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A B S T R A C T

Acceptor dopants in 4H-SiC exhibit energy levels that are located deeper in the band gap than the thermal
energy at room temperature (RT), resulting in incomplete ionization at RT. Therefore, a comprehensive
understanding of the defect energetics and how the impurities are introduced into the material is imperative.
Herein, we study impurity related defect levels in 4H-SiC epitaxial layers (epi-layers) grown by chemical vapor
deposition (CVD) under various conditions using minority carrier transient spectroscopy (MCTS). We find two
trap levels assigned to boron impurities, B and D, which are introduced to varying degrees depending on the
growth conditions. A second acceptor level that was labeled X in the literature and attributed to impurity
related defects is also observed. Importantly, both the B and X levels exhibit fine structure revealed by MCTS
measurements. We attribute the fine structure to acceptor impurities at hexagonal and pseudo-cubic lattice
sites in 4H-SiC, and tentatively assign the X peak to Al based on experimental findings and density functional
theory calculations.
. Introduction

Silicon carbide is rapidly becoming a popular choice for energy
fficient power devices operating under harsh conditions [1]. How-
ver, defects that are introduced unintentionally during growth of
H-SiC epitaxial layers (epi-layers) can have a debilitating impact on
he device performance. For example, the carbon vacancy (VC) is
erennially present in state of the art 4H-SiC epi-layers to densities of
5 × 1012 cm−3 [2] and post-growth treatments based on carbon injec-

ion [3–6] are needed for its removal. Notably, the VC introduces two
efect level signatures that can be detected by capacitance transient
ethods: the Z1∕2 assigned to the (0/2-) negative-𝑈 charge transition

evel of the VC, and the EH6∕7 assigned to the VC(2+/+/0) double donor
ransition [7]. The VC related defect levels are commonly accepted as
eing responsible for reducing the minority carrier lifetime in 4H-SiC
pi-layers [8,9] and substantial research has gone towards reducing the
C density [3–6].

Recently, we demonstrated that impurity related defects can have a
ignificant impact on material properties with the possibility of being
etrimental to device performance. Indeed, n-type 4H-SiC samples with
igher densities of boron impurity related acceptor levels compared to
therwise identical as-grown 4H-SiC epi-layers were found to exhibit
clear correlation with lower minority carrier lifetimes [10]. Two

∗ Corresponding author at: Department of Physics/Centre for Materials Science and Nanotechnology, University of Oslo, 0316 Oslo, Norway.
E-mail address: m.e.bathen@fys.uio.no (M.E. Bathen).

acceptor levels assigned to boron, the so-called B peak and D-center,
are often observed in as-grown n-type 4H-SiC epi-layers using minority
carrier transient spectroscopy (MCTS). The B peak is commonly ac-
cepted as originating from B on the Si lattice site (BSi) and acts as a
relatively shallow acceptor at (0.23 − 0.28) eV above the valence band
edge (EV), while the D-center is located deeper in the band gap at
EV+(0.58 − 0.63) eV [11] and was recently assigned to B on the C site,
BC [12]. In Ref. [10], the deep boron-related D-center was found to
have a comparable influence on the carrier lifetime to that of the Z1∕2
level, which was previously considered the most prominent lifetime
killer in 4H-SiC epi-layers. For this reason, a deeper understanding of
acceptor impurity related defects in 4H-SiC epi-layers is needed.

Aluminum (Al) is typically used for p-type doping of SiC, both
because of shallower dopant levels than boron acceptors, and due to
the observed relation between boron and the minority carrier lifetime.
However, the Al shallow acceptor level is still located relatively far
away from the valence band edge (EV) at around EV+0.19 eV [13]
as compared to, e.g., the nitrogen (N) shallow donor in 4H-SiC (at
57−105 meV below the conduction band edge, EC [14]), leading to in-
complete ionization of acceptor dopants in 4H-SiC at room temperature
(RT). Furthermore, reported energy levels and capture cross-sections
for the Al shallow acceptor level vary greatly in the literature (see,
e.g., Refs. [13,15–17]).
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Table 1
Sample details including identifier (ID), supplier, measured net doping density, and growth parameters for the studied epi-layers. The growth

parameters include growth temperature (T), C/Si ratio, and whether doping was unintentional (U) or intentional (I) during growth. The net
doping concentration was extracted from capacitance–voltage (CV) measurements of Schottky diodes.

ID Supplier Net doping (cm−3) (μm) T (°C) C/Si U/I

CR CREE/Wolfspeed 1.05 × 1015 I

C1 Linköping University 1.8 × 1014 1640 1.2 I
D1 Linköping University 1.9 × 1014 1600 1.05 U
F2 Linköping University 5.6 × 1013 1640 1.1 U
L1 Linköping University 2.8 × 1013 1640 1.3 I
E2 Linköping University 3.7 × 1013 1640 1.1 U
G2 Linköping University 4.6 × 1012 1640 1.1 U
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Despite numerous studies on electrically active defects in 4H-SiC,
any open questions remain, particularly related to the energetics and

ine structure of acceptor impurities. Herein, we study as-grown n-type
H-SiC epitaxial layers using MCTS measurements and illuminate the
icroscopic structure of shallow acceptor defect levels. Assignments to

he sub-levels of shallow boron on Si site caused by the inequivalent
exagonal (h) and pseudo-cubic (k) lattice sites in 4H-SiC are provided.
urthermore, a second and shallower acceptor level, labeled X in the
iterature [18], is studied and tentatively assigned to Al impurities
ubstituting on the Si lattice site based on experimental findings and
ensity functional theory (DFT) calculations.

. Methods

.1. Experiment

We compare as-grown 4H-SiC epitaxial layers grown under varying
onditions in different reactors and having a broad spread in net carrier
oncentration and growth conditions. The epi-layers were either pur-
hased from CREE/Wolfspeed or grown by chemical vapor deposition
CVD) in a horizontal hot-wall reactor at Linköping University. All
he epi-layers studied herein have (0001) orientation and a 4◦ off-cut
owards the [112̄0] direction. The sample details are summarized in
able 1.

The wafers purchased from CREE/Wolfspeed have 10 μm thick epi-
ayers with net n-type doping (nitrogen) of ∼ 1.05 × 1015 cm−3 as deter-
ined by capacitance–voltage (CV) measurements, and are grown on
ighly doped n+ substrates with ∼8 × 1018 cm−3 carrier density. Addi-
ionally, n-type 4H-SiC epi-layers were grown in a horizontal hot-wall
VD reactor at Linköping University with 20–25 μm thickness. Similar
ubstrates as for the commercial samples were employed (highly doped
nd with ∼8 × 1018 cm−3 carrier concentration). The non-commercial
pi-layers were grown under different conditions including varying
emperature, C/Si ratio, and intentional N doping while the rest of
he growth conditions were kept constant. The growth rate was set to
5 μmh−1 for all non-commercial samples, where the change in C/Si
atio is provided by adjusting only the methane flow rates. The Si and

sources were trichlorosilane (TCS) and methane highly diluted in
2, respectively. Molecular nitrogen gas (N2) was used for intentional
oping (I) while unintentionally doped (U) samples were doped by
esidual background nitrogen. Some of the samples used herein were
lso studied in Ref. [10].

To study electrically active defects that are present after epi-layer
rowth, Schottky diodes were formed using electron beam deposition of
ickel (Ni) through a shadow mask. Metal deposition followed sample
leaning using a standard RCA procedure including a 2 min HF dip to
emove the native oxide on the SiC surface. To facilitate probing of
inority carriers, above band gap light must reach the space charge

egion of the Schottky diode to enable generation of electron–hole
airs. Thus, semi-transparent Schottky contacts were fabricated in a
wo-layer structure consisting of a lower layer of 600 μm or 900 μm
iameter and ∼10 nm thickness, and a top layer having 300 μm diameter
2

nd 100 nm thickness. The backside Ohmic contact was formed using
ilver paste. The net doping densities (𝑁D-𝑁A) were estimated by CV
easurements of the Schottky contacts.

Defect levels in the semiconductor band gap can be studied using
eep level transient spectroscopy (DLTS) for majority carrier traps and
inority carrier transient spectroscopy (MCTS) for minority carrier

raps. In this work, MCTS measurements were carried out to study
cceptor impurity related defect levels in n-type 4H-SiC. The measure-
ents were conducted at reverse biases (Vr) between −10V and −1V

nd in a temperature range of 20K–350K. The optical injection was
nduced by a 200 mW and 365 nm light emitting diode (LED) at a 100 ms
r 200 ms pulse width (tp) and with a period width (Tw) of 200 ms
r 500 ms. The data shown herein represents the parameter set with
he highest signal to noise ratio for each sample. Note that the reverse
iases used for MCTS measurements herein are too small to probe the
ubstrate considering the low doping densities in the epi-layers (see
able 1). Furthermore, all possible defects in the epi-layers are intro-
uced during growth and therefore likely near-uniformly distributed
n depth, meaning that the impact of using different reverse biases for
CTS measurements should be negligible.

The MCTS signal was extracted from the averaged transient over
10 measurements at each temperature. A Fourier transform of the

ecorded transients was performed using up to 28 correlation functions.
he spectrum referred to as the MCTS signal shown in the rest of
he paper refers to the coefficient of the sine term (𝑏1) in the Fourier
eries of the deep level/minority carrier transient Fourier spectroscopy
DLTFS/MCTFS) [19]. Whenever other coefficients of the Fourier series
esides 𝑏1 are employed herein this will be explicitly specified.

Extraction of trap densities using DLTS follows (assuming the deple-
ion approximation is valid)

t ≈ 2
(𝛥𝐶

𝐶

)max
𝑁eff , (1)

where (𝛥𝐶∕𝐶)max is obtained from the value of the signal at the peak
aximum in the DLTS spectrum, 𝑁t is the trap density and 𝑁eff the
oping concentration. Note that when estimating the concentration
f a minority carrier trap using MCTS, 𝑁t will depend on the free
ole density that is induced by the applied optical pulse. Herein, we
ill use the net doping density 𝑁eff = 𝑁D − 𝑁A measured by CV to

estimate approximate hole trap concentrations [20], but note that these
estimates will include inaccuracies as we do not know the exact induced
hole concentration during light pulses.

Using Arrhenius analysis, the defect energy level (𝐸A) in the band
ap and the apparent electron or hole capture cross-section (𝜎n∕p,app)

can be extracted from the MCTS spectra. It should be noted that the
estimate for 𝜎n∕p,app relies on the free carrier concentration. Herein,
the net free electron concentration is used to estimate 𝜎p,app for the
hole traps. The reason is that the induced hole concentration caused by
the optical pulse during MCTS relies on multiple parameters including
power and wavelength of the LED, transparency of the Schottky contact
metal, and the diffusion of generated holes into the space charge region
of the Schottky diode, and is challenging to determine. This contributes
uncertainty to the estimated apparent capture cross-sections herein.
Furthermore, the apparent capture cross-section can deviate from the
measured one, 𝜎 , and contain contributions from additional
n∕p,meas



Materials Science in Semiconductor Processing 177 (2024) 108360M.E. Bathen et al.
Table 2
Calculated chemical potential values using the HSE06 functional in the Si-poor/C-rich
limit for the species studied herein (Si, C, N, Al).

Species Unit cell Chemical potential (eV)

Si Si and SiC −6.92
C Diamond −10.55
N Si3N4 and Si −12.43
Al Al4C3 and diamond −4.47

barriers for carrier capture. Since the induced hole concentration is
unknown, we do not provide an estimate for 𝜎n∕p,meas herein, but instead
report on 𝜎n∕p,app to compare between different defect levels.

To determine whether the defect concentration varies across the
sample depth, the so-called depth profile (defect concentration as a
function of depth from the surface) can be obtained by measuring the
MCTS signal versus voltage at the maximum defect peak temperature.
The depth profile is then calculated according to [21]

𝑁t (𝑥) = −
( 𝑞𝑊 2𝑁eff

𝜖s𝜖0

)

𝑁eff (𝑥)
𝜕(𝛥𝐶∕𝐶)

𝜕𝑉
, (2)

where 𝑊 denotes the depletion region width, 𝜖s is the semiconductor
permittivity, 𝑁eff (𝑥) is the effective doping concentration depending
on depth as obtained from CV measurements, and 𝜕(𝛥𝐶∕𝐶)∕𝜕𝑉 refers
to the derivative of the MCTS signal with respect to voltage. We
employ the net electron concentration to estimate the approximate
concentration as a function of depth of hole traps herein since the
induced hole concentration caused by optical pulses during MCTS could
not be estimated.

2.2. Theory

Density functional theory (DFT) calculations in the Kohn–Sham (KS)
formalism were performed to study the energetics and formation proba-
bilities of impurity related defects in 4H-SiC. All DFT calculations were
performed as implemented in the Vienna ab initio Simulation Package
or VASP code [22–24] using the projector augmented-wave (PAW)
method [25] to describe core electrons and plane waves to describe
valence electrons. Both the lattice parameters and material and defect
energetics were obtained using first the Perdew–Bruke–Ernzerhof (PBE)
functional [26] for initial results, followed by calculations with the
hybrid Heyd–Scuseria–Ernzerhof HSE06 functional [27] for improved
accuracy. The HSE06 calculations yielded a band gap of 3.17 eV, in
good agreement with the experimental value of 3.23 eV at RT [28].
Similarly, the computed lattice parameters of 𝑎 = 3.070Å and 𝑏 =
10.048Å agree with the experimental values (3.073Å and 10.053Å,
respectively [29]).

For the defect calculations, 576-atom supercells were constructed by
replicating the unit cell by 6 × 6 × 2 along the main axes. Defects
were introduced in the supercell by removing a C or Si atom to
form vacancies, and replacing them by an Al or N (for reference)
atom to form substitutional defects. Defect relaxation was performed
using PBE followed by HSE06. The HSE06 relaxation was performed
using 𝛤 -only Brillouin zone (BZ) sampling and a 450 eV energy cutoff,
and with convergence criteria of 1 × 10−6 eV and 0.02 eVÅ−1 for the
electronic self-consistent loop and geometric relaxation, respectively.
Defect formation energy (𝐸f ) diagrams were formed according to [30]

𝐸f (𝑞) = 𝐸tot
def (𝑞) − 𝐸tot

sc − 𝛴𝑖𝑛𝑖𝜇𝑖 + 𝑞(𝐸V + 𝐸F) + 𝐸FNV, (3)

where 𝑞 represents the charge state, 𝐸tot
def∕sc refers to the total energy of

the supercells with and without defect, respectively, 𝑛𝑖 is the number
of atoms added (𝑛𝑖 > 0) or removed (𝑛𝑖 < 0) from the supercell
to create the defect, and 𝜇𝑖 is the chemical potential for each of the
species (Si, C, Al, N). 𝐸V refers to the valence band maximum and
3

𝐸F is the Fermi level position relative to 𝐸V. The formation energy
diagrams are shown herein for the Si poor/C rich limit. The chemical
potentials for Si and C were determined from the total energy per
atom of the unit cell of Si and diamond, respectively. For the impurity
atoms, the chemical potentials 𝜇N and 𝜇Al were obtained from Si3N4
and Al4C3, respectively. Table 2 contains the calculated (using the
HSE06 functional) chemical potential values for the relevant species
(Si, C, N and Al). 𝐸FNV is a correction term to account for charged
defects, and finite-size corrections were performed herein according to
the Freysoldt–Neugebauer–van de Walle (FNV) correction scheme [31–
33]. See Appendix for the computed FNV correction values for the
different charge states of the impurity-related defects studied herein
(i.e., NC, NSi, AlC and AlSi).

It should be noted that shallow dopants typically introduce delo-
calized states in the semiconductor band gap that are challenging to
contain in a finite size supercell, and DFT calculations of shallow state
defect levels are therefore expected to involve inaccuracies. Thus, the
calculations performed herein are not intended to provide accurate
defect levels, but rather to compare the formation probabilities of im-
purities on C vs. Si sites and to gauge any possible differences in energy
level between impurities located at hexagonal (h) and pseudo-cubic (k)
lattice sites in 4H-SiC.

3. Results and discussion

Fig. 1(a) shows MCTS spectra collected in the temperature range of
50K–350K for the as-grown epi-layers (see Table 1 for sample details)
and reveals signatures from three levels in the lower part of the band
gap, labeled X, B and D. The X, B and D peaks have previously been
assigned to energy levels at 0.17 eV [18], 0.27 eV and 0.59 eV [11]
above the valence band edge (𝐸V), respectively. We measure similar
energy levels at 𝐸V + 0.18 eV for the X, 𝐸V + 0.28 eV for the B, and
𝐸V + 0.58 eV for the D peak herein. The B level originates from the
(0/-) acceptor transition of substitutional B on Si site (BSi) [11,34],
while the D defect signature was recently established as belonging to
the (0/-) transition of substitutional B on the C site [12]. The X peak
was previously observed and assigned to an impurity [18]. Table 3 lists
the defect parameters that were extracted by Arrhenius analysis from
the MCTS spectra shown in Fig. 1(a) for sample CR.

In Fig. 1(b), the same MCTS spectra are shown, but scaled by the
net carrier (electron) density in the samples according to Eq. (1). It
is evident that the impurity densities vary substantially across the
samples. Most notable is the drastic difference in ratio between the
X and B levels across the different samples. Indeed, the X peak is far
more prominent relative to the B peak in the commercial sample (CR)
as compared to those grown at Linköping University, where the B peak
density consistently exceeds that of the X peak.

The X peak, in keeping with the behavior of the B and D peaks,
does not change in intensity with irradiation [18,35,36]. This indicates
an impurity related origin. According to Fig. 1, incorporation of the X
impurity seems to depend strongly on the reactor or growth parame-
ters used for epi-layer growth. The measured energy level position of
around 0.18 eV for the X peak, combined with its impurity nature, indi-
cates that Al is a likely candidate. Moreover, we measure an apparent
hole capture cross-section of 𝜎p,app =1.4 × 10−14 cm2 for the X impurity
(see Table 3), which is comparable to the defect assigned to the Al shal-
low acceptor level (𝐸A = 0.19 eV, 𝜎p,app =1.4 × 10−13 cm2) in Ref. [13] by
thermal admittance spectroscopy. Note that one reported capture cross-
section for the Al shallow acceptor based on current-DLTS (I-DLTS)
measurements is suggested to be far lower at ∼1 × 10−19 cm2 [17].
Unfortunately, the extracted concentration of the X level in the as-
grown epi-layers studied herein (1 × 1011 cm−3–1 × 1012 cm−3) is too low
for correlation with impurity concentrations using, e.g., secondary ion
mass spectrometry (SIMS).

B on the Si site can localize in two different configurations in 4H-
SiC, BSi(h) and BSi(k), depending on whether the impurity is located
at the hexagonal (h) or pseudo-cubic (k) lattice site. B situated at
Si
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Fig. 1. (a) MCTS spectra collected in the 50K–350K temperature range at Vr = −1 V (samples CR, G2), Vr = −3 V (sample E2) and Vr = −10 V (samples F2, C1, D1, L1) reverse
bias. Panel (b) shows the same data scaled by each sample’s measured free carrier (electron) concentration at room temperature, i.e., 2𝑁eff𝛥𝐶∕𝐶.
Fig. 2. (a) MCTS spectra in the 100K–250K temperature range that use different correlation functions to demonstrate the presence of two contributions to the shallow B peak
in the C1, D1, F2 and G2 samples. (b) Fit (blue solid line) to the MCTS data (red dots) for the shallow B peak in sample F2, using the double-squared correlation function, and
providing the trap parameters for the two contributions from the fit.
Table 3
Defect level parameters extracted by Arrhenius analysis of MCTS data for the CR
sample.

Peak 𝐸C − 𝐸𝐴 (eV) 𝜎𝑝,app (cm2) 𝑁𝑡 (cm−3)

X 0.18 1.4 × 10−14 1.2 × 1012

B 0.28 1.1 × 10−14 8.3 × 1011

D 0.58 4.3 × 10−15 1.9 × 1011

the two different lattice sites, h and k, is expected to exhibit similar
electronic properties and thermal stabilities, but where the hexagonal
configuration BSi(h) has a slightly lower formation energy and the
acceptor transition levels differ by 20 meV, as predicted by DFT [12].
Previous studies have attempted to separate these dual contributions
to the B peak using Laplace-DLTS, especially since the D-center was
recently shown to contain two distinct signatures assigned to BC at
h and k lattice sites [37], however without success. Fig. 2(a) shows
MCTS spectra focusing on the B peak for as-grown epi-layers C1, D1, F2
and G2 using different coefficients of the Fourier transform (b2N, D-sq,
𝑎1) than the sine term 𝑏1. The figure clearly shows that there are two
contributions to the B peak that are far enough separated that Laplace-
DLTS is not necessary. We label the lower-temperature contribution B’
4

and the higher-temperature one B’’. A similar observation was recently
reported in Ref. [38] as well. These two configurations, B’ and B’’, likely
arise from BSi on different lattice site configurations in 4H-SiC.

Fig. 2(b) shows a zoom-in of the MCTS data for sample F2 where
the dual configuration of BSi is clearly visible. The dots represent
experimental data while the solid line is a fit containing estimated
activation energies and apparent capture cross-sections. Here, the ex-
tracted parameters are 𝐸A = 0.24 eV, 𝜎p,app =3 × 10−15 cm2 for B’,
and 𝐸A = 0.26 eV, 𝜎p,app =2.8 × 10−15 cm2 for B’’. In Ref. [12], the
acceptor levels of BSi(k) and BSi(h) predicted by DFT were positioned at
𝐸V + 0.34 eV and 𝐸V + 0.32 eV, respectively, in decent agreement with
experimental data despite a discrepancy that is within the expected
uncertainty of both the experimental and theoretical methods. It should
be noted that computing the capture cross-section is challenging and
measurements are often accompanied by uncertainties of up to an order
of magnitude. Indeed, the apparent and measured 𝜎n∕p can differ even
more. These observations can at least partially explain the difference
between charge transition levels predicted by DFT and estimated by fits
to MCTS data for BSi (0.24 eV and 0.26 eV above 𝐸V from the simulated
MCTS data, 0.32 eV and 0.34 eV from DFT calculations). Increasing the
hole capture cross-section of BSi by one order of magnitude, e.g., from
∼1 × 10−15 cm2 (close to the value in Fig. 2) to 1 × 10−14 cm2, increases
the accompanying fitted trap level energies by 15meV–20meV for X’,

X’’, B’ and B’’. Oppositely, a reduction in the capture cross-section from
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Fig. 3. MCTS depth profiles collected from sample CR at three different temperatures:
80 K centered at the X peak maximum, 118 K which coincides with the B’ component
of the B peak, and 122 K to probe the B’’ component.

Fig. 4. Fitted (red) MCTS spectra (black) in the range 50K–200K demonstrating the
presence of two contributions both to the X peak and the shallow B peak in sample
CR. The total fit and its components are also illustrated in the figure. Measured data:
Tw = 200 ms, tp = 200 ms, Vr = −1 V.

1 × 10−15 cm2 to 1 × 10−16 cm2 reduces the acceptor trap level energies
y 15meV–20meV. According to the fit to the MCTS curves, a hole cap-
ure cross-section as large as 1 × 10−12 cm2 is needed for the trap levels

of the B’ and B’’ peaks to match those predicted for BSi on h and k lattice
ites by Ref. [12] using DFT calculations (𝜎𝑝 =1 × 10−12 cm2 yields 𝐸A of
.31 eV and 0.33 eV above EV for B’ and B’’, respectively). Clearly, an
ccurate estimate of 𝜎𝑝 is essential for deducing the trap level energy

from MCTS data. In conclusion, the B’ and B’’ contributions to the B
peak are assigned to boron situated on hexagonal and pseudo-cubic Si
sites, respectively.

Interestingly, the relative intensities of the B’ and B’’ configurations
vary across the samples and hence likely depend on the growth param-
eters (see Fig. 2). For samples C1 and F2, the intensity of B’’ exceeds
that of B’, while samples D1 and G2 exhibit higher intensities for the B’
than B’’ configuration. In these experiments, the growth temperature
was kept constant (except for sample D1, see Table 1), the samples
were unintentionally doped apart from C1 and L1, and all samples
were grown with similar cooling rates. The pairwise configuration
dependence (C1 and F2 have B’’>B’, D1 and G2 have B’>B’’) cannot
be directly related to these growth conditions, and does not seem to
be correlated with the carrier concentration or approximate B peak
concentration either. It is possible that the preference of B to localize
5

Si b
in a specific configuration (h or k lattice site) is related to minute
differences in the growth conditions, for example the manner in which
doping is introduced and the cooling rate after the high-temperature
growth procedure. One alternative explanation for the variation in
B’/B" ratio is local temperature variations across the wafer during
epi-layer growth that contribute to the observed differences in fine
structure of the MCTS spectra in Fig. 2.

Depth profiling of the two shallow acceptor levels, X and B, was
performed to further elucidate their origin and incorporation mecha-
nism, and determine their internal relations. Fig. 3 shows MCTS depth
profiles collected from sample CR at three different temperatures: 80 K
centered at the X peak maximum, 118 K which coincides with the B’
omponent of the B peak, and 122 K to probe the B’’ configuration.
nterestingly, the X and B defects are near-uniformly distributed in
epth, but all depth profiles exhibit a slight increase towards the surface
ithin the probed region. This indicates accumulation of acceptor-

ike impurities towards the surface of the epi-layers during growth.
urther, the two components of the B peak, B’ and B’’, exhibit the same
rofile variation across the probed region (see Fig. 3). This supports the
ssignment of B’ and B’’ to hexagonal and pseudo-cubic components
f shallow boron on the Si lattice site. The X peak, on the other
and, shows a steeper increase towards the epi-layer surface. This
ndicates an origin related to a different acceptor impurity than B,
ith Al being a prominent candidate considering the measured energy

evel and capture cross-section parameters (see Table 3). In fact, the
ncrease in density of the X peak towards the epi-layer surface is in
greement with previous studies that found accumulation of Al near
he SiC surface after implantation and activation annealing [39]. This
upports a tentative assignment of the X peak to an Al impurity situated
n the Si lattice site. It should be noted that the Al implanted samples
n Ref. [39] are highly doped, in contrast to the low concentrations of
cceptor impurities in the samples studied herein. If the X peak does
ndeed arise from Al on a Si lattice site, the findings presented in Fig. 3
emonstrate that Al accumulation towards the surface occurs regardless
f Al concentration and across a broad doping range.

Fig. 4 displays high-resolution MCTS measurements on sample CR
hat demonstrate the dual configuration of both the X and B peaks. In
eeping with the labeling for B, the lower-lying configuration of X is
abeled X’, while the higher energy contribution is labeled X’’. The red
urve in Fig. 4 is a fit to the data (black) based on simulated MCTS data
nd assuming two contributions to both the X (X’ and X’’) and B (B’ and
’’) peaks. The same parameters as shown in Fig. 2(b) are employed
or fitting the B’ and B’’ configurations in Fig. 4. Using an apparent
apture cross-section 𝜎p,app for the X defect of 1 × 10−14 cm2 according
o Table 3, the two configurations X’ and X’’ have energy levels at
.155 eV and 0.17 eV above 𝐸V, respectively. The energetic separation
f 15 meV between the X’ and X’’ configurations of the X peak is
omparable to that found for the B peak (20 meV) using both MCTS
nd DFT calculations, and supports an assignment to substitutional
mpurities at h and k lattice sites in 4H-SiC.

Fig. 5 shows formation energy diagrams for vacancy and dopant
related defects in 4H-SiC calculated using DFT with the HSE06 func-
tional and a 576-atom supercell. The defect centers depicted include the
carbon and silicon vacancies (VC and VSi, respectively), nitrogen on C
(NC) and Si (NSi) lattice sites, and aluminum on C (AlC) and Si (AlSi)
attice sites. Intriguingly, the N and Al related defect levels exhibit
imilar but opposite trends: on one of the atomic sites, the impurity
ehaves as a shallow dopant, while on the other, it is a deep level
efect. For the case of nitrogen, the C site is preferred by several eV,
hile aluminum clearly prefers the Si site by an even larger margin.

The (0/-) acceptor level of AlSi is predicted by DFT to be found at
oughly 0.19 eV above the valence band edge (see Fig. 5), in excellent
greement with the measured energy level of 0.18 eV for the X peak
erein (see Table 3). According to theoretical modeling, the separation
etween the h and k configurations of AlSi is so small in terms of

oth formation energy and transition level that it is not visible in
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Fig. 5. Formation energy diagrams computed using DFT and the HSE06 functional in a 6 × 6 × 2 4H-SiC supercell. The data for VC and VSi was computed in Ref. [40].
Fig. 5. The predicted energetic separation between the two lattice sites
is minute at only 4 meV, with AlSi(h)(0/-) landing at 𝐸V + 0.187 eV,
and AlSi(k)(0/-) located at 𝐸V + 0.191 eV. This is far below the typical
accuracy expected for this kind of calculation and also smaller than
the separation between X’ and X’’ (15 meV) extracted from the MCTS
measurements (see Fig. 4). Nonetheless, we tentatively assign the X’
and X’’ peaks to the h and k configurations, respectively, of Al on the
Si site.

4. Concluding remarks

Controlled introduction of acceptor dopants is essential for the
successful realization of SiC power devices. Herein, we study the pres-
ence of three impurity-related acceptor levels (X, B and D) that are
introduced during growth of 4H-SiC epitaxial layers using minority
carrier transient spectroscopy (MCTS). Firstly, epi-layers grown using
different reactors and growth conditions exhibit different intensities
of defect levels attributed to the B and X impurities. Both types of
shallow acceptor impurities are found to accumulate towards the epi-
layer surface by MCTS depth profiling but the trend is stronger for
the X defect center. Furthermore, both the X and B peaks are found
to exhibit a dual configuration — i.e., the X peak consists of the X’
and X’’ contributions, while the two signatures labeled B’ and B’’ are
encompassed by the B peak. In the case of the B peak contributions,
they are assigned to BSi on the hexagonal (h) and pseudo-cubic (k)
lattice sites for B’ and B’’, respectively. A similar situation is expected
for the X peak. Finally, the energy level position of the X peak, around
∼0.19 eV above the valence band edge, combined with an extrinsic
defect nature, suggests the Al impurity on Si site as a likely candidate
for the defect origin.
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Appendix. Charge state corrections

Table A.1 lists the calculated values for the FNV corrections com-
puted for the different charge states 𝑞 of the impurity-related defects
shown in Fig. 5 — i.e., N atoms on C and Si lattice sites, and Al dopants
substituting for C and Si atoms. Note that only the hexagonal (h) lattice
site of each defect is listed for brevity.

Table A.1
Calculated values of the FNV correction (meV) for the different charge states 𝑞 of the

impurity-related defects shown in Fig. 5 (N and Al substituting for C and Si atoms).
Only the hexagonal (h) lattice site of each defect is listed for brevity. Empty slots
indicate that a particular charge state was not found to be thermodynamically stable.
𝑞 NC(h) NSi(h) AlSi(h) AlC(h)

+1 74.7 111.2 124.7
0 0 0 0 0
−1 107.2 113.1 94.7
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