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ABSTRACT
One of the main challenges in realizing 4H–SiC (silicon carbide)-based bipolar devices is the improvement of minority carrier lifetime in
as-grown epitaxial layers. Although Z1/2 has been identified as the dominant carrier lifetime limiting defect, we report on B-related centers
being another dominant source of recombination and acting as lifetime limiting defects in 4H–SiC epitaxial layers. Combining time-resolved
photoluminescence (TRPL) measurement in near band edge emission and 530 nm, deep level transient spectroscopy, and minority carrier
transient spectroscopy (MCTS), it was found that B related deep levels in the lower half of the bandgap are responsible for killing the minority
carriers in n-type, 4H–SiC epitaxial layers when the concentration of Z1/2 is already low. The impact of these centers on the charge carrier
dynamics is investigated by correlating the MCTS results with temperature-dependent TRPL decay measurements. It is shown that the influ-
ence of shallow B acceptors on the minority carrier lifetime becomes neutralized at temperatures above ∼422 K. Instead, the deep B related
acceptor level, known as the D-center, remains active until temperatures above ∼570 K. Moreover, a correlation between the deep level con-
centrations, minority carrier lifetimes, and growth parameters indicates that intentional nitrogen doping hinders the formation of deep B
acceptor levels. Furthermore, tuning growth parameters, including growth temperature and C/Si ratio, is shown to be crucial for improving
the minority carrier lifetime in as-grown 4H–SiC epitaxial layers.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142415

I. INTRODUCTION

Silicon carbide (SiC) is a wide bandgap semiconductor with
promising applications for high power, high temperature, high-
frequency electronic devices. It has high thermal conductivity, crit-
ical electric field strength, and saturation drift velocity compared
to conventional semiconductors (i.e., silicon). 4H–SiC, high-power
microwave, high voltage switching devices have been recognized as
innovative building blocks of the technologies for the green future.1
Through these innovations, 4H–SiC, medium voltage, unipolar
devices, such as Schottky barrier diodes (SBDs) and MOSFETs,
have been commercialized by several manufacturers and have shown
great success in power loss reduction in many power systems.2 How-
ever, the specific on-resistance of power MOSFETs increases with

increasing blocking voltage (Ron ∝ V2.2−2.5
B ) and further increases

at elevated temperatures due to the mobility drop.3 4H–SiC bipolar
devices are promising to overcome these issues. By considering the
conductivity modulation effect, the resistance of the thick voltage-
blocking layer could be significantly reduced, and the on-resistance
shows very low temperature dependency. Thus, ultra-high power
devices, capable of operating at high temperatures, could be realized.
However, some critical challenges in commercializing such prod-
ucts include the growth of thick layers through fast epitaxial growth,
reduction of extended defects, improved minority carrier lifetime,
surface passivation, and packaging.

High-power devices usually require thick epitaxial layers.
Accordingly, fast growth rates are necessary to reduce epitaxial layer
costs. In this regard, growth rates up to 100 μm h−1 have been
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realized by implementing chloride-based chemistry, using either
chloride-based precursors or HCl.4–7 As the standard substrate is
with a 4○ off-cut, extended defects in extremely thick epitaxial lay-
ers lead to a significant reduction in the yield.8 However, with
the optimization of the growth parameters and maintenance of
the reaction chamber, the formation of extended defects may be
suppressed.9,10 From the material growth point of view, charge car-
rier lifetime is another parameter that needs to be appropriately
optimized, as it limits the carrier concentration that can be injected
for the conductivity modulation.11 Surface passivation and packag-
ing are additional challenges that need to be taken care of during
post-growth processes.12,13

In this study, our primary focus has been on improving the
minority carrier lifetime and investigating the main lifetime lim-
iting defects in as-grown epitaxial layers. Extensive studies have
been performed to find the origin of lifetime limiting defects and to
improve carrier lifetime in as-grown epitaxial layers.14–18 Although
local carrier lifetime reduction is observed around extended defects
and dislocations,19 point defects present in 4H–SiC epitaxial layers
are considered to be the main lifetime limiting defects.20 Among var-
ious point defects observed in the 4H–SiC lattice, the Z1/2 center
has commonly been identified as the dominant lifetime killer.20,21

The responsible defect introduces deep energy levels in the 4H–SiC
bandgap and acts as an effective trapping or recombination center
for free charge carriers. Theoretical results and comparative studies
using deep level transient spectroscopy (DLTS) and electron para-
magnetic resonance (EPR) revealed that the Z1/2 center originates
from the (0/2-) double acceptor transition of the carbon vacancy
(VC) in the 4H–SiC lattice.22 The VC also gives rise to a second deep
level, named EH6/7, near mid gap and assigned to the (2+/+/0) donor
transition.22 It is shown that adjusting the growth parameters, such
as growth temperature and C/Si ratio, significantly affects the Z1/2
concentration and, hence, the measured charge carrier lifetime.23

In addition, post-growth approaches such as implantation, thermal
oxidation, and annealing with a carbon cap have been shown to
reduce the density of this center in epitaxial layers.18,24,25

Using time-resolved photoluminescence (TRPL), we have
observed relatively long minority carrier lifetimes in the samples
grown through optimized growth conditions. Although the charge
carrier lifetime is above 1 μs in all epitaxial layers, a wide spread
is observed in the measured values across the different samples.
Interestingly, no correlation is observed among different samples
between the measured carrier lifetime and the concentration of the
Z1/2 defect. Instead, temperature-dependent TRPL and minority car-
rier transient spectroscopy (MCTS) demonstrate a clear correlation
between the measured carrier lifetimes and B-related impurities in
the epitaxial layers. Furthermore, the influence of growth conditions
upon the B impurity incorporation is also studied, to suppress the
formation of B-related defects during growth and to achieve long
charge carrier lifetimes in as-grown, 4H–SiC epitaxial layers.

II. EXPERIMENTAL
25 μm thick, n-type, 4H–SiC epitaxial layers were grown in

a horizontal, hot-wall CVD reactor on n+ substrates—all from a
150 mm wafer with a 4○ off-cut toward the [112̄0] direction. The
reactor is equipped with a TaC-coated susceptor and gas foil rota-
tion. Trichlorosilane (TCS) and methane, highly diluted in H2,

TABLE I. Growth parameters for the studied epitaxial layers labeled C, D, F, and L.

Sample ID Growth temperature (○C) C/Si

C 1640 1.2
D 1600 1.05
F 1640 1.1
L 1640 1.3

were used as sources of Si and C, respectively. For intentional
n-type doping, molecular nitrogen gas (N2) was introduced into the
reactor during the growth process. In the case of unintentionally
doped samples, the residual background nitrogen inside the reac-
tor is responsible for the n-type doping. The epitaxial layers were
grown under different temperatures, C/Si ratios, and intentional N2
doping, while the rest of the growth conditions were kept constant.
The main growth parameters of the studied samples are summarized
in Table I. The growth rate was set to 25 μm h−1 for all samples,
while the change in the C/Si ratio is provided by adjusting only
the methane flow rates. Notably, the studied samples are considered
representative of a larger set comprising more than 25 samples.

Mercury probe station capacitance–voltage (CV) measure-
ments were used to extract the net doping concentrations (ND
−NA). Low-injection TRPL measurements were carried out in a
setup equipped with a 355-nm-wavelength, pulsed (1.1 ns, 10 kHz)
Nd:YAG laser for carrier excitation and a Hamamatsu photomulti-
plier tube (PMT) for the detection of luminescence decay. A neutral
density (ND) filter and a diaphragm were placed in the beam path
before the sample to tune the injection level. The near band-edge
(NBE) luminescence around 390 nm was selected using a bandpass
filter centered at 390 ± 2 nm (FWHM: 10 ± 2 nm). Another band-
pass filter centered at 530 ± 2 nm (FWHM: 10 ± 2 nm) was also
used to measure the green luminescence decay curves. Temperature-
dependent TRPL measurements were performed under atmospheric
ambient, where the samples were placed on a hot stage, and the
temperature was measured through a thermocouple under the
sample.

For electrical measurements, nickel (Ni) Schottky barrier
diodes (SBDs) were formed on the epitaxial layers using thermal
evaporation through a shadow mask. To facilitate probing of minor-
ity carriers, semi-transparent Schottky contacts are necessary, and
were fabricated in a two-layer structure consisting of a lower layer of
600 or 900 μm diameter and ∼10 nm thickness, and a top layer hav-
ing 300 μm diameter and 100 nm thickness. The backside Ohmic
contact was formed using silver paste.

The DLTS measurements to extract the Z1/2 concentration were
performed using a Boonton-7200, high-precision capacitance meter

TABLE II. Measured net doping concentration and minority carrier lifetime in studied
samples.

Intentionally doped Unintentionally doped
Sample ID C L D F

Net doping (cm−3) 1.8 × 1014 5.3 × 1013 1.5 × 1014 5.6 × 1013

Carrier lifetime (μs) 2.7 1.9 1.0 1.2
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FIG. 1. RT TRPL decay curves and each sample’s extracted decay constants
(carrier lifetime).

operating at a test frequency of 1 MHz, in combination with an
Agilent 81110A pulse generator, at a reverse bias of −10 V and
pulse voltages of 10 V, using a time window of 640 ms, and in a
temperature range between 20 and 320 K.

The MCTS measurements to study B-related defects were car-
ried out at a reverse bias of −5 V and optical pulse width of 100 ms.
The optical injection was induced by a 200 mW, 365 nm LED. The

measurement was performed in a temperature range 20–600 K, and
the MCTS signal was then extracted from the averaged transient
over ∼10 measurements at each temperature. A Fourier transform
of the recorded transients was performed using up to 28 correla-
tion functions. The MCTS signal shown in the rest of the paper
refers to the coefficient of the sine term (b1) in the Fourier series
of the deep level/minority carrier transient Fourier spectroscopy
(DLTFS/MCTFS).26

III. RESULTS
A. Low-injection level minority carrier lifetime

The samples are split into two groups based on whether they
were grown through intentional or unintentional nitrogen doping.
Samples C and L are intentionally doped, whereas samples D and
F are unintentionally doped. The measured values of the net doping
concentration and room temperature (RT) minority carrier lifetimes
are given in Table II.

The NBE TRPL decay curves are depicted in Fig. 1, where
different offsets are put toward the PL intensity axis to ease the com-
parison (applied to all TRPL curves shown in this study). Each TRPL
decay curve has two components, a high-speed component at the
beginning, followed by a slow component. The fast component, usu-
ally observed at the beginning of the decay, is reported to contain a
contribution from surface recombination, substrate emission, and

FIG. 2. TRPL decay curves and extracted decay constants, measured at different temperatures, for samples (a) C, (b) D, (c) F, and (d) L.
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FIG. 3. (a) DLTS measurements over a temperature range 230–300 K, showing relative intensities of the Z1/2 peak in different samples. (b) Measured carrier lifetime vs
extracted Z1/2 concentrations for the samples.

some background radiation.27 The carrier lifetimes were extracted
by exponential fitting on the linear part of the slow decay component
of the curves, recorded under low-injection conditions. Importantly,
the surface recombination velocity (SRV) is highly dependent on the
surface roughness. Therefore, to ensure that the effect of SRV on the
minority carrier lifetime is similar in all samples, the surface rough-
ness values of all samples were measured by atomic force microscopy
(AFM) and found to be very low (≤0.3 nm) and comparable. It is
worth noting that the carrier lifetime data presented in this study are
based on the average values obtained from lifetime mapping on each
sample, with thousands of measured points. The uniformity of the
carrier lifetime in each sample is greater than 95%, with 1 mm edge
exclusion.

As seen in Fig. 1, sample C exhibits an exceptionally high carrier
lifetime compared to the other samples. Furthermore, the samples
with intentional nitrogen doping (C and L) exhibit substantially
longer carrier lifetimes than unintentionally doped ones (F and L),
regardless of the net doping concentration.

Temperature-dependent TRPL is a robust method for extract-
ing information about defect levels impacting the carrier lifetime.
Figure 2 shows the temperature-dependent TRPL decay curves
from NBE emission for all four samples in the temperature range
291–793 K. As is seen, the carrier lifetime improves at elevated tem-
peratures, whereas this improvement is more than threefold for the
samples with relatively shorter RT carrier lifetimes (samples F and
D). In contrast, it is only twofold for samples with long RT carrier
lifetime (samples C and L).

B. DLTS and MCTS measurements
When performing DLTS measurement on the studied samples,

only the Z1/2 and EH6/7-related peaks could be observed. Knowing
that both relate to the different charge states of VC in the epitaxial
layers,22 the DLTS spectra are provided around the Z1/2 peak region
for all samples, see Fig. 3(a) (Z1/2 peak position at ∼270 K). Based on
measured carrier lifetimes, it is expected that samples with long car-
rier lifetimes should contain a low concentration of the Z1/2 center.
However, the calculated values of Z1/2 (see Table III) do not differ
substantially among different samples and range from 4.7 × 1011 to
1.4 × 1012 cm−3.

Fig. 3(b), showing the carrier lifetime as a function of the Z1/2
concentration, does not reveal a meaningful correlation between the
two parameters. Importantly, sample D exhibits the lowest measured
Z1/2 concentration, but does not show the highest measured carrier
lifetime–instead, the lowest carrier lifetime is observed for the sam-
ple with the lowest Z1/2 concentration. These results imply that other
recombination/trapping mechanisms besides Z1/2 are also active and
controlling carrier lifetime in the studied epitaxial layers.

The DLTS measurement of an n-type epitaxial layer gives infor-
mation only on the energy levels in the upper half of the bandgap.
To explore the lower half of the bandgap and investigate the pres-
ence of minority carrier traps, MCTS measurements were performed
on the samples. The typical defect levels observed in as-grown, n-
type epitaxial layers through MCTS are the so-called shallow B
(EV + 0.27 eV), HS1 (EV + 0.35 eV), and D-center (EV + 0.61 eV).14

EV denotes the valence band edge.
Figure 4(a) presents the data obtained from MCTS measure-

ments, where the inset shows zoomed-in MCTS spectra in the tem-
perature range 130–320 K. The intensities of the B-related peaks (B
and D) vary strongly across the sample set. The extracted concentra-
tions of the shallow B and D-center in the samples are summarized
in Table III. Plots of the defect concentrations vs RT minority carrier
lifetimes are depicted in Figs. 4(b) and 4(c).

As demonstrated by Fig. 4(a), shallow B is the dominant defect
in all samples. The shallow B concentration was surprisingly high
in sample L, whereas sample F had a substantially lower concen-
tration, and samples C and D exhibited even lower concentrations
for this defect level. Furthermore, a closer look at the shallow B peak
in MCTS spectra (not shown here) revealed that it consists of two or

TABLE III. Deep level concentrations (cm−3) extracted from DLTS and MCTS
measurements on the samples.

Sample ID Z1/2 B D

C 9.5 × 1011 4.3 × 1012 5.3 × 1011

D 4.7 × 1011 9.7 × 1012 2.8 × 1012

F 1.4 × 1012 1.8 × 1013 2.3 × 1012

L 1.2 × 1012 4.0 × 1013 1.0 × 1012

APL Mater. 11, 031107 (2023); doi: 10.1063/5.0142415 11, 031107-4
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FIG. 4. (a) MCTS spectra taken in the temperature range 80–375 K. The inset is zoomed-in spectra around the D-center-related peak. (b) Measured carrier lifetime vs
shallow B concentration, and (c) measured carrier lifetime vs D-center concentrations in the studied samples.

more components; however, the details are out of scope of this paper.
For the D-center related peak, samples F and D exhibited higher
concentrations, whereas sample C had a five times lower value (see
Table III). Regarding the D-center in sample L, a signal was detected
around the D-center peak position for some correlation functions
only.

A value around 1 × 1012 cm−3 was extracted for the para-
meter sets where the D-center peak was visible in sample L, and is,
therefore, listed in Table III.

In samples with a higher concentration of D-center, the HS1
related peak was also observed. The MCTS results indicate that both
the D-center and HS1 deep levels are more pronounced in uninten-
tionally doped samples. By comparing the concentration of shallow
B and RT carrier lifetimes [in Fig. 4(b)], no meaningful relationship
between these two values is observed. On the other hand, a simi-
lar comparison between the concentration of D-center and the RT
carrier lifetime for samples C, F, and D shows a clear inverse rela-
tionship [see Fig. 4(c)] for all samples. In other words, the minority
carrier lifetime in the studied epitaxial layers appears to be correlated
with the concentration of the D-center–in clear contrast with com-
mon expectations that the Z1/2 level is the main defect controlling
the carrier lifetime.

C. Temperature-dependent 530 nm TRPL
Temperature-dependent TRPL, at wavelengths other than the

NBE range, provides information about different recombination
processes at any given specific wavelength.28 MCTS revealed that B-
related defects are prominent in the lower half of the bandgap in the
studied samples. It is also known that B-related defects in 4H–SiC
lead to a broad PL peak around 530 nm.29 Figures 5(a) and 5(b)
present recorded 530 nm, TRPL decay spectra for all samples at 296
and 887 K, respectively. The RT decay curves [Fig. 5(a)] consist of
two components, with fast and slow characters. As is shown in the
inset, the fast component’s slope is larger for samples D and F com-
pared to samples C and L. Furthermore, the slow components’ decay
constant also differs for different samples. The extracted values are
given in Table IV.

From the curves recorded at 887 K [Fig. 5(b)], it becomes clear
that the slow components have disappeared, leaving the fast com-
ponent alone, with an almost similar decay constant of ∼1 μs for
all samples. To explain the significant change in the shape of decay
curves at 887 K, the measurement was repeated with smaller temper-
ature intervals. Figure 6 shows 530 nm, TRPL decay curves, recorded
in the temperature range 296–870 K for each sample. The slow

FIG. 5. (a) RT and (b) 887 K TRPL decay curves for all samples recorded at the emission wavelength of 530 nm. The inset in (a) shows the fast decay part of all samples.
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TABLE IV. The extracted values of decay constants for the slow component in 530 nm
RT TRPL curves.

Sample ID 530 nm slow component decay constant (μs)

C 18.4
D 17.5
F 16.6
L 15.3

component of the decay curve starts to decay faster at temperatures
above 350 K. As the temperature is raised above 422 K, the slow com-
ponent disappears, and at further elevated temperatures (≥573 K),
only the fast decay component remains. The decay constant for
this component remains the same until the last measurement point
(887 K).

IV. DISCUSSION
A. Impact of deep levels on charge carrier dynamics

Even though the measured lifetime varies over a wide range
in the different samples, i.e., from 1.0 to 2.7 μs, it is important to
note that the thickness of each epitaxial layer is only 25 μm. There-
fore, even the lowest measured lifetime of 1 μs can be considered
high for such a thin layer. In this regard, two possibilities can be
considered, to explain the long carrier lifetimes. One is the slow de-

trapping of minority carrier holes in n-type epitaxial layers, which
leads to long carrier lifetimes, as reported by Klein et al. and Shri-
vastava et al.27,30 In this case, the minority-carrier, hole de-trapping
centers slowly emit already captured holes into the valence band.
In the presence of the majority electrons, they recombine through
band-to-band recombination and contribute to the long tail of the
NBE photoluminescence decay curve. The decomposition of a single
component RT exponential decay into two-component exponen-
tial decay of NBE emission in the temperature range 330–450 K is
the characteristic of samples containing such centers.27 However,
in our samples, only one exponential component was present at all
measurement temperatures (Fig. 2), evidencing that the slow de-
trapping of minority holes cannot be responsible for the long carrier
lifetimes.

The second possible explanation for the long carrier lifetimes
is a low concentration of Shockley Read Hall (SRH) recombination
centers. The relationship between SRH recombination lifetime and
SRH trap concentration is given by

1
τSRH

= Ntrap × νt × σtrap. (1)

Here, τtrap, Ntrap, νt , and σtrap are the SRH recombination lifetime
through a specific trap, trap concentration, the thermal velocity of
minority carriers, and the trap’s capture cross-section, respectively.

By considering Z1/2 as the main lifetime limiting defect and
taking the extracted Z1/2 densities from DLTS results into account

FIG. 6. (a) 530 nm TRPL decays of each sample, recorded in the temperature range 296–887 K, for samples (a) C, (b) D, (c) F, and (d) L.
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FIG. 7. Extracted carrier lifetimes vs TRPL measurement temperatures from RT
to 793 K for all samples. A surging point at 422 K is present in all samples, and
another is seen at 570 K only in samples D and F.

[Figs. 3(a) and 3(b)], sample C should exhibit almost half of the
carrier lifetime compared to sample D, as the Z1/2 concentration
in sample C is almost double that of sample D. Correspondingly,
samples F and L should have similar carrier lifetime values, as they
have similar Z1/2 densities. However, in both cases, the measured
values of carrier lifetime and Z1/2 concentration are not correlated.
These deviations imply that the commonly accepted lifetime- limit-
ing defect (Z1/2 ≡VC) in n-type 4H–SiC epitaxial layers cannot alone
be responsible for reducing the lifetime in the studied samples, but
instead, other defects may also be active in controlling the carrier
lifetimes.

Interpreting data obtained from temperature-dependent NBE
TRPL helps identify the different mechanisms impacting the minor-
ity carrier dynamics and lifetimes. In principle, due to the thermal

energy generated during the measurement, the carriers’ depopula-
tion from the deep levels affects the carrier lifetime. Consequently,
the influence of the depopulation on the carrier lifetime vs temper-
ature curves must be observed. Figure 7 depicts such a curve for
all the studied samples. As can be seen, samples C and L follow a
similar pattern, through which their measured carrier lifetime starts
to decrease above RT and reaches a minimum at ∼422 K. With a
further increase in temperature, the carrier lifetimes begin to rise
almost linearly with temperature. In contrast, samples D and F have
either a nearly constant value up to ∼422 K or show a slight increase
in the measured carrier lifetimes. A small increment in carrier life-
time is observed in the temperature range 422–570 K, followed by a
near-linear increase with temperature up to 793 K.

The two surging points at ∼422 K and ∼570 K are also high-
lighted in Fig. 7, which means that at least two mechanisms impact
the measured carrier lifetimes in the studied samples. The origin of
the two mechanisms will be discussed later when the MCTS results
and the information extracted from 530 nm temperature-dependent
TRPL are also analyzed.

For a better interpretation of the temperature-dependent, 530-
nm TRPL curves and their correlation with the concentrations of
B-related defects in MCTS spectra, the extracted slow components’
decay constants are plotted vs temperature in Fig. 8. As can be
seen, the decay constants of all samples start to decrease significantly
above room temperature and converge to an almost similar value
at temperatures above 422 K. By comparing Figs. 7 and 8(a), it is
revealed that the first surging point at 422 K in Fig. 7 can be related
to the almost complete elimination of the slow component of the
TRPL decay curves at 530 nm, as shown in Fig. 8(a).

Comparing the RT values of Fig. 8(a) (given in Table IV) with
the concentration of shallow B obtained from MCTS spectra reveals
an inverse relationship between the two values, as shown in Fig. 8(b).
However, it is commonly assumed that shallow B is not a recombina-
tion center,31 thus, not contributing to the luminescence at 530 nm.
Therefore, shallow B should not be directly involved in the recombi-
nation process that results in the 530 nm TRPL decay. Yang et al.28

have reported that the slow component of the 530-nm, TRPL decay
curve originates from e–A (free electron to acceptor) recombination,
where the acceptor level is shown to be the D-center. Furthermore,

FIG. 8. (a) 530 nm TRPL decay constants vs temperature for all samples. These decay constants converge to a specific value (∼1 μs) above 422 K in all samples. (b)
Shallow B concentrations in different samples vs their extracted 530 nm decay constant. The solid line is the fitted exponential line to the trend.
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they have shown that at higher measurement temperatures (473 K in
their report), the decay constant for this component reduces signif-
icantly. Similar behavior has been observed in the samples studied
herein. As shown in Fig. 8(b), the exponential decay constants for
the slow component of the 530-nm, TRPL decay curves quench sig-
nificantly with temperature in all samples and converge to a value
around 1 μs at ∼422 K.

In fact, upon increasing the temperature to 422 K, shallow B, as
a minority carrier trap,31 is getting depopulated, and the holes start
to emit to the valence band. Consequently, the number of available
holes for recombination is increased. As a result, the recombination
probability for an individual hole decreases and leads to a longer car-
rier lifetime, assuming a low-injection condition. It should be noted
that because of the ionization of N donor atoms, the concentration
of free electrons increases at elevated temperatures. Accordingly, the
probability of donor–acceptor pair (DAP) recombination decreases.
However, as an acceptor level, the D-center can still contribute to
the e–A recombination and reduce the carrier lifetime. As a result,
the carrier lifetime curves in Fig. 7 grow strikingly for the samples
with lower D-center concentrations (samples C and L). In contrast,
samples with a relatively higher concentration of D-center (samples
D and F) display a flat trend with temperature after a slight initial
increase.

In Ref. 28, it was also shown that the fast component of the RT,
530-nm, TRPL decay is related to the D-center concentration. How-
ever, at elevated temperatures, the decay constants for DAP and e–A
recombination become indistinguishable. Thus, other information
from Fig. 6 should be extracted to explain the next surging point for
samples D and F at 570 K in Fig. 7.

The area under a TRPL decay curve gives an estimate of the
number of recombination events. Figure 9(a) shows the calculated
areas under the 530-nm, TRPL decay curves vs temperature for
the studied samples. By comparing the 422 K values of the area
under the TRPL curve [in Fig. 9(a)] with the concentration of the
D-center [Fig. 4(c)] for each sample, it was found that there is

a linear relationship between the D-center concentration and the
number of recombination events at 530 nm [Fig. 9(b)]. It should
be noted that the RT values of the decay areas could not be used
here, as it was already shown that shallow B can significantly affect
the obtained information from TRPL at temperatures below ∼422 K.
Differently said, in the samples with a higher D-center concentra-
tion, the minority carriers tend to recombine at 530 nm. Eventually,
the number of available minority carriers to recombine at NBE
decreases. With the presence of excess majority carriers, the recom-
bination probability increases and results in a lower carrier lifetime.
It is evident that increasing the temperature from RT significantly
reduces the number of recombination events occurring at 530 nm.
Consequently, fewer minority carriers are disappearing through
this recombination center and, thus, are available for recombina-
tion through NBE emission. At temperatures above 700 K, all the
curves converge to a similar value, implying the neutralization of
the D-center’s effect on the carrier lifetime above this temperature.
Figure 9(a) further reveals that the area under TRPL decay curves for
all samples reduces beyond 570 K. A comparison among Figs. 7, 9(a),
and 9(b)indicates that the neutralization of the D-center at ∼570 K
leads to a substantial reduction of the recombination at 530 nm.
Consequently, a linear increment in the measured carrier lifetimes
above this temperature is observed.

The relationship shown in Fig. 9(b) can also be extended to the
HS1 defect level. However, it is known that HS1 is related to the L1
line at ∼420 nm in PL of 4H–SiC32 and, thus, not contributing to the
530-nm TRPL decay.

Comparing the curves of samples C and L in Fig. 9(a) shows
that at a temperature of ∼422 K, where all the curves are becoming
flat, the curve for sample L climbs over that of sample C and contin-
ues with a higher value until the curves again merge at ∼570 K. This
behavior could be explained by a relatively higher concentration of
shallow B for sample L than sample C, as obtained from MCTS spec-
tra. It was shown that above ∼422 K, shallow B hole traps start to emit
holes to the valence band. As a result, the number of available holes

FIG. 9. (a) Integrated decay area vs temperature extracted from 530—nm, TRPL decay curves at different temperatures for all samples, and (b) calculated 530-nm, TRPL
decay area at 422 K vs D-center concentration.
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for recombination increases. As this increment is relatively higher in
sample L than in sample C and also considering a slightly higher con-
centration of the D-center in sample L, more recombination events
are expected to occur at 530 nm in sample L at temperatures above
∼422 K.

Regarding the plateau between 422 and 570 K in Fig. 9(a), it
should be noted that, upon de-trapping of minority holes from the
shallow B level, the 530-nm decay gets accelerated by an increase
in the number of available holes in the valence band. On the other
hand, the neutralization of the D-center and the increased number of
free electrons at higher temperatures oppose the accelerated 530-nm
decay, resulting in a flat curve between 422 and 570 K in Fig. 9(a).

B. Influence of the growth parameters on B-related
deep levels and minority carrier lifetime

As summarized in Table I, all the samples were grown under
similar growth conditions, except for the C/Si ratio and growth
temperature. Furthermore, two samples (C and L) were doped inten-
tionally, by introducing nitrogen during the epitaxial growth. The
other two (samples D and F) were unintentionally doped with
residual nitrogen inside the reactor.

TRPL data and MCTS spectra revealed that the main impurity
which is limiting carrier lifetime in the studied samples is B, which
forms two main defect levels in 4H–SiC: shallow B and D-center. By
comparing the extracted concentrations of shallow B for different
samples, it is observed that the incorporation of shallow B is rela-
tively higher in samples with relatively lower doping concentrations,
independent of intentional or unintentional nitrogen doping. How-
ever, the relatively higher incorporation of shallow B in sample L
can be explained by considering this sample’s somewhat higher C/Si
ratio. The main source of unintentional B in CVD-grown layers is
graphite, and the partial pressure of B can be considered constant
for a fixed growth temperature. However, the incorporation of B in
the epitaxial layer may be significantly influenced by the C/Si ratio,
following the so-called site competition. As the prominent model
for shallow B is BSi,33 the formation of this defect is more favored
in a C-rich environment. This explanation can be further expanded
to the D-center with possible BC configuration,34,35 where the C-
rich environment hinders substitution of B on the C site. On the
other hand, when considering the BSi–VC configuration as another
proposed model for the D-center,33 and the explanation for the for-
mation of shallow B, it can be understood that the probability of
having BSi–VC is low, as most of the BSi defects are already bonded to
C atoms. However, the higher Z1/2 concentration in sample L could
explain the reason for having a higher D-center concentration in this
sample. Furthermore, it is also known that the incorporation of B is
further enhanced at low growth temperatures.14 Thus, the D-center
formation is further pronounced in samples grown at relatively low
temperatures and with a low C/Si ratio (sample D).

V. CONCLUSION
A significantly high charge carrier lifetime was obtained in 25-

μm-thick, 4H–SiC epitaxial layers; however, it varied over a wide
range of 1.0–2.7 μs. The samples were grown under similar growth
conditions, except for the growth temperature, C/Si ratio, and N

doping. A relatively high carrier lifetime was observed in sam-
ples grown with intentional N doping compared to unintentionally
doped samples, regardless of doping concentration, as long as it
was less than 2 × 1014 cm−3. Slow de-trapping of minority holes
from minority carrier traps was discounted as the reason for the
observed behavior. A low concentration of Z1/2 defects is observed
in all samples, but no meaningful correlation was found between
the Z1/2 concentration and charge carrier lifetime, indicating that
other defects might be active in controlling the charge carrier life-
time in these samples. MCTS measurements revealed the presence
of B-related defect levels; shallow B and D-center. Analysis of TRPL
data (temperature-dependent NBE and at 530 nm) and their com-
parison with DLTS and MCTS results indicate that B-related defects
in the epitaxial layer are effectively controlling the minority car-
rier dynamics. Temperature-dependent TRPL measurements in the
NBE and at 530-nm spectral ranges reveal that although shallow
B is not a recombination center, with trapping and de-trapping of
minority holes, it can significantly impact the RT minority carrier
lifetime. Comparison of MCTS and TRPL data shows a one-to-one
correlation between the D-center concentration and charge carrier
lifetime, indicating that B-related impurities are probably the main
lifetime killer when Z1/2 concentration is very low. The main source
of B in SiC epitaxial layers is the graphite parts of the CVD reactor,
which act as a continuous source of unintentional B doping. We have
observed that the combination of intentional N doping and a C-rich
environment suppresses the formation of the D-center; however, the
latter pronounces the shallow B incorporation in the epitaxial layers.
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