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ABSTRACT

4H silicon carbide (SiC) polytype is preferred over other SiC polytypes for high-power, high-voltage, and high-frequency applications due to
its superior electrical, thermal, and structural characteristics. In this manuscript, we provide a comprehensive study of the spin coupling
dynamics between conduction electrons and nitrogen (N) donors in monocrystalline 4H SiC with various concentrations of uncompensated
N donors from 10" to 5 x 10" cm™ by continuous wave, pulsed electron paramagnetic resonance (EPR), and microwave perturbation tech-
niques at T=4.2-300 K. At low temperatures, two triplets due to N donors in cubic (Nj) hexagonal (Ny,) positions and triplet arisen from
spin-interaction between Nj, and Ny were observed in 4H SiC having N4 — N, ~ 107 ecm™3. A single S-line (S=1/2) dominates the EPR
spectra in all investigated 4H SiC monocrystals at high temperatures. It was established that this line occurs due to the exchange coupling of
localized electrons (dominate at low temperatures) and non-localized electrons (dominate at high temperatures). The localized electrons
were attributed to Nj, for Ny — N, ~ 10" cm™ and Ny, donors for Ny — N, > 5 x 10'® cm™. We have concluded that the conduction electrons
in 4H SiC monocrystals are characterized by g =2.0053(3) and g, =2.0011(3) for Ngq—N,<5x 10" cm™ and £=2.0057(3) and
g1=2.0019(3) for Ng - N,~5x 10" cm™. Using the theoretical fitting of the temperature variation of S-line EPR linewidth in 4H SiC
having Ng - N, <5 x 10" cm™, the energy levels of 57-65 meV that correlate with the valley-orbit splitting values for Ny donors in 4H SiC
monocrystals were obtained.
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I. INTRODUCTION plants, space exploration, photonics, and biosensors.” ~ Recently, it
was also reported that SiC is a promising material as a novel dark
matter detector."*

There are over 250 known polytypes of SiC,"”” and the most
common ones are: cubic (3C polytype) with a zincblende and hex-
agonal (4H and 6H polytypes) with wurtzite crystal structures.

Silicon carbide (SiC) stands for a wide-bandgap semiconductor
compound consisting of silicon (Si) and carbon (C), with a high
melting point (~2730°C) and high hardness (~9.5 on the Mohs
scale). It possesses unique key properties, such as high thermal con-
ductivity, mechanical strength, exceptional chemical resistance, low

coefficient of thermal expansion, and high radiation resistance. All Different SiC polytypes have different stacking sequences determin-
these features make this material appropriate for high-temperature ing crystal symmetry and physical properties. If one considers the
applications, aerospace and automotive industries, harsh environ- C atom positions within a SiC bilayer so that they build a hexago-
ments, electronic devices, high-frequency devices, nuclear power nal structure (“A” site), then the following bilayer can position its
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C atom on the “B”/“C” lattice sites, and, as a result, each of bilayers
in SiC can be oriented in three possible arrangements only regard-
ing the lattice whereas the tetrahedral bonding is maintained. For
example, 3C SiC possesses a stacking sequence ABCABC... while
for 4H SiC, it is ABCB.

The hexagonal 4H polytype of SiC is preferred over 3C and
6H polytypes for applications in high-power, high-voltage, and
high-frequency devices owing to its exceptional electrical, thermal,
and structural properties, such as higher values of breakdown
voltage, thermal conductivity, electron mobility, crystal quality, and
broader bandgap.'*™**

Nitrogen (N) has a shallow donor energy level in the SiC
bandgap, and it is a main donor impurity in SiC, which can give
an extra electron to the conduction band, contributing to its n-type
conductivity. For example, in 4H SiC epilayers with uncompensated
N donor concentration Ny - N, from 3 x 10'® to 2 x 10'® cm™>, the
activation energy values were obtained as 40-65meV for the N
donors at hexagonal (“h”), Ny, and 105-125 meV for the N donors
at cubic (“k”), N, sites using admittance spectroscopy and Hall
effect measurements.'®'” The low ionization energy of N donors
means that they can be easily ionized at low temperatures, forming
free electrons in SiC. The N donor concentration significantly
impacts the SiC electronic and optical properties. Controlling the N
donor concentration makes it possible to fabricate the SiC material
with preferred characteristics for particular device applications,
such as high-temperature and high-power electronics, photovolta-
ics, and optoelectronics.

The N-doped 4H SiC has wide applications in power elec-
tronic devices (Schottky diodes, power MOSFETs, and bipolar tran-
sistors), light-emitting devices (high-power and high-brightness
LEDs, laser diodes), photovoltaic devices, radiation detectors, high-
temperature electronics, and sensors.”’ % As a result, N-doped 4H
SiC is a promising candidate for next-generation devices that
require high performance and reliability. Therefore, studying the
magnetic and electronic properties of 4H SiC with different N
donor concentrations can help researchers understand the
N-doping mechanisms and optimize the N-doping process for spe-
cific material applications.

Electron paramagnetic resonance (EPR) spectroscopy, both in
continuous wave and pulse regimes, is a powerful, effective, and
non-destructive method for studying the magnetic and electronic
features of N donors in SiC.

According to Refs. 29-31, the continuous wave and pulsed
EPR spectra measured at T=4.2-40K of 4H SiC wafers with
Ng—N,<10"® cm™ are characterized by three triplets owing to
hyperfine coupling with "*N nuclei (I=1, 100% nat. ab.): the line
triplet due to Ny, a line triplet due to Ny, and a triplet Ny due to
spin coupling between Nj, and Ni. As it follows from Fig. 2 in
Ref. 30, at T>50K, the N, and N, triplets disappear in the EPR
spectrum of 4H SiC, and a broad line emerges, but no detailed
investigation of the temperature dependence and parameters of
spin Hamiltonian for this paramagnetic center was reported.

In the 4H SiC wafers with Ny — N, from 10'® to 10'® cm™>, the
continuous wave EPR spectra at T=4.2K showed a broad and
intense line with no hyperfine structure and the Ny triplet of very
low intensity.”” The appearance of this intense single line was inter-
preted by concluding that the position of the Fermi level is fixed at
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the donor (+/0) energy level of aggregates of 2 (or more) N, donor
centers between the isolated Nj donor energy levels. However, no
temperature-dependent study of this paramagnetic center was per-
formed. In 4H SiC wafers having Ny — N, ~ 10" cm™, the asym-
metric Dysonian EPR line owing to exchange interaction between
localized and conduction electrons was detected at T'=7-140 K.

Thus, the nature of the single EPR lines that appeared in 4H
SiC monocrystals with various N donor concentrations was not
determined concerning its material electronic and magnetic prop-
erties. In this paper, we have investigated electron and magnetic
properties of the S-line that appeared due to exchange-coupled
localized and non-localized electrons in 4H SiC monocrystals
having various N donor concentrations over a broad temperature
range utilizing contactless microwave (MW) perturbation measure-
ments and EPR spectroscopy in continuous wave and pulse
regimes.

Il. MATERIALS AND METHODS

Monocrystalline 4H SiC with a concentration of uncompen-
sated N donors of Ny— N, ~ 10'7 cm™ were grown by the sublima-
tion sandwich method,”” and the monocrystalline 4H SiC with
Ng—N,~5x10"®+5x10"” cm™ were grown by the modified
Lely method.” The concentration of uncompensated N donors was
determined by the Hall effect at room temperature.

X-band (vp ~ 9.4 GHz) continuous wave EPR in monocrystal-
line 4H SiC with Ng— N, ~ 5 x 10'® + 5x 10'* cm™, MW perturba-
tion measurements in monocrystalline 4H SiC  with
Ng—N,~ 10" +5x10" cm™, and two-pulse field-sweep electron
spin echo (FS ESE) spectra in 4H SiC with Ny— N, ~ 10" cm™
were performed using a Bruker ELEXSYS E580 spectrometer.
Continuous wave EPR and MW perturbation experiments were

performed in the temperature range from 4.2 to 300 K with Bruker ¢
ER 4122 SHQE SuperX High-Q cylindrical TEy;; cavity and variable

temperature helium-flow cryostat ER 4112HV. We used the following
experimental parameters: the MW power level was set to 0.4743 mW,
the modulation frequency was 100kHz, the modulation amplitude
was set to 0.5-1.0 mT (depending on the EPR linewidth), the conver-
sion time was 70 ms, and the spectral resolution was selected as 2048
points. The 4H SiC samples were placed on a fused quartz rod with a
diameter of 4mm. The I,I-diphenyl-2-picrylhydrazyl free radical
(g=2.0036) was used as a reference sample. The quality factor
(Q-factor) value for the unloaded and loaded cavity was measured
when the MW power level was set to 0.07518 mW (33 dB).

X-band (vo ~ 9.6 GHz) continuous wave EPR in monocrystal-
line 4H SiC with Ny— N, ~ 10" cm™ were performed on Bruker
EMX EPR spectrometer equipped with ESR 900 He cryostat from
Oxford Instruments. The continuous wave EPR spectra were mea-
sured using ER 4105DR double rectangular cavity operating in the
TE104 mode using the ultramarine reference sample as an intensity
standard. The experimental parameters were the following: MW
power level =0.1517 mW, spectral resolution = 2048 points, modu-
lation frequency =100 kHz, modulation amplitude =0.2 mT, time
constant = 40.96 ms, and conversion time =120 ms. For MW per-
turbation experiments, the super-high-Q cavity was used. The
Q-factor value was measured when the MW power level was set to
0.6325 mW (25 dB).
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The temperature variation of FS ESE spectra was studied uti- Temperature, K
lizing EN 4118X-MD5 cavity equipped with ER 4118CF cryostat. 100.0 50.0 33.3 25.0 20.0 16.7 14.3 12.5 11.1 10.0
The FS ESE spectra were obtained using a two-pulse Hahn echo @)
sequence: 7/2-7-m -7-echo with the pulse lengths: 7/2 =100 ns,
7=1200 ns, 7 =200 ns. ® Experimental data

The EPR spectra parameters of the paramagnetic centers in o,exp(-g,/K,T)
monocrystalline 4H SiC were analyzed utilizing the following spin
Hamiltonian:

s1=40 meV

In(c)

H = Hpy + Hyzr + Hup + Hzes + Hy
= uyBgS/h — g, BUR + > SAL; +SDS +1PL, (1)
7

where Hyy; and Hyy; describe electron and nuclear Zeeman inter- . ° °
actions, Hyp describes hyperfine interactions (for I>0), Hzgs : : ; ; . : : ; : :
describes zero-field splitting (for S> 1), Hq describes quadrupole 0 10 20 30 40 15800?.? K.71° 80 90 100
interaction (for I>1), ug is the Bohr magneton, B = (0, 0, By) is Temperature, K

the externally applied magnetic field; B, is the resonance magnetic 50.0 25.016.7 125100 83 7.1 63 56 5.0
field position, g is the electron g-tensor, S is the electron spin oper- - (b)
ator, i = h/2n is the Plank constant, g, is the nuclear g-factor, y,, is
the nuclear magneton, I; is the nuclear spin operator of ith nucleus;
A; is the tensor of hyperfine interaction of ith nucleus; D is the
zero-field splitting tensor, and P is the nuclear quadrupole interac-
tion tensor.

For cubic system with #n-order symmetry axis (n2>3)
at B||[001], the symmetry of g-tensor is axial and g =g
£ =g=g1, and the corresponding hyperfine interaction tensor
should be written as A = a;+ 2b;and A; = a;— b (a is the isotropic
hyperfine interaction constant of /th atom and b; is the anisotropic
hyperfine interaction constant of Ith atom).

For the paramagnetic center with S=1/2 and I=0, only Hg
and Hyy; from Eq. (1) should be considered, and a single line in the 1 T T T T T T T T T T
EPR spectrum will be detected. For the paramagnetic center described 0 20 40 60 & 1%%01/%.0 Kﬁ‘o 160 180 200
by S=1/2 and I= 1, the terms HEZI) HNZI’ HHFI) and HQI from '
Eq. (1) should be taken into account, and a triplet in the EPR spec-
trum is observed (2I+1=3 lines). For the paramagnetic center
having S=1 and I =1, all terms from spin Hamiltonian in Eq. (1) are E
considered, and two triplets in the EPR spectrum will be observed. E

The first derivative of the asymmetric Dysonian line shape
characterized by the dispersion and absorption components was

® Experimental data
c,exp(-e/k;T)

c,exp(-e,/k,T)

[ ]
GG:€G6:90 202 1oquianoN 90

Temperature, K
59'0 2‘|5.016|.7 12[.5 1q.0 8]3 7'.1 6'.3 5.EI5 5.(")

£,=120 meV (©)

® Experimental data
c,exp(-e /K, T)

fitted with experimental spectra by using the Matlab R2017a soft- -’ o,exp(-e,/k,T)
ware package (MathWorks®, Natick, USA) with the following = ]
expression assuming that the skin layer is formed on the flat plate Z ]
of thickness 24:*>*° 3
E &,=5 meV
dl 2 1—x%
A 4D @ ]
dB (14 x2) (14 x2)
4 [ ]
. . [} o
sinh p + sinp 1 + cosh cos p L S e e e e e
= 2p(cosh p + cos p) (cosh p + )2 > 0 20 40 60 80 100 120 140 160 180 200
pleosh prcosp) (cosh p cosp 3) 1000/T, K’
_ sinhp —sinp sinh psin p
~ 2p(cosh p+cosp) ~ (cosh p + cosp)*’ FIG. 1. Natural logarithm of o vs 1000/T derived from Eq. (1) (black dots) for
monocrystalline 4H SiC w1ith Ng— Ny~ 107 cm™ (@), Ng— N, ~5x 10 ecm™3
where x = 2(B — By)/v/3AB}; , AB}, is the peak-to-peak Lorentzian ]Sb)' ati;]d vaé_ Na_; E" 1(%)9 o™ (c). Red and blue solid lines show the output
linewidth, p=2d/6, § = \/2/1yV10, is the skin layer thickness, v, fom e g e b
J. Appl. Phys. 134, 145702 (2023); doi: 10.1063/5.0172320 134, 145702-3
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is the resonance frequency value for the sample-loaded cavity, 1, is
the vacuum magnetic permeability, and o, is the intrinsic ac con-
ductivity. A and D coefficients are related to the Dysonian line
asymmetry ratio A/B as A/B=1+ 1.5 x D/A, which is proportional
to ac conductivity.”’ ™’ The case when D/A =0 and A/B=1 corre-
sponds to the symmetrical Lorentzian line shape.

For the simulation of EPR spectra from localized N donors,
the “pepper” function from the Easyspin 5.2.28 toolbox™’ using
spin Hamiltonian from Eq. (1) was utilized. The temperature varia-
tion of spin susceptibility and EPR linewidth fitting with theory
was performed in OriginPro 8 (OriginLab, USA).

lll. EXPERIMENTAL RESULTS
A. Microwave perturbation measurements

The microwave perturbation technique has been used at
T=4.2-300K to obtain the activation energies for N donors in the
investigated samples. The cavity was filled with the investigated
sample having a smaller volume than the cavity, and the shifts in
cavity Q-factor and MW frequency values were detected. As a
result, from the temperature variation of microwave losses,
A=Qr'+ Q' (Qr and Q, denote the Q-factor for the loaded and
unloaded cavity, correspondingly) and frequency shift 6 = (vo— v1.)/vo
(vo is the resonance frequency value for the unloaded cavity) in
the investigated 4H SiC samples having different N donor concen-
trations, and we have estimated the temperature change in con-
ductivity (o) as'! ™

a A
N2
4)

(-G

where g, is the vacuum dielectric permittivity, o refers to the
filling factor (for TEg; cavity a=2Vs/Ve, Vs is the sample
volume and V¢ is the cavity volume), and N = —a X v/§ is the
depolarization factor.

The plot of the natural logarithm of o dependence in the coor-
dinates of 1000/T obtained from Eq. (4) for monocrystalline 4H
SiC samples having various N donor concentrations is represented
in Fig. 1.

In the general case, the conductivity in semiconductors of
n-type can be expressed by the sum of three contributions—ther-
mally activated carrier density in the conduction band having an

OC=2XmT XV XE
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activation energy of €, and nearest-neighbor hopping processes of
electrons from neutral donors to neutral donors (2D°— D™ +D")
with activation energy &, and from neutral donors to empty posi-
tively charged donors with activation energy £5,"" "

o(T) = orexp(—e1/kgT) + orexp(—&2/kgT)
=+ 0'36Xp(—€3/kBT), (5)

where kg is the Boltzmann constant.

From Fig. 1, it follows that in monocrystalline 4H SiC samples
with Nj—N,~5x 10" cm™ at T=297-170K and in 4H SiC
samples with Ng— N, ~ 5 x 10" em™ at T=297-250K, the con-
ductivity grows owing to conduction electron scattering by ionized
N donors.

The electron transition process from N donor energy levels to
the conduction band takes place at T=297-90K for 4H SiC with
Ny—N,~10”em™, at T=250-130K for 4H SiC with
Ng—N,~5x10"® cm™, and from 170 to 90K for 4H SiC having
Ng—N,~5x10" cm™.

The hopping process of electrons between N donors appears
at T<I130K in monocrystalline 4H SiC  samples
Ni—N,~5x10"%cm™ and at T<90K in 4H SiC monocrystals
with (Np — N,) ~ 5 x 10" cm™, whereas this process is absent for
4H SiC with (Np— N,) ~ 10" cm™. Moreover, a variable-range
hopping process at very low temperatures can be expected in the
4H SiC having Ng— N, >5x 10"* cm™.

Based on the fitting of terms in Eq. (5) with experimental data
represented in Fig. 1, we have obtained that £; =40 meV for 4H
SiC with Ny— N, ~ 10" = 5x 10" cm™ and &, =120 meV for 4H
SiC with Ng— N, ~5x 10" cm™. The £; value was estimated as
5meV in 4H SiC with Ng— N, ~5x10"®+5x 10" cm™. From
this &3 value and knowing the Bohr radius for 4H SiC

ag=12 nm," one can determine the density of states at the Fermi ¢
energy following Ref. 50 for monocrystalline 4H SiC havin% '

Ng—N,~5x10"%+5x 10" cm™ as N(Ep) ~ (&5 x aj x 47/3)~
=2.8x 102 eV 'xem™.

The temperature range for electron processes and correspond-
ing activation energies obtained for monocrystalline 4H SiC with
various N donor concentrations is presented in Table I.

B. EPR measurements

Figure 2 illustrates the low-temperature EPR spectra measured
at T=10K in monocrystalline 4H SiC having different N donor
concentrations at B||c.

TABLE I. The temperature range for electron processes and corresponding activation energies obtained for monocrystalline 4H SiC with different N donor concentrations using

microwave perturbation technique.

Temperature interval for electron processes

N4—N,, Conduction electron scattering  Transition from N donor energy levels to Hopping of electrons £ £,
cm™ by ionized N donors the conduction band with &, between N donors with &5 meV  meV
5x 10" T=297-170K T=170-90K T<90K 120 5
5x10'® T=297-250K T=250-130K T<130K 40 5
10" T=297-90 K 40
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Normalized EPR spectra intensity, a.u.

©
1 S-line
] T=10K Blic
T T T T T
340 341 342 343 344 345

Magnetic field, mT

FIG. 2. EPR spectra recorded in monocrystalline 4H SiC having Ng— N,
~ 10" em™ (a), Ng— N, ~5x 10" em™ (b), and Ng— N, ~5x 10" em™ (c).
T=10K, B||c. The magnetic field value was adjusted to the same MW fre-
quency value of v ~ 9.616784 GHz. The intensity of EPR spectra was normal-
ized to its maximum magnitude.

From the EPR spectra analysis, it was found that the EPR
spectra in 4H SiC monocrystals with Ng— N, ~ 10'” cm™ consist of
three triplets owing to the hyperfine coupling of the unpaired
electron with N nuclei (I=1): the line triplet due to Ny [S=1/2,
g =2.0043(3), g =2.0013(3), A;=50.95MHz, A, =51MHz],”" a
line triplet due to N, [S=1/2, g=2.0063(3), g =2.0005(3),
A||=29MHz, A} =2.7 MHz], and a triplet Ny [S =1, g =2.0053(3),
£1=2.0010(3), A=A, =256MHz, D=1.7-14MHz] caused by
spin-interaction between Nj, and N2

The monocrystalline 4H SiC having Ng— N, ~ 5 x 10'® cm™
[Fig. 2(b)] at T=10K revealed a broad, intense line characterized
by $=1/2, g;=2.0045(3), and g, =2.0010(3), labeled as S-line
having no hyperfine structure along with the Ny triplet of very low
intensity. In 4H SiC samples having Nj—N,~5x 10" cm™
[Fig. 2(c)] at T=10K, we observe the similar broad intense S-line
having § = 1/2, g = 2.0046(3), and g, = 2.0010(3).

Table II summarizes the spin Hamiltonian parameters for N
donors in monocrystalline 4H SiC with various N donor
concentrations.

Figure 3 represents the EPR spectra temperature variation
measured in monocrystalline 4H SiC with various N donor

3
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concentrations recorded in the broad temperature interval normal-
ized to its maximum intensity values.

In 4H SiC samples having Ny — N, = 10" cm™ at T> 90K, no
EPR spectra were observed [Fig. 3(a)]. As is seen from Fig. 3(a), in
these samples, the single slightly asymmetric EPR S-line at
T<90K was detected. Along with a single S-line, the Ny triplet
appeared at T<60K. By lowering the temperature to 40K, the
S-line vanishes, whereas the N}, and Ny triplets emerge in EPR
spectra.

In 4H SiC having Ny—N,~5x10'® cm™, no EPR spectra
were detected at T> 190K, while a single asymmetric S-line was
detected at T'<190 K, whereby the residual parts of the Ny triplet
appeared at T<20K [Fig. 3(b)]. In 4H SiC having
Ng—N,~5x10”cm™>, no EPR spectra were detected at
T>150K, whereas a single asymmetric S-line was observed at
T<150K [Fig. 3(c)].

The temperature variation FS ESE spectra recorded in mono-
crystalline 4H SiC having Ng— N,~ 107 cm™ at T=6-50K is
shown in Fig. 4. At T<25K, Ny, N,, and Ny triplets are observed
in FS ESE spectra, while at T> 25K, the N triplet is only detected,
and no single S-line at T=40-50K in contrast with continuous
wave EPR spectra was observed. Thus, we can conclude that the
paramagnetic center that causes the emergence of the single S-line
in the EPR spectrum has short relaxation times and, therefore,
cannot be detected in FS ESE spectra.

The double integral intensity temperature variation of the
S-line (that is proportional to the spin susceptibility, ygpr) was
obtained at T'=5-150 K in monocrystalline 4H SiC samples having
Ng— N, ~5x10" cm™ (Fig. 5).

Before double integration, the EPR spectra intensity at each
temperature point was corrected to cavity Q-factor changes due to
thermal losses of EPR cavity Q-factor. Afterward, the ygpr values

were normalized to their minimum value. The temperature varia- ¢
tion of 1/yppr revealed a linear behavior at low temperatures ¢

related to localized electrons (Curie-Weiss law), whereas at higher
temperatures, there is considerable curvature owing to the contri-
bution of temperature-independent Pauli-like term y, to ygpr
occurred due to the appearance of the non-localized conduction
electrons.

According to Ref. 52, the theoretical description of the experi-
mental data represented in Fig. 5 was done utilizing the following
expressions:

xepr(T) = CI(T — 6) + x,» (6)

U gpr(T) = (T — 0)/(%o(T — 6) + C), (7)

TABLE II. The parameters of spin Hamiltonian for N donors (/= 1) in monocrystalline 4H SiC with various N donor concentrations.

Ng—N,, cm™  Temp. range (K)  Center S g1 gl A, MHz A, MHz D, MHz Reference

10" <40 N 1/2 2.0005(3)  2.0063(3) 2.7 2.9 This work, Refs. 29-31
<40 N, 1 2.0010(3) 2.0053(3) 25.6 25.6 1.7-14  This work, Refs. 29-31
<60 Ny 1/2  2.0013(3) 2.0043(3) 51 50.95 This work, Ref. 51

5% 10" <40 Nic 1/2  2.0013(3) 2.0043(3) 51 50.95 This work, Ref. 51
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where C is the Curie constant and 6 is the Curie-Weiss ®o @)
temperature. S ] S-line

Based on the fitting of Eqs. (6) and (7) with experimental data o
shown in Fig. 5 for monocrystalline 4H SiC with c ] 90K
Ng— N, ~5x10" cm™, we have obtained 6 =2.4K, showing that 2 7 80K
the weak ferromagnetic coupling is presented in the spin system. % 5 70K
At the same time, in monocrystalline 4H SiC with = 60 K
Nyg— N, ~5x 10 cm ™3, the fitting gave the value of 6=-19.8K, ® ] 50K
which means a strong antiferromagnetic interaction exists in the g 1 40K
spin system. <

The asymmetry of the S-line EPR spectral shape of 4H SiC 14 30K
monocrystals occurs because the thickness of the skin layer is the i 20K
same or less than the sample size caused by the increase in conduc- 3 10K
tivity, and, consequently, the diffusion time of the carriers through- -%
out the skin layer is significantly shorter than the spin relaxation £
time. Consequently, El}s4asymmetr1c Dysonian line shape appears S0 31 342 343 344 345
in the EPR spectra.”””" Figure 6 shows an example of fitting Magnetic Field, mT
Eq. (2) with experimental EPR spectra measured in monocrystalline 2 -
4H SiC having various N donor concentrations using different 5 w
asymmetry ratio values. We have fitted Eq. (2) with experimental g “_’,/\//;190"

EPR spectra measured in monocrystalline 4H SiC having various N : ‘—/\/’_ ggﬁ
donor concentrations in a wide temperature interval at two differ- = ‘_J\/’— oK
ent magnetic field orientations. The analysis of obtained data I} _—//\/,__—120 K
allowed us to assume that for the S-line, there is a temperature £ #1&8?
dependence of EPR linewidth, asymmetry ratio, and resonance 8 g/\f—gw
magnetic field position. 51;)_ _4%; gox

Figure 7 represents the temperature variation of the » — \ ~ ———————————{60K
Dysonian asymmetry ratio for the S-line in monocrystalline 4H i ‘/\ﬁigﬁ 8
SiC with various N donor concentrations. The A/B ratio for 4H % J\/ 30K §
SiC with Ngy—N,~ 10" cm™ varies from 1.25 at 90K to 1.0 S fgﬁ %
(Lorentzian shape) at T=60K. For 4H SiC with g 10K o
Ng—N,~5x10"® cm™, the A/B ratio decreases gradually from 5 A tN, N
1.87 to 1.0 with the temperature from 190 to 5K. The A/B ratio 2408 330 332 334 336 338 340 342 §
temperature variation for 4H SiC with Ny— N, ~ 5 X 10 em™ ® Magnetic Field, mT &
increases from 1.68 to 1.84 as the temperature decreases from T STne © &
150 to 120K and afterward drops off with the temperature > “’___’/_\/‘//15().(
reaching 1.04 value at 5 K. < ___.’/\_ﬂ//_’__lgg{z

The magnetic resonance field position (B,) variation with the = W ﬁgﬁ
temperature was derived from the Eq. (2) simulation with EPR 2 W 190k
spectra in monocrystalline 4H SiC having various N donor concen- Qo ————’/\//___——80 K
trations. Based on the obtained B, values, we have estimated the £ %égﬁ
temperature variation of g and g, for the S-line using the expres- % '__4/\/_____— SoK
sion: g=hxvo/ugx By (Fig. 8). In 4H SiC samples having ] #ggﬁ
Ng—N,~10" cm™ with the temperature decrease g shifts from 2] #NK
2.0053(3) to 2.0061(3) while g, shows a slight shift from 2.0010(3) @ '4\/,—15'&
to 2.0008(3) only. The 4H SiC having Ng—N,~5x 10" cm™ i —_/\/,‘1‘1‘_&
reveals the shift of g value from 2.0052(3) to 2.0045(3), and the g, k5 # IS
value varies in the limit of error from 2.0011(3) to 2.0010(3) with a T %ﬁ SE
temperature decrease from 190 K down to 5K. In 4H SiC samples £
with Nyj—N,~5x10"” cm™, the decrease in temperature from ST
150K down to 5K leads to the decrease of the g value 330 331 332 333 334 335 336 337 338 339 340 3
from 2.0057(3) to 2.0044(3) and the g, value from 2.0019(3) to Magnetic Field, mT
2.0011(3).

Figure 9 represents the EPR linewidth (ABL ) temperature FIG. 3 Temperature variat1i$>n o_f3 EPR spectra recorde1d8 in _rsnonocrystalline
dependence for the S-line derived from the simulation of the exper- 1H5 fl%”@n [V3d _Blll\é “7_1_010?(”‘ Tﬁe(it;)teglgit; Ig? :aghx I;gR (;mect’ru(r;) wlzds _n ga
imental spectra EPR recorded in monocrystalline 4H SiC with dif- ;alized o its maximum value. P
ferent N donor concentrations at B_Lc with Eq. (2).
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FIG. 4. Temperature variation of FS ESE spectra recorded in monocrystalline
4H SiC having Ng— N, ~ 107 cm= at BJlc.

For the description of the experimental data in Fig. 9, the fol-
lowing expression similar to highly doped 6H SiC can be used:™

AB,p(T) = ABy +bx T+c¢ (8)

exp(A/T) — 1’

where AB, is the residual EPR linewidth at T=0K, b is character-
ized by the thermal fluctuations of the exchange coupling of mag-
netic moments of the localized electrons with the non-localized
ones at low temperatures (Korringa relaxation), the third term is

140 A
O 41.0
%) :
= @ Experimental data o (a)]
s 1204 —— Theory
: O Experimental data 40.8
2 100 1 ——Theo
@®© ry
< 804 Jo06
o
5]
W 60
= ] 04
& 40
w
5 0.2
o q Vi
8 204
=
B T T T T T 1 T L T S
0 20 40 60 80 100 120 140 160

Temperature, K

FIG. 5. Temperature variation of experimental yepr (filled black circles) and 1/;ngR

- arb. units

5
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related to the localized electrons relaxation at higher temperatures
through excited levels with the energy A related to the ground state
and caused by the exchange coupling of localized electrons with
the non-localized ones (Orbach process), and ¢ determines the
orbit-lattice interaction strength.

In 4H SiC having Ng—N,~ 10" cm™, only the first and
third terms were considered for fitting experimental data with
A=57meV. In 4H SiC having Ng— N, =5 X 10"® cm™3, all three
terms from Eq. (8) were used to approximate experimental data
with A~ 68 meV.

In the 4H SiC with Ngj— N, ~5x 10" cm™>, the S-line EPR
width increases linearly with the temperature with the slight
change slope at ~40 K related to the second term in Eq. (8). This
fact is consistent with the case when the spin-lattice relaxation of
non-localized electron spins in metals is governed by modulation
of spin-orbital interaction through lattice vibrations.”

IV. DISCUSSION

The temperature behavior of the spin coupling between local-
ized and non-localized electrons in 4H SiC monocrystals with
uncompensated N donor concentration from 107 to 5x 10" cm™>
has been examined by EPR and MW cavity perturbation tech-
niques at T'=4.2-300 K.

Based on the study of the temperature variation of the con-
ductivity, the activation energies £}, £,, and £5 have been estimated
by fitting the temperature variation of conductivity with terms
from Eq. (5). For 4H SiC having Ng— N, & 10'7-5x 10" cm™>, the
obtained value of £ =40meV is in perfect agreement with a
recently reported value of 40 meV for Nj, in 4H SiC wafers with
N4—N,~10"%+5%x 10" cm™ in Ref. 47, while for 4H SiC with
Ng—N,~5x 10" cm™, the obtained &, value of 120 meV well
agrees with the energy level of the Ny donors having 105- ¢
125 meV.'*"”

GG:€G6:90 202 1oquianoN 90

18
41.0
» 164 @ Experimental data 7
= —— Theory (b)
= O Experimental data
. 144 —— Theory 408
¥e)
= %)
© 124 =
< =}
§ 104 106 &
=2 ®
22
Lo &
~ 404 W
g 64 §<
w
il q
& ] Ho02
=
2
0 —t r I 1 1 7T T 7T T 1" 0.0
0 20 40 60 80 100 120 140 160 180 200

Temperature, K

pen red circles) values and corresponding fitting with Eq. (6) (solid black lines) and

Eq. (7) (solid red lines) for S-line in 4H SiC monocrystals. (a) Ny— N~ 5 10" em™, (b) Ny— Na~5x10"8cm=2. BLLc.

J. Appl. Phys. 134, 145702 (2023); doi: 10.1063/5.0172320
Published under an exclusive license by AIP Publishing

134, 145702-7


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

We can explain the differences between the obtained values of
£, in the investigated samples and the relationship between N
donor concentration in the samples and activation energy.

In N-doped SiC, it is expected that the activation energy
needed for an electron to be excited from the N donor level to the
conduction band should decrease as N donor concentration
increases, providing more available donors for electron donation to
the conduction band, which makes it easier for electrons to be
excited from the donor level. However, the relationship between N
donor concentration and activation energy can become more
complex on the metal side of the semiconductor-metal transition.
In 4H SiC, the metal side of the semiconductor—metal transition,
as follows from Mott criteria (azN2,, & 0.25),” occurs at N donor
concentration higher than critical carrier concentration
N~ 8x 10" cm™. At such high N-doping concentrations in
SiC, a self-passivation effect due to the formation of N aggregates’®
or N-carbon complexes®” was reported in ion-implanted samples
responsible for lower conductivity. We may suppose that in the
monocrystalline 4H SiC with Ny— N, ~5x 10" cm™, the same
effects could also be the reason for the increase in the £, value and,
as a result, the decrease of the conductivity. However, further theo-
retical calculations are needed to prove it.

Generally, the activation energy required for an electron to
hop from occupied to unoccupied donors should decrease with
increasing donor concentration in an n-type semiconductor.
However, in our case, the £5 energy value was 5 meV in all investi-
gated samples. The Hall measurements at low temperatures should
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FIG. 7. Temperature variation of the Dysonian asymmetry ratio for S-line as
obtained from fitting of Dysonian line shape using Eq. (2) in monocrystalline 4H
SiC with Ny— N, ~ 10" cm™2 (open red tr|ang|es) Ny— N, ~5x 10" cm=3
(solid blue squares), and Ny—N,~5x10"cm™ (solid black circles) at

T=90K, BJlc.

be performed in 4H SiC monocrystals with N > N to explain this

phenomenon in more detail.

As follows from Fig. 2(a), the EPR spectrum in monocrystal-
line 4H SiC with (Np— N4) ~ 10" cm™ consists of three triplets:

4 Blle Experimental spectra
1T=90 K —— Simulated spectra
_ using Eq. (2)

A/B=1.25

A/B=1.21

Normalized EPR spectral intensity, arb. units

T T T T T T T T T T
334 335 336 337 338

Magnetic field, mT

— T
331 332 333 339

FIG. 6. The experimental EPR spectra S-line (solid black lines) and fitting of
Dysonian line shape usmg Eq. (2) (solid red lines) for monocrystalline 4H SiC.
(&) Ny—N,~10"7 cm b) Nd— ~5x10%em™>, (¢) Ny—N,~5
x 10" cm™3. T= 0K, B||c

Ni, Ni, and N,, in accordance with data represented in Refs. 29-31.
In 4H SiC samples with Ng— N, >5 x 10" cm™ at T=10K, we
observe the broad intense S-line with spin Hamiltonian parameters
close to those previously reported an intense single line in 4H SiC
wafers with Ng—N,~10"®cm™ at T=42K" g =2.0054(1),
g1 =2.0011(3). The discrepancy in values obtained in our work and

2.0065
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FIG. 8. Temperature dependence of gy and g, for S-line derived from the simu-
lation of EPR spectra usi 3g ) in monocrystalline 4H SiC. Open red trian-
gles—Ny— N, ~ 10" cm solld que squares—Ng — N, ~ 5 x 10" cm =2, solid
black citcles—N — N ~5 % 10'° cm3. Dotted lines show the position of g
and g, for Ny and N, centers.
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FIG. 9. Temperature variation of EPR linewidth (ABL ) for S-line derived from
the simulation of EPR spectra usmg E% ) in monocrystalllne 4H SiC. Open
red triangles—Ng — N, ~ 10" cm solid blue squares—
Ny— N, ~5x10"cm™3, solid black cwcles—Nd —N,~5x10"cm™3. Red
and blue solid lines show the fitting output using Eq. (8). The black dashed line
guides the eye. BLc.

Ref. 30 can be related to lower N concentration in the samples
measured in Ref. 30.

The analysis of temperature variation of S-line EPR spectra in
monocrystalline 4H SiC with various N concentrations allowed us to
establish that the S-line has temperature-dependent integral intensity,
linewidth, line asymmetry, and resonance magnetic field position.

The temperature variation of the asymmetry ratio of S-line in
monocrystalline 4H SiC having various N donor concentrations
agreed with the conductivity temperature dependence as deduced
from measurements by the MW cavity perturbation method. At
high temperatures where the conductivity is high, the Dysonian
line shape was observed. In contrast, at low temperatures, the
Lorentzian line shape dominates in the EPR spectrum for the
S-line due to low conductivity in the samples. The fact that temper-
ature variation of the Dysonian asymmetry ratio for S-line in

ARTICLE pubs.aip.org/aip/jap

monocrystalline 4H SiC with Ng— N, ~ 5 x 10'° cm™ slightly rises
with decreasing the temperature from 150 to 120K and afterward
drops off with the temperature can be explained by the transition
process of electrons from energy levels of N donors to the conduc-
tion band taking place at T'=170-90 K.

The temperature dependence of spin susceptibility was
described by two contributions: Curie-Weiss behavior at low T
values due to localized electrons and Pauli-like behavior at higher
temperatures owing to the existence of non-localized electrons.

The presence of the coupling of localized electrons and non-
localized ones can be derived from the resonance magnetic field
position temperature dependence (and, thus, the g-factor). From
the high-temperature part of the g-factor temperature dependence
where non-localized centers dominate in EPR spectra, one can
suppose that the free electrons in 4H SiC monocrystals are charac-
terized by &1 =2.0053(3) and g1 =2.0011(3) for
Nj—N,<5x 1018 cm™ and =2.0057(3) and g, =2.0019(3) for
Ng—N,~5x 10" cm™. At the same time, we have found that
for localized electrons (dommated at low temperatures) in mono-
crystalline 4H SiC with (Np— Na) ~ 10" cm™, g =2.0061(3) and
g1 =2.0008(3) are close to the g-values of Nj, donors in 4H
SiC,”’~*! while in 4H SiC with Ng— N, > 5 x 10"® cm™>, the local-
ized electrons are characterized by gj=2.0044(3) and g, =2.0011
(3) that are close to g-values of Nj donors in 4H SiC.”" Thus, we
can conclude that N;, donors play the role of localized centers in
4H SiC with Ng—N,~10"7 cm™>, whereas, in 4H SiC with
Ng— N, >5x 10'® cm ™3, the localized centers should be related to
Ny donors.

It should be noted that the single EPR line observed in subme-
tallic Si:P samples with 1.7 x 10"® P atoms cm™ revealed analogous
temperature behavior of g-factor that was explained by an interac-
tion between localized and delocalized lower and upper
Hubbard-band states.”’

The corresponding g and g, values for localized electrons and

non-localized ones obtained in this work and the literature data are
given in Table III. In addition, in Table III, we show the average value
of g-factor, g,, = (2g, +g)/3, for non- locahzed electrons that turned
out in monocrystalline 4H SiC with Ng— N, ~ 10" + 5x 10" cm™ to
be close to the g-factor of a free electron, while for Ngj— N,~5
x 10" cm™, it has a slightly higher value.

The short spin relaxation times for the S-line, as deduced
from temperature-dependent FS ESE measurements, also support
the exchange nature of this paramagnetic center.

TABLE lll. Spin Hamiltonian parameters of localized and non-localized electrons monocrystalline 4H SiC with various N donor concentrations as deduced from the g-factor

temperature dependence for S-line represented in Fig. 8.

Localized electrons (low

temperatures) Non-localized electrons (high temperatures)
Ng—N,, cm™ g &l g gl Zav Reference
10" 2.0008(3) 2.0061(3) 2.0010(3) 2.0053(3) 2.0024(3) This work
10'8 2.0011(3) 2.0054(1) Ref. 30
5x10'® 2.0010(3) 2.0045(3) 2.0011(3) 2.0052(3) 2.0025(3) This work
10" 2.0003(3) 2.0045(3) Ref. 32
5% 10" 2.0011(3) 2.0044(3) 2.0019(3) 2.0057(3) 2.0032(3) This work
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The temperature dependence of S-line EPR linewidth mono-
crystalline 4H SiC having Ngj— N, ~ 10" cm™ was characterized
by the Orbach process, whereas for Ng— N, ~ 5 X 10%¥ cm™3, it is
governed both by Korringa and Orbach relaxation, and for
Nj—N,~5x10"” cm™ (on the metallic side of metal-semicon-
ductor transition), it is linear with a slight slope corresponding to
Korringa relaxation process only.

It is known that for N donors in 4H SiC, the valley-orbit split-
ting (AE,_,.) values between the ground 1S(A;) and excited 1S(E)
energy levels are AE, , =45.5meV for Ny in Refs. 61 and 62 and
AE, ,=7.0-7.6meV for N;, in 4H SiC.*™® Thus, the A values
(57-65 meV) derived from the fitting procedure of Eq. (8) with the
temperature variation of the S-line linewidth can correspond to
AE, ,. values of Ny donors in monocrystalline 4H SiC with
Nij—N,<5x10"%cm™,

V. CONCLUSIONS

The magnetic and electronic properties of 4H SiC monocrys-
tals having N donor concentrations from 10" to 5x 10" cm™
grown by sublimation sandwich and modified Lely methods were
studied by X-band EPR and the cavity perturbation method in a
broad temperature range.

The temperature dependence of the MW conductivity is charac-
terized by following processes in monocrystalline 4H SiC: conduction
electrons scattering via ionized N donors at high temperatures for
Nj—N,>5x10"® cm™, thermal activation of carriers density in the
conduction band with an activation energy of £, equal to 40 meV for
monocrystalline 4H SiC with Nyj— N, = 107 +5%x 10" ecm™ and
120 meV for 4H SiC samples Ny— N, =5 x 10" cm™ and nearest-
neighbor hopping processes of electrons from neutral N donors to
empty positively charged N donors with activation energy &5 of
5meV for Ny— N, >5x 10" cm™.

A single S-line (S=1/2) of Dysonian line shape governs the
EPR spectra of 4H SiC monocrystals at high temperatures. The
analysis of FS ESE measurements, along with the temperature vari-
ation of the integral intensity, line asymmetry, and resonance mag-
netic field position of this S-line in monocrystalline 4H SiC with
various N donor concentrations, enabled us to conclude that this
paramagnetic center is due to exchange coupling among localized
electrons and non-localized ones. The obtained g-factor values for
non-localized electrons in monocrystalline 4H SiC with various N
donor concentrations can be helpful for further theoretical calcula-
tions. The role of localized centers in monocrystalline 4H SiC with
Ny—N,~ 107 em™ play the Nj, donors, while in 4H SiC mono-
crystals with >5 x 10'® cm™, the localized centers are related to Ny.

Based on the analysis of S-line EPR linewidth temperature var-
iation in 4H SiC with Ny— N, <5 X 10 cm™3, the splitting
between the ground 1S(A;) and excited 1S(E) energy levels of 57—
65meV was derived, which corresponds to valley-orbit splitting
value of Ny donors in 4H SiC.
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