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HIGHLIGHTS

® Theory of electrically driven single-photon sources based on color centers in silicon carbide p—i—n diodes.

e New method of determining the electron and hole capture cross sections by an optically active point defect (color center) from the

experimental measurements of the single-photon electroluminescence rate and second-order coherence.

e The developed method is based on the measurements at the single defect level. Therefore, in contrast to other approaches, one point

defect is sufficient to measure its electron and hole capture cross sections.

ABSTRACT Point defects in the crystal lattice of SiC, known as

color centers, have recently emerged as one of the most promising

single-photon emitters for non-classical light sources. However, the . Single-Photon Source
search for the best color center that satisfies all the requirements of %%

practical applications has only just begun. Many color centers in SiC

have been recently discovered but not yet identified. Therefore, it is

SiC p-i-n diode

extremely challenging to understand their optoelectronic properties
and evaluate their potential for use in practical single-photon sources.
Here, we present a theoretical approach that explains the experiments
on single-photon electroluminescence (SPEL) of novel color cent-
ers in SiC p—i—n diodes and gives the possibility to engineer highly
efficient single-photon emitting diodes based on them. Moreover, we
develop a novel method of determining the electron and hole capture
cross sections by the color center from experimental measurements
of the SPEL rate and second-order coherence. Unlike other methods,
the developed approach uses the experimental results at the single defect level that can be easily obtained as soon as a single-color center

is identified in the i-type region of the SiC p—i—n diode.
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1 Introduction

In spite of the significant progress in the development of
quantum technologies in the past decade, the lack of bright
and efficient true single-photon sources that can operate out-
side of a research laboratory impedes the implementation of
many practical quantum information, metrology, and sensing
devices, ranging from unconditionally secure communica-
tion lines to optical quantum computers. Although attenu-
ated lasers can partially substitute for true single-photon
sources (for example, in quantum cryptography applications
[1-3]), they do not allow to use the full potential of quan-
tum technologies since they do not provide single photons
[4, 5]. It has been demonstrated that single photons can be
produced at a rate of up to 10 photons per second using
spontaneous parametric down-conversion [6—8]. However,
this approach does not allow to generate single photons on
demand, which greatly limits its potential for practical appli-
cations. In this regard, single-photon sources based on quan-
tum systems capable of single-photon emission are in high-
est demand [9]. Ideally, the quantum system should operate
under ambient conditions and be excited electrically [9, 10].
However, each quantum system has its own weaknesses.
Epitaxial quantum dots demonstrate remarkable emission
properties under electrical pumping [11, 12] but operate only
at low temperatures [13]. Color centers in diamond, sili-
con carbide, and related materials can operate at room and
higher temperatures under both optical and electrical pump-
ing [14-26]. Most of these point defects in the crystal lattice
of wide-bandgap semiconductors are free from blinking and
bleaching and have a short radiative lifetime of the excited
state. However, their electrical excitation is complicated due
to the low density of free carriers in wide-bandgap semi-
conductors [27-32]. Meanwhile, electrical pumping is the
only possibility to achieve high energy efficiency, integrabil-
ity, and scalability of single-photon sources [10, 33-35]. In
this regard, silicon carbide is probably the most promising
host material for color centers since the expected brightness
of electrically pumped color centers in silicon carbide is
significantly higher than in diamond, 2D hexagonal boron
nitride, and many other materials [23, 36, 37]. Compared
to diamond, silicon carbide is a relatively new material in
quantum optics, and, therefore, only a few color centers have
been identified and studied in detail [20]. Nevertheless, it has
already been found that some yet unidentified point defects
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emit at telecom wavelengths [38, 39]. These findings make
single-photon sources based on silicon carbide even more
attractive for practical applications, and further research in
this direction is highly demanding.

In this work, using a rigorous theoretical approach and
self-consistent numerical simulations, we explain the recent
experiments on single-photon electroluminescence of the
yet unidentified color centers in 4H-SiC p—i—n diodes. We
analyze how the inherent properties of the color center affect
the measurements and, moreover, develop a novel method of
determining the electron and hole capture cross sections by
the color center from the electroluminescence measurements
at the single defect level.

2 Results and Discussion
2.1 4H-SiC Single-Photon Emitting Diode

Figure 1 shows a schematic of the single-photon emitting
diodes (SPEDs) based on a color center in the n™-type
region of the lateral 4H-SiC p*-n~—n* diode. The thick-
ness of the n™-type layer is equal to 17 pm, which is on
top of the 10-pm-thick 4H-SiC semi-insulating layer with
almost zero free carrier density. The distance between
the p*-type and n*-type regions is equal to 10 pm, and
the thicknesses of these heavily doped regions are about
250 nm and 300 nm, respectively. The spatial distribution
of donors and acceptors is shown in Fig. 1. The donor
compensation ratio by acceptor-type impurities and defects
in the n-type regions and acceptor compensation ratio by
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Fig. 1 Schematic of the single-photon emitting diode based on a
color center in a lateral 4H-SiC p*-n"-n* diode and spatial distribu-
tion of donors and acceptors in the device
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donor-type impurities and defects in the p-type region are
assumed to be 1% [28]. The thickness of the oxide layer
on top of the n™-type region is 45 nm. The color center
is located in the n™-type region near the 4H-SiC/SiO,
interface. This SPED configuration was recently experi-
mentally studied in Refs. [24, 25], and several new color
centers showing both electroluminescence and photolumi-
nescence have been found, particularly the one that emits
at wavelengths 700-850 nm [24]. The origin of these point
defects in the crystal lattice of 4H-SiC has not been identi-
fied yet, and very little is known about their properties. In
this regard, it is important to understand their optoelec-
tronic properties and gain knowledge about the potential
of these and other novel color centers in SiC for practical
applications in quantum optics and optoelectronics.

Since the origin of the studied color center has not been
identified, its charge states and electronic energy level
structures of these charges are not known yet. Therefore,
we perform here a comprehensive theoretical and numeri-
cal analysis of the single-photon electroluminescence
(SPEL) of novel color centers in 4H-SiC by extending
the theory developed by Fedyanin et al. [23, 40, 41]. We
assume that the color center has two charge states: (0)
and (— 1),— that are involved in the electroluminescence
process. This model has been successfully used to describe
the electroluminescence of NV centers and SiV centers in
diamond [40, 41]. Moreover, the only known color center
that has a positively charged state which is involved in the
electroluminescence process is the silicon antisite defect
in 4H-SiC [22, 23]. Therefore, our assumption is the most
natural in the case of the unidentified center.

The SPEL of color centers in SiC is determined by the
electron and hole capture processes [23, 40]. The color
center can emit a photon either after the electron capture
event (like in the case of the SiV center in diamond [40])
or after the hole capture event (like in the case of the NV
center in diamond [40, 41]) as shown in Fig. 2a, b. There is
no difference in the SPEL rate in the steady state between
these two models. The reason for this is that the SPEL
process is cyclic, and the SPEL measurements can show
only the transition between the excited and ground states
of the color center. Therefore, it does not matter whether
the color center captures an electron first or captures a
hole first between two single-photon emission events. In
both models shown in Fig. 2a, b, the SPEL rate is equal to
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where 7, and 7, are the radiative and non-radiative lifetimes
of the excited state and 7, is the lifetime of the shelving state,
n and p are the electron and hole densities in 4H-SiC in the
vicinity of the color center, and cnO and ¢, are the electron
and hole capture constants. The lifetimes z,, 7,,, and 7, have

nr’»

been found using the photoluminescence measurements
[24]. The hole capture constant by the negatively charged

color center is estimated to be ¢,” =2.8 X 1077 cm®s ! using

the cascade capture model [23, 40], while the electron cap-
ture constant by the color center in the neutral charge state
c,’=3.6x1078 cm® s7! is calculated assuming the elec-
tron capture cross section to be about the lattice constant
(2% 10715 cm?). A more accurate estimation of the capture
rate constants is not possible without knowing the electronic
structure of the color center [42, 43].

2.2 Self-Consistent Numerical Simulation
of the Single-Photon Emitting Diode

Following the methodology developed in Ref. [23], we self-
consistently simulate the SPED shown in Fig. 1 and find the
dependence of the SPEL rate on the injection current. The
simulation domain is as large as 70 x 27 pum? to take into
account the effect produced by long contacts to the n*- and
p*-type regions in the experiment [24]. At the same time,
the mesh size near the SiO,/4H-SiC interface in the n™-type
region between the p*- and n'*-type regions is as small as
20 %5 nm?, which ensures accurate simulation of the elec-
tron and hole transport in the 4H-SiC SPED. The electron
mobilities in the p*-, n™-, and n*-regions are calculated to
be 11, 900, and 10 [44—46]. Similarly, the hole mobilities in
these regions are calculated to be 25, 140, and 20. The die-
lectric permittivity is averaged over all directions and equals
10 [47]. Other parameters used in the numerical simulations
can be found in Refs. [23, 48].

Figure 2c shows the simulated dependence of the SPEL
rate on the injection current for the color center located near
the SiO,/4H-SiC interface in the n™-type region at a dis-
tance of 3 um from the p*—n~ junction. Since the surface
recombination velocity S was the only unknown parameter,
it was varied in the simulations to better fit the experimental
data. As can be seen, the results of the numerical simulations
demonstrate almost ideal coincidence with the measure-
ments at §=5x 10° cm s~!. Although the obtained value of
the recombination velocity is relatively high, it is consistent

@ Springer
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Fig. 2 a Diagram illustrating the model of the single-photon electroluminescence process for the color center with two charge states (the nega-
tively charged and neutral) that emits from the negatively charged state under electrical pumping. g, x, and s are the populations of the ground,
excited, and shelving states of the negatively charged color center; z is the population of the neutrally charged state. b Diagram illustrating the
model of the single-photon electroluminescence process for the color center with a negatively charged state and a neutral charge state that emits
from the neutrally charged state under electrical pumping. Since the color center emits after capturing a hole, the energy levels of the neutral
color center are plotted for a hole, and, therefore, the excited level is illustrated below the ground level [40, 41]. ¢ Simulated SPEL rate versus
injection current density per unit diode width for the color center located near the SiO,/4H-SiC interface in the n™-type region at a distance
of 3 pm from the p™—n~ junction and 10 nm from SiO,/4H-SiC interface for different surface recombination velocities S at the SiO,/4H-SiC
interface. Also shown are the experimental points retrieved from Ref. [24] and corrected for the detection efficiency 7, and collection efficiency
. Man.=0.9%). d Spatial distribution of free electrons in the n*-, n™-, and p*-type regions of the 4H-SiC p*-n~-n* diode at a current density
per unit device width of J=1.4 A cm™'. The surface recombination velocity is equal to 5% 10°> cm s~'. e Spatial distribution of the ratio of the
hole density to electron density at a current density per unit device width of J=1.4 A cm™'. The surface recombination velocity is equal to
5%10° cm s™!. f Dependence of the free electron and hole densities in the vicinity of the color center on the injection current for different sur-
face recombination velocities
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with experimental measurements on some 4H-SiC devices
[49]. Nevertheless, we expect the surface recombination
velocity to be slightly lower. Since the surface recombina-
tion velocity is not reported in Ref. [24] and the theory gives
only approximate value of the electron and hole capture
cross sections, below, we discuss how the surface recombi-
nation velocity and free carrier capture cross section affect
the single-photon electroluminescence measurements.

2.3 Electron Capture Cross Section

It is important to note that in silicon carbide p—i—n diodes,
the current through the device is determined only by the
Shockley—Read—-Hall recombination in the i-type region and
at the 4H-SiC/Si0, interface:

_ / n(x, y)p(x,y)
7,(n(x, y) — ny) + 7,(p(x, y) — py)

dxdy, @)

where 7, and 7, are the lifetimes of electrons and holes, n,
and p, are the electron and hole densities when the Fermi
level coincides with the energy level of the traps. Electrons
that flow from the n-type region do not reach the p-type
metal contact (Fig. 2d). Instead, in the i-type region, they
recombine with holes injected from the p-type region. Since
the single act of recombination involves one electron and one
hole, the density of electrons and holes in the i-type region
of the 4H-SiC p-i—n diode is equal to each other under the
forward bias conditions (Fig. 2e). Thus, the densities of both
electrons and holes at moderate and high injection levels are
unambiguously determined by the injection current. In the
4H-SiC p*—n~—n" diode shown in Fig. 1, at zero bias volt-
age, the electron density in the vicinity of the color center in
the n™-type region is of the order of 10'°~10'* cm™, depend-
ing on the position of the color center, which is much larger
than the hole density. However, as the bias voltage increases,
the hole density rapidly increases and approaches the elec-
tron density (Fig. 2f). At current densities per unit device
width above 1 A cm™!, the electron and hole densities are
almost equal to each other.

The fact that n=p in the i-type region of the 4H-SiC
pT-n~-n" diode at moderate and high injection currents
allows to simplify Eq. (1). If the properties of the defects
at the SiO,/4H-SiC interface are known, i.e., the surface
recombination velocity is known, it becomes possible to
retrieve (1/¢c,” + 1/¢,%)~! from the experimental data by
fitting the dependence of the SPEL rate on the injection
current using numerical simulations (Fig. 3). Even if

SHANGHAI JIAO TONG UNIVERSITY PRESS

the properties of the SiO,/4H-SiC interface are not well
known, the theory combined with the numerical simula-
tions allows to estimate the upper and lower bounds of the
carrier capture cross section by the color center. Moreo-
ver, since the color center in the negatively charged state
attracts positively charged holes, the hole-capture constant
¢, by the negatively charged color center is much larger
than the electron capture cross section by the neutral color
center. Therefore, (1/c,” + 1/¢,% '~ ¢,° which allows to
find the electron capture constant.

If the surface recombination velocity is lower than
10* cm s7!, it does not affect the dependence of the
SPEL rate on the injection current, as shown in Fig. 2c.
In this case, the electron capture cross section is equal
to about 2x 1072 ¢cm® s~!, which gives the lower bound
on ¢,°. Using the fact that the surface recombination
velocity at the 4H-SiC/Si0O, interface should not exceed
10% cm s~! [49-51], we obtain the upper bound on ¢, of
7.2x 1078 cm® s7!. We expect the surface recombination
velocity S to be of the order of 10° cm s~! [49]. How-
ever, since S has not been measured for the experimentally
studied device, in Table 1, we summarize how the surface
recombination velocity used in the numerical simulations
affects the electron capture constant ¢,” and electron cap-
ture cross section ¢,° by the neutral color center.
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Fig. 3 Simulated SPEL rate versus injection current density per
unit diode width for the color center located near the SiO,/4H-SiC
interface in the n™-type region at a distance of 3 pm from the p*—n~
junction and 10 nm from SiO,/4H-SiC interface for different surface
recombination velocities S at the SiO,/4H-SiC interface. The electron
capture cross section by a neutrally charged color center ¢, is equal
t0 7.2x 107 cm3 57!
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Table 1 Dependence of the electron capture constant ¢’ and the
electron capture cross section ¢,’ by the neutral color center and the
hole capture constant ¢, and hole capture cross section o, by the
negatively charged color center on the surface recombination velocity
S used in the numerical simulations

S (cms™h cno (em®s7h ono (cm?) cy (em®s™h oy (cm?)

0 1.5%x107° 83x107'7 29x1078 2.6x1071
10* 2.0x107° 1.1x107'®  4.0x1078 3.5x107P
2x10* 2.4x107° 13x107'%  4.7x1078 42x%107
5%10% 40x107° 22x1071% 8.0x107® 7.1x107
1x10° 6.9%107° 3.8x1071%  1.5x1077 1.3x1071
2x10° 1.3x1078 7.4x107'%  3.4x1077 3.0x1071
5%10° 3.6x1078 20x107°  8.4x1077 7.4x10714
1x10° 6.8x1078 3.8x107%  1.5x107° 1.3x1071

2.4 Hole Capture Cross section

Besides the dependence of the SPEL rate on the injection
current, the g function of a single electrically pumped color
center is usually measured in the experiment [17, 18, 22, 24].
Despite that in most studies, the g'® function is used just to
prove that the source generates single-photon states, it gives
a lot of information about the electro-optical properties of
the color center [23, 41]. The g function of an electrically
pumped color center with two charge states shown in Fig. 2a
can be found by solving the equations for the population
dynamics of the ground and excited states of the neutral and
negatively charged color center using the following initial
conditions: the population of the negative ground state g is
equal to 1 and the populations of the negative excited state
(x), negative shelving state (s) and neutral state (z) are equal
to 0 at r=0 [41]. At an SPEL rate of higher than 10 pho-

tons s~

, we can neglect thermal excitations, which greatly
simplifies the system of equations that describes the popula-

tion dynamics of the states of the color center [23]:

-

w = 72(0)cn(J) — x(7) <l + L) s
dr n T, Ty

as) _ ) _ 5o

4 dr Tor T (3)
dg(n)  x(t) | s(®) _
T —r + _5 = 80, pl),
dz(1)

— - _ 0
o = 8Wepl) —z20)e,nJ).

The solution of this system of equations is a triple-exponen-

tial function [23]. It should be noted that we obtain absolutely
the same solution in the case of the model shown in Fig. 2b

© The authors

since for the photon emission process, it does not matter
whether the color center captures an electron first or a hole
first between two single-photon emission events. The ana-
lytical solution is, however, difficult and practically useless,
since the obtained expressions are very bulk and are difficult
to analyze. Therefore, we employ the numerical technique.
Figure 4 shows the experimentally measured g functions
and g® functions simulated at different surface recombina-
tion velocities assuming the hole capture rate constant to be
given by the cascade capture model (c,” =2.8 X 1077 ecm? s},
as discussed above). For every surface recombination veloc-
ity, we used the electron capture constant ¢, obtained by fit-
ting the dependence of the SPEL rate on the injection cur-
rent (see Table 1). It can be seen that the theoretical curves
do not give a good fit to the experimental data at a fixed
surface recombination velocity (Fig. 4a—c). From the data
at low injection currents, it seems that S should be about
10° cm/s, while the high current data show that S should
be higher than 5x 10° cm s™!. To better understand this, we
introduce the g function half-rise time 7,,, and compare the
results of the numerical simulations with the experimental
data (Fig. 4d). It can be seen that at a hole capture constant
of 2.8 x 107" cm® s™!, none of the curves plotted in Fig. 4d
gives a good fit to the experimental points.

Since the electron capture constant has already been
found from the dependence of the SPEL rate on the injec-
tion current, we can use the theory and numerical simula-
tions to find the hole capture constant from the experi-
mental data for the g'® function. Although the system of
Eq. (3) is difficult to analyze, it has been demonstrated that
in the absence of the shelving state, the characteristic time
of the g function is equal to 1/(cn0n + ¢, p) at moder-
ate and low injection levels [41]. Since cno K Cp s the g(z)
function is mostly determined by the hole capture process
rather than the electron capture process. Hence, we can
find the hole capture rate constant ¢,” from the experi-
mentally measured g® functions. Since at high surface
recombination velocities (> 10° cm s_l), the hole density
is slightly lower than the electron density in the n™-type
region near the 4H-SiC/Si0, interface (Fig. 2e, f), we take
into account the non-zero c,” in our direct numerical simu-
lations and fit the g® functions. The obtained hole capture
constants at different surface recombination velocities are
summarized in Table 1. Figure 5 clearly shows that the
new values of the hole capture constant give much better
coincidence with the experimental results than the hole
capture constant calculated using the cascade capture
model, at both low and high injection currents.

https://doi.org/10.1007/s40820-021-00600-y
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Fig. 4 a—c Numerically simulated g® functions and the experimental g® curves retrieved from Ref. [24] at current densities of 2.9 (a), 8.6
(b), and 23 (¢) mA cm™. d Comparison between the numerically simulated g(2) function half-rise time and the g(z) function half-rise time
obtained in the experiment. In all panels, the ¢ functions are simulated using the hole capture constant given by the cascade capture model

¢, =2.8X 1077 cm® s™! and the electron capture constant from Table 1
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Fig. 5 a, b Theoretical g functions simulated at ¢, =1.5x% 1077 cm® s~ and experimental g curves retrieved from Ref. [24] at current densi-

ties of 2.9 (a) and 8.6 (b) mA cm™'. ¢ Half-rise time of the experimentally measured g® function and fit obtained using numerical simulations
of the 4H-SiC single-photon emitting diode. In all panels, =10 cm s, ¢, =15x% 1077 cm3 57!, and ¢,°=6.9x 107 cm® s! for the theoretical
curves

2.5 Charge States of the Color Center find the electron and hole capture cross sections by the color

center, it does not give the possibility to find from which
We should note that although the developed theoretical  charge state the color center emits photons under electrical
approach allows to explain the experimental results, repro-  pumping since the SPEL rate and the g functions are the
duce the dependence of the SPEL rate on the injection cur-  characteristics of the photon emission process, which are
rent and the g functions at different currents, and even  not sensitive to the order of the hole capture and electron
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Fig. 6 a Energy-band diagram of the lateral 4H-SiC p*—n~—n" diode
shown in Fig. 1 along the line y=10 nm in equilibrium (V=0), F is
the Fermi level. The (0l—1) charge state transition level is illustrated
to be 1.9 eV below the conduction band edge of 4H-SiC. b Depend-
ence of the charge of the color center on its position in the 4H-SiC
p*-n"-n* diode at y=10 nm for the (0l—1) charge state transition
level shown in panel a

capture events between two photon emission events as dis-
cussed above. Therefore, to find from which charge state the
color center emits, additional measurements are required.
Figure 6a shows the energy-band diagram of the 4H-SiC
SPED in equilibrium. The charge state of the color center
at position (x, y) is determined by the position of the Fermi
level at point (x, y) with respect to the energy level of the
ground state of the color center (Fig. 6a, b) [52-56]. The
occupation of the (— 1) charge state in a single-electron
approximation is given by [52]:

1
— _ F ’
1+ @ exp < ground ) “4)
8 kT

where g, and g, are the degeneracy factors of the (0) and
(— 1) charge states, respectively, F is the Fermi level in
4H-SiC in the vicinity of the color center, E™ o4 18 the
ground level of the color center in the (— 1) charge state,
and kT is the thermal energy. If Fis below E™ 4, the color
center in the (0) charge state, and vice versa, if F is above
E™ 4 ouna» the color center is in the (— 1) charge state. In this
regard, E™ 54 18 typically referred to as the (0I—1) charge
state transition level. If the color center emits from the (— 1)

faF) =

© The authors

charge state (Fig. 2a), the (0l— 1) charge state transition level
should lie more than 1.9 eV below the conduction band edge,
since spectral measurements of the studied color center show
that energy of the emitted photon can be as high as 1.77 eV
[24], the excited state should lie below the conduction band
edge to be able to capture an electron from the conduction
band, and we do not observe any sign of thermal emission
of electrons from the excited state to the conduction band of
silicon carbide in the numerical simulations that reproduce
the experimental results. Therefore, in equilibrium, the color
center should show photoluminescence only if it is to the
right of x=1 pm (Fig. 6).

Similarly, if the color center emits from the (0) charge
state (Fig. 2b), the (0l— 1) charge state transition level (the
ground level of the (— 1) charge state in Fig. 2b, which either
coincides with the ground level of the (0) charge state or
lies slightly above it) should be more than 1.9 eV above
the valence band edge, i.e., less than 1.3 eV below the con-
duction band edge of silicon carbide. In this case, the color
center shows bright photoluminescence in equilibrium if it
is on the left of x=1.6 pm. However, if the (0l— 1) charge
state transition level is less than 0.5 eV below the conduction
band edge, the color center should show bright photolumi-
nescence if it is on the left of x=3.2 pm. The studied color
center shows photoluminescence at a distance of about 3 pm
from the p*—n~ junction. Therefore, the choice between the
models shown in Fig. 2a, b depends on the ionization energy
of the color center. Additional studies of the photolumines-
cence properties of the considered color center under nega-
tive bias voltages [52—56] or studies of color centers of the
same type located in the p*-type region, n*-type region, and
in the n™-region near the n™—n" junction are required to find
from which charge state the color center emits. Nevertheless,
we should note that it is very unlikely that in 4H-SiC, which
has a bandgap energy of 3.23 eV, the (0l— 1) charge state
transition level is as close to the conduction band edge as
0.5 eV. Therefore, we should expect the color center to emit
from the (— 1) charge state rather than from the (0) charge
state under electrical pumping.

Since the charge states of the studied color center are
not known, we have also considered the SPEL process that
involves the (0) and (+ 1) charge states of the color center,
which is similar to the SPEL process of the silicon antisite
defect in silicon carbide [23], and, using the developed
approach, obtained the electron capture cross section by the
positively charged color center and the hole capture cross
section by the neutral color center from the experimental

https://doi.org/10.1007/s40820-021-00600-y
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Table 2 Electron capture constant ¢, and electron capture cross sec-
tion 6,* by the positively charged color center and hole capture con-
stant cpo and hole capture cross section apo by the neutral color center
obtained from the experimental data using the model of the SPEL

process that involves the (0) and (4 1) charges states

S(ems™ ¢ (em’s™h) g, (cmd) cpo (em®s™h apo (cm?)

0 2.7x1078 15%x10°%  1.7%x107° 1.5%1071°
10* 3.5%1078 19%x10°%  2.1x107° 1.9% 10716
2x10* 4.1x1078 23x107%  2.6%x107° 2.3x10716
5%10% 5.8x1078 32x107%  43x107° 3.8x10716
1x10° 8.4x1078 47%x1075  85%x107° 7.5%10716
2x10° 12x1077 69x107°  1.7x1078 1.5%x107

measurements of the SPEL rate and g® functions (Table 2).
The theoretical model does not give a good fit to the experi-
mental results for surface recombination velocities higher
than 3% 10° cm s~!. At the same time, at lower recombina-
tion velocities, the electron capture constant by the posi-
tively charged color center in the (0) <> (+ 1) model is almost
the same as the hole capture constant by the negatively
charged color center in the (— 1) <> (0) model. Similarly,
the capture constants by the neutral color center are almost
the same in both models. This is because the electron and
hole densities in the vicinity of the color center are almost
equal to each other at moderate and high injection levels in
the studied 4H-SiC p*—n~—n" single-photon emitting diode
(Fig. 2f). In a 4H-SiC p-i-n single-photon emitting diode,
where there are no free carriers near the color center at zero
bias, the coincidence between the capture constants by the
charged color center in two models would be even better,
especially at low surface recombination velocities. Finally,
we have considered all possible three-charge-state models
of the SPEL process, and the obtained capture cross sections
are almost equal to that provided in Tables 1 and 2.

Thus, we can conclude that the developed method gives
the possibility to accurately determine the free carrier
capture constants by the charged color center and neutral
color center, while for determining which charge states are
involved in the SPEL process, additional measurements are
required.

3 Conclusions
In this work, we have presented a theoretical description

of the single-photon electroluminescence process of novel
color centers in silicon carbide p—i—n diodes, which are

SHANGHAI JIAO TONG UNIVERSITY PRESS

considered the most promising electrically driven single-
photon sources. We demonstrate that the developed theo-
retical model allows to explain the experimentally measured
dependences. The performed self-consistent numerical sim-
ulations reproduce the experimental results on the SPEL rate
and the second-order coherence. We show that the electro-
luminescence properties of the color center, both the SPEL
rate and the second-order coherence function, are mostly
determined by the free electron and hole capture process by
the color center. The proposed theoretical approach for the
ab initio estimation of the electron and hole capture rate by
the color center is in good agreement with the experimental
results. However, there is a small discrepancy between the
theory and experiment, which arises due to the difference
between the theoretically estimated and actual capture cross
sections by the color center. This discrepancy can be used
to find the capture cross section from the experimental data.

We developed a novel approach that gives the possibility
to evaluate both the electron and hole capture cross sec-
tions by the color center using only the measurements of
the SPEL rate and the second-order coherence of the electri-
cally pumped color center. Unlike the common techniques,
such as the deep-level transient spectroscopy (DLTS), the
developed approach allows to retrieve the electron and hole
capture cross sections by the color center from the measure-
ments at the single defect level using the numerical simula-
tions. This approach is particularly important in the case of
silicon carbide, where it is not possible to create a very high
density of defects of only one type. Our approach gives the
possibility to study novel color centers in silicon carbide
p—i—n diodes as soon as a single defect is isolated and meas-
ured. The accuracy of the developed theoretical approach
is determined by the accuracy in determining the electrical
properties of silicon carbide p—i—n diode, particularly the
surface recombination velocity. The latter can significantly
affect the measurements. The accuracy of the method with
respect to the accuracy of the measured position of the color
center, which is typically about+ 0.5 pm, is about 30% at
high surface recombination velocities and is less than 20%
at surface recombination velocities < 10* cm/s.

The electron and hole capture cross sections obtained
using our approach can help to identify the color center,
which can be done by comparing the capture cross sections
obtained using the DFT and similar techniques with the cap-
ture cross sections retrieved from the experiment using our
method. The ability to find the capture cross sections by

@ Springer
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a novel color center is also of crucial importance for the
design and development of quantum optoelectronic devices
based on novel color centers where charge state switching,
control, or stabilization is required, such as for protecting
quantum memories based on color centers [56], electrical
readout of the spin state of the color center at a high repeti-
tion rate [57], pulsed electrical single-photon sources [58],
or photocurrent detected magnetic resonance (PDMR)
devices [59, 60].

Acknowledgments The authors acknowledge Matthias Widmann
and Sang-Yun Lee for fruitful discussion. The work is supported
by the RFBR and DFG (project 19-57-12008) and the Minis-
try of Science and Higher Education of the Russian Federation
(0714-2020-0002).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. R. Bedington, J.M. Arrazola, A. Ling, Progress in satellite
quantum key distribution. npj Quantum Inf. 3, 30 (2017). https
://doi.org/10.1038/s41534-017-0031-5

2. J. Yin, Y.-H. Li, S.-K. Liao, M. Yang, Y. Cao et al., Entan-
glement-based secure quantum cryptography over 1,120 kilo-
metres. Nature 582, 501-505 (2020). https://doi.org/10.1038/
s41586-020-2401-y

3. P.Sibson, C. Erven, M. Godfrey, S. Miki, T. Yamashita et al.,
Chip-based quantum key distribution. Nat. Commun. 8, 13984
(2017). https://doi.org/10.1038/ncomms 13984

4. E.Diamanti, H.-K. Lo, B. Qi, Z. Yuan, Practical challenges in
quantum key distribution. npj Quantum Inf. 2, 16025 (2016).
https://doi.org/10.1038/npjqi.2016.25

5. Q. Zhang, F. Xu, Y.-A. Chen, C.-Z. Peng, J.-W. Pan, Large
scale quantum key distribution: challenges and solutions. Opt.
Express. 26, 24260-24273 (2018). https://doi.org/10.1364/
OE.26.024260

6. N. Montaut, L. Sansoni, E. Meyer-Scott, R. Ricken, V. Quir-
ing et al., High-efficiency plug-and-play source of heralded
single photons. Phys. Rev. Appl. 8, 024021 (2017). https://
doi.org/10.1103/physrevapplied.8.024021

© The authors

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

X. Guo, C.-L. Zou, C. Schuck, H. Jung, R. Cheng et al.,
Parametric down-conversion photon-pair source on a nano-
photonic chip. Light Sci. Appl. 6, €16249 (2017). https://doi.
org/10.1038/1sa.2016.249

L. Caspani, C. Xiong, B.J. Eggleton, D. Bajoni, M. Liscidini
et al., Integrated sources of photon quantum states based on
nonlinear optics. Light Sci. Appl. 6, 17100 (2017). https://
doi.org/10.1038/1sa.2017.100

M.D. Eisaman, J. Fan, A. Migdall, S.V. Polyakov, Invited
review article: Single-photon sources and detectors. Rev. Sci.
Instrum. 82, 071101 (2011). https://doi.org/10.1063/1.36106
77

A. Boretti, L. Rosa, A. Mackie, S. Castelletto, Electrically
driven quantum light sources. Adv. Opt. Mater. 3, 1012-1033
(2015). https://doi.org/10.1002/adom.201500022

S. Buckley, K. Rivoire, J. Vuc¢kovié, Engineered quantum dot
single-photon sources. Rep. Prog. Phys. 75, 126503 (2012).
https://doi.org/10.1088/0034-4885/75/12/126503

P. Senellart, G. Solomon, A. White, High-performance semi-
conductor quantum-dot single-photon sources. Nat. Nano-
technol. 12, 1026-1039 (2017). https://doi.org/10.1038/nnano
.2017.218

S. Deshpande, T. Frost, A. Hazari, P. Bhattacharya, Electri-
cally pumped single-photon emission at room temperature
from a single InGaN/GaN quantum dot. Appl. Phys. Lett.
105, 141109 (2014). https://doi.org/10.1063/1.4897640

I. Aharonovich, D. Englund, M. Toth, Solid-state single-
photon emitters. Nat. Photon. 10, 631-641 (2016). https://
doi.org/10.1038/nphoton.2016.186

S. Lagomarsino, F. Gorelli, M. Santoro, N. Fabbri, A. Hajeb
et al., Robust luminescence of the silicon-vacancy center in
diamond at high temperatures. AIP Adv. 5, 127117 (2015).
https://doi.org/10.1063/1.4938256

R. Brouri, A. Beveratos, J.P. Poizat, P. Grangier, Photon
antibunching in the fluorescence of individual color centers
in diamond. Opt. Lett. 25, 1294-1296 (2000). https://doi.
org/10.1364/01.25.001294

N. Mizuochi, T. Makino, H. Kato, D. Takeuchi, M. Ogura
et al., Electrically driven single-photon source at room tem-
perature in diamond. Nat. Photon. 6, 299-303 (2012). https
://doi.org/10.1038/nphoton.2012.75

A. Lohrmann, S. Pezzagna, 1. Dobrinets, P. Spinicelli, V.
Jacques et al., Diamond based light-emitting diode for visi-
ble single-photon emission at room temperature. Appl. Phys.
Lett. 99, 251106 (2011). https://doi.org/10.1063/1.3670332
I.A. Khramtsov, D.Y. Fedyanin, Bright single-photon emit-
ting diodes based on the silicon-vacancy center in AIN/dia-
mond heterostructures. Nanomaterials 10, 361 (2020). https
://doi.org/10.3390/nan010020361

A. Lohrmann, B.C. Johnson, J.C. McCallum, S. Castel-
letto, A review on single photon sources in silicon car-
bide. Rep. Prog. Phys. 80, 034502 (2017). https://doi.
org/10.1088/1361-6633/aa5171

S. Castelletto, B.C. Johnson, V. Ivady, N. Stavrias,
T. Umeda et al., A silicon carbide room-temperature

https://doi.org/10.1007/s40820-021-00600-y


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41534-017-0031-5
https://doi.org/10.1038/s41534-017-0031-5
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1364/OE.26.024260
https://doi.org/10.1364/OE.26.024260
https://doi.org/10.1103/physrevapplied.8.024021
https://doi.org/10.1103/physrevapplied.8.024021
https://doi.org/10.1038/lsa.2016.249
https://doi.org/10.1038/lsa.2016.249
https://doi.org/10.1038/lsa.2017.100
https://doi.org/10.1038/lsa.2017.100
https://doi.org/10.1063/1.3610677
https://doi.org/10.1063/1.3610677
https://doi.org/10.1002/adom.201500022
https://doi.org/10.1088/0034-4885/75/12/126503
https://doi.org/10.1038/nnano.2017.218
https://doi.org/10.1038/nnano.2017.218
https://doi.org/10.1063/1.4897640
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1063/1.4938256
https://doi.org/10.1364/ol.25.001294
https://doi.org/10.1364/ol.25.001294
https://doi.org/10.1038/nphoton.2012.75
https://doi.org/10.1038/nphoton.2012.75
https://doi.org/10.1063/1.3670332
https://doi.org/10.3390/nano10020361
https://doi.org/10.3390/nano10020361
https://doi.org/10.1088/1361-6633/aa5171
https://doi.org/10.1088/1361-6633/aa5171

Nano-Micro Lett.

(2021) 13:83

Page 110f 12 83

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

single-photon source. Nat. Mater. 13, 151-156 (2014). https
://doi.org/10.1038/nmat3806

A. Lohrmann, N. Iwamoto, Z. Bodrog, S. Castelletto, T.
Ohshima et al., Single-photon emitting diode in silicon car-
bide. Nat. Commun. 6, 7783 (2015). https://doi.org/10.1038/
ncomms8783

LLA. Khramtsov, A.A. Vyshnevyy, D.Y. Fedyanin, Enhancing
the brightness of electrically driven single-photon sources
using color centers in silicon carbide. npj Quantum Inf. 4,
15 (2018). https://doi.org/10.1038/s41534-018-0066-2

M. Widmann, M. Niethammer, T. Makino, T. Rendler, S.
Lasse et al., Bright single photon sources in lateral silicon
carbide light emitting diodes. Appl. Phys. Lett. 112, 231103
(2018). https://doi.org/10.1063/1.5032291

S.-1. Sato, T. Honda, T. Makino, Y. Hijikata, S.-Y. Lee
et al., Room temperature electrical control of single pho-
ton sources at 4H-SiC surface. ACS Photon. 5, 3159-3165
(2018). https://doi.org/10.1021/acsphotonics.8b00375

F. Fuchs, V.A. Soltamov, S. Vith, P.G. Baranov, E.N. Mok-
hov et al., Silicon carbide light-emitting diode as a prospec-
tive room temperature source for single photons. Sci. Rep.
3, 1637 (2013). https://doi.org/10.1038/srep01637

I.A. Khramtsov, D.Y. Fedyanin, Superinjection in diamond
p—i—n diodes: bright single-photon electroluminescence
of color centers beyond the doping limit. Phys. Rev. Appl.
12, 024013 (2019). https://doi.org/10.1103/PhysRevApp
lied.12.024013

L.A. Khramtsov, D.Y. Fedyanin, Superinjection of holes in
homojunction diodes based on wide-bandgap semiconduc-
tors. Materials 12, 1972 (2019). https://doi.org/10.3390/
mal2121972

I.A. Khramtsov, D.Y. Fedyanin, Superinjection in diamond
homojunction P-I-N diodes. Semicond. Sci. Technol. 34,
03LTO03 (2019). https://doi.org/10.1088/1361-6641/ab0569
Y. Yan, S.-H. Wei, Doping asymmetry in wide-bandgap
semiconductors: origins and solutions. Phys. Status Solidi
B 245, 641-652 (2008). https://doi.org/10.1002/pssb.20074
3334

J.H. Park, D.Y. Kim, E. Fred Schubert, J. Cho, Kim JK (2018)
Fundamental limitations of wide-bandgap semiconductors for
light-emitting diodes. ACS Energy Lett. 3, 655-662 (2018).
https://doi.org/10.1021/acsenergylett.8b00002

L.A. Khramtsov, D. Yu. Fedyanin, Superinjection in single-
photon emitting diamond diodes, in 2018 International Con-
ference on Numerical Simulation of Optoelectronic Devices
(NUSOD), Hong Kong (2018), pp. 123-124. https://doi.
org/10.1109/nus0d.2018.8570242

A.J. Shields, Semiconductor quantum light sources. Nat.
Photon. 1, 215-223 (2007). https://doi.org/10.1038/nphot
on.2007.46

D.Y. Fedyanin, A.V. Krasavin, A.V. Arsenin, A.V. Zayats, Las-
ing at the nanoscale: coherent emission of surface plasmons by
an electrically driven nanolaser. Nanophotonics 9, 3965-3975
(2020). https://doi.org/10.1515/nanoph-2020-0157

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

G. Roelkens, L. Liu, D. Liang, R. Jones, A. Fang et al., III-V/
silicon photonics for on-chip and intra-chip optical intercon-
nects. Laser Photon. Rev. 4, 751-779 (2010). https://doi.
org/10.1002/1por.200900033

I.A. Khramtsov, D.Y. Fedyanin, Gate-tunable single-photon
emitting diode with an extremely low tuning time, in Con-
ference on Lasers and Electro-Optics, OSA Technical Digest
(Optical Society of America, 2020), paper JTh2A.21. https:/
doi.org/10.1364/cleo_at.2020.jth2a.21

D.Y. Fedyanin, I.A. Khramtsov, A.A. Vyshnevyy, Electrically
driven single-photon sources based on color centers in sili-
con carbide: pursuing gigacount-per-second emission rates,
in 2019 Conference on Lasers and Electro-Optics Europe
& European Quantum Electronics Conference (CLEO/
Europe-EQEC), Munich, Germany, 2019, pp. 1-1. https://
doi.org/10.1109/cleoe-eqec.2019.8873252

Q. Li, J.-Y. Zhou, Z.-H. Liu, J.-S. Xu, C.-F. Li et al., Stable
single photon sources in the near C-band range above 400 K.
J. Semicond. 40, 072902 (2019). https://doi.org/10.1088/1674-
4926/40/7/072902

J. Wang, Y. Zhou, Z. Wang, A. Rasmita, J. Yang et al., Bright
room temperature single photon source at telecom range in
cubic silicon carbide. Nat. Commun. 9, 4106 (2018). https://
doi.org/10.1038/s41467-018-06605-3

D.Y. Fedyanin, M. Agio, Ultrabright single-photon source
on diamond with electrical pumping at room and high tem-
peratures. New J. Phys. 18, 073012 (2016). https://doi.
org/10.1088/1367-2630/18/7/073012

I.A. Khramtsov, M. Agio, D.Y. Fedyanin, Dynamics of sin-
gle-photon emission from electrically pumped color centers.
Phys. Rev. Appl. 8, 024031 (2017). https://doi.org/10.1103/
physrevapplied.8.024031

V.N. Abakumov, V.I. Perel, I.N. Yassievich, Nonradiative
Recombination in Semiconductors (Elsevier, Amsterdam,
1991).

A. Alkauskas, C.E. Dreyer, J.L. Lyons, C.G. Van de Walle,
Role of excited states in Shockley-Read-Hall recombination
in wide-band-gap semiconductors. Phys. Rev. B 93, 201304
(2016). https://doi.org/10.1103/physrevb.93.201304

J. Pernot, W. Zawadzki, S. Contreras, J.L. Robert, E.
Neyret et al., Electrical transport in n-type 4H silicon car-
bide. J. Appl. Phys. 90, 1869-1878 (2001). https://doi.
org/10.1063/1.1382849

C. Erginsoy, Neutral impurity scattering in semiconductors.
Phys. Rev. 79, 1013-1014 (1950). https://doi.org/10.1103/
physrev.79.1013

S.M. Sze, K.K. Ng, Physics of Semiconductor Devices
(Wiley, Hoboken, 2006).

T. Kimoto, J.A. Cooper, Fundamentals of Silicon Carbide
Technology: Growth, Characterization, Devices and Appli-
cations (Wiley, Hoboken, 2014).

I.A. Khramtsov, D.Y. Fedyanin, Toward ultrafast tuning
and triggering single-photon electroluminescence of color
centers in silicon carbide. ACS Appl. Electron. Mater. 1,
1859-1865 (2019). https://doi.org/10.1021/acsaelm.9b003
85

@ Springer


https://doi.org/10.1038/nmat3806
https://doi.org/10.1038/nmat3806
https://doi.org/10.1038/ncomms8783
https://doi.org/10.1038/ncomms8783
https://doi.org/10.1038/s41534-018-0066-2
https://doi.org/10.1063/1.5032291
https://doi.org/10.1021/acsphotonics.8b00375
https://doi.org/10.1038/srep01637
https://doi.org/10.1103/PhysRevApplied.12.024013
https://doi.org/10.1103/PhysRevApplied.12.024013
https://doi.org/10.3390/ma12121972
https://doi.org/10.3390/ma12121972
https://doi.org/10.1088/1361-6641/ab0569
https://doi.org/10.1002/pssb.200743334
https://doi.org/10.1002/pssb.200743334
https://doi.org/10.1021/acsenergylett.8b00002
https://doi.org/10.1109/nusod.2018.8570242
https://doi.org/10.1109/nusod.2018.8570242
https://doi.org/10.1038/nphoton.2007.46
https://doi.org/10.1038/nphoton.2007.46
https://doi.org/10.1515/nanoph-2020-0157
https://doi.org/10.1002/lpor.200900033
https://doi.org/10.1002/lpor.200900033
https://doi.org/10.1364/cleo_at.2020.jth2a.21
https://doi.org/10.1364/cleo_at.2020.jth2a.21
https://doi.org/10.1109/cleoe-eqec.2019.8873252
https://doi.org/10.1109/cleoe-eqec.2019.8873252
https://doi.org/10.1088/1674-4926/40/7/072902
https://doi.org/10.1088/1674-4926/40/7/072902
https://doi.org/10.1038/s41467-018-06605-3
https://doi.org/10.1038/s41467-018-06605-3
https://doi.org/10.1088/1367-2630/18/7/073012
https://doi.org/10.1088/1367-2630/18/7/073012
https://doi.org/10.1103/physrevapplied.8.024031
https://doi.org/10.1103/physrevapplied.8.024031
https://doi.org/10.1103/physrevb.93.201304
https://doi.org/10.1063/1.1382849
https://doi.org/10.1063/1.1382849
https://doi.org/10.1103/physrev.79.1013
https://doi.org/10.1103/physrev.79.1013
https://doi.org/10.1021/acsaelm.9b00385
https://doi.org/10.1021/acsaelm.9b00385

83

Page 12 of 12

Nano-Micro Lett. (2021) 13:83

49.

50.

51.

52.

53.

54.

55.

© Thy

V. Presser, K.G. Nickel, Silica on silicon carbide. Crit.
Rev. Solid State Mater. Sci. 33, 1-99 (2008). https://doi.
org/10.1080/10408430701718914

1.D. Booker, H. Abdalla, J. Hassan, R. Karhu, L. Lilja et al.,
Oxidation-induced deep levels in n- and p-type 4H- and
6H-SiC and their influence on carrier lifetime. Phys. Rev.
Appl. 6,014010 (2016). https://doi.org/10.1103/physrevapp
lied.6.014010

K. Gulbinas, V. Grivickas, H.P. Mahabadi, M. Usman,
A. Hallén, Surface recombination investigation in thin
4H-SiC layers. Mater. Sci. 17, 119-124 (1970). https://doi.
org/10.5755/j01.ms.17.2.479

K. Bray, D.Y. Fedyanin, I.A. Khramtsov, M.O. Bilokur, B.
Regan et al., Electrical excitation and charge-state conver-
sion of silicon vacancy color centers in single-crystal dia-
mond membranes. Appl. Phys. Lett. 116, 101103 (2020).
https://doi.org/10.1063/1.5139256

C.P. Anderson, A. Bourassa, K.C. Miao, G. Wolfowicz, P.J.
Mintun et al., Electrical and optical control of single spins
integrated in scalable semiconductor devices. Science 366,
1225-1230 (2019). https://doi.org/10.1126/science.aax9406
D.A. Broadway, N. Dontschuk, A. Tsai, S.E. Lillie, C.T.-K.
Lew et al., Spatial mapping of band bending in semiconduc-
tor devices using in situ quantum sensors. Nat. Electron. 1,
502-507 (2018). https://doi.org/10.1038/s41928-018-0130-0
M. Widmann, M. Niethammer, D.Y. Fedyanin, I.A. Khramt-
sov, T. Rendler et al., Electrical charge state manipulation of

e authors

56.

57.

58.

59.

60.

single silicon vacancies in a silicon carbide quantum optoelec-
tronic device. Nano Lett. 19, 7173-7180 (2019). https://doi.
org/10.1021/acs.nanolett.9b02774

M. Pfender, N. Aslam, P. Simon, D. Antonov, G. Thiering
et al., Protecting a diamond quantum memory by charge
state control. Nano Lett. 17, 5931-5937 (2017). https://doi.
org/10.1021/acs.nanolett.7b01796

B.J. Shields, Q.P. Unterreithmeier, N.P. de Leon, H. Park,
M.D. Lukin, Efficient readout of a single spin state in diamond
via spin-to-charge conversion. Phys. Rev. Lett. 114, 136402
(2015). https://doi.org/10.1103/physrevlett.114.136402

ILA. Khramtsov, D.Y. Fedyanin, On-demand generation of
high-purity single-photon pulses by NV centers in diamond
under electrical excitation, in Frontiers in Optics / Laser Sci-
ence, OSA Technical Digest, ed by B. Lee, C. Mazzali, K. Cor-
win, and R. Jason Jones, (Optical Society of America, 2020),
paper FW4C.7. https://doi.org/10.1364/F10.2020.FW4C.7
M. Niethammer, M. Widmann, T. Rendler, N. Morioka, Y.-C.
Chen et al., Coherent electrical readout of defect spins in sili-
con carbide by photo-ionization at ambient conditions. Nat.
Commun. 10, 5569 (2019). https://doi.org/10.1038/s4146
7-019-13545-z

P. Siyushev, M. Nesladek, E. Bourgeois, M. Gulka, J. Hruby
et al., Photoelectrical imaging and coherent spin-state readout
of single nitrogen-vacancy centers in diamond. Science 363,
728-731 (2019). https://doi.org/10.1126/science.aav2789

https://doi.org/10.1007/s40820-021-00600-y


https://doi.org/10.1080/10408430701718914
https://doi.org/10.1080/10408430701718914
https://doi.org/10.1103/physrevapplied.6.014010
https://doi.org/10.1103/physrevapplied.6.014010
https://doi.org/10.5755/j01.ms.17.2.479
https://doi.org/10.5755/j01.ms.17.2.479
https://doi.org/10.1063/1.5139256
https://doi.org/10.1126/science.aax9406
https://doi.org/10.1038/s41928-018-0130-0
https://doi.org/10.1021/acs.nanolett.9b02774
https://doi.org/10.1021/acs.nanolett.9b02774
https://doi.org/10.1021/acs.nanolett.7b01796
https://doi.org/10.1021/acs.nanolett.7b01796
https://doi.org/10.1103/physrevlett.114.136402
https://doi.org/10.1364/FIO.2020.FW4C.7
https://doi.org/10.1038/s41467-019-13545-z
https://doi.org/10.1038/s41467-019-13545-z
https://doi.org/10.1126/science.aav2789

	Single-Photon Sources Based on Novel Color Centers in Silicon Carbide P–I–N Diodes: Combining Theory and Experiment
	Highlights 
	Abstract 
	1 Introduction
	2 Results and Discussion
	2.1 4H-SiC Single-Photon Emitting Diode
	2.2 Self-Consistent Numerical Simulation of the Single-Photon Emitting Diode
	2.3 Electron Capture Cross Section
	2.4 Hole Capture Cross section
	2.5 Charge States of the Color Center

	3 Conclusions
	Acknowledgments 
	References




