
Finally, the smaller linewidth produced by the constrained
situation is traced to the smaller electric fields from the
dipole field compared with those of point charges.

In Fig. 6(e) we plot the linewidth dependence on L’
for both constrained and unconstrained electrons’ posi-
tions with n = 10'® cm™3. For the case of constrained
electrons, the linewidth shows a /1/£7% —1/(L + £')3
dependence for £ > 0.1 um, which agrees with our ana-
lytical derivation for dipoles, Eq. (43). On the other hand,
for £ < 0.1 um, the numerical data show a dependence

(46)
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on /1/L —1/(L + L') instead, which is a scaling char-
acteristic of the point charge distribution as shown by
Eq. (46). Although this may appear to contradict the
constrained character of the simulation, the dipole char-
acter manifests itself only at distances £’ much larger
than the dipole distance n~'/3 ~ 0.01 um, and therefore a
dependence according to the expression for point charges
is expected for small values of £'. Unconstrained elec-
trons show the same scaling behavior as the constrained
ones, with the only difference being a different overall
constant factor. Since there is no constraint between elec-
trons and donors, for small values of £’ we do obtain
the scaling \/1/L' — 1/(L + L') of point charges, which
agrees with our theory [Eq. (46)]. However, for larger
L’ distances, the linewidth also scales with the dipole
V1/L3 —1/(L + L)} form [Eq. (43)] even though no
constraint on electron position was imposed. Thus, the
dipole assumption used in the previous analytical section
provides a good picture for the effects of charge noise on
the linewidth. Finally, for spin centers farther away than
the box dimension £, i.e., L > 0.1 pm, the infinity limits
taken on the x and y integration are not valid anymore, and
a deviation from the analytical curve is seen.

E. Photoluminescence frequency and linewidth

The full dependence of the linewidth with respect
to the temperature, electronic and hole densities, volt-
ages, and position of the defect is obtained through Eq.
(33), with the fluctuating electric fields calculated through
Egs. (40) and (43). Therefore, using the frequency shift
expressions [Eqs. (24)+26)] together with the predicted
linewidth [Eq. (33)] we have a full theoretical character-
ization of the photoluminescence, including the linewidth,
from a divacancy represented by Eq. (28). In Fig. 7(a),
we plot the calculated PL as a function of the volt-
age for the (kk) defect in Fig. 3(a). In our theoreti-
cal plot we consider both |Ey) — |Tp) and |E 1’2) — |Ty)
(kk) transitions. The corresponding experimental PL data
for these transitions [1] are shown in Fig. 7(b). Here,
we have the (kk) defect located at z =4.42 um (cor-
responding to Vi &~ —70 V and N =4 x 101> cm™3),
with dj — dj; = 3.25 GHZMVm and Ez, — Eg = —0.8

GHz for the |E)) — |Tp) transition, and a"E| — dg =3.55
GHzMVm with Eg, — EG = 0.6 GHz and Eg, — Eg =
0.1 GHz for the |E;,) — |T%) transitions. We empha-
size that these dipole values differ from the ones fitted in
Fig. 3 due to the smaller fitting voltage range of Fig. 7.
As before we assume that only one quarter of the carriers
contribute to the fluctuating electric field due to
deeper trapping effects, i.e., neg(Zger, V) = nc(Zges, V) /4.
We emphasize, however, that different ratios also repro-
duce well the experimental data (see Appendix B and
Fig. 10). For voltages | V] < |V ] the spin center is outside

_
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FIG. 7. Comparison between theory (a) and experimental data
from Ref. [1] (b) [reprinted with permission from AAAS] for
photoluminescence of a single (kk) divacancy with }Ey) — |To)
and |E1,2) — |T) addressed transitions. For | V] < |V the (kk)
defect is within the nondepleted part of the n region, thus expe-
riencing zero electric field and large electric noise and linewidth.
For | V] > | V| the charges begin to be depleted around the spin
center, yielding a narrowing of the linewidth, and a shift in
frequency in response to the now present electric field.

the depletion region, and thus experiencing zero elec-
tric field and hence a zero frequency shift, in addition
to large electric noise, which leads to a large linewidth
I' ~ 0.5 GHz. For |V| > | V| the carriers surrounding the
spin center start to become depleted, allowing the spin
center to experience a nonzero electric field and smaller
fluctuating electric noise from the fewer carriers, leading
to a shifted optical emission frequency and a narrower
linewidth. Because of the large diode dimensions L., L, ~
100 um in Ref. [1], noise from the surfaces does not play
any role and it is ignored in Fig. 7. A very smooth linewidth
transition around Vy, is found in the experimental data.
Good agreement between theory and experiment is found
by assuming an electronic temperature around the defect of
approximately 300 K, produced by the laser illumination.
The higher the temperature, the longer the tail of electronic
density around the defect [n.(zger, V & Vin) o e=¢"/k8T],
which is the underlying reason for the smooth linewidth
transition as T; o n2/> ~ e~ ¥/3@/ksD); see Fig, 4(g).

V. SPIN DECOHERENCE DUE TO ELECTRIC
NOISE

Spin decoherence processes produce a continuous loss
of the memory of an initial state due to the influence of
and interaction with an environment. In this section we
study the decoherence of a single defect spin within a diode
device. For our case, the fluctuating electric field pro-
duces—in addition to the emission spectrum linewidth we
have evaluated already—spin decoherence [see Fig. 8(a)].
The random fluctuating electric fields produce a set of ran-
dom phases in the wave function of the spin state. After
averaging these random phases, we obtain a correspond-
ing exponential temporal decay of the state amplitude.
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FIG. 8. (a) Spin dephasing leading to decoherence due to the
fluctuating electric charges. (b) Comparison between single-
exponential and biexponential decoherence processes. (c) Deco-
herence contributions in Eq. (66) as a function of diode voltage.
(d) Increase of T+ decoherence time as a function of voltage due
to the reduction of the electric noise. The dark blue curve is plot-
ted exaggerating the d; and d (") dipole values by a factor of
approximately 10 (100). In (c),(d) the solid (dashed) lines rep-

resent the contributions within 7,4 proportional to «/Edé + dg

(V2d5 —db).

We find that for defects with Cj, point group symme-
try, the precise spin decoherence process can be addressed
correctly only through a 3 x 3 spin-1 formalism, which
includes the whole GS manifold. This in turn leads to a
biexponential decoherence process that cannot be obtained
through the usual 2 x 2 spin-1/2 formalism [5,7-9,11,17].
The complexity of the spin-1 manifold has been discussed
phenomenologically before (e.g., Ref. [13]); however, here
we describe how the structure and temporal behavior of
this decoherence emerge from microscopic models of elec-
tric noise. Finally, we obtain analytical formulas for the
spin coherence times as a function of the temperature,
defect position, diode voltages, diode dimensions, and
diode densities. These provide a good understanding of
how the electric noise competes with other noise types,
and also provide the nominal densities below which the
decoherence due to the electric noise is suppressed.

A. Spin-1 formalism for the decoherence of defects
with C;, point group symmetry

Here we apply the already-evaluated time-dependent
fluctuating field due to the fluctuations of charges illus-
trated in Figs. 4 and 5, yielding E(z,7) = E(z) + SE(?),
with average in time (SE (7)), = 0 and deviation [6E| =

(SE(n)?), [Eq. (31)]. Therefore, the GS Hamiltonian of

a defect with C3, symmetry can be written as the sum of
time-dependent and time-independent terms:

HL () = HE + H (D), (47)

where HY is given by Eq. (1) and

Hh(t) — dESE. (1) (Sy2 — Sﬁ) + dSSE, () (SiSy + 5,5:)

(48)

+dSE, (1) <S2 - %)
G z z 3 *

For NV centers and (hh) and (kk) divancancies oriented
along the diode direction (z axis), the only relevant com-
ponent of the dc electric field is along the z axis. For this
case, the eigenstates of Hgs are still given by |7_), |Tp),
and |7,). We emphasize that the analyses and results pre-
sented here are valid only for small magnetic fields since
a degeneracy of the triplet states |71) was assumed. We
now consider a general initial coherent state |{) ( = 0) =
[V)o =a—|T-) + ag|Ty) + a4 |T+), and let it evolve in
time in the presence of the total Hamiltonian [Eq. (47)].
After time ¢, the initial state |y/), is given by the Magnus
expansion in leading order

W) () = eZimt %O [y

=a-O|T-) +ao(®) |To) +a () |T4), (49)

with

1 t
Q=1 (1) = % /O dt/HSGUS (I/) (50)

1 ! ‘ J 3! v / v /!
Q= () = W/O /0 didl’ [Hes (1), Hes ()]
(51)

and the corresponding density matrix 0 () =
ZM,V:—,0,+ a; ®a, (O|T,) <Tu |, which represents the sys-
tem that has evolved for a time ¢ from the initial state.
We now average over the ensemble of fluctuating electric
charge configurations illustrated in Fig. 5, yielding

p——()  p-o@®) p—1()
@)= po-® po® pos@® |, (52)
p+— (B pro®  p1+(0)

with p,, () = (az o a, (t)). In this work we present the
analytical result for the most general initial coherent state
W) = a—|T-) +ag|To) +ay |Ty), with |a_|* + |aol* +
la,|* = 1 arising from the normalization. For this particu-
lar case, the a, (f) coefficients are given by
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e—iE_/t — 7 3

a0 _ 1. <_ﬂ,t> {a[F (Vadit) + F (—v2di,) | - ared @ [F (Vadi i) = F (—v2di1) ]}, 653)

ap (8

@@ _ g (2 54
e—i(Eo/ )t = Tat 5 ( )

ot =17 (25 oo (30) (- ot [ (i) = (V30 09

e—iEL/t — ) 3

where we have defined F (y, f) = e Ji#*E(") To obtain
these expressions we assume the fluctuating fields along
the x, y, and z axes, SE (1), 6E,(?), and $E.(1), all have
the same statistical properties (e.g., mean, deviation, and
correlation function), and hence 8E,(1),8E, (1),8E.(t) =
SE(t). To calculate the matrix elements of Eq. (52), we
average the product (F (y,0) F (8,1)) = <ei(y+5)f3d’/5E(f)>
= (F (y + 6,1)). This average is obtained by rewriting the
exponential as an infinite series, and computing the aver-

age of its individual components. Assuming that §E(¥)
follows a Gaussian probability distribution, we obtain

<eiy Ii dr’(SE(l’)> — o~/ fy fydldd (SE()SE(H")) (56)

To compute Eq. (56) we require the correlation func-
tion of the total fluctuating electric field at different
times, S(z,1') = <6E (t)dE (t’)), and assume temporal
transitional symmetry S(t’ — t) = S(z, t'). It is also suf-
ficient to know the noise spectral density S(w), which is
related to S(¢) through the Fourier transform § (t’ - 1:) =
[ (dw/27)S (@) €=, Here we assume the total
spectral density is described by the sum of two different
Lorenztian noise spectral densities, arising from the two
different sources of fluctuating electric charges, such as
those illustrated in Figs. 5(a) and 5(b). Thus,

2
S (w) = Z 20E") O (57)
n

3 1+(1)2‘L'7$’

where the index 7 stands for the different noise contribu-
tions, 7, represents the corresponding correlation time, and
SE" represents the corresponding fluctuating electric field,
given by Egs. (40) and (43). The correlation function thus
reads S (1) = 5 Y, (SE")?e™11/™ and for r 3> 7, yields [82]

( e dt’(SE(t’)> ~ o123 L, (0B Ty (58)

(

Finally, using Eq. (58), we obtain the diagonal terms

poo () = ai, (59)
1
p—— () = 3 [|a_|2 + |a+|2 + (|a_|2 _ |a+|2) e—t/Tl]’
(60)
1
P ) = 3 [la-F +lar P = (la_f? ~ lay ) M),
(61)

with characteristic longitudinal decay time

1

1 21 a1
F_<2‘/§d0) g2}7:(513) nto (@)

with ds = d /27, and the off-diagonal terms

iw_qot )
o ([) _ aoez [(ai + e—u'[/4a*+) e—t/T2+
+ (af — e_i”/4ai) e_t/Tz‘] , (63)
iwy ot
pot () = a0e2 " [(af +a*e ™) e T
+ (aj» _ aie—in/4) e—r/Tz,] , (64)

poi )= [da; +aat+ (aay—ata)e "]

2
(65)

with w,,, = E,, — E,, and the following transverse decay
times:

1 ~ o ~1\21 1
— = (V2at+d") = SE")? -, 66
= (\/_ L G) 3 Xn:( )’ T, + - (66)
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with glg = dﬂ;/Zn, and

1 —

2a

(2«/5215)2% > GEN T, + Tlo (67)
n

We emphasize that in Egs. (60)~(65), the intrinsic deco-
herence time 1y was introduced to incorporate other spin
decoherence mechanisms that were not taken into account
in our approach, e.g., dephasing from the random hyper-
fine nuclear fields of the surrounding atoms [43]. This is
an important element to add since in the absence of 1
our approach would permit an infinite decoherence time
as [SE"7| — 0. It is also important to emphasize that differ-
ently from many studies [5,7-9,11,17], here we do not find
only one transverse decay characteristic time, but rather
find four different ones, given by Eqgs. (66) and (67).

A further analysis of Egs. (63)~65) shows that p_, (¢)
has a decay time approximately 4 times faster than
po— () and pgy(?) (Try K Th+), and therefore we assume
o—_1(®) ~ 0. For the particular case of special experi-
mental relevance, a_ = 0 (ay = 0), we see that pg_(?)
[po+(®] [Eq. (63)] is given by the difference of two
exponentials with similar arguments, so we also assume
po— () = 0 [po+ () = 0]. With those two approximations,
o+ () [po—(®)] is the term responsible for the decoher-
ence. Surprisingly this term contains biexponential relax-
ation—rather than a single exponential—with characteris-
tic times given by Eq. (66).

In Fig. 8(b) we plot pg.(¢) with To4 # T, and T, =
T,_ = T,. We observe that the biexponential deviates from
the linear trend within the log plot, which could be eas-
ily seen in experiments. The biexponential also produces a
faster decay compared with the case with 7, = T, = T5.
The unusual biexponential feature appears due to the pres-
ence of the d¢ dipole term. Setting dj = 0, leading to
T»+ = T»_, produces the same single-exponential decay as
the 2 x 2 formalism.

The biexponential relaxation feature emerges as the sum
of two different decoherence processes. The first happens
due to the dephasing of the initial state through the diag-
onal Hamiltonian terms that are proportional to dLSE ®
[see Eq. (48)], while the second happens due to the off-
diagonal dJG-(SE (t) terms, which couple the |7,) and |T_)
subspaces. The presence of these off-diagonal terms allows
an additional dephasing process, in which the loss of the
memory of the initial state happens between the coupled
|T,) and |T_) subspaces. As a consequence of this cou-
pling we observe an increase of the population of the |7_)
state, p__(f) [Eq. (60)], which increases in time solely
due to the presence of d¢ # 0 within 7;. The 3 x 3 den-
sity matrix formalism for the spin-1 system is necessary
to obtain this biexponential relaxation process. If we had
excluded the |T_) state due to its absence in the initial state

[¥)9, we would not obtain the two longitudinal dephas-
ing times nor the increase of the |7_) population. Most
importantly, for NV centers and 4H-SiC divacancies we
have dé > dg [42], and thus the decoherence time is dom-
inated by the d& term, which is not present in the 2 x 2
formalism. Moreover, the results of the 2 x 2 spin-1/2 for-
malism can be easily recovered from our formalism when
dg = 0, which leads to o = Th_, T, = 0, and po_(1) =
p—+ () = p——() = 0.

B. Decoherence times as a function of diode voltage

To evaluate how the decoherence times obtained in
the previous subsection respond to the diode voltage via
Eq. (66), the correlation times of the fluctuating elec-
tric fields, t,, are required. There are two different cor-
relation times, which are associated with the bulk near
noise and the bulk p and n™ noise contributions, shown
in Figs. 5(a) and 5(b), respectively. To estimate those
quantities, we assume 7 = 10 K for the electron tem-
perature within the p and n* regions (experimental lat-
tice temperature in Ref. [1]) and either 7= 10 K or
T =300 K for the electrons within the n region, due
to the laser illumination. The estimate for 7, comes
from the relation between the mobility u and the dif-
fusion coefficient D for electrons and holes. For 4H-
SiC, ok ~ 15 ecm?/V's and u3p0k ~ 70 cm?/V's [83].
Using the relation D = (u/e)kpT and assuming D =
lgﬁ(l /T,), with the distance between trapped centers given
by lg & ne}fl/ 3, we can establish a relation between the
effective charge densities n.gx and the correlation time,
namely, 7, = (e/ ukBT)ne_P?/ 3, Finally, we obtain tIIOK R
8 ns and %K ~ 55 ps for ney =1 x 10" cm™3, and
7% ~ 16 ps for p and n* densities of approximately
10 x 10" em™3.

In Fig. 8(c) we plot the different contributions of 1/754
[Eq. (66)] as a function of the diode voltage V for the
characteristic times estimated above. The solid (dashed)
lines correspond to the term proportional to «/Edé + dg
(«/Ed(l; — dg) within 1/7,, (1/T,_). Here we use the same
diode parameters as in Fig. 7(a), where the spin center
is located at z = 4.42 pum, with corresponding Vy, = —70
V. We assume 1y = 1 ms, consistent with recent reported
values [43]. Because of the dipole inequality dj > dﬁ; fol-

lowing from di ~ 30 x 1072 Hz/V m and d); ~ 3 x 1072
Hz/Vm [84], we barely see a difference regarding the
different contributions proportional to \/zdé; + dg, thus
yielding 75+ =~ T»_ (and no evident biexponential relax-
ation). For |V] < |Vul, the spin center is placed outside
the depletion region, thus experiencing large electric bulk
near noise that yields a large (d¢SE")*t; contribution. On
the other hand, for | V] > |V, | the depletion region reaches
the spin center, and we start seeing a suppression of the
bulk near noise and a consequent decrease of (déBEI)%],
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similar to the narrowing of the PL linewidth in Fig. 7.
However, because of the short characteristic times 7, < 10
ns, we see that the bulk noise contributions are 3—5 orders
of magnitude smaller than 7o', thus showing the electric
noise is irrelevant for decoherence for these parameters.
This can also be seen in Fig. 8(d), where we plot 7+ as a
function of the voltage for 10 and 300 K for the » region
(purple and pink curves, respectively). The increase of the
coherence time due to the reduction of the surrounding
electric noise is very small. Therefore, for the diode setup
in Ref. [1], we should not observe an increase of the coher-
ence time after depletion of the bulk near fluctuations. This
result agrees with the measurements reported in Ref. [1],
which did not observe any increase of 7, for |V] > |Vil.
An important implication of this finding is the potential to
use divacancies embedded in gated diode devices as a pos-
sible way to realize qubits without having the drawback of
susceptibility to the electric noise arising from the charged
diode regions. Similarly, we can also extrapolate this appli-
cation to qubit divacancies under nearby electrical gates.
Furthermore, we see that the 7, decoherence process due
to the electric bulk near noise will be suppressed only for
fluctuating electric fields and correlation times satisfying

1/79

ISEi|*7 < 5 (68)
3 (Vadt =)
which with the use of Eq. (36) can be expressed as
1
n*r < /% (69)

(e2/672e2) (V2di & dg)”

which establishes a relation among the suppression of
the electric noise in terms of electronic density, correla-
tion time, and defect electric dipole moment. Using this
formula, we note that if the electric dipole constant is
approximately 10 times larger, or if the correlation time
is approximately 100 longer, we would observe a clear
increase of the coherence time after depletion of the region
surrounding the spin center. This is shown by the dark blue
curve in Fig. 8(d), where we assume dj ~ 300 x 1072
Hz/Vm and dg ~ 200 x 1072 Hz/Vm. In addition, with
the new values for the dipole constants, we also see a clear
difference between 7,_ and 75, , which in turn would lead
to an evident biexponential relaxation process.

VI. CONCLUSIONS

We provide a thorough and complete analytical and
numerical theoretical description of the optical and elec-
tronic properties of a spin center in the presence of
a dc electric field and local charge depletion produced
through a voltage applied across a p-n-n™ diode. Our
results are in good agreement with the experimental

measurements reported in Ref. [1], and provide a more
detailed understanding of the structure and properties of
the materials used in the diode. The diode structure allows
precise control of the spin center’s optical emission (PL)
frequencies. Analytical expressions for the spin center’s
transition frequencies are obtained as a function of the
applied voltage and the diode parameters, which allows
us to extract not only the electric dipole constants but
also the spin center’s position within the diode. We pro-
pose practical 4H-SiC diode parameters that would allow
frequency shifts of the PL in the terahertz range with-
out dielectric breakdown. Moreover, the creation of the
depletion region around the spin center’s position removes
electric noise from charges near the spin center, thus nar-
rowing the spin center’s PL linewidth, which we calculate
analytically and simulate numerically, with similar results.
Finally, we introduce a spin-1 formalism for the decoher-
ence process of a spin center’s ground state that yields a
biexponential spin decoherence from microscopic models
of electric field noise, and explain why this has not yet
been seen experimentally for spin centers in diodes; how-
ever, for closely related systems it should be possible to
both observe these features and increase the spin coherence
time through local charge depletion. We show that for typ-
ical diode designs and densities, the electric noise arising
from the p, n, and n™ regions does not substantially shorten
the spin defect coherence times, thus creating a possible
path for qubit manipulation with gated diode structures. In
addition, the possibility of large tunable Stark shifts (on
the order of terahertz) accompanied by a corresponding
small linewidth (approximately 20 MHz) and small deco-
herence rate makes this system an excellent candidate for
a single-photon source. For instance, for SiC divacancy
frequency shifts of approximately 2 THz with correspond-
ing linewidths of approximately 20 MHz, it is possible to
obtain shift-to-linewidth ratios of approximately 10°, the
highest within solid-state single-photon-emission sources
[1]. Finally, none of the theoretical results presented in this
paper disagree with recent experimental results [1].
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APPENDIX A: FREQUENCY SHIFT FOR
ALTERNATIVE DENSITIES

For completeness, in Fig. 9 we also show the fit of the
(kk), (hh), and (kh) divacancy frequency shifts in Fig. 3
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FIG. 9. Fit for the frequency shift versus voltage V' for the

|E,) = |To) and |Ei,) — |T+) (hh) and (kk) transitions and
for the ‘A£)> — ‘;10> (kh) transition for densities (a) N = 1 x
105 ecm™3, (b)) N =2 x 10° em™3, and (¢) N = 3 x 10'° cm™3

using densities N = 1 x 10" cm™3 [Fig. 9(a)], N =2 x
10" cm~3 [Fig. 9(b)], and N = 3 x 10! cm~3 [Fig. 9(c)].
It is evident that the greater the density N, the more accu-
rately the experimental curve is fitted, thus suggesting N 2>
3 x 10" cm™3. We propose that the fluctuating charges are
the nominal charges in the # region, whereas the additional
charges are deeper traps due to the preparation properties
of the material. These contribute to the depletion curves
but do not contribute to the optical linewidths due to their
deep trap status.

APPENDIX B: PHOTOLUMINESCENCE FOR
ALTERNATIVE RATIOS OF TRAPPED
ELECTRONS

In Fig. 10 we plot the photoluminescence of the sin-
gle (kk) divacancy with |E,) — |To) and |E;,) — |T%)
addressed transitions for different fractions of trapped elec-
trons: namely, 1/8 [Fig. 10(a)], 3/4 [Fig. 10(b)], and 1/2
[Fig. 10(c)]. It is evident that even for different con-
centrations of trapped electrons, Fig. 10 still reproduces
accurately the experimental data in Fig. 7(b).

—_

a) 7/8 trapped electrons (b) 3/4 trapped electrons (C) 1/2 trapped electrons
8
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FIG. 10. Single (kk) divacancy photoluminescence with
|Ey) — |To) and |E,) — |T.) addressed transitions for (a) 7/8,
(b) 3/4, and (c) 1/2 fractions of trapped electrons.
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