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Influence of negative-U centers related carrier dynamics
on donor-acceptor-pair emission in fluorescent SiC
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Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

(Received 21 April 2018; accepted 11 July 2018; published online 1 August 2018)
E1/E2 defects are the typical negative-U centers in n-type 6H silicon carbide (SiC). They are the
main contributors to non-radiative recombination, which limits the carrier lifetime. In this study,
two fluorescent 6H silicon carbide (f-SiC) samples and one bulk substrate were characterized via
time-resolved photoluminescence (TRPL) and static photoluminescence (PL) measurements, where
all the samples were nitrogen-boron co-doped 6H n-type. The existence of E1/E2 defects, which
caused the diminution of the internal quantum efficiency (IQE) and luminescence intensity of each
sample, was confirmed by applying a carrier dynamics model based on negative-U centers. The carrier dynamics simulation reveals that the density of the E1/E2 defects in bulk 6H SiC is two orders
of magnitude higher than that of the f-SiC sample, causing much lower PL intensity in the bulk
substrate compared to the two f-SiC samples. The IQE of the two f-SiC samples was extracted
from the corresponding TRPL results, where the contrast between their IQE was further confirmed
by the related PL measurement results. The slight difference in IQE between the two f-SiC samples
was attributed to slightly different E1/E2 defect concentrations. On the other hand, by implementing
a steady-state donor-acceptor-pair (DAP) recombination calculation, it was found that the f-SiC
sample with lower IQE had a higher DAP transition probability due to the higher doping level.
This prompted further optimizations in the f-SiC crystal growth conditions in order to decrease the
E1/E2 defects while maintaining the correct doping parameters. Published by AIP Publishing.
https://doi.org/10.1063/1.5037167
I. INTRODUCTION

Fluorescent silicon carbide (f-SiC) is a novel optoelectronic material capable of displaying strong orange-yellow
light emission with a broad spectrum.1 Owing to its sufficient
thickness (>10 lm) with high-density (>1018 cm3) donoracceptor-pairs (DAPs),1 f-SiC is anticipated to realize efficient wavelength conversion from the near-ultraviolet
(NUV) to the visible light spectral region. The high density
of DAP is achieved by the heavy nitrogen (N) and boron (B)
co-doping during growth where n-type f-SiC is eventually
formed. f-SiC has a number of properties amenable to future
requirements for solid-state lighting. For instance, compared
with yellow phosphors, f-SiC contains no rare-earth elements2 and has no issue of degradation; hence, it is believed
that1–5 f-SiC is a promising substitute for yellow phosphors
for future white light-emitting diodes (LEDs). Besides, its
high thermal conductivity makes it ideal for high power
LED applications. Much progress has been made toward
realizing the new type of white LEDs based on f-SiC. For
instance, a prototype of white LED was proposed through fSiC being pumped by a gallium nitride (GaN) based multiple-quantum-well (MQW) NUV source,2,4 where the NUV
stack was grown on the f-SiC substrate. Meanwhile, efforts
have also been made toward enhancing the light extraction
efficiency of f-SiC by using, e.g., antireflective subwavelength conical6 and wavelength-scale nanodome structures,7
which have resulted in enhancements of 66.3% and 138%,
respectively. Later on, the hybrid f-SiC structure combining
a)
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as-grown f-SiC with the porous f-SiC surface layer8 has
achieved white light emission with a color rendering index
(CRI) as high as 81.1. As the luminescence efficiency is the
cornerstone of the lighting source based on f-SiC where the
emission quality is quite sensitive to the doping levels of
both n- and p-type dopants, a lot of efforts have been made
toward optimizing the doping conditions. It has been found
that both B and N concentrations are required to exceed
1018 cm3 and the difference between those two concentrations needs to be larger than 4  1018 cm3 (Refs. 9 and 10)
in order to induce high intensity DAP recombination.
However, the internal quantum efficiency (IQE) of typical f-SiC samples is still fairly low, indicating that a significant proportion of carriers goes through non-radiative
recombination pathways. Several studies have been reported
about the investigations on the non-radiative recombinations
in f-SiC through experimental approaches. It was first found
that5 the centers for non-radiative recombinations are distinct
from the DAP recombination centers in f-SiC. Later on, it
was suggested that11 the competing recombination regime
against DAP recombination in f-SiC might be related to E1/
E2 centers. Likewise, it was also believed that12 the nitrogen
doping could facilitate the formation of the vacancy related
defects, e.g., the E1/E2 centers which contribute to nonradiative recombinations. In fact, the E1/E2 centers have
been identified as the dominating intrinsic point defects in ntype 6H SiC13–15 and found to originate from the same point
defects as the Z1 =Z2 centers in 4H SiC.16,17 It is widely
accepted that the E1/E2 centers are related to the carbon
vacancy (VC) in 6H SiC.13,15,18
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By characterizing an n-type 6H SiC-based Schottky
diode via deep level transient spectroscopy (DLTS), it was
discovered that19 E1/E2 centers were associated with two
acceptor-like levels and might be important for electron-hole
(e-hþ) pair recombination. Soon afterwards, the DLTS
peaks of E1/E2 centers were found20 to correlate with a two
stage ionization process from either the E
1 or E2 acceptor
levels, where the charge states of either center was transþ
0


ferred in the sequence E
1=2 ! E1=2 þ e ! E1=2 þ 2e
(E1=2 represents the E1 or E2 center) associated with single
e emission within each stage. This two-stage ionization
indicated that the binding energies of E1/E2 centers were
strengthened when capturing the second e, suggesting the
existence of the so-called negative-U system.21 Assuming
that two e are bound to a lattice-vacancy in a group-IV
semiconductor,22 one e should normally be bound more
tightly to the defect if the other e has been removed.
However, if the ionization of the e which was captured by
the defect later requires larger energy, the related defect
center is said to possess a negative-U property. As these two
e are being paired in the dangling bonds of a defect and
meanwhile being coupled with a large lattice relaxation,23 it
could give rise to considerable energy gain for the e pairs.
The cause of this negative-U behavior, where two e appear
to have a net attractive interaction macroscopically, could be
explained by the fact that the energy gain of e is able to
break the Coulomb barrier between the two e. A theoretical
framework24,25 via first-principles calculations has been
developed to study the negative-U behavior of the carbon
vacancy in SiC. It was found that the generation of a carbon
vacancy in SiC is accompanied by significant Jahn-Teller
distortion, where the aforementioned energy gain of an e is
actually introduced by the Jahn-Teller distortion in the case
of neutral carbon vacancy with a symmetry lowering.
Although E1/E2 centers have been widely observed by
applying DLTS on as-grown and irradiated 6H SiC samples,13–15,17–19,26,27 so far, the DLTS measurement report is
not available for f-SiC samples. It is still difficult to fabricate
a metal-insulator-semiconductor (MIS) structure Schottky
diode with low leakage current based on f-SiC for DLTS
measurements because of the very high free carrier density
at thermal equilibrium.28,29 Alternatively, in order to study
how E1/E2 centers affect the IQE of f-SiC which is mainly
dependent on the radiative DAP recombination, it is preferable to apply time-resolved photoluminescence (TRPL) and
static photoluminescence (PL) measurements on f-SiC, since
they are nondestructive methods and do not require timeintensive contact preparation.
In this work, we quantitatively demonstrate how the
negative-U centers (E1/E2 defects) affect recombination in
f-SiC in parallel with the DAP recombination process. The
rapid luminescence decay in f-SiC is successfully explained
by applying a negative-U center related carrier dynamics
model. A steady-state DAP recombination model is also
implemented to reveal how the DAP related process could
be affected by the presence of negative-U centers. Moreover,
we investigated the carrier dynamics of N-B co-doped n-type
6H bulk SiC to compare with f-SiC and showed that an
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additional trapping center is found other than E1/E2 defects
in the bulk material.
II. EXPERIMENTAL

TRPL measurements of 6H SiC were previously done by
others to extract information about different recombination
channels which could be either radiative or non-radiative.30,31
Here, we believe that two recombination channels corresponding to negative-U centers assisted recombination and
DAP recombination are present. By applying the multi-phase
exponential decay fitting to the measured TRPL curves, two
parameters of each recombination channel can be obtained:
the recombination lifetime (time constant) and the amplitude
which indicates the relative “load capacity” of the nonequilibrium carriers. On the other hand, the static PL characterizations were applied in order to get the relative efficiency
of the steady-state DAP recombination. Based on the parameters extracted from each recombination channel, the reason
for the different static PL intensities measured for different
samples were interpreted quantitatively. The related computational methods will be introduced in Sec. III.
The specifications of the three samples employed in this
research, labelled as EP-A, EP-B (“EP” for the f-SiC epilayer), and BK (“BK” represents the 6H bulk SiC), are summarized in Table I. The epilayers of the f-SiC samples were
grown on the ð0001Þ plane with low off-axis (orientation:
h1120i61:4 ) and 250 lm thick 6H SiC substrates
(SiCrystal GmbH) using the fast sublimation growth process
(FSGP)32,33 at 1725  C. A commercial (TanKeBlue Ltd.) 6H
bulk SiC sample with top and bottom sides (orientation:

h0001i60:5 ) polished using chemical mechanical polishing
(CMP) was applied as the reference.
Both TRPL and PL measurements were performed at
room temperature (RT). Both the input laser beam and the
emission signal to be detected were fiber-coupled to a
50 microscope lens in a front excitation/front detection
TABLE I. Essential parameters of each 6H SiC sample.
Sample )
d (lm)a
Dim. (cm2 )
Nd ( 1018 cm–3)b
Na ( 1018 cm–3)b
Eg (meV)c
EF (meV)c
n0 ( 1018 cm–3)c
Nu ( 1012 cm–3)d
Zeff (lm)e
g (cm–3)e
a

EP-A

0.8  0.5
9.0
4.4
2984
2885
1.90
2.08

EP-B
45 þ 250
1.2  1.2
9.2
5.2
2982
2879
1.69
3.50
17.33
4.57  1011

BK
325
0.5  0.5
5.4
0.95
2998
2903
2.34
172

The sample thickness (d) for f-SiC samples is the sum of the epilayer and
the substrate.
b
The dopant concentrations (Nitrogen: Nd j Boron: Na) were characterized
by secondary-ion mass spectroscopy (SIMS).
c
The calculation of the bandgap (Eg), the Fermi level (EF), and the carrier
density at thermal equilibrium (n0) is derived from Refs. 36 and 72–75.
d
The determination of the total density of the negative-U center (Nu) of each
sample can be found in Sec. III A.
e
The effective penetration depth (Zeff ) and the injection level (g) were determined by the methods mentioned in Sec. II.
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configuration. For either TRPL or PL measurement, different
numbers of spots were characterized on different samples
(BK: two/EP-A: three/EP-B: nine) considering the dimension of each sample shown in Table I.
The key components of the experimental setup of the
TRPL system were from PicoQuant GmbH. Short laser
pulses were generated by a picosecond diode laser (LDH828,
k ¼ 375 nm, 44 ps pulse width with a pulse repetition rate up
to 80 MHz). The laser beam was focused onto the sample via
the 50 lens with a numerical aperture (NA) of 0.8, where
the diameter (D) of the laser spot on the sample was measured to be approximately 0.22 mm. After that, the emitted
photons from the sample were filtered by a long-pass 405 nm
filter and then detected by a photon-multiplier tube (PMA
Hybrid). Finally, the photoluminescence decay was recorded
by a time correlated single photon counting system (abbrev.
TCSPC, TimeHarp 260 NANO).
The criterion for choosing the time span for each measurement was to record the decay profile as complete as possible
while preventing interference from the background noise [typically 80–120 counts per second (cps)]. 20 ls/2 ms ranges were
chosen for sample BK/sample EP-A(B), respectively. A 500 Hz
repetition rate laser pulse was chosen for the measurement on
the two f-SiC samples with a resolution of 80 ns and an integration time of 1 h. Accordingly, the 50 kHz laser pulse with
a beam power of 91.35 nW was chosen for the measurement
of the bulk sample with a ps resolution of 800 and an integration time of 30 min for the more rapid decay. In order to calculate the injection level g (cm3) which is essential for our
modelling, the pulsed beam power was measured by an optical power meter (Thorlabs PM100D). Here, we believed that
the energy of a single pulse is independent of the pulse repetition rate; hence, we measured the beam power at a repetition
rate of 500 kHz to eliminate the interference from noise and
obtained a beam power of 920 nW. We implemented this
value to the calculations of the injection levels for all three
samples. Then, we calculated the photon density I0 (cm2 ) of
the laser spot. The average injection level was determined by
assuming an effective depth34 Zeff ¼ a1 ln ½2=ð1 þ ead Þ,
where a (cm1 ) is the absorption coefficient of 6H SiC and d
is the layer thickness of the sample. Here, the absorption coefficient of 6H SiC with polarization of the laser source oriented
perpendicular to the c-axis (E?c) at 375 nm (Ref. 35) is about
400 cm1 . Then, the injection level, which is dependent on
Zeff , can be given by g ¼ a  I0  eaZeff . Zeff and the corresponding g were calculated to be almost independent of sample thickness d and fixed at 17.33 lm j 4.57  1011 cm3,
respectively, for all three samples.
For PL measurements, the same pulsed laser source was
applied where the pulse repetition rate was set to 500 kHz with
a beam power of 920 nW. This was to make sure that the PL
intensities were measured under the same condition as the
TRPL, where the injection level per pulse for PL measurements
was set to be identical to that of the TRPL measurements. An
optical spectrometer (CAS 140B, Instrument Systems GmbH)
was implemented with the integration time set to 5 s for all PL
measurements. The emitting photons from the frontside of the
sample were filtered by a long-pass filter (kcutoff ¼ 420 nm).
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III. COMPUTATIONAL METHODS

In order to understand why the PL intensities of the three
6H SiC samples differ, the competitive relation between the
negative-U centers assisted recombination and the DAP recombination needs to be analyzed numerically. This could be
achieved by combining the negative-U center related carrier
dynamics and the steady-state DAP recombination calculation
together, where the parameters of the corresponding recombination channels are applied for the inputs of each in the model.
The overall framework of the negative-U center related
carrier dynamics simulation was based on the method used
in Ref. 34. The authors discussed the carrier dynamics simulation of the negative-U centers Z1 =Z2 in 4H SiC, where the
Z1 and Z2 centers were combined together as a single negative-U center in the simulation. Since the equivalence
between the Z1 =Z2 centers in n-type 4H SiC and the E1/E2
centers in n-type 6H SiC has been confirmed by previous
research,15,37 the methodology is also applicable for modelling the E1/E2 center related carrier dynamics in 6H SiC.
Nevertheless, substantial changes have been made in this calculation, e.g., the carrier dynamics related to the three types
of negative-U centers (introduced in Sec. III A) in 6H SiC
were simulated separately. In addition, the influence of the
heavy boron doping on the carrier dynamics was also taken
into consideration. The details about the carrier dynamics
simulation in 6H SiC will be further illustrated in Sec. III A.
The approach for the calculation of the DAP recombination lifetime (sdap) was adopted from Ref. 38, where the
authors describe a steady-state model for single DAP recombination in semiconductors. The model was applied for each
DAP recombination channel in 6H SiC where three donor levels and one acceptor level were included. The DAP transition
probability Wðrdap Þ is the crucial parameter for calculating
sdap. In this work, we quantitatively demonstrate how the mean
DAP separation distance rdap influences Wðrdap Þ and how
Wðrdap Þ further affects sdap. In addition, the estimations for the
capture probabilities of each donor and acceptor are discussed.
The details about the calculation of the DAP recombination
lifetime in 6H SiC will be further illustrated in Sec. III B.
Suttrop et al.39 observed yellow luminescence with kpeak
¼ 580 nm from the nitrogen-boron co-doped 6H SiC epilayer, where they attributed this luminescence to the phonon
replica of the DAP recombination related to the boroninduced deep center (D-center) located at 0.58 eV above the
valence band. In our experiment, the orange-yellow emissions were observed in the three samples with kpeak around
580 nm. Hence, in either the negative-U center related carrier
dynamics simulation or the sdap calculation, the D-center
was the only acceptor level in 6H SiC taken into consideration. The general parameters of nitrogen/boron co-doped ntype 6H SiC applied in this work are listed in Table II.
A. Carrier dynamics related to negative-U centers

Based on the previous results19,20 about the characterization of E1/E2 centers in 6H SiC via the DLTS technique, the
more recent findings by Koizumi et al.42 have revealed that
the E2 center could be further separated into two centers E2L
and E2H . The subscripts “L” and “H” indicate that the DLTS

054901-4

Wei, Tarekegne, and Ou

J. Appl. Phys. 124, 054901 (2018)

TABLE II. General characteristics of the nitrogen/boron co-doped n-type
6H SiC.
Parameter

Symbol

e effective mass
me
hþ effective mass
mh
Binding energy of
Donor level (cubic site c1)
DEc1
Donor level (cubic site c2)
DEc2
Donor level (hexagonal site h) DEh
Acceptor level (D-center)
DED
Activation energy of the charge state:
0=
E
DE1
1
0=

E2L
DE2L
0=
E
DE
2H
2H
þ=0
0
E1
DE1
þ=0
0
E2L
DE2L
þ=0
0
E2H
DE2H
Thermal barrier of:
E01 þ e ! E
eb1
1 transition
E02 þ e ! E
eb2
2 transition
e capture cross section of:
0=
E01 þ e ! E
r1;e b
1 transition
þ=0


0
Eþ
1 þ e ! E1 transition
E02L þ e ! E
2L transition

0=
r2L;e b


0
Eþ
2L þ e ! E2L transition
E02H þ e ! E
2H transition

r2L;e
0=
r2H;e b


0
Eþ
2H þ e ! E2H transition

r2H;e

r1;e

þ=0

þ=0

Value

References

0:71m0 a
0:90m0 a

40
40

137.6 meV
142.4 meV
81 meV
580 meV

41
41
41
39

390 meV
440 meV
430 meV
260 meV
140 meV
180 meV

42
42
42
42
42
42

48 meV
70 meV

20
20

3  1015
20 and 42
exp ðeb1 =ðkb TÞÞ cm2
2  1015 cm2
42
6  1015
20 and 42
exp ðeb2 =ðkb TÞÞ cm2
5  1016 cm2
42
5  1015
20 and 42
exp ðeb2 =ðkb TÞÞ cm2
7  1016 cm2
42

a

m0 refers to the free electron mass.
kb refers to the Boltzmann constant.

b

peak of E2L emerged at a lower emission rate, whereas the
DLTS peak of E2H emerged at a higher emission rate at certain temperatures. All three negative-U centers are classified
as carbon vacancy-related centers15 where E1 defects are
located at the hexagonal sites while E2L and E2H defects are
located at the cubic sites13 in 6H SiC. In this investigation,
the negative-U center related carrier dynamics is based on
the above-mentioned three non-equivalent defect centers.
The schematic band diagram of the non-equilibrium carrier capture process related to the negative-U centers in 6H
SiC is shown in Fig. 1. At RT, the E
i state acts as the ground
state, where the subscript “i” (i ) 1, 2L, and 2H) designates
the component of the negative-U system. This means that
after the transient interaction between the injected nonequilibrium carriers and the sample material, all the excited

charge states E0i and Eþ
i would return ideally back to the Ei
state. Note that the carrier emission from each charge state is
negligible at RT34 due to very large activation energies;
therefore, only the carriers’ capture was considered in this
simulation. Since all three samples have fairly high densities
of the boron dopant (>1017 cm3), the influence of the
acceptor level (D-center) on the carrier dynamics cannot be
negligible, where all the non-equilibrium hþ occupy the
acceptor level and almost impossible to be ionized into the
valence band due to the large ionization energy.9 Therefore,
the negative-U center related hþ capture is believed to come
from the D-center rather than the valence band in this

FIG. 1. A schematic band diagram of the capture process of non-equilibrium
carriers via the negative-U center in 6H SiC at RT. The subscript “i” suggests the component of the negative-U system: E1, E2L , or E2H , each of
0

which consists of three charge states (Eþ
i =Ei =Ei ) separated by the gray

dashed lines. The capture of e from the conduction band or hþ from the Dcenter, which is marked by the dashed arrow, is involved in the transitions
E0i or E0i E
of either Eþ
i
i which are labelled with the open arrows. The
activation energy of the shallow-donor-like E0 state or the acceptor-like E
þ=0
0=
state is indicated by DEi
or DEi , respectively, whereas the binding
energy of the D-center is indicated by DED .

condition. The e capture involved in the transition from the
0
empty state (Eþ
i ) to the intermediate state (Ei ) is considered
43,44
while the transition
as a fast cascaded capturing process,

from the E0i to the E
involving
the
e
capture
is considered
i
as the slow multiphonon process20 in which the transition
energy for e capture must be corrected with the thermal
barrier. The corresponding thermal barrier for defects on
0=
hexagonal (E1) and cubic (E2) sites and the corrected ri;e
for three centers are given in Table II.
It was believed that19 the capture rate of hþ should be in
the same order or higher than that of the e for one negative=0
U center. Later on, a more specific relation where ri;h
þ=0

0=þ

0=

 ri;h  ð5  10Þ  ri;e  ri;e
=0

was reported.34 By fix-

0=þ

ing the value of ri;h ðri;h Þ, the density of the negative-U
center can be estimated once the negative-U center related
minority carrier lifetimes su;i at a low injection level are
=0

0=þ

measured.45 Here, we assume ri;h ; ri;h ¼ ri;h , and the
expression of the density of each negative-U center Nu;i in
6H SiC is shown in Eq. (1), where hth;h i represents the
mean thermal velocity of hþ (see Appendix A). Hereon, we
=0
0=þ
þ=0
assumed the relation ri;h ¼ ri;h ¼ 5  ri;e in the carrier
dynamics simulation for simplicity.46
The general conditions of negative-U center related carrier dynamics are formulated in Appendix A. In particular,
for the case of low injection level plus high carrier density in
the three 6H SiC samples (see Table I), one can suggest that
0=þ =0
dpi ðtÞ, and dpi ðtÞ  pi ; pi . By furn0  dni ðtÞ; p0
ther applying Eqs. (A2) and (A3) into Eq. (A1), the carrier
capture rates can be rewritten in an analytical form as shown
below
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1
;
ri;h hth;h isu;i
n 

0=
0=
Ri;e ðtÞ ¼ ri;e hth;e i n0 dpi ðtÞ  dni ðtÞ  2dNi ðtÞ
o
0= 
ni
Nu;i þ dNi ðtÞ ;
n
þ=0
þ=0
þ=0
Ri;e ðtÞ ¼ ri;e hth;e i ðn0 þ ni Þ½dni ðtÞdpi ðtÞ
o
þ=0
þðn0 þ 2ni ÞdNi ðtÞ ;
n

o
=0
=0
Ri;h ðtÞ ¼ ri;h hth;h i dpi ðtÞ Nu;i þ dNi ðtÞ ;
n
0=þ
0=þ
Ri;h ðtÞ ¼ ri;h hth;h i dpi ðtÞ

o
 dpi ðtÞ  dni ðtÞ  2dNi ðtÞ :
Nu;i ¼

J. Appl. Phys. 124, 054901 (2018)

(1)

(2a)

(2b)
(2c)

(2d)

Then, we rewrote Eq. (11) in Ref. 34 in the timedependent form shown in Eq. (3). The formulation of the
negative-U center related carrier dynamics was built by combining Eqs. (2), (A2), and (A3)
h
i
ddni ðtÞ
0=
þ=0
¼  Ri;e ðtÞ þ Ri;e ðtÞ ;
(3a)
dt
h
i
ddpi ðtÞ
=0
0=þ
¼  Ri;h ðtÞ þ Ri;h ðtÞ ;
dt

(3b)

ddNi ðtÞ
0=
=0
¼ Ri;e ðtÞ  Ri;h ðtÞ:
dt

(3c)

In actual experimental conditions, both E1/E2 related
and DAP related pathways would occupy a certain proportion of the injection level g. Here, the portion of g
corresponding to the E1/E2 channels is equal to the
non-equilibrium carrier density at t ¼ 0 (dn0 ; dp0 ) in the negative-U center related carrier dynamics modelling. The timeresolved PL intensity I(t) of n-type 6H SiC at a low injection
n0 , is considered to be proportional
level, where dn0 ; dp0
to the density of non-equilibrium minority carrier dpðtÞ,
namely, IðtÞ / dpðtÞ. Hence, the PL lifetime is equivalent to
the lifetime of non-equilibrium hþ where sPL ðtÞ ﬃ sp ðtÞ.
Note that the time-dependent hþ lifetime is given by Eq. (4)
where the expressions of hexagonal- and cubic-site-related
hþ lifetimes were included


ddpðtÞ 1 1
;
(4a)
sp ðtÞ ¼ 
dt dpðtÞ


ddp1 ðtÞ 1 1
;
(4b)
sp;1 ðtÞ ¼ 
dt dp1 ðtÞ
( 
)1

ddp2L ðtÞ ddp2H ðtÞ
1
þ
sp;2 ðtÞ ¼ 
:
dt
dt
dp2L ðtÞ þ dp2H ðtÞ
(4c)
The model was initialized by implementing Nu;i and
dn0 ðdp0 Þ, where the related values were derived from the
multi-phase exponential decay fitting of the experimental
TRPL curve (will be introduced in Sec. IV B). The

simulations were executed using Simulink (MathWorks,
Inc.) where the Bogacki-Shampine method47 was implemented with a fixed time step of 10 ps.
B. Calculation of sdap by a steady-state recombination
model

In the steady-state DAP recombination model demonstrated in Ref. 38, the DAP is treated as a single defect. The
charge state S of this single defect, where the labelling is
similar to that of Ref. 48, is designated by the number of
occupied e as shown in Fig. 2. For example, the charge
state 10 represents the excited state ready for e-hþ recombination via the DAP center, in which one eoccupies the
donor level while one hþ occupies the acceptor level. The
transfer of the minority carriers is crucial for DAP recombination. In Fig. 2, the solid arrows suggest the transfers of the
minority carriers (e) in p-type 6H SiC where the minority
carriers recombine with the majority carriers (hþ) on the perturbed acceptor level (Ea;p ). The related charge state undergoes S : 0 ! 10 ! 1 and returns to state 0 after the
recombination process. The dashed arrows suggest the transfers of the minority carriers (hþ) in n-type 6H SiC where the
minority carriers recombine with the majority carriers (e)
on the perturbed donor level (Ejd;p ). Note that the subscripts
“j” denote different lattice sites occupied by the nitrogeninduced donors [i.e., cubic 1 (c1), cubic 2 (c2), and hexagonal
(h) sites]. The related charge state undergoes S : 2 ! 10 ! 1
followed by a return to state 2 after the recombination
process.

FIG. 2. A schematic band diagram of carrier generation or recombination
via DAP, where S represents the charge state of the pair and there are five
charge states in total separated by the gray dashed lines. The perturbed donor
level or acceptor level is indicated by Ejd;p or Ea;p , whereas the unperturbed
donor level or acceptor level is indicated by Ejd;u or Ea;u , respectively, where
the subscripts “j” indicate different lattice sites occupied by the nitrogeninduced donors, namely, cubic 1 (c1), cubic 2 (c2), and hexagonal (h) sites.
The path consisting of solid arrows designates the recombination scheme of
the strongly p-type 6H SiC, while the path consisting of dashed arrows designates the recombination scheme of the strongly n-type 6H SiC.
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The energy depths of the unperturbed donor level (Ejd;u )
and the unperturbed acceptor level (D-center, Ea;u ) are indicated by DEj (j ¼ c1; c2; h) and DED shown in Table. II,
where c1(c2) and h represent the cubic- and hexagonal-site
related donor levels, respectively. The energy difference
between each pair of the perturbed/unperturbed level is actually the Coulomb interaction energy UE ¼ e2 =ð4pe0 er rdap Þ,
where e, e0 , and er designate the elementary charge, the vacuum permittivity, and the relative permittivity of 6H SiC,
respectively. In particular, the transfers of the minority carriers
involve the carrier capture/emission of the DAP at a certain
charge state, e.g., n0 N1j Cjn1 indicates the e capture rate of the
state 1, where N1j /Cjn1 is the density/e capture probability of
the state 1 of the donor level Ej. Likewise, N2j ejn2 indicates the
e emission rate of state 2 where ejn2 represents the related hþ
emission probability. The transition probability of 10 ! 1 or
1 ! 10 related to each donor level is symbolized by t0j or tj,
respectively. Since it is the 10 ! 1 transition that induces DAP
recombination, the net steady-state recombination rate Rdap is
sjdap ¼

P
given by Rdap ¼ j N1j 0 t0j  N1j tj . Here, Rdap can be rewritten
in the more general form38 as shown in Eq. (5), where Rj0!10
and Rj2!10 represent the net transition rate of 0 ! 10 and
2 ! 10 , respectively. The derivation of the general conditions
of the steady-state DAP recombination modelling based on Eq.
(5) is described in Appendix B
Rdap ¼

X

Rj0!10 þ Rj2!10 :

(5)

j

For the extrinsic n-type case in this research, the DAP
lifetime is actually equivalent to the minority carrier lifetime,
that is, sdap  sp . We further applied the condition of a small
injection level and simplified the calculation by reconsidering the steady-state equilibrium of DAP recombination,
where we let Cjn0 ¼ Cp2 ¼ Cp and Cjn1 ¼ Cp1 ¼ Cjn for our
condition of strong n-type 6H SiC. Then, we rewrote Eq.
(22) in Ref. 38 for the extrinsic n-type case for each donorsite-dependent DAP as shown in the following equation:

1
j
Wj ðrdap Þ
n0 Neff

h

i
h 

i
h

i
n0 pa;u n0 þ njd;p C2n;j þ pa;u pa;p þ njd;p n0 þ njd;p Cp Cn;j þ n0 Wj ðrdap Þ n0 þ njd;p Cn;j þpa;p Cp



:
n0 C2n;j þ Cp Cn;j njd;p þ pa;p

The ratio between the donor level concentrations on hexagonal and cubic sites is considered49 to be identical to the
ratio of the number of hexagonal and cubic sites in the crystal
lattices, where Nh =Nc ¼ 1 : 2 (subscripts “h”: hexagonal and
“c”: cubic) for 6H SiC. We further assumed that the number of
c1 and c2 sites is equal, implying the same donor level concentration related to h, c1, and c2 sites. Accordingly, the mean
DAP recombination lifetime of the separate recombination
processes is calculated by the following equation:
X j 2
ðsdap Þ
j

sdap ¼ X

sjdap

:

(7)

j

IV. RESULTS AND DISCUSSION

The measured TRPL results of the three samples were
summarized in Fig. 3. The scattered data points indicate the
mean time-resolved PL intensities.
P For sample BK, four-phase
exponential decay fitting [y0 þ 4n An expðt=tn Þ] was applied
on the experimental TRPL. Accordingly, the experimental
TRPL data of two f-SiC samples P
were fitted with a three-phase
exponential decay function [y0 þ 3n An expðt=tn Þ].
A. The fastest and slowest TRPL decay channels in
sample BK

The fitting on the TRPL of sample BK suggests that
there are four decay channels for non-equilibrium carriers
where we obtained t1 ¼ 3 ns and A1 ¼ 56:1% for the fastest

(6)

channel. One probable explanation for the carrier dynamics in
this channel could be the combined effect from both Auger
recombination (AR) and bimolecular recombination (BR) in
the 6H SiC substrate.50 At low injection levels (g
n0 ), the
lifetime of either AR or BR is limited by the doping level. The
lifetime of AR is sAR ¼ 1=ðce n20 Þ, where ce is the Auger
recombination coefficient for e  e  hþ recombination
in n-type semiconductors and typically ce  ð3:060:5Þ
1029 cm6 s1 for 6H SiC.51 The lifetime of BR is given by
sBR ¼ 1=ðcB n0 Þ, where cB is the bimolecular recombination
coefficient which has a typical value in the range of 1011
 1012 cm3 s1 for 4H SiC.51,52 The lifetime of the rapid
decay at the initial stage (srapid ) for the n-type 6H SiC substrate
follows the relation 1=srapid ¼ 1=sAR þ 1=sBR .50 By assuming
that cB of 6H SiC is comparable to that of 4H SiC, the estimated srapid could be comparable to t1, i.e., within the same
order of magnitude. Hence, the origin of the fastest channel
still requires further investigation.
The nature of the fourth channel in sample BK
(t4 ¼ 4:801 ls and A4 ¼ 1:2%) is still unknown. We confirmed by steady state modeling that the DAP recommendation process is much slower than this time constant (see
details in Appendix C). This does not mean that no DAP
recombination occurs in sample BK; instead, the decay channel related to DAP recombination is believed to occupy the
proportion of non-equilibrium carriers less than A4 with a
longer lifetime than t4, where the background noise has
obscured this decay channel during the TRPL measurements.
Additionally, the effect of surface recombination cannot correspond to this channel either. Let us consider the fundamental
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FIG. 3. TRPL decays recorded via TCSPC histograms (a) for sample BK
and (b) for samples EP-A and EP-B. Each error bar indicates the standard
deviation (SD) of the measured photon count at a certain time point, whereas
the solid line represents the four-phase (for sample BK) or three-phase (for
samples EP-A and EP-B) exponential decay fitting. The normalized amplitudes Ai are summarized in the pie chart, where the time constants ti for each
Ai are marked in the legends.

surface recombination lifetime (ss)53 in sample BK where
ss ¼ d 2 =ðDp2 Þ. The diffusion constant D ¼ 2.5 cm2 s1 for
hole diffusion in 6H SiC is available from Ref. 54, from which
we obtain a lower bound on ss53 for the sample BK of
42.8 ls which is still one order of magnitude higher than t4.
B. Negative-U center related TRPL decay channels

The second and third decay channels in sample BK were
considered to be associated with the negative-U center
related carrier dynamics. As Ikeda et al. (Ref. 55) have

J. Appl. Phys. 124, 054901 (2018)

experimentally demonstrated, the density ratio between the
nitrogen-induced donors on hexagonal and cubic sites
(Nh : Nc ) could be roughly treated as 1:2. Based on this correspondence, we believed that the amount of hexagonal-siterelated E1 centers should be smaller than the amount of
cubic-site-related E2L and E2H centers. Yet it may not strictly
obey the 1:2 relation. Accordingly, one of those two negative-U center related decay channels with larger amplitude
Ai, which means taking over more non-equilibrium carriers,
ought to be related to the cubic defect centers (E2L and E2H ).
Hence, the injection level allocated to the second channel
was set to A2 g where the density of the E1 center was calculated using Eq. (1). Since the third channel is shared by two
defect centers on cubic sites and we have assumed that these
two centers have identical densities, we obtain simultaneously the defect density for both centers as Nu;2L ; Nu;2H
¼ 2=½ðr2L;h þ r2H;h Þhth;h it2 , assuming that either of the
defect centers took over half of the injection level (A3 g=2).
The exponential decay fitting of the TRPL of both f-SiC
samples (EP-A and EP-B) shows that there are three decay
channels for f-SiC. By modelling the first and second channels based on the negative-U center related carrier dynamics,
it was found that the simulated PL decay curve agreed well
with the corresponding fast decay part of each measured
TRPL. Note that the allocated injection level for each channel and the densities of those three defect centers in the two
samples were estimated using the same method mentioned
above for sample BK. The third decay channels in both samples were believed to be related to the DAP recombination
where the allocated injection level for the DAP recombination process was A3 g. Note that none of the decay channels
in either f-SiC samples were attributed to surface recombination effects. The reason could be explained by the fact that
the non-equilibrium carriers are hindered by the acceptorinduced space charge field at a low injection level
(g
Na ),56–58 causing the diffusion coefficient D to be negligible. This will result in the fundamental surface recombination lifetime53 being much longer than any extracted time
constant from the TRPL measurements of both f-SiC
samples.
The results of the carrier dynamics simulations are summarized in Figs. 4 and 5. In Fig. 4, for both f-SiC samples,
the normalized density of the non-equilibrium minority
(hþ)
P
carriers, which was designated by dpðtÞ=g ¼ i dpi ðtÞ=g
from the simulation, agreed quite well with the negative-U
center related two-phase exponential decay extracted from
the TRPL fitting. The simulated dpðtÞ for sample BK showed
a bit slower decay compared to the corresponding fitting
curve, where this slight mismatch might be caused by the
unknown defect centers, e.g., midgap defects in 6H SiC.59
We can see that the negative-U center related carrier recombinations dominate the TRPL decay process before the time
point indicated by the vertical dashed line [BK: 0.92 ls, EPA(B): 60 ls] where the decay channel with the longest time
constant starts to dominate. Furthermore, the defect-related
TRPL decay can be divided into two stages, where the first
stage reflects the joint effect from both cubic and hexagonal
centers while only the slower decay channel is highlighted at
the second stage. The lifetimes of the non-equilibrium hþ for
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FIG. 5. Results of the negative U-center related carrier dynamics simulation
for (a) sample BK and (b) samples EP-A and EP-B. Non-equilibrium hþ lifetimes of the entirety (sp ðtÞ), the cubic- or hexagonal-site-related channel
þ
0
0
=0
0=þ
(sp;1 ðtÞ or sp;2 ðtÞ), and the E
i ! Ei or Ei ! Ei transition (sp ðtÞ; sp ðtÞ,
respectively) related channel are presented.
FIG. 4. Results of the negative U-center related carrier dynamics simulation
for (a) sample BK and (b) samples EP-A and EP-B. The open circles designate the defect-related exponential decay components. The open triangles represent the decay channels with the longest time constant in the bulk 6H SiC
sample. The open squares represent the decay channels related to DAP
recombinations in two f-SiC samples. All the related An and tn were extracted
from Fig. 3. The three curves represent the time-dependent non-equilibrium
hþ densities corresponding to the overall negative U-centers, hexagonal site,
and cubic site, where the time-resolved PL intensity IðtÞ / dpðtÞ.

different transition processes were also extracted from the carrier dynamics simulations and are summarized in Fig. 5. The
overall, hexagonal- and cubic-site-related non-equilibrium hþ
lifetimes were calculated by Eq. (4), where the simulated
sp;1 ðtÞ and sp;2 ðtÞ were found to be nearly time-independent
and quite close to the corresponding time constants extracted
from the TRPL fittings. Additionally, the above-mentioned
two-stage distinction within the defect-related TRPL decay
can be further confirmed considering the evolution of every
sp ðtÞ shown in Fig. 5. It can be seen that the evolution of sp ðtÞ
was influenced by both E1 and E2 related carrier dynamics at
the early stage, while later it reached a longer lifetime between
sp;1 ðtÞ and sp;2 ðtÞ and almost became time-independent.
C. Influence of negative-U centers on PL properties

In order to distinguish the contributions from the holeþ
0
0
involved charge state transitions E
i ! Ei and Ei ! Ei , we

introduced the
hþ lifetimes for either transition
P“relative”
Q
Q
where sp ¼ ½ i jRi;h j=dpðtÞ1 with Q referring to “–/0” or
“0/þ.” The simulated sp=0 ðtÞ and s0=þ
p ðtÞ for each sample are
also included in Fig. 5. It was found that s0=þ
p ðtÞ for each
sample was extremely long and has to be divided by 106 (for
bulk SiC) or 105 (for f-SiC) in order to be presented with
other carrier lifetimes in Fig. 5. Instead, sp=0 ðtÞ was found to
be nearly identical to sp ðtÞ for each sample, which means
0
that the E
i ! Ei transitions dominate the hole capture process. Since all three samples in this work are heavily doped
n-type, the Fermi level of each sample is close to the conduction band minimum. In this case, for a negative-U system,
the neutral carbon vacancy (E0i ) is favored at thermodynamic
equilibrium.25 Hence, most of the E0i states of the negative-U
centers were not likely to transfer further to the Eþ
i states,
causing the transition rate of E0i ! Eþ
i to be extremely low.
It has been widely accepted that the E1/E2 centers are the
carrier lifetime killers60 and contribute to the non-radiative
recombinations. This agreed with our observation that the
absolute PL intensity shown in Fig. 6 for each sample was
inversely correlated with the estimated density of the E1/E2
center (Nu) extracted from the respective TRPL measurement.
The PL intensity of either EP-A or EP-B was 60 or 40
times higher than that of the bulk sample, respectively, and the
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FIG. 6. Time-integrated PL intensity spectra of all three samples. Each error
bar indicates the standard deviation (SD) at a certain wavelength, whereas
each solid curve indicates the mean PL intensity. The inset is the zoom-in of
the PL spectrum of sample BK.

Nu of either f-SiC sample was two orders of magnitude lower
than latter’s as shown in Table I. Here, we implemented a simple equation slightly modified from the original form1 to evaluate the IQE (labelled as gint ) of our samples, where originally
gint ¼ 1=ð1 þ sA =snr Þ and sA jsnr designate the hþ relaxation
time j the overall non-radiative lifetime separately. As we
know sdap  sp which was already mentioned in Sec. III B, sp
actually represents the hole relaxation time equivalent to sA.
Hence, in our case, gint ¼ 1=ð1 þ sdap =snr Þ. For two f-SiC
samples, by applying sdap ¼ t3 and 1=snr ¼ 1=t1 þ 1=t2 , the
estimated IQE for samples EP-A and EP-B was found to be
around 1.7% and 1.4%, respectively. For sample BK, since the
fourth decay channel with the longest time constant cannot be
attributed to DAP recombination (see Sec. IV A for the related
discussion), estimation of its IQE is unavailable; nonetheless, a
rather low value of IQE compared to f-SiC samples can be
expected. To summarize how the E1/E2 defects could affect
the IQE of our samples, we can see from Fig. 3 that higher E1/
E2 densities enlarge the difference between the E1/E2 related
and DAP related injection levels and cause snr to be shorter.
On the contrary, less non-equilibrium carriers are occupied by
DAP related pathways, leading to lower intensity of DAP
related luminescence. The trends on the pathways of both E1/
E2 and DAP would eventually result in lower IQE.

J. Appl. Phys. 124, 054901 (2018)

DAP separation distance was P
already quite long compared
with the average Bohr radius ( j aj0 =3) of the donors; therefore, the steady-state DAP recombination model was applied
here to explain the DAP recombination process. The simulation results of the steady-state DAP recombination of the
two f-SiC samples are summarized in Fig. 7 where the injection level allocated for either sample was set to A3 g extracted
from the fitting results in Fig. 3. The average DAP separation
distances were calculated to be 3.79 times (EP-A) and 3.54
times (EP-B) the average Bohr radius of donors. It was
believed that the shorter rdap of EP-B, which means denser
DAP, was caused by its higher dopant concentration. The
contrast between these two average rdap agreed well with the
recognized trend of DAP lifetime, where the longer DAP
separation distance could result in the lower DAP transition
probability [see Eq. (B5)] and meanwhile cause longer DAP
recombination lifetime.61,62
It was found that a higher portion of injection level was
allocated to EP-A (17.7%) than that of EP-B (12.9%) as
shown in Fig. 3, which caused the former’s integrated PL
intensity approximately 50% higher than the latter’s (see
Fig. 6). On the contrary, from Fig. 3, we can see that a 4.8%
more portion of non-equilibrium carriers, which was almost
40% of the amount for EP-B’s DAP channel, were enrolled
in the negative-U center related carrier pathways in EP-B.
Apparently, this was caused by the higher density of E1/E2 in
EP-B than in EP-A as shown in Table I. As a result, we can
see that EP-B had higher DAP transition probability (i.e.,
shorter average rdap) but lower IQE than EP-A as mentioned
in Sec. IV C. We believed that the higher E1/E2 defect density in sample EP-B came along with the higher nitrogen
dopant compared with sample EP-A63 if the C/Si ratio was

D. Comparison between EP-A and EP-B

Typically, the DAP recombination decay is described in
the form of tm rather than a single exponential decay process, where t and m designate the time and the power factor
of decay, respectively.61 The above-mentioned methodology
is suitable for modelling the DAP-related PL decay under
high excitation power, where the effective DAP separation
distance could change dramatically during the transient measurement period. However, our TRPL measurements were
launched at a low injection level (g
n0 ) where the initial

FIG. 7. Results of the pair-separation-dependent (rdap) DAP lifetime simulation of samples EP-A and EP-B. In the main graph, the values on the y-axis
of the circled points are derived from t3 of each f-SiC sample in Fig. 3,
whereas the corresponding values on the x-axis indicate the calculated rdap.
In each inset, the error bar along the y-axis indicates the standard deviation
of the fitted DAP lifetime, whereas the error bar along the x-axis indicates
the corresponding range of the calculated DAP separation (rdap).
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controlled within a proper range. Otherwise, too low C/Si
ratio could facilitate the formation of 3C SiC64 while too
high C/Si ratio could induce the high graphitization of the
source.33 In addition, it was found that C/Si ratio itself could
also affect the density of negative-U centers, e.g., the density
of the Z1 =Z2 centers in the 4H SiC epilayer was found to
decrease monotonically in the range of C/Si ratio of
0.5–2.0.65 On the other hand, the formation of the E1/E2
related carbon vacancies could degrade the doping efficiency,66,67 where the large proportion of the donor impurities in SiC samples might be compensated.68,69 To
summarize, reducing the formation of the E1/E2 defects in fSiC needs to be taken into consideration to find the new
trade-off when optimizing the C/Si ratio during the epilayer
growth. Furthermore, despite the fact that the concentration
of the nitrogen dopant in f-SiC should be kept high enough
(>1018 cm3) to ensure the large density of DAP recombination,1 the nitrogen doping still requires further study to narrow down its range.
V. CONCLUSIONS

We have characterized two f-SiC samples with identical
epilayer thicknesses and one bulk 6H SiC substrate by applying TRPL and static PL measurements in which all the samples are heavily nitrogen-boron co-doped and n-type. An
apparent trend was found that slower TRPL decay was
accompanied by higher measured PL intensity. Negative-U
center (E1/E2 defect) related carrier dynamics modelling and
steady-state DAP recombination simulation were applied to
the TRPL. The results of the carrier dynamics modelling
revealed that the density of the E1/E2 defects in bulk 6H SiC
was found to be two orders of magnitude higher than that of
either f-SiC epilayer. In addition, the ultrafast decay channel
with the time constant of 3 ns was extracted from the TRPL
curve of the bulk substrate. This fast decay might be due to
the joint effect from both Auger recombination and bimolecular recombination where both of the processes are considered
as non-radiative. It is believed that the extra non-radiative
decay channel and the much higher E1/E2 concentration in the
bulk substrate caused quite lower PL intensity and IQE than
those in the two f-SiC samples. The results of the steady-state
DAP simulations on the f-SiC samples indicate that both the
calculated average DAP separation distances (rdap) were three
times larger than the average Bohr radius of an electron (captured by a neutral donor) at the low injection level (order:
1011 cm3). The longer rdap was found to result in a longer
DAP recombination lifetime. Sample EP-B with a slightly
higher density of E1/E2 defects was found to show more rapid
TRPL decay and weaker static PL intensity along with lower
IQE than sample EP-A. We believe that the C/Si ratio and the
nitrogen doping level during the f-SiC epilayer growth still
require further optimization to find the new trade-off between
less E1/E2 defects and other indicators of the crystal quality,
e.g., the extent of the graphitization of the source.
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APPENDIX A: NEGATIVE-U CENTER RELATED
CARRIER DYNAMICS—GENERAL CONDITIONS

As shown in Fig. 1, each dashed arrow originates from
the provider (conduction band/D-center) of the nonequilibrium carriers towards the corresponding charge state
transition, where the related carrier capture rate was expressed
in Eq. (A1) which was rewritten from Eq. (9) in Ref. 34
n
o
0=
0=
0=
Ri;e ðtÞ ¼ ri;e hth;e i ½n0 þ dni ðtÞNi0 ðtÞ  ni Ni ðtÞ ;
(A1a)
o
þ=0
þ=0
þ=0 0
þ
Ri;e ðtÞ ¼ ri;e hth;e i ½n0 þ dni ðtÞNi ðtÞ  ni Ni ðtÞ ;
n

(A1b)
o
=0
=0
=0
Ri;h ðtÞ ¼ ri;h hth;h i ½p0 þ dpi ðtÞNi ðtÞpi Ni0 ðtÞ ;
n

(A1c)
o
0=þ
0=þ
0=þ
Ri;h ðtÞ ¼ ri;h hth;h i ½p0 þ dpi ðtÞNi0 ðtÞpi Niþ ðtÞ :
n

(A1d)
The equilibrium e ; hþ concentration was symbolized
by n0, p0. The mean thermal velocity of e or h was represented by hth;eðhÞ i ¼ ð3kb T=meðhÞ Þ0:5 . The non-equilibrium
e ; hþ density as a function of time (t) was designated as
dni ðtÞ; dpi ðtÞ, where the subscript “i” (i ) 1, 2L, 2H) denotes
the component of the negative-U system: E1, E2L , or E2H .
The total non-equilibrium carrier density (e or hþ) at
the certain time t can be expressed by dnðtÞ; dpðtÞ
P
P
0= þ=0
are
¼ i dni ðtÞ; i dpi ðtÞ. The expressions of ni ; ni
0=

þ=0

given by70 ni ; ni ¼ Nc exp½DELi =ðkb TÞ (L: 0= or
þ=0), where Nc is the effective density of states in the con=0 0=þ
duction band (cm–3), while the expressions of pi ; pi can
be roughly estimated by Na exp½ðEg  DELi  DED Þ=ðkb TÞ
(L: =0 or 0=þ).
The time-varying density of negative-U center i with a
charge state of C is designated as NiC ðtÞ (C: –, 0, þ), where
the total
density of the negative-U center34 at time t is
P P
Nu ¼ i C NiC ðtÞ. Similarly, the net change of the charge
state ECi variation of one negative U center should be equal
to zero34 at any time t
X
dNiC ðtÞ ¼ 0;
(A2)
C
C
represents the time-dependent
where dNiC ðtÞ ¼ NiC ðtÞ  Ni0
C
designates
density change of the charge state “C,” and Ni0
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the initial density of the charge state “C.” Note that at RT,
þ
0
all three centers are in the E
i state, which means Ni0 ; Ni0

¼ 0 and Ni0 ¼ Nu;i . By reconsidering the charge state transþ
0


fer via e capture20 E
i ! Ei þ e ! Ei þ 2e , the net

density of non-equilibrium e (majority carriers) is given by
dni ðtÞ  dpi ðtÞ ¼ dNi0 ðtÞ þ 2dNiþ ðtÞ:

(A3)

APPENDIX B: STEADY-STATE DAP RECOMBINATION
CALCULATION—GENERAL CONDITIONS

As shown in Fig. 2, the dashed j solid pathways indicate
the dominating DAP recombination channel for n-type j ptype 6H SiC, where the carrier capture/emission would reach
equilibrium in the steady-state. Therefore, based on Eq. (5),
we can summarize the condition for the steady-state DAP
j
designarecombination as shown in Eq. (B1). Note that Neff
 þ
tes the effective e -h pair concentration related to each
j
is dependent
donor site for DAP recombination in which Neff
on the density of e at each donor state Ej.9 Here, we derived
j
from the allocated injection level for DAP recombinaNeff
tion gdap and the static Fermi level EF using Eq. (B2). It is
worthwhile mentioning that at such a low injection level
(  1011 cm3), the quasi-Fermi level for e is almost
identical to the static Fermi level EF. The calculation of EF
was derived from Ref. 36
p0 N1j Cp1  N0j ep0 ¼ Rj0!10 ;

(B1a)

p0 N2j Cp2

(B1b)



N1j 0 ep10

¼

Rj2!10 ;

t0j N1j 0  tj N1j ¼ Rj0!10 þ Rj2!10 ;


N1j 0 ejn10 þ p0 N1j Cp1  ep0 þ n0 Cjn0 N0j ¼ 0;


N1j 0 ep10 þ n0 N1j Cjn1  ejn2 þ p0 Cp2 N2j ¼ 0;
X j
j
NS ¼ Neff
;

pa;u ¼ p0 exp

EF  DED  UE ðrdap Þ
:
kb T

(B3d)

Since the relation between tj and t0j follows Eq. (B4), it
can be deduced that t0j  tj at RT. Now, t0j can be treated as
the net DAP transition probability where it is preferable to
relabel t0j into the more general form, namely, W(rdap). Here,
we adopted the expression of W(rdap) from Ref. 71 shown in
Eq. (B5), which is suitable for the DAP transitions with
strong phonon replicas. Hagen et al. (Ref. 62) experimentally
found that W0 of 6H SiC should be (3–4)  105 s1. Here,
we applied W0 ¼ 3.5  105 s1. aj0 denotes the Bohr radius
related to different donor levels in 6H SiC using Eq. (B6)43
t0j

DEj þ DED þ UE ðrdap Þ
;
tj
kb T
!
2rdap
Wj ðrdap Þ ¼ W0 exp  j
;
a0
¼ exp

aj0

¼

eh2
1
2
2
8p me ðe0 er Þ DE3j

(B4)
(B5)

!1=4
:

(B6)

APPENDIX C: SIMULATION OF sdap OF SAMPLE BK
WITH DIFFERENT INJECTION LEVELS g

The simulation results of sdap of sample BK are summarized in Fig. 8, where 1%, 5%, and 10% to 100% (with 10%

(B1c)
(B1d)
(B1e)
(B1f)

S
j
¼
Neff

g
 dap
:
1 þ 1=gD exp Eg  DEj  EF =ðkb T Þ

(B2)

Here, we introduced four auxiliary parameters shown in
Eq. (B3) that represent the carrier densities at each perturbed/unperturbed donor/acceptor level by treating these
levels as pseudo-Fermi levels temporarily. The emission
probabilities in Eq. (B1) could be derived from the capture
probabilities related to the reversed paths by applying the
parameters obtained from Eq. (B3), where ejn10 ¼ nd;u Cjn0 ;
ejn2 ¼ nd;p Cjn1 ; ep0 ¼ pa;p Cp1 , and ep10 ¼ pa;u Cp2
njd;p ¼ n0 exp
njd;u ¼ n0 exp

Eg  DEj  EF
;
kb T

Eg  DEj þ UE ðrdap Þ  EF
;
kb T

pa;p ¼ p0 exp

EF  DED
;
kb T

(B3a)

(B3b)

(B3c)

FIG. 8. Simulated sdap of sample BK. The proportion of the non-equilibrium
carriers for DAP recombination varies from 1% to 100% of the injection level.
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interval) of the injection level g were allocated to the channel
of the DAP recombination in each simulation. The results
suggest that sdap decreases with increasing injection level g.
We can see that the calculated sdap was longer than 20 ls
assuming that 5% of g was allocated to the DAP recombination channel. Therefore, one can expect that the related sdap
should be even longer than 20 ls if the fourth recombination
channel in sample BK (with A4 ¼ 1.2%, see Fig. 3) was
treated as the DAP recombination channel. Considering the
fact that the fourth recombination channel in sample BK has a
lifetime of 4.801 ls (see Fig. 3), it is not related to the DAP
recombination channel.
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