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Semiconductor devices based on 15R silicon carbide (SiC) show improved properties compared to other poly-
types. Here, we report the investigation of nitrogen-doped 15R SiC monocrystals with (ND–NA ) ∼ 5×1018 cm−3

using multifrequency electron paramagnetic resonance (EPR) and electrically detected magnetic resonance
(EDMR) spectroscopic methods in the microwave (MW) frequency range from 9.4 to 328.84 GHz and in the tem-
perature range from 4.2 to 300 K. A single intensive S line with S = 1/2, at g⊥ = 2.0026(2), and g‖ = 2.0043(2)
dominates the EPR spectrum in 15R SiC at T < 160 K and was attributed to the exchange-coupled nitrogen (N)
donors substituting quasicubic “k1” site having the deeper energy level in 15R SiC lattice. From the analysis of
the temperature behavior of the integral intensity, magnetic field position, intensity, shape, and width of the S
line, it was concluded that at T < 90 K, the exchange coupling occurs between localized donor electrons, while
at T = 90−150 K the interaction between exchange-coupled N donors and conduction electrons takes place. In
the temperature interval from 20 to 160 K, the S-line EPR width was characterized by a two-phonon Orbach
relaxation process with the activation energy of ∼6.5 meV corresponding to the valley-orbit splitting values for
N donors in 15R SiC. The variable-range hopping regime obeying the T 1/4 law was found to take place at T < 20
K leading to the appearance of the S line in the EDMR spectrum at low temperatures. The appearance of the
EDMR signal from exchange-coupled N donors is caused by the EPR-induced temperature-increase mechanism
and the spin-flip hops process. The results obtained from MW conductivity measurements agree with EPR and
EDMR data. The temperature variation of MW conductivity was described by several processes, including the
electron-hopping process between N donor impurity atoms at T < 50 K with activation energy ε3 = 1.5 meV,
electron transitions between Hubbard bands at T = 50–100 K; the transition of the electrons from the donor
energy levels to conduction band with ionization energy ε1 = 32 meV at T = 100–200 K and scattering of the
conduction electrons by ionized donors occurred at the temperature higher than 200 K.

DOI: 10.1103/PhysRevB.107.155202

I. INTRODUCTION

The silicon carbide (SiC) crystals have numerous modifica-
tions due to various types of crystalline lattices that determine
semiconductor material properties and atom properties. Vari-
ous crystalline structures (polytypes) occurred due to different
ways of layer ordering. SiC possesses over 250 polytypes,
each providing exclusive electrical and optical properties
caused by a different arrangement of the silicon (Si) and
carbon (C) atoms within the crystalline lattice. The cubic (3C),
hexagonal (4H, 6H), and rhombohedral (15R) polytypes of
SiC are most commonly developed for applications in power
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electronic devices. Among them, the 15R polytype of SiC can
enhance high-voltage SiC metal-oxide-semiconductor field-
effect transistor (MOSFET) properties owing to its higher
bulk mobility, low anisotropy, and higher inversion layer mo-
bility of charge carriers as compared to 4H and 6H polytypes
[1]. Recently it was reported that 15R-SiC-based Schottky
barrier diodes might be a potential candidate for extreme en-
vironment fast-switching devices and UV photodetectors [2].
Moreover, the 3C SiC layers deposited on the 15R SiC sub-
strates have lower twin densities than those deposited under
identical technological conditions on the 6H SiC substrates
[3] and possess high structural quality [4].

At the same time, compared to 3C, 4H, and 6H polytypes,
the electronic structure of acceptors and donors in 15R SiC
and their magnetic properties were less studied. Nitrogen (N)
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donors in SiC are responsible for n-type conductivity; there-
fore, understanding their properties is crucial for applying SiC
in high-power electronics.

Electron paramagnetic resonance (EPR) and electrically
detected magnetic resonance (EDMR) spectroscopic tech-
niques are widely used to investigate the electronic and
magnetic properties of dopants in semiconductors, in partic-
ular in carbide materials [5,6]. The main difference between
these methods is that the EPR method is based on ab-
sorption/dispersion of microwave (MW) and radio-frequency
intensities, while in EDMR, the change in the sample’s con-
ductivity induced by magnetic resonance is detected.

Previous EPR and electron-nuclear double-resonance in-
vestigations of N-doped 15R SiC were performed in the
monocrystals with (ND–NA) ≈ 1016 cm−3 of different stoi-
chiometry [7,8], while no detailed EPR study of 15R SiC
monocrystals with higher N donor concentration was re-
ported.

At the same time, the previous EDMR study of SiC is
mainly devoted to the interface and radiation-induced defects,
Si vacancies, and C dangling bonds in 4H SiC/SiO2 4H SiC
MOSFETs, MOS, and transistors [9–20] and 6H SiC nanos-
tructures [21]. Bulk SiC crystals were studied much less by
the EDMR technique. For instance, in Ref. [22], the light-
induced EDMR spectra of 4H SiC wafers were studied, and
the observed signal at g = 2.000(3) indicated that the vacancy
acts as the major recombination center. Authors in Ref. [23]
have established that NCV0

Si is the dominant defect measured
by spin-dependent recombination in N-implanted 4H SiC with
(ND–NA) ∼ 5×1017 cm−3. The results of the EDMR study of
6H SiC crystalline samples with (ND–NA) ∼ 1018 cm−3 pre-
sented in Ref. [24] allowed concluding that the EPR-induced
temperature-increase mechanism causes the EDMR signal de-
tected at low temperatures.

Recently in Ref. [25], some of us reported a single S line
with g⊥ = 2.0026(2) and g‖ = 2.0043(2) in low-temperature
EPR and EDMR spectra of 15R SiC with (ND–NA) ∼
5×1018 cm−3 that was assigned to the exchange interaction
of N donors in 15R SiC via spin-dependent hopping process.

In this work, we report a detailed study of spin dynam-
ics of the S line due to exchange-coupled N donors in 15R
SiC with (ND–NA) ∼ 5×1018 cm−3 in a wide temperature
interval using contactless MW conductivity measurements,
multifrequency continuous-wave EPR and EDMR methods.
The mechanisms explaining the appearance of the EDMR
signal from exchange-coupled N donors are discussed.

II. MATERIALS AND METHODS

The 15R SiC monocrystals with a nitrogen donor con-
centration of (ND–NA) ∼ 5×1018 cm−3 were grown by the
modified Lely method [26]. The sample size was about
3.4×0.8×0.4 mm. The typical crystal structure of the 15R
polytype of SiC shown in Fig. 1 is characterized by stacking
sequence ABCACBCABACABCB … and a hexagonality rate
of 40%. There are five nonequivalent positions: three qua-
sicubic k1, k2, and k3 and two hexagonal h1 and h2 in 15R
SiC. As a result, the N donors in 15R SiC substitute these
nonequivalent positions with donor energy levels in the band
gap at ∼99 meV for Nk1, k2, k3 and ∼52 meV for Nh1, h2.

FIG. 1. Crystal structure of 15R SiC drawn in VESTA 3.5.2 pro-
gram [27] using the data from Ref. [28] The c axis is along the [0001]
direction.

X-band continuous-wave EPR, EDMR spectra, and MW
conductivity were measured on the Bruker ELEXSYS E580
spectrometer in the temperature range 4.2–300 K. X-band
(ν0 ∼ 9.4 GHz) EPR spectra were recorded using Bruker ER
4122 SHQE superhigh-Q cylindrical TE011 cavity with ER
4112HV variable-temperature helium-flow cryostat. The fol-
lowing experimental conditions were used: microwave power
level = 0.4743 mW, modulation frequency = 100 kHz, mod-
ulation amplitude = 0.5−1.0 mT (depending on the EPR
linewidth), conversion time = 60 ms, and spectral resolution
of 2048 points. The investigated crystals were placed on
a 4-mm-diameter fused quartz rod. As a reference sample,
we have used the 1,1-diphenyl-2-picrylhydrazyl free radical
with g = 2.0036. The EPR spectra were simulated using the
“pepper” function in the EASYSPIN 5.2.28 toolbox [29].

The temperature dependence of MW conductivity was
measured using the so-called cavity perturbation method
[30–33]: the parameters of the MW cavity are detected when
the cavity is loaded with a sample with a smaller volume than
the cavity volume. The Q factor of the unloaded and loaded
cavity was obtained at a MW power level of 0.075 18 mW
(33 dB).

X-band EDMR spectra were measured using Bruker
Dielectric Ring Resonator ER 4118X-MD5W1 cavity with
Oxford CF9350 variable-temperature helium-flow cryostat.
The following experimental conditions were used: microwave
power level = 15 mW, modulation frequency = 1350 Hz,
modulation amplitude = 0.25 mT, sweep time = 40.959 76
s, lock-in conversion time = 40 ms, and spectral resolution of
1024 points. High-frequency EPR and EDMR spectra were
measured on THz FraScan spectrometer (located in CEITEC
BUT, Brno, Czech Republic). High-frequency EPR and
EDMR spectra at 100 and 328.84 GHz were measured using
one THz EDMR sample holder and two different microwave
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sources. Magnetic field domain EPR spectra were measured
using the following parameters: magnetic field (provided
by superconductive cryogen-free magnet, Cryogenic Ltd,
UK) sweep rate: 0.18 mT/s; lock-in (Zurich Instruments
MFLI-500, Zurich, Switzerland), time constant: 30 ms;
magnetic field modulation amplitude: 0.25 mT; magnetic
field modulation frequency: 2.9 kHz; microwave power ∼1
mW. High-frequency magnetic field domain EDMR spectra
were obtained using following parameters: magnetic field
sweep rate: 0.18 mT/s; time constant: 30 ms; magnetic field
modulation amplitude: 0.25 mT; magnetic field modulation
frequency: 771 Hz; bias voltage: +4.8 V; microwave power:
∼125 mW (100 GHz), and ∼70 mW (328.84 GHz). For
EDMR measurements the sample was contacted with
Ag-based paint (Plano GmbH, Germany) onto glass substrate
with Au contact pads.

III. RESULTS AND DISCUSSION

A. Contactless MW conductivity measurements

It is well known that by measuring the temperature depen-
dence of resonance frequency shift δ and MW loss (�), one
can estimate the temperature variation of MW conductivity
(σMW) of the sample loaded in TE011 mode cavity as [34–36]

σMW = 2πνLε0

A
N2

�
2(

A
N − δ

)2 + (
�
2

)2 , (1)

where δ = (ν0–νL)/ν0, ν0 and νL are the resonance frequency
values of the unloaded and sample-loaded cavity, respectively,
� = Q−1

L + Q−1
0 , Q0 and QL are the quality-factor values of

the unloaded and sample-loaded cavity, respectively, ε0 =
8.854×10−12 F/m is the vacuum dielectric permittivity, A =
filling factor (for TE011 mode cavity A = 2VS/VC, where VS–
is the volume of the sample, VC is the volume of the cavity),
N = −AνL/δ is the depolarization factor.

The temperature variation of microwave loss (�) and fre-
quency shift (δ) in the investigated 15R SiC monocrystals
is shown in Fig. 2(a). The corresponding dependence of the
natural logarithm of MW conductivity calculated from Eq. (1)
versus 1000/T is represented in Fig. 2(b).

It is well known that the temperature variation of the
conductivity in highly-doped n-type semiconductors in the
general case is described by the sum of four contributions
[37–39]:

σ (T ) = σ1 exp

(−ε1

kBT

)
+ σ2 exp

(−ε2

kBT

)

+ σ3 exp

(−ε3

kBT

)
+ σVRH, (2)

where the first term is related to conduction-band conductivity
with the ionization energy of donors ε1, ε2 is the activation
energy needed to take an electron from the lower Hubbard
band to the mobility edge of the upper one, ε3 is the activation
energy for electron hopping from an occupied donor to an
unoccupied one; the last term describes the variable-range
hopping (VRH) conductivity.

From Fig. 2, it follows that in the temperature interval
from 295 to 200 K, the conductivity grows slightly owing

FIG. 2. (a) Temperature dependence of MW loss (�) and fre-
quency shift (δ) measured in 15R SiC monocrystals with (ND–NA ) ∼
5×1018 cm−3. (b) Temperature dependence of the natural logarithm
of MW conductivity estimated from Eq. (1). Dots are experimental
data; solid red and blue lines represent the result of fitting with
Eq. (2).

to the scattering of conduction electrons by ionized donor
impurities [40].

In the temperature range from 200 to 100 K, the transitions
of electrons from donor energy levels to the conduction band
occur. This process is described by the first term of Eq. (2)
related to conduction-band conductivity with ε1.

Afterward, at T = 100–50 K, the transition process of
electrons between Hubbard bands can occur in lightly com-
pensated materials close to the Mott transition [second term
in Eq. (2)] [40].

Finally, at T < 50 K, the electron-hopping process be-
tween donor impurity atoms appears, and the hopping
conduction takes place with the activation energy ε3. This
process should be related to “nearest-neighbor hopping” or
“thermally activated hopping,” and the ε3 value depends on
the degree of compensation (NA/ND) and major impurity con-
centration [41–43].

From the fitting of experimental data with Eq. (2), we have
found the following activation energy values for the main pro-
cesses responsible for the temperature dependence of the MW
conductivity: ε1 = 30 meV and ε3 = 1.5 meV. The obtained
values agree well with those reported in Ref. [44] deduced
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FIG. 3. High-frequency EPR spectra (ν0 = 328.84 GHz) mea-
sured in 15R SiC monocrystals having (ND–NA ) ∼ 5×1018 cm−3 at
B‖c and B⊥c (T = 8 K). Solid black lines are experimental spectra;
solid red lines are the sum of simulated components. Inset shows the
detailed view of simulated components at B‖c.

from the temperature-dependent Hall measurements in 15R
SiC crystals with (ND–NA) > 1017 cm−3: ε1 = 32 meV and
ε3 = 3–4 meV. The obtained lower ε1 value than that reported
for N donor energy levels in 15R SiC can be explained by the
potential energy of attraction between ionized N donors, and
conduction electrons appeared at the high-impurity concentra-
tion [38].

Using the deduced above ε3 value, we can estimate the
density of states at the Fermi level N (EF) as [24]

ε3 ≈ 1

N (EF )a3
B4π/3

, (3)

where aB is the Bohr radius.
The modified Bohr radius value for N donors in 15R

SiC is 13.9–10.5 Å [45]; therefore, using Eq. (2), the N (EF)
value can be estimated to be in the range from 5.9×1022 to
1.4×1023 eV−1 · cm−3.

Considering the high N donor concentration in the studied
samples, we suppose the appearance of a VRH process at very
low temperatures when the activation energy decreases, and
the hopping length rises with the temperature decrease. In this
case, a sufficiently high density of localized states close to the
Fermi level is expected [39].

B. EPR measurements

At T > 160 K, no EPR signals were detected in the sam-
ples under study. We have found that the EPR spectrum
at T < 160 K is dominated by a single line (designated as
S line) with S = 1/2, showing an axial symmetry (C3V) with
g⊥ = 2.0026(2) and g‖ = 2.0043(2). Figure 3 demonstrates
the EPR spectra recorded at ν0 = 328.84 GHz at T = 8 K
in 15R SiC monocrystals with (ND–NA) ∼ 5×1018 cm−3. The
simulation of EPR spectra allowed us to resolve the S line and
low-intensity triplets (S = 1/2) from N donors residing in k1,
k2, and k3 nonequivalent positions (Nk1,k2,k3) caused by the
hyperfine coupling with 14N nuclei (I = 1, 99.6%).

As was mentioned above in SiC having (ND–NA) �
5×1018 cm−3, the disappearance of N donors residing in “h”
positions having more shallow levels in the band gap is
expected [46–50] along with the appearance of the single
line caused by the exchange interaction between N donors.
Therefore, no EPR lines from Nh1,h2 are observed in our
15R SiC monocrystals. It should be noted that in 6H SiC,
three types of the exchange S1, S2, and S3 lines were ob-
served in high-frequency EPR spectra (ν0 = 140 GHz) with
corresponding g-factor values [49]: g⊥ = 2.0031(2), g‖ =
2.0045(2) (S1 line); g⊥ = 2.0031(2), g‖ = 2.0042(2) (S2
line); g⊥ = 2.0031(2), g‖ = 2.0039(2) (S3 line). The g‖ value
of S1 and S2 lines, which were observed in the sample with
(ND–NA) ∼ 3×1018 cm−3, corresponding to the average value
of that of N substituting h and k1 and h and k2 positions,
respectively, while the g‖ value for S3 line, which was ob-
served in the 6H SiC crystal with (ND–NA) ∼ 7×1018 cm−3,
corresponds to the average value of that of N substituting k1
and k2 positions. The reason for the differences in the position
of the S line in 6H SiC and 15R SiC can be explained by
the higher N concentration in 15R SiC and the Fermi-level
position at Nk1 energy level and, as a result, the absence of
EPR lines caused by the N substituting h positions in EPR
spectra of 15R SiC.

The single S line was recently reported in high-frequency
EPR spectra of 15R SiC monocrystals having (ND–NA) ∼
5×1018 cm−3 [25] and was supposed to be due to the ex-
change interaction of N donors. The EPR spectra of low
intensity from N donors residing in cubic positions k1, k2,
and k3 (Nk1, k2, k3) at T < 80 K were observed as well. The
EPR parameters of paramagnetic centers observed in 15R
SiC monocrystals with different N donor concentrations are
represented in Table I.

Figure 4 shows the temperature dependence of X-band EPR
spectra in the investigated crystals from 295 to 5 K. No EPR

TABLE I. EPR parameters of paramagnetic centers observed in 15R SiC monocrystals with different N donor concentrations.

Center Nk1 Nk2 Nk3 Nh1 Nh2 S line

g⊥ 2.0026(2) 2.0030(2) 2.0030(2) 2.0028(2) 2.0023(2) 2.0026(2)
g‖ 2.0040(2) 2.0037(2) 2.0038(2) 2.0035(2) 2.0031(2) 2.0043(2)
A⊥ (MHz) 33.6 33.32 30.36 1.1 1.4
A‖ (MHz) 33.6 33.32 30.36 2.1 2.2
Temperature range T < 80 K T < 80 K T < 80 K T < 20 K T < 20 K T < 160 K
(ND–NA) (cm−3) 1017–5×1018 1017–5×1018 1017–5×1018 <1018 <1018 5×1018

Reference [7, 8, this work] [7, 8, this work] [7, 8, this work] [7] [7] [25, this work]
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FIG. 4. Temperature dependence of X-band EPR spectra mea-
sured in 15R SiC monocrystals with (ND–NA ) ∼ 5×1018 cm−3 at B‖c
(a) and B⊥c (b), ν0 = 9.398 GHz.

spectra were observed at T > 170 K in 15R SiC monocrys-
tals with (ND–NA) ∼ 5×1018 cm−3. The EPR spectrum of
the S line is observed at T < 160 K and has temperature-
dependent resonance magnetic field position, line asymmetry,
intensity, and linewidth. The EPR spectra of low intensity
from Nk1, k2, k3 are also observed at T < 80 K.

The temperature dependence of the double-integral inten-
sity of S line being proportional to the spin susceptibility
(χEPR) was analyzed in the temperature interval from 5 to
160 K. Figure 5 demonstrates the temperature dependence
of χEPR value normalized on its minimum value at 160 K,
χEPR(T = 160 K), along with the reciprocal spin susceptibil-
ity, 1/χEPR. One can see that the temperature dependence of
1/χEPR shows a linear trend at low temperatures, whereas, at
T > 90 K, there is significant curvature due to temperature-
independent contribution to the spin susceptibility (χ0). In this
case, for the fitting of the experimental data, the modified form
of Curie-Weiss law should be used [51]:

χEPR(T ) = C

T − θ
+ χ0, (4)

χ−1
EPR(T ) = T − θ

χ0(T − θ ) + C
, (5)

FIG. 5. Temperature variation of spin susceptibility obtained
from the analysis of X-band EPR S line obtained for 15R SiC
monocrystals with (ND–NA ) ∼ 5×1018 cm−3, B‖c. Dots are experi-
mental data; solid blue and red lines correspond to the result of fitting
with Eqs. (4) and (5).

where C is the Curie constant and θ is the Curie-Weiss tem-
perature in K.

We suppose that the origin of the temperature-independent
contribution to the spin susceptibility χ0 is related to the Pauli
paramagnetism that occurs at higher temperatures due to non-
localized conduction electrons and depends on the density of
states at the Fermi energy. At the same time, the Curie-Weiss
paramagnetism observed at low temperatures is associated
with localized electrons. Fitting of Eqs. (4) and (5) with ex-
perimental data from Fig. 5 allowed us to obtain θ = –2 K,
which hints at the weak antiferromagnetic coupling in the spin
system.

The EPR line shape of the S line turned out to be purely
symmetric Lorentzian at T < 90 K, while at T > 90 K it starts
to be asymmetric. Such an asymmetry in the line shape takes
place when the skin-layer thickness is equal or even thinner
concerning the typical size of the investigated crystal caused
by the conductivity increase. As a result, the diffusion time
of the charge carrier through the skin layer is much shorter
than the spin-relaxation time. In this case, the Dysonian line
shape with the typical A/B asymmetry ratio appears in the EPR
spectrum [52,53]. The Dysonian line shape is characterized
by the dispersion and absorption components, and its first
derivative can be written in the general case as [54]

dI

dB
= A

2x

(1 + x2)2 + D
1 − x2

(1 + x2)2 , (6)

where x = 2(B − B0)/
√

3�BL
pp, �BL

pp is the peak-peak width
of the Lorentzian line, and B0 is the resonance magnetic field
position.

From Refs. [55,56], it is known that when the skin layer
forms on the flat plate having thickness 2d , the A and D
coefficients in Eq. (6) can be expressed as

A = sinh p + sin p

2p(cosh p + cos p)
+ 1 + cosh cos p

(cosh p + cos p)2 ,

D = sinh p − sin p

2p(cosh p + cos p)
+ sinh p sin p

(cosh p + cos p)2 , (7)
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FIG. 6. (a) Result of the fitting of experimental X-band EPR
spectrum from S line in 15R SiC monocrystals having (ND–NA ) ∼
5×1018 cm−3 using Dysonian line shape by Eq. (6) and Eq. (7).
T = 140 K, B⊥c. (b) Temperature variation of the A/B ratio of the
S line obtained from the fitting of X-band EPR spectra in 15R SiC
monocrystals having (ND–NA) ∼ 5×1018 cm−3 using Eqs. (6) and
(7) at B‖c (solid squares) and B⊥c (open circles).

where p = 2d/δ, δ = √
2/μ0νσac is the thickness of the skin

layer, μ0 is the vacuum×magnetic permeability, σac is the
intrinsic conductivity. The A/B ratio is related to A and D
coefficients: A/B = 1 + 1.5 · D/A. The Lorentzian line shape
corresponds to the case when A/B = 1 and D/A = 0.

The fitting of the experimental EPR spectrum from S line
in 15R SiC monocrystals having (ND–NA) ∼ 5×1018 cm−3

measured at T = 140 K and B⊥c described by Dysonian
line shape utilizing Eqs. (6) and (7) are shown in Fig. 6(a).
Using the same approach, we have fitted the EPR spectra of
the S line in the wide temperature interval from 5 to 160 K
and obtained the temperature variation of the A/B ratio [see
Fig. 6(b)]. The observed increase in the A/B ratio (proportional
to ac conductivity [57]) agrees with the increase of the MW
conductivity (see Fig. 2) at T = 100–200 K due to transitions
of electrons from N donor energy levels to the conduction
band.

FIG. 7. Temperature dependence of g‖, g⊥, and averaged g values
(gav ) for S line obtained in 15R SiC monocrystals with (ND–NA ) ∼
51018 cm−3 from the fitting of X-band EPR spectra using Eqs. (6)
and (7).

Figure 7 represents the temperature dependence of g‖,
g⊥, and average g-factor (gav = 2g⊥ + g‖)/3) values obtained
from the fitting of EPR spectra in 15R SiC monocrystals
having (ND–NA) ∼ 5×1018 cm−3 with Eqs. (6) and (7). One
can see from Fig. 7 that at T > 120 K, the g-factor values
decrease, and the gav value reaches the free-electron value
of 2.0023 at T = 160 K. Thus, we may assume that at T >

120 K, the interaction between exchange-coupled N donors
and conduction electrons takes place.

The temperature dependence of the S-line EPR width was
obtained from the fitting of Eqs. (6) and (7) with the ex-
perimental spectra, when the magnetic field was oriented
perpendicular and parallel with respect to the c axis, is shown
in Fig. 8. From the inset in Fig. 8(a), it is seen that starting
from 5 K, the S line narrows with increasing temperature and
reaches its minimum value at 20 K, and broadens at T > 20 K.
The S-line EPR broadening can be related to the appearance
of the VRH process in the sample and can be described by the
following expression:

�Bpp(T ) = �B∞ exp((T0/T )1/4), (8)

where �B∞ is the EPR linewidth at T → ∞, and T0 is the
average height of the barrier for the hopping process [58].
Fitting the experimental data in Fig. 8(b) with Eq. (8) gives
us T0 = 0.35 meV.

In the temperature interval from 20 to 160 K, the Orbach
relaxation mechanism was used to describe the experimental
data from Fig. 8(a):

�Bpp = A0 + AT 3 + BT 5 + D exp (−�l/kBT ), (9)

where A0 is the residual linewidth (at T = 20 K), A and B are
related to two-phonon nonresonant relaxation processes, and
D is due to resonant two-phonon exchange process, separated
from an excited vibronic level �l, e.g., �l is the splitting
between the ground state and an excited vibronic level.

Fitting of Eq. (9) with experimental data represented
in Fig. 8(a) gave us the �l values as 6.5 meV (B⊥c)
and 4.8 meV (B‖c) that agree well with the valley-orbit
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FIG. 8. (a) Temperature variation of the S-line width obtained
from the fitting of X-band EPR spectra in 15R SiC monocrystals
having (ND–NA ) ∼ 5×1018 cm−3 using Eqs. (6) and (7). Open blue
circles are experimental data at B‖c, solid black squares are experi-
mental data at B⊥c, and solid red lines are fitting with Eq. (9). Inset
shows the temperature range of the EPR linewidth minimum at 20 K
for both principal magnetic field orientations. (b) Natural logarithm
of �Bpp vs T −1/4 in the temperature interval from 5 to 20 K. Solid
black squares are experimental data at B⊥c; solid red line is fitting
with Eq. (8).

splitting values of 1s N donor ground state in 15R SiC with
(ND–NA) ∼ 2×1018 cm−3 reported from Raman-scattering
measurements (4.7, 7.4, and 12.1 meV) in Ref. [56].

As a result, we can summarize that the S-line EPR signal
in 15R SiC monocrystals having (ND–NA) ∼ 5×1018 cm−3

should be related to the exchange interaction of N donors.
Previously in highly N-doped 6H and 4H SiC, the exchange
line due to the exchange coupling of N donors residing in
cubic and hexagonal positions was observed at T < 20 K only
(the temperature interval for the observation of Nh EPR line
in low N-doped samples). In our case, we observe the S line in
the EPR spectrum in a wide temperature range. Considering
the g-factor values obtained for S line (see Table I), we may
suppose that the S line is related to the exchange interac-
tion between identical Nk1 donors having the deepest energy
level and highest N concentration. Nevertheless, in the VRH

FIG. 9. (a) Comparison of EPR and EDMR spectra of S line
measured in 15R SiC monocrystals having (ND–NA) ∼ 5×1018 cm−3

at ν0 = 9.702 GHz and ν0 = 100 GHz, T = 7 K, B⊥c. (b) Tem-
perature variation of EDMR spectra intensity of S line measured
at ν0 = 100 GHz, B⊥c, The solid line results from the fitting with
Eq. (20).

regime, the interaction between N substituting hexagonal and
quasicubic sites could also occur.

C. EDMR measurements

The EDMR measurements were performed in the temper-
ature range from 295 to 4.2 K at ν0 = 9.702 GHz and ν0 =
100 GHz. A single EDMR signal was observed in the temper-
ature interval from 20 to 4.2 K [see Fig. 9(a)] with the same
g factor as that of the S line observed in the EPR spectrum
[g⊥ = 2.0026(3), g‖ = 2.0043(3)] and therefore was related
to it. A similar single EDMR signal was reported previously
in 15R SiC monocrystals having (ND–NA) ∼ 5×1018 cm−3

at T < 12 K and ν0 = 100 GHz and also attributed to the
exchange-coupled N donors [24]. The EDMR signal intensity
of the S line decreases with the temperature; its dependence is
shown in Fig. 9(b).

Let us consider the models which can be responsible for the
appearance of the EDMR signal from the S line at T < 20 K in
the VRH regime in 15R SiC. It is well known that all acceptors
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are negatively charged at low temperatures in compensated
semiconductors of n type, while some donors are neutral and
contain electrons, and others are positively charged (empty).
The conductivity occurs because there is an empty state above
the Fermi level, allowing electrons from nearby occupied
states (below the Fermi level) to get energy from the phonon
and move. This effect is related to a hopping process lead-
ing to net electrical conductivity when we apply the electric
field. The hopping probability of an electron jumping from
a position “i” to a nearby position “ j” can be expressed as
a function of the distance between these positions (Ri j ) and
their potential energy difference εi j [24,42]:

Wi j (Ri j ) = νph exp[−2αRi j − εi j/kBT ], (10)

where νph is the phonon distribution and α = 1/aB is the ra-
dius of the wave function of localization states. The case when
εi j/kBT << 2αRi j corresponds to nearest-neighbor hopping
(a carrier hops from one site to the next-nearest site obtain-
ing the needed energy from a phonon), while the case of
εi j/kBT > 2αRi j corresponds to the VRH process occurring
at low temperatures.

According to Ref. [24], the primary mechanism causing
the EDMR signal in highly doped semiconductors with donor
concentration close to but lower than the critical one (Ncrit )
for semiconductor-to-metal transition (for 15R SiC Ncrit ∼
(0.24/aB)3 = 1.2×1019 cm−3, aB = 10.5 Å) is EPR-induced
hopping, including EPR-energy transfer and spin-flip hops
processes.

The EPR-energy transfer model [59] corresponds to the sit-
uation when the localized electron at the site i is excited to the
upper Zeeman level by adsorption of MW energy. Afterward,
the localized electron at the Fermi level moves from site j to
site k (located above the Fermi level) by exchange interaction
with the electron at position i. EPR-energy transfer process
occurs when singly and doubly occupied states are present.
Furthermore, a hop to an occupied state is only possible if
the electron spins are antiparallel. In our samples, the hopping
process occurs between N states, which can be either unoccu-
pied or singly occupied. Therefore, the EPR-energy transfer
model can not be responsible for the low-temperature EDMR
signal detected in 15R SiC crystals.

The spin-flip hops model [60] is described by the hopping
process occurring between occupied states and thus is spin
dependent: an electron can only hop to sites occupied by an
electron with antiparallel spin orientation. First, the electron
at the site i is excited to the upper Zeeman level by absorbing
a MW photon. Then there are two processes contributing to
spin relaxation. The first process corresponds to typical spin-
lattice relaxation: the electron returns to the lower Zeeman
level emitting a phonon of energy hνphonon equal to hνMW. The
second process occurs when an electron hops to a neighboring
ionized donor j reversing its spin and emitting a phonon of
energy equal to (hνMW–�ε), where �ε is the potential energy
difference of i and j donors.

Another mechanism can also contribute to conductivity:
the electron at the site i is excited to the upper Zeeman level,
and then the hop to site j∗ is accompanied by a spin flip
since the required energy was reduced. This process occurs
when the potential-energy difference of i and j∗ is comparable
to EPR energy hνMW. The probability of finding sites with

FIG. 10. Theoretical estimation of hopping probability (Wi j ) vs
distance between donors Ri j at different temperatures (T = 20, 5,
and 1 K) using Eq. (10) for 15R SiC monocrystals having (ND–NA ) ∼
5×1018 cm−3. Curves were normalized to their maximum value.

antiparallel spin orientations is increased by spin flips enhanc-
ing the hopping process. In this case, the hopping time should
be much shorter than the spin-lattice relaxation time.

On the other hand, according to Refs. [59,60], the relative
resistivity decrease for the spin-flip hopping mechanism is
expected to be |�ρEPR/ρ| � 10−2 (�ρEPR is absolute reso-
nant resistivity change at resonance conditions, i.e., EDMR
signal amplitude), while for the EPR energy transfer mech-
anism, it should be |�ρEPR|/ρ � −10−4. At the same time,
it was reported in Ref. [61] for EDMR signal originated
from the spin-dependent recombination in Si that the resis-
tivity enhancement is �ρEPR/ρ = +10−4. Our data measured
at ν0 = 9.7 GHz, T = 7 K, and U = 3 V give �ρEPR/ρ =
−4.1×10−3, which is close to the value obtained for the
6H SiC crystals in Ref. [24] (�ρEPR/ρ ∼ −10−3). Thus,
we can conclude that the EPR energy transfer and spin-
dependent recombination mechanisms are not responsible for
low-temperature EDMR signal in 15R SiC monocrystals.

Another mechanism leading to the additional hopping has
been discussed for 6H SiC [24]: resonant MW absorption that
can occur at very low temperatures in the VRH mode. Ac-
cording to this model, an electron at the site i can jump to the
unoccupied site j by absorbing a MW photon, resulting in an
energy separation between both sites equal to the photon en-
ergy: εi j = hν0(εi j ≈ 3.89×10−5 eV for ν0 = 9.4 GHz). For
this εi j value, there is a definite number of N donor pairs
composed of one ionized donor j and one neutral i donor with
an energy difference approximately equal to MW energy.

It is known that the average energy distance εi j

in the VRH regime can be expressed as [58] εi j ≈
(N (EF )R3

i j4π/3)−1; therefore, using estimated above N (EF)
values as 5.9×1022 eV−1 cm−3 (for aB = 13.9 Å), one can ob-
tain the corresponding hopping distance: Ri j ≈ 47 Å ∼ 3 · aB.
The fact that Ri j is larger than the average distance between N
donors can be explained by the fact that εi j 
 ε3.

Figure 10 demonstrates the theoretical variation of
hopping probability Wi j versus Rij using Eq. (10) and
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εi j ≈ (N (EF )R3
i j4π/3)−1 at T = 20, 5, and 1 K. It can be

observed that the curve at T = 1 K corresponds to the max-
imum Wi j value at hopping distance ∼30 Å. Therefore we
can conclude that the photon-induced hopping contributes to
EDMR signal in our samples only at T < 1 K.

According to Ref. [24], the explanation for the occurrence
of EDMR spectra in the hopping regime could be the heating
of the N donor electrons under EPR resonance conditions: the
spin system adsorbs MW energy, which is then transferred to
the surroundings through the spin-lattice relaxation process
and the temperature of the crystal rises. So, if the MW energy
is absorbed in the crystalline sample, it is converted into heat,
increasing the sample temperature. Therefore, the specific
heat must also be considered in addition to the adsorbed MW
power. The temperature rise (�T ) caused by the MW power
absorption during a time (t) is given by [24]

�T =
∫ t

0 PMWdt

mcV
, (11)

where PMW is the MW power, cV is the specific-heat capacity,
and m is the sample mass.

At resonance conditions, the spin system will adsorb the
MW energy PEPR that is afterward transferred to the lattice
surroundings via the spin-lattice relaxation process. There-
fore, the crystal temperature increases at resonance, and it can
cause the observed decrease of EPR-induced resistivity ρEPR.

In order to estimate the magnitude of the temperature vari-
ation induced by the absorption of MW at magnetic resonance
conditions, the MW absorbed by resonance at the temperature
and MW attenuation conditions should be calculated. For a
system with S = 1/2, the MW power absorbed by the spins at
resonance is expressed as [62]

PEPR = 1

4
γ 2B2

1hν0n0 f (ν0)

× 1

1 + 1
4γ 2B2

1 f (ν0)
/{

1
2 (W12 + W21)

} , (12)

where B1 is the MW magnetic field, γ is the gyromagnetic
ratio of the paramagnetic defect, n0 is the thermal equilib-
rium value of population difference, f (ν0) is the line-shape
function, W12 and W21 are the transition rates from the lower
Zeeman level to the upper one, and vice versa.

The Lorentzian line-shape function can be expressed
as [62]

f (ν) = 2T2

1 + (γ B0 − 2πν0)2T 2
2

, (13)

where T2 is transverse relaxation time describing the spin-spin
relaxation.

Using the relationship W12 + W21 = 1/T1, where T1 is the
longitudinal relaxation time describing the spin-lattice relax-
ation, we can assume that

PEPR = 1

4
γ 2B2

1hν0n0 f (ν) · 1

1 + 1
2γ 2B2

1T1 f (ν0)
. (14)

In the nonsaturation case, the second factor can be ne-
glected, and Eq. (14) can be rewritten as

PEPR ≈ 1
4γ 2B2

1hν0n0 f (ν0). (15)

In our experiment, we have estimated the average B1 value,
which comes from smooth-wall waveguide MW aperture, as
7.299×10−6 T at a MW power level of 125 mW. Applying
Bloch equations, the T2 time from the EPR peak-to-peak
linewidth recorded by CW EPR can be expressed as [63]
T2 = 2√

3γ�Bpp
, which allows us to calculate the line-shape

function at the absorption maximum at 100 GHz as f (ν0) =
1.6×10−16. As a result, Eq. (15) gives us the value for the
maximum absorbed power: PEPR = 1.696×10−8 J s−1. Thus,
using Eq. (11) for an integration time of 1 s, we can es-
timate the EPR-induced temperature increase at T = 7 K,
PMW = 125 mW: �TEPR = 5.9×10−3 K, giving us the value
of maximum temperature variation that can be induced at
resonance conditions during a time of 1 s. The obtained value
of �TEPR is comparable to that obtained in Ref. [24] for 6H
SiC crystals: �TEPR = 2.3×10−3 K.

As it follows from Eq. (11), the specific heat should be
considered besides the absorbed MW power. It is well known
that the specific heat is temperature dependent and changes
with SiC polytype and doping level [64–66], and the tempera-
ture variation of the specific-heat capacity for 15R SiC at low
temperatures reveals the T 3 behavior [64]. The MW power
absorbed by the sample at resonance condition varies with the
temperature via the spin-lattice relaxation time [24]: T1 ∝ T 3,
where m = –1 for the direct relaxation process and m = –5,
−7, and −9 for the indirect one. The temperature variation
of PEPR is much weaker than that of the specific heat. Thus,
the temperature variation of the EPR-induced temperature
increase should be governed by the specific-heat temperature
dependence cV ∝ T 3 [24]:

�T (T ) =
∫ t

0 PEPRdt

mcV (T )
∝

∫ t
0 PEPRdt

T 3
. (16)

The corresponding resistivity decrease will depend on the
dominant charge process at the respective temperature. For
the VRH regime, the temperature variation of the resistiv-
ity is described as ρ(T ) = ρ0 exp [(T0/T )1/4]; therefore, the
resistivity decrease caused by MW absorption at resonance
conditions can be written for a small temperature change �T
as [24]

�ρ(T ) = δρ

δT
�T = −ρ0T 1/4

0

4

1

T 5/4
exp((T0/T )1/4)�T .

(17)

Using Eq. (11) one can obtain the expression for the
resistivity decrease per integration time �t for the VRH
regime [24]:

�ρ

�t
= −ρ0T 1/4

0

4

PEPR

mcV

1

T 5/4
exp((T0/T )1/4). (18)

Assuming that cV ∝ T 3 and neglecting the temperature
dependence of MW power absorbed at resonance PEPR, we
can obtain from Eq. (18) that [24]

�ρ

�t
= −c0T −17/4 exp((T0/T )1/4), (19)

where c0 contains temperature-independent terms.
Thus, using the same approach as in Ref. [24] for 6H

SiC and considering that the temperature variation of the
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FIG. 11. Power dependence of the S-line EDMR signal am-
plitude measured in 15R SiC monocrystals having (ND–NA ) ∼
5×1018 cm−3 at ν0 = 100 GHz and T = 7 K. Dots are experimental
data; the solid line is the result of fitting with Eq. (21).

specific-heat capacity for 15R SiC at low temperatures reveals
the T 3 behavior [64], we can express the observed temperature
variation of the EDMR signal intensity in the VRH mode as

IEDMR(T ) ∝ T −17/4 exp((T0/T )1/4). (20)

We have obtained a good agreement of the experimental
data represented in Fig. 9(b) using Eq. (20) with the T0 value
of 1.7 meV, which is close to the value obtained above from
the analysis of the temperature variation of the S-line EPR
width (0.35 meV). Thus, we can conclude that the experimen-
tally obtained temperature dependence of the S-line EDMR
signal is related to the EPR-induced heating effect.

As shown in Fig. 11, the S-line EDMR signal amplitude
increases linearly to 25 mW and remains constant for higher
MW power levels. This process can be expressed theoretically
by the following law [67]:

IEDMR = c2 + c1PMW/(1 + c1PMW), (21)

where PMW is the MW power level, and c1 and c2 are the
fitting parameters.

The observed temperature behavior of the S-line EDMR
signal amplitude is consistent with the heating effect and
energy-transfer mechanism.

Thus, we can conclude that analogous to 6H SiC [24], the
EPR-induced temperature-increase mechanism and spin-flip
hops process are responsible for the appearance of the S-line
EDMR signal in the VRH regime in 15R SiC monocrystals
having (ND–NA) ∼ 5×1018 cm−3. Figure 12 shows the corre-
sponding model for this process. First, the spin system absorbs
the photon energy and afterward loses it due to diffusion to the
lattice. The energy is transferred from the MW source to the
investigated crystal and then transferred to the environment.
When no heat-removal mechanisms are present, conductivity
grows with the sample temperature. Also, the spins can lose
the MW energy directly at the Fermi level (hopping), leading
to the rise of conductivity.

FIG. 12. (Adapted from Ref. [24]) Mechanism responsible for
the appearance of S-line EDMR signal in the VRH regime in 15R
SiC having (ND–NA ) ∼ 5×1018 cm−3.

IV. CONCLUSIONS

The electronic and magnetic properties of 15R SiC
monocrystals with a nitrogen donor concentration (ND–NA) ∼
5×1018 cm−3 grown by the modified Lely method were stud-
ied by multifrequency EPR and EDMR methods (ν0 = 9.4 to
328.84 GHz), along with cavity perturbation technique in a
wide temperature interval.

The temperature variation of the MW conductivity re-
vealed different processes in highly nitrogen-doped 15R SiC
monocrystals: scattering of conduction electrons by ionized
donor impurities (T = 295–200 K), transitions of electrons
from donor energy levels to the conduction band with acti-
vation energy ε1 = 30 meV (T = 200–100 K), transition pro-
cess of electrons between Hubbard bands (T = 100–50 K),
and electron-hopping process between donor impurity atoms
with activation energy ε3 = 1.5 meV (T < 50 K). The density
of states at the Fermi level was estimated in the range from
5.9×1022 to 1.4×1023 eV−1 cm−3.

At T < 160 K, the EPR spectra recorded in 15R SiC
monocrystals having (ND–NA) ∼ 5×1018 cm−3 showed an in-
tense S line with g⊥ = 2.0026(2) and g‖ = 2.0043(2) caused
by exchange coupling between identical N donors residing at
k1 nonequivalent position in 15R SiC lattice and having the
deepest energy level and highest N concentration. In addition,
at T < 80 K, the low-intensity triplets due to N donors resid-
ing at k1, k2, and k3 nonequivalent positions were detected in
EPR spectra.

It was found that there are two contributions to the
temperature variation of the S-line spin susceptibility: Pauli-
like (temperature independent) and Curie-Weiss (temperature
dependent) with θ = –2 K, which hints at the weak antiferro-
magnetic interaction in the spin system. The EPR line shape
of the S line turned out to be purely symmetric Lorentzian at
T < 90 K, while at T > 90 K, it is an asymmetric Dyasonian.
The observed increase in the line-asymmetry ratio (propor-
tional to ac conductivity) agrees with the rise of the MW
conductivity at T = 100–200 K due to transitions of electrons
from N donor energy levels to the conduction band.

The analysis of temperature variation of the average
g-factor value of the S line allowed us to conclude that
the interaction between exchange-coupled N donors and
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conduction electrons takes place at T > 120 K. The tempera-
ture variation of the S-line EPR width at T � 20 K broadens
due to the appearance of the VRH process, with the average
barrier height for the hopping process of about 0.35 meV.
At T > 20 K, the Orbach relaxation mechanism takes place
with the separation between the ground state and an excited
vibronic level of 6.5 meV (B⊥c) and 4.8 meV (B‖c) that
agrees well with the valley-orbit splitting values of 1s N donor
ground state in highly nitrogen-doped 15R SiC.

The EDMR spectra revealed a single S line at T < 20 K.
We have concluded that the EPR-induced temperature-
increase mechanism, along with the spin-flip hops process, are
responsible for the appearance of the EDMR signal from the
S line in the VRH regime.

ACKNOWLEDGMENTS

A.S. acknowledges the support of the European Research
Council (ERC) through the European Union’s Horizon 2020

Research and Innovation Program under Grant No. 714850,
and by Internal Grant Agency, Grant No. CEITEC VUT-J-
19-6070, Czech Republic. O.L. acknowledges the financial
support of Grant Agency of the Czech Republic (GAČR)
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