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ABSTRACT: The atomic structures and chemical states of active and inactive
dopant sites in n-type and p-type 4H-SiC(0001) substrates have been investigated
by X-ray absorption near edge structure (XANES) and photoelectron spectroscopy
(PES). In N atom-doped n-type 4H-SiC(0001), the PES results indicated that a N−
C species was formed near the surface. XANES simulations showed that SiNx and
N−C species were attributed to active and inactive dopant states, respectively.
Angle-resolved XANES measurements showed that the N−C species acted as an
inactive dopant site in N-doped 4H-SiC(0001). In Al-doped p-type 4H-SiC, PES
analysis revealed that a single chemical state was present at the Al-doped 4H-SiC.
The simulated XANES spectra showed that the Si site in 4H-SiC(0001) was
replaced by an Al dopant atom, which was the active dopant site. Furthermore,
relaxation of the local structure around the Al dopant in Al-doped 4H-SiC(0001)
was observed due to bond stretching.
KEYWORDS: SiC, N-doped SiC, Al-doped SiC, active and inactive dopant

1. INTRODUCTION
Silicon carbide (SiC), a wide bandgap semiconductor with an
indirect band structure, is attractive as a semiconductor for its
excellent physical and electronic properties.1−3 SiC exhibits a
large band gap (2.3 to 3.2 eV), high temperature coefficient,
high critical field strength (4−6 MV cm−1), and high chemical
stability.4−6 SiC-based devices show high breakdown voltage,
high switching speed, and high-temperature operation.2,3,7

SiC has more than 200 polytypes.3 3C-SiC can be used for
solar cells, piezoresistive devices, and optoelectronic devices.5

4H-SiC and 6H-SiC are used in metal-oxide-semiconductor
field-effect transistors and high-efficiency photodiodes, respec-
tively. Among the polytypes, 4H-SiC(0001) has received the
most attention due to its second-highest bandgap (3.2 eV) and
isotropic mobility along the crystal a- and c-axes.2 4H-
SiC(0001) is commercially available in a wafer form.1−3

Nitrogen (N) and phosphorus (P) are used as n-type dopants,
whereas aluminum (Al) and boron (B) are used in the case of
p-type 4H-SiC.2,5

However, using high-concentration doping for n-type or p-
type 4H-SiC raises various issues since doping concentration is
not equivalent to effective carrier concentration. For N atom-
doped n-type 4H-SiC, Ohkubo et al. found that, when the
nitrogen concentration reached 1019 cm−3, 100% dopant
activation could not be obtained.8 In the previous study by
Laube et al., an electrically inactive structure was formed when
the N doping concentration reached ∼1019 cm−3.9 For Al
atom-doped p-type 4H-SiC, the Al dopants showed fully
activated dopants, even though the doping concentration was

up to ∼1020 cm−3.10 Furthermore, it has been reported that
higher Al doping concentration (∼1020 cm−3) resulted in
lattice strain.11

For SiC, the number of valence electrons is the same at the
respective Si and C atoms in SiC. Therefore, it is
experimentally unknown whether a dopant atom replaces the
Si atom or the C atom in 4H-SiC. In addition, not only the
atomic structure and chemical states of active dopant states but
also those of inactive dopant states in 4H-SiC have not yet
been clarified. Once we clarify the atomic structure and
chemical states of the inactive dopant state, we can set a
strategy to reduce the inactive dopant concentration.
Various approaches have been attempted to clarify the

atomic structures and chemical states of the active and inactive
dopant sites in semiconductors. In the case of X-ray diffraction,
the atomic structures of dopants cannot be obtained due to the
lack of periodicity with such dopants. Atom probe tomography
shows the three-dimensional dopant distributions in the
film.12,13 However, chemical information about a dopant
cannot be detected. High-resolution scanning transmission
electron microscopy can clarify the atomic arrangement of the
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dopants in real space. However, the detection of elements with
a low atomic number is difficult.14

In the case of the X-ray absorption near edge structure
(XANES), it provides information about the unoccupied states
of the corresponding edge element. In addition, using the
XANES simulation, we can clarify the atomic structure of the
specific atom. Moreover, the extended X-ray absorption fine
structure (EXAFS) shows the coordination number of a
dopant atom and the interatomic distance between a dopant
atom and the nearest neighbor atoms. Thus, we used XANES
and EXAFS in this study.
In the present study, we used photoelectron spectroscopy

(PES), auger electron spectroscopy (AES), and XANES to
elucidate the chemical states and atomic structures of the
active and inactive dopant sites in N and Al atom-doped 4H-
SiC(0001). Furthermore, EXAFS experiments were employed
in Al-doped 4H-SiC(0001) to investigate the interatomic
distance between the dopant Al atom and the nearest neighbor
atoms.

2. EXPERIMENTAL SECTION
The 4H-SiC(0001) substrates used in this study were purchased from
Ceramic Forum Co., Ltd. The epilayers were prepared at Ascatron.
The epilayers were grown using a hot-wall chemical vapor deposition
system on the 4H-SiC wafers (n+-type, 4° off-oriented). Using
trichlorosilane as the silicon precursor and ethylene as the carbon
precursor, 4H-SiC epitaxial layers were prepared. The deposition
temperature was set ranging from 1550 to 1650 °C, and the pressure
was fixed to 104 Pa. For p-type 4H-SiC(0001), Al atoms were used as
a dopant. The Al atoms were introduced using trimethylaluminum as
the Al source. The concentration was 1 × 1020 cm−3, and the epilayer
thickness was 300 nm. In the case of n-type 4H-SiC(0001), N atoms
were employed as a dopant. The N atoms were introduced by using
nitrogen gas as the N source. The concentration of the dopant was
estimated to be 1 × 1019 cm−3, and the epilayer thickness was 5 μm.
For electrical activation, thermal annealing at 1450 °C was employed
in an argon atmosphere for 30 min. Both doped samples thus
prepared were cleaned by standard radio corporation of America so as
to remove particles and the surface oxide layer.15 After the cleaning,
contaminated O and C peaks were not detected in the X-ray
photoelectron spectroscopy (XPS) spectra (Figures S1 and S2). For
the electrodes used in Hall effect measurements, 20 nm-thick Ti was
deposited on the 4H-SiC(0001) surface at room temperature (RT)
using a sputtering method, and then 150 nm-thick Au was additionally
deposited, also at RT, using a sputtering method.
Hall effect measurements showed that the carrier concentration of

N-doped 4H-SiC(0001) was estimated to be 5.77 × 1018 cm−3 at RT.
Thus, inactive dopant sites should exist when the dopant
concentration is 1019 cm−3 because the N dopant was not equal to
the carrier concentration. The carrier concentration of Al-doped SiC
was estimated to be 1.81 × 1020 cm−3 at RT, indicating that Al
dopants may be fully activated with a doping concentration of ∼1020
cm−3.
Hard X-ray photoelectron spectroscopy (HAXPES) and X-ray

photoelectron spectroscopy (XPS) measurements were performed
using a PHI Quantes (ULVAC-PHI). Monochromatic Cr Kα (5414.9
eV) and Al Kα (1486.6 eV) were used as incident X-rays for HAXPES
and XPS, respectively. Energy resolutions for HAXPES and XPS were
0.506 and 0.716 eV, respectively. The takeoff angle was set to 90°
(surface normal). Survey, O 1s, C 1s, and Si 2p XPS spectra for N-
and Al-doped 4H-SiC are shown in Figures S1 and S2.
PES, Auger electron spectroscopy (AES), XANES, and EXAFS

measurements were conducted at the BL1N2 and BL7U beamlines in
the Aichi Synchrotron Radiation Center. The XANES and EXAFS
measurements were carried out at BL1N2 for Al-doped 4H-
SiC(0001). In the BL1N2 beamline, the base pressure of the main
chamber (the measurement room) was 1.0 × 10−6 Pa. We used a

SCIENTA R3000 as an electron analyzer. The angle between the
incident X-ray photon and the electron analyzer was 45°. The takeoff
angle was set to 90° (surface normal).16 For the EXAFS measure-
ments, the total electron yield (TEY) was employed. The energy
range for the EXAFS measurements was 1500 to 1806 eV. For N-
doped 4H-SiC(0001), we performed PES, AES, and XANES
measurements at BL7U. In the BL7U beamline, the base pressure
of the main chamber was approximately 1.5 × 10−8 Pa. The spot-size
of the beam at the sample position was ∼0.05 × ∼0.07 mm
(horizontal × vertical). We used MBS A-1, MB Scientific AB, as the
electron analyzer. The energy resolution was 40 meV of the PES
spectra. The angle between the incident X-ray and the electron
analyzer was 45°. The takeoff angle was set to 90° (surface normal)
for PES and AES measurements. A Au film was used for the energy
calibration in both beamlines.
For the XANES simulations, we used FEFF9.8,17−22 We employed

full multiple scattering, self-consistent field, Hedin-Lundqvist (HL)
exchange-correlation potential, and the final-state effect (Z+1
approximation).17,23,24

3. RESULTS AND DISCUSSION
3.1. N-Doped 4H-SiC(0001). Figure 1 shows the Si 1s

core-level HAXPES spectrum for N-doped 4H-SiC(0001).

The peak at 1840.4 eV is attributed to the Si−C species, while
the peak at 1842.1 eV is due to the Si−N species.17,25,26

Figure 2 shows N 1s core-level spectra measured with
photon energies of 520 and 1486.6 eV for N-doped 4H-
SiC(0001). The peak at 397.2 eV is attributed to the N−Si
species (SiNx),27,28 whereas the peak at 398.6 eV is assigned to
the N−C species.29−33

As can be seen, the areal intensities of the SiNx and N−C
species depend on the incident photon energies. In the case of
a photon energy of 1486.6 eV (Al Kα, XPS), the areal intensity
ratio (INC/ISiNx) is 0.153. For a photon energy of 520 eV, this
intensity ratio increases to 0.513. In the case of photon energy
of 1486.6 eV, photoelectron kinetic energy is ∼1085 eV at the
N 1s core level, while the kinetic energy is ∼120 eV in the case
of photon energy of 520 eV. Because lower kinetic energy
indicates more surface sensitivity,17,34 the N−C species is
predominantly formed near the surface. Note that the areal
intensity ratio (ISiN/ISiC) in the Si 2p spectrum (Figure S1) is
0.148, whereas the areal intensity ratio in the Si 1s spectrum
(Figure 1) is 0.106. Because the emitted photoelectrons in Si
1s core level exhibit lower kinetic energy than those in Si 2p
core level, the Si−N species is predominantly formed near the
surface. Thus, the order of surface sensitivity is the N−C
species, the N−Si species, and the Si−C species.

Figure 1. Si 1s core-level HAXPES spectrum for N-doped 4H-
SiC(0001) measured at a photon energy of 5414.9 eV.
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In order to perform chemical state discriminated XANES
using Auger electron yield (AEY), we measured the AES
spectrum. Figure 3 shows the N−KVV AES spectrum for N-

doped 4H-SiC(0001) measured at an incident photon energy
of 430 eV. Note that because the Auger electron emitted
processes are very complicated, it is very difficult to perform
peak fitting. Here, we assumed that the peak fitting can be
employed by the Voigt function in the AES spectrum. Since
there are two chemical species in the PES spectrum (Figure 2),
our AES spectrum should show two chemical species. In
addition, the N−KVV AES appears too wide compared to the
standard N−KVV AES.35,36 Therefore, two chemical species
should be present in the N−KVV AES; the peaks at lower and

higher kinetic energies (KEs) may be 374.2 and 378.9 eV,
respectively. According to the previous study by J. M. Ripalda
et al., the C−N bonds show the peak at 382 eV in N−KVV
AES spectrum.37 On the other hand, H. H. Madden et al.
reported that the Si−N component is observed at ∼379 eV in
the N−KVV AES spectrum.38 The peak energy difference of
∼3 eV between the C−N and Si−N species is in good
agreement with our result in the N−KVV AES spectrum. In
addition, for n-type semiconductors, the Fermi level is located
at the conduction band minimum, shifting to a lower KE
direction. Therefore, the lower KE component at 374.2 eV
may be attributed to N−Si species, whereas the higher KE
component at 378.9 eV might be due to the N−C species.
Note that the information depth of KE of 376 eV is estimated
to be 3.3 nm.39,40 Therefore, the AES spectra show near
surface information.
Figure 4 shows the N K-edge experimental XANES spectra

and simulated XANES spectra for N-doped 4H-SiC(0001).
The N K-edge XANES spectrum (Figure 4(a)) is measured
with the Auger electron yield (AEY) of the N−Si species (KE
of 370 eV). Three pronounced components can be observed at
399.2, 403.5, and 420.0 eV in the spectrum. The N−K-edge
XANES spectrum (Figure 4(b)) is measured with the AEY of
the N−C component (KE of 382 eV). In the spectrum, there
are three main features at 399.0, 403.6, and 413.7 eV. Note
that we did not select the peak tops of N−Si and N−C species
in Figure 3 for the XANES measurements. This is because a
contribution from the overlap of another peak is prevented.
For N−C species, the main peak at 399.0 eV is attributed to

the transition of the N 1s→ π* state of carbon nitride
structures.41−43 The peak at 403.6 eV is from the sp2-
hybridized nitrogenated carbon reported by Jimeńez et al.44

According to a previous study, these two orbital peaks at 400.0
and 403.7 eV have e2u symmetry and b2g symmetry,
respectively.45 Therefore, we can assign the peak at 399.0 eV
to 1s→ π*state transitions with e2u symmetry, while the peak at
403.6 eV is assigned to 1s→ π* state transitions with b2g
symmetry.42,43,46,47 The peak at 413.7 eV is attributed to the
1s→ σ* state transition.42,48−50

In order to clarify the atomic structures of the two kinds of
dopant states for N-doped 4H-SiC(0001), we employed
XANES simulations. For the simulations, a cluster size of
∼350 atoms (0.95 nm radius) was employed. In the 4H-SiC,
all atoms in the matrix have the same valence, so the nitrogen
dopant incorporation site does not affect the doping type.51

Figures 4(c) and 4(d) show the local atomic structure and the
XANES simulation for the C substitutional (NC) site. Figures
4(e) and 4(f) show the local atomic structure and the XANES
simulation for the Si substitutional (NSi) site. For the simulated
XANES spectrum for NC (Figure 4(d)), three main peaks are
observed at 401.5, 405.4, and 420.0 eV, which is very similar to
the experimental results for XANES of an N−Si structure
(Figure 4(a)). For the simulated results, the main peak at
405.4 eV is related to π* state transitions of Si−N bond, while
the peak at 420 eV is attributed to the σ* state transitions.52

This result is in good agreement with a previous study focused
on NC sites in SiC.

8,25,52 Accordingly, we conclude that SiNx is
attributed to NC.
In order to represent the experimental XANES of N−C

species, we have changed the bond length of the N−C species.
We found that N−C bond length of 1.5 Å represented the
experimental XANES of N−C species (see Figure S3). Figure
4(f) shows the simulated XANES spectrum for NSi. In the

Figure 2. N 1s core-level spectra measured at photon energies of
1486.6 and 520 eV for N-doped 4H-SiC(0001). In the case of a
photon energy of 1486.6 eV, the standard XPS measurements was
employed. In the case of a photon energy of 520 eV, BL7U was used
to obtain the spectrum.

Figure 3. N−KVV AES spectrum for N-doped SiC measured at a
photon energy of 430 eV.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.3c00546
ACS Appl. Electron. Mater. 2023, 5, 3843−3850

3845

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.3c00546/suppl_file/el3c00546_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00546?fig=fig3&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


simulated spectrum, three peaks at 400.1, 401.8, and 408.1 eV
are observed. The peaks at 400.1 and 401.8 eV are attributed
to 1s→ 2p splitting π* state transition from the N−C bond,
whereas the peak at 408.1 eV is due to the 1s→ σ* in N−C
bonds.42,43 The simulation spectrum is in fair agreement with
the experimental XANES of the N−C species. Therefore, the
N−C species is due to NSi. Note that the interstitial sites and
the vacancies did not represent experimental results (see
Figure S4).
Figures 5(a) and 5(b) show angle-dependent XANES

spectra of SiNx and N−C species, respectively. In Figure
5(a), the XANES spectra of SiNx do not depend on the takeoff
angle, indicating that the SiNx structure is uniformly formed in
the N-doped 4H-SiC(0001). For the N−C species (Figure
4(b)), on the other hand, the intensity changes significantly
depending on the takeoff angle.
Since the dopant is introduced uniformly, the SiNx structure

shows homogeneous formation in N-doped 4H-SiC(0001);
that is, NC is attributed to an active dopant structure.
According to the previous studies based on density functional
theory (DFT) calculation, the formation energy of NC is much

lower than that of NSi, which is in good agreement with our
results.51,53 The N−C species (NSi), on the other hand, acts as
the electrically inactive structure, because it is predominantly
formed near the surface.
3.2. Al-Doped 4H-SiC(0001). Figure 6 shows the XPS

spectrum for Al-doped 4H-SiC(0001). In the spectrum, only
one peak is observed at 71.2 eV, implying that the dopant Al
atom exhibits a single chemical state. Note that the binding
energy of dopant Al atoms shows a lower binding energy than
metal Al. This is because, for p-type semiconductors, the Fermi
level is located just above the valence band maximum. For
nondoped semiconductors, Fermi level may be located at
midgap. The Fermi level energy difference is about half of the
band gap energy, shifting the lower binding energy of a dopant
in the case of p-type dopants. For wide-bandgap semi-
conductors, the energy shift is large. Thus, the Al dopant
shows a lower binding energy than metal Al. This phenomenon
is observed in p-type wide-bandgap semiconductors.54

Figure 7(a) shows the Al K-edge XANES spectrum for Al-
doped 4H-SiC(0001) measured by TEY and the simulated
XANES spectra. In the experiment’s XANES spectrum, a pre-

Figure 4. N K-edge XANES spectra measured at AEY and the simulated XANES spectra. (a) Experimental AEY of 370 eV. (b) the experimental
AEY of 382 eV. The takeoff angle was set to 90° (surface normal) for (a) and (b). (c) Local atomic structure of N atom in 4H-SiC for the NC site.
(d) Simulated XANES spectrum for the NC site. (e) Local atomic structure of N atom in 4H-SiC for the NSi site where the N−C bond length is 1.5
Å. (f) Simulated XANES spectrum for NSi site. Dark blue, brown, and red circles in parts (c) and (e) indicate Si, C, and N atoms, respectively.
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edge peak appears at 1556 eV, and it is attributed to the 1s→ p
transitions, where p states are hybridized with Al 3s states.55,56

The peak at 1565 eV is due to the Al 1s→ Al 3p transition,55,57

while the peak at 1579 eV is attributed to the multiple
scattering from several atomic shells.55,58,59

In order to clarify the atomic structure of the active dopant
site for Al-doped 4H-SiC(0001), we performed XANES
simulations. Based on a previous study, Si substitutional
(AlSi) and C substitutional (Alc) sites were proposed as the Al
dopant structures in 4H-SiC, which is shown in Figure 7 (b)
and 7(c), respectively.60 Therefore, for the simulations with Al-
doped 4H-SiC(0001), we used cluster sizes of ∼350 and ∼200
atoms for AlSi and Alc, respectively.
For the simulated AlSi spectrum, the simulated absorption

edge was observed at an energy different from that of the
experimental one. Thus, the absorption edge was shifted by 6.5

eV to eliminate the calculation error in the present simulations.
These energy shifts are commonly observed from 3 eV to more
than 10 eV in the simulated XANES spectra based on
FEFF9.19,20,61−63

For the AlSi simulated XANES spectrum, peaks are observed
at 1565, 1569, 1579, and 1623 eV. The peak at 1565 eV is due
to the Al 1s→ Al 3p transition,55,57 while the peaks at 1569 and
1579 eV are attributed to the multiple scattering from several
atomic shells.55,58,59 These energy peak positions and the
spectrum features are in good agreement with those of the
experimental XANES spectrum. According to a previous study
based on DFT calculation, AlSi exhibits the lower formation
energy than AlC.

64 Thus, AlSi is the atomic structure of the
active dopant site for Al-doped 4H-SiC(0001).
To further investigate changes in the interatomic bond

length around the dopant Al atom and in the coordination
numbers of the dopant Al atom for Al-doped 4H-SiC(0001),
we employed EXAFS measurements. Figure 8(a) and 8(b)
shows the EXAFS spectrum and oscillations for Al-doped 4H-
SiC(0001), respectively. Because the Si K-edge appears at 300
eV higher energy than the Al K-edge, the energy range of
EXAFS measurements is limited. Therefore, the range in k-
space was chosen at 2−5.9 Å−1 with a good signal-to-noise
ratio.
Figure 8(c) shows the Fourier transforms of the k3-weighted

EXAFS spectrum (Figure 8(b)). The fitting was performed
using ARTEMIS software, where the reliable factor (r factor)

Figure 5. (a) SiNx and (b) N−C species for N K-edge XANES
spectra each measured at two different takeoff angles of 90° (surface
normal) and 50°.

Figure 6. Al 2p core-level XPS spectroscopy for Al-doped 4H-
SiC(0001).

Figure 7. (a) Al K-edge XANES spectrum for Al-doped 4H-
SiC(0001). The simulated XANES spectra of (b) AlSi (red line) and
(c) AlC (blue line). In the FEFF9 simulations, the many-body
amplitude reduction factor was set to 1.0. The cluster sizes of the Sub
states are 9.5 Å (Si) and 8 Å (C), which include ∼350 and ∼200
atoms, respectively. The final state effect (Z+1 approximation) was
employed. The inset shows each local atomic structure of AlSi and AlC
in 4H-SiC. Dark blue, brown, and green circles indicate Si, C, and Al,
respectively.
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was set to 0.0032 under k3 weights in the 2−5.9 Å−1 k range.
We used the paths of 4H-SiC. The fitting range was chosen at
1−4 Å in r space. From the fitting, the coordination number
and the Al−C distance were estimated to be 4.0 and 2.13 Å,
respectively. Since the undoped SiC exhibits a coordination
number of 4.0 and a Si−C bond length of 1.89 Å, the Al
dopant atom increases the bond length around the dopant.65,66

This may be due to the difference in atom size between the Al
atom (radius: 0.125 nm) and the Si atom (radius: 0.111 nm).67

The derivation of the bond length may be attributed to the
relaxation of the local structure around the dopant Al atom.
It is worth noting that XANES simulations with the bond

length of Al−C are 2.13 Å in Al-doped 4H-SiC. For the above
XANES simulations in Figure 7, we ignored an increase in Al−
C bond length. We performed XANES simulations in which
increase in Al−C bond length is included, and then we found
that the XANES simulations with increase in Al−C bond
length shows much better than nonexpansion simulation result
(Figure 7) (See Figure S6).

4. CONCLUSION
Using XANES, EXAFS, AES, and PES, we investigated the
atomic structures and chemical states of the active and inactive
dopant atoms in N- and Al-doped 4H-SiC(0001). In the case
of N-doped 4H-SiC(0001), PES showed that there were two
chemical states. We fitted the AES spectrum using the Voigt
function though Auger electron emitted processes are very
complicated. Both experimental and simulated XANES showed
that the active dopant site is NC, whereas the inactive dopant
state was due to the N−C species.
In the case of Al-doped 4H-SiC(0001), the dopant Al atom

had one chemical state. From XANES, the active dopant state
is AlSi. EXAFS showed that the bond length between the Al
and C atoms increased compared to the case of undoped 4H-
SiC. In Al-doped 4H-SiC(0001), the relaxation of the local
structure may occur because the dopant Al atom increases the
bond length due to the difference in atomic size between the
Al and the Si atoms.
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