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ABSTRACT

Nitrogen in group-IV semiconductors has become a well-established element of qubits capable of room-temperature operation. In silicon
carbide, nitrogen can occupy different nonequivalent lattice sites, giving rise to different shallow donor states. We report a triplet fine struc-
ture in electronic transitions of nitrogen donors on the quasi-cubic carbon site in 4H silicon carbide with activation enthalpies of around
100meV. The intensities of triplet components have a prominent dependence on the voltage bias. The activation enthalpies of the transitions
exhibit the Poole–Frenkel effect, while no bias dependence is observed for the magnitude of splitting. A tentative explanation of the fine
structure involves local symmetry changes due to stacking faults.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074046

Nitrogen has emerged recently as an important building block
for qubits in semiconductors. Nitrogen-vacancy (NV) qubits in dia-
mond have given a promise of room-temperature quantum com-
puters.1 Similar hopes are associated with NV in silicon carbide
(SiC),2,3 and it is more beneficial than NV in diamond since optical
properties are more compatible with fiber optics communication.
Notably, the presence of nonequivalent lattice sites in SiC for both
nitrogen and vacancies complicates the investigations on the one
hand, but on the other hand, may provide additional flexibilities for
the qubits design and control.

One of the first detailed spectroscopic studies on ionization ener-
gies of nitrogen donors in 4H polytype SiC (4H-SiC) was performed
by G€otz et al.4 Infrared (IR) absorption spectroscopy and Hall-effect
measurements have revealed the presence of two dominant donor lev-
els with ionization energies of 52.1 and 91.8meV. The shallower level
was assigned to nitrogen on the quasi-hexagonal carbon site, N(h),
and the deeper level was assigned to nitrogen on the quasi-cubic
carbon site, N(k). The effective mass approximation (EMA), with the
extension by Faulkner,5 could accurately describe the excitation levels
for both donor symmetries. In addition, G€otz et al.4 have observed a
valley-orbit (VO) splitting of the ground 1s-state of N(h) to 1s(A1)
and 1s(E) states, exhibiting �7.6meV splitting. However, a similar
VO-splitting foreseeable for the deeper N(k) was not observed,
presumably due to limitations of the method.

Chen et al.6 have improved the energy resolution by almost an
order of magnitude using photothermal ionization spectroscopy on a
free-standing, moderately doped 4H-SiC epitaxial layer. The ionization
energy of the shallow N(h) was deduced to be 60.26 0.5meV. The
energy of the VO-splitting between 1s(A1) and 1s(E) of N(h) was
established to be 7.46 0.1meV. Later, Ivanov et al.7 re-visited the data
by Chen et al.6 and deduced the ionization energy of N(h) to be
61.46 0.5meV. A more recent investigation of the deeper N(k) by the
donor–acceptor pair luminescence resulted in an ionization energy of
125.5meV.8 The findings and assignments mentioned above correlate
with the trend observed in density functional theory (DFT) calcula-
tions,9 where the ionization energies for N(h) and N(k) are estimated
as 0.081 and 0.261 eV, respectively.

The emergence of high-quality epitaxial 4H-SiC with moderate
doping has opened the possibility of studies using junction spectros-
copy such as thermal admittance spectroscopy (TAS) and deep level
transient spectroscopy (DLTS). Since the pioneering studies by
Kimoto et al.,10 the electronic transitions attributed to N(h) and N(k)
are routinely observed by these electrical techniques. TAS measure-
ments normally result in the ionization enthalpies in the range
45–65meV for N(h) and around 100–130meV for N(k).10 The appli-
cation of DLTS to spectroscopic studies of the shallow donors is
limited, since DLTS is designed for investigating deep levels, where the
freeze out of the shallow donors can be neglected. Nevertheless, the
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transition attributed to N(k) can be observed and analyzed in some
cases (see, for instance, very recent study by Gelczuk et al.11).

As mentioned above, optical spectroscopy of N(h) has resulted in
a detailed picture of the electronic states, while the optical measure-
ments of N(k) are challenging. In this study, we have investigated the
level assigned in the literature to N(k) by DLTS with improved energy
resolution. We have observed a triplet fine structure of this level. The
origin of this triplet splitting is discussed in terms of symmetry
changes. One of the likely explanations can involve local polytype
changes due to stacking faults (SFs) in 4H-SiC.

Samples used in the study were cut from a state-of-the-art, high-
quality 6-in. (0001) 4H-SiC wafer commercially purchased from Cree,
Inc. The material is a 10-lm thick 4H-SiC epitaxial layer with a nitro-
gen doping concentration of 1 � 1015 cm�3 grown on the Si-face of a
350-lm n-type 4H-SiC substrate with a 0.5-lm thick 4H-SiC epitaxial
buffer layer. Nitrogen doping of the buffer layer and the substrate is in
the range 1018 and 1019 cm�3, respectively. The c-axis of the substrate
and the epitaxial layers is intentionally 4� off the normal to the surface
with a random lateral direction.

For electrical characterization, Schottky diodes were fabricated.
The samples were first cleaned by dipping in a 10% HF solution for
10min followed by rinsing with distilled water. Gold contacts with a
1.2-mm diameter and thicknesses between 280 and 370nm were
then deposited using thermal evaporation at pressures around
10�5–10�4 mbar. Silver paste was used as the backside contact.

TAS measurements were carried out with heating and cooling
rates of �1K/min in the temperature range of 20–300K using an
Agilent 4284A LCR meter. Capacitance and conductance were mea-
sured at probe frequencies between 100Hz and 1MHz with an AC
signal of 20mV.

DLTS spectra were measured with a Boonton 7200 capacitance
meter and a closed-cycle helium cryostat. The DLTS signal was
deduced from the acquired capacitance transients using the so-called
“lock-in” and GS4 weighting functions12 with time windows in the
range 20–640ms. The heating rate in the DLTS measurements was
0.5–1K/min. The reverse voltage bias in the range 1–12V was used
with a corresponding filling pulse voltage to probe the full depletion
region in the epilayer down to the depth�5lm.

Figure 1(a) depicts typical results of TAS measurements at 10V
reverse voltage in the temperature range 20–300K, where the capaci-
tance of the Schottky diode is plotted as a function of temperature for
different probing frequencies. The spectra are dominated by two step-
like drops in the capacitance that correspond to electronic levels with
activation enthalpies of 57 and 105meV. In accordance with litera-
ture,4–11 we identify these levels as N(h) and N(k). Notably, the drop
in capacitance due to the N(k) freeze out is relatively small: from �56
to�52 pF, see Fig. 1(a). We estimated it to correspond to�15% donor
freeze out, which implies that the fractions of N(k) and N(h) are
�15% and �85%, respectively. Such a difference in the population of
N(h) and N(k) indicates �0.1 eV higher formation energy of N(k),
assuming a growth temperature of �1500 �C. This is in agreement
with DFT calculations by Weber et al.,13 which indeed predicted a
slightly higher formation energy for N(k). Nitrogen incorporation dur-
ing crystal growth is an interesting research topic by itself, and differ-
ent reports may provide conflicting results (see, for instance, Ref. 14
and references therein). It will not, however, be the focus of this study.

A closer look into the N(h) freeze out at �30K in Fig. 1(a)
reveals two overlapping shoulders, most pronouncedly resolved for
350Hz and 1 kHz data. Such behavior can, in fact, be expected. It is in
accordance with the VO-splitting (7–8meV) for the 1s ground state of
N(h) established previously by G€otz et al.4 and Chen et al.6 TAS mea-
surements, however, do not have sufficient energy resolution to char-
acterize this VO-splitting in detail.

Complementary to the TAS data in Fig. 1(a), the DLTS spectra
are shown in Fig. 1(b). The DLTS signal is plotted as 2DC/Cr, where
DC is the amplitude of the transient and Cr is the steady-state capaci-
tance at the reverse voltage. In an idealized case of uniform concentra-
tions, this expression is equal to the ratio of the electron trap
concentration, Nt, to the donor concentration, Nd:

15 2DC/Cr¼Nt/Nd.
The spectra reveal two DLTS peaks at around 50 and 300K. The most
dominant peak occurs at around 50K. It has an amplitude that corre-
sponds to about 15% of doping and is consistent with that of N(k), as
observed with TAS in Fig. 1(a). Careful examination of the N(k) peak
has revealed an indication of a fine structure, which will be the matter
of detailed investigation in the rest of this text. It should be pointed
out that the shallower N(h) cannot be observed with DLTS since the

FIG. 1. (a) Capacitance at a reverse voltage of 10 V as a function of temperature for different frequencies. (b) DLTS spectra measured at 10 V reverse voltage for different time
windows and employing the “lock-in” weighting function.
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freeze out of N(h) results in complete carrier freeze out. The DLTS
peak at around 300K is normally labeled as Z1/2 in the literature, and
it is assigned to two overlapping levels of carbon vacancies at h- and k-
sites (see Refs. 11 and 16 and references therein).

High-resolution DLTS spectra for the N(k) peak measured in the
temperature range 35–55K for different time windows are shown in
Fig. 2(a). The increased resolution was obtained by performing the
measurements with a temperature step of 0.5K and employing the
GS4 weighting function.12 Similar to the results in Fig. 1, the measure-
ments were performed at a reverse voltage of 10V. We observe that
the N(k) peak exhibits a triplet fine structure previously not reported
in the literature, and we label the components as N(k)�1, N(k)0, and
N(k)þ1. The analysis of the activation enthalpies is performed using
the Arrhenius plot [Fig. 2(b)] for emission rates, en, in accordance
with the approach developed by Lang.15 It results in the activation
enthalpies 1016 3, 1196 2, and 1266 2meV for N(k)�1, N(k)0, and
N(k)þ1, respectively.

It should be noted that the concentration of N(k), which amounts
to �15% of the total doping concentration, is at the limit of the DLTS
applicability. In the case of high concentrations, the capacitance transi-
ents are not strictly exponential. This unfortunately rules out the appli-
cation of Laplace DLTS17 that has potentially higher energy resolution
by relying on the exponential shape of the transient. However, the con-
ventional approach, which uses a weighting function for transient
analysis, can be applied. We have shown previously18 that nonexpo-
nential transients, due to very high local concentrations of emission
centers, will affect the shape of the DLTS peak. Both the amplitude
and the peak positions will be perturbed, but it will not result in the
appearance of satellite peaks and/or a fine structure. In addition, the
observed fine structure is present for all the time windows; and
the DLTS peaks in Fig. 2 exhibit different positions for different time
windows in accordance with the Arrhenius behavior of the corre-
sponding emission rates. We can conclude that the observed fine
structure is indeed a newly observed physical phenomenon and not a
methodological artifact.

Measurements at different applied voltages have revealed the
following dependencies for N(k)�1, N(k)0, and N(k)þ1 [Figs. 3(a)
and 3(b)]

(1) The amplitudes of N(k)�1, N(k)0, and N(k)þ1 exhibit a signifi-
cant dependence on the voltage [Fig. 3(a)]. Indeed, the ampli-
tudes of N(k)�1 and N(k)þ1 at lower voltages are significantly
weaker as compared to the amplitude of the central peak N(k)0.
As the voltage increases, the amplitudes of N(k)�1 and N(k)þ1
increase at the expense of the central N(k)0.

(2) The magnitude of splitting among N(k)�1, N(k)0, and N(k)þ1
does not appear to depend on the voltage. Each measurement
at different voltages represents an individual temperature scan,
and some thermal drift (�1K) between the measurements can-
not be excluded. However, the relative separation N(k)�1-to-
N(k)0 and N(k)0-to-N(k)þ1 remains constant, �3K, within the
experimental accuracy [Fig. 3(b)].

(3) All triplet components exhibit the Poole–Frenkel effect, i.e., the
activation enthalpies decrease with increasing electric field,
which is manifested by the shift of the peaks toward lower tem-
peratures. This is the characteristic of shallow donor centers
and consistent with the identification of N(k).

Thus, as it is already interpreted based on the data in Fig. 2, the
N(k) triplet is systematic and confirmed in Fig. 3. Moreover, the N(k)
fine structure behavior as a function of voltage is spectacular, poten-
tially providing opportunities to control the occupancy of different
triplet components by an electric field. At this point, without claiming
fully consistent explanation, we can suggest the following tentative
explanations.

As mentioned in the introduction, VO-splitting for N(h) as
deduced from optical measurements is �7meV.4,6 A similar
VO-splitting is expected also for N(k), although it could not be observed
experimentally.4 Due to the absence of experimental data, we cannot
completely rule out the possibility of a triplet VO-splitting for N(k).

Another possible and perhaps more likely explanation can
involve stacking faults (SFs) along the c-axis, which break the stacking
symmetry of 4H-SiC. It is well-known that SFs in the hexagonal 4H-
SiC matrix can result in layers of 3C polytype, forming cubic SiC
regions of variable thicknesses embedded in 4H-SiC (see Ref. 19 and
references therein). This effectively forms a heterostructure of 4H- and
3C-SiC and a corresponding quantum well. 8H-like heterostructures
have also been reported.20 The presence of locally altered stacking

FIG. 2. (a) High-resolution DLTS spectra recorded at 10 V reverse voltage with a temperature step of 0.5 K for different time windows and by employing the GS4 weighting
function. (b) Arrhenius plot for the emission rates of N(k)-1, N(k)0, and N(k)þ1 peaks.
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symmetry and, thus, a quantum well in the vicinity of the nitrogen
atom will affect the ionization energy. This may result in several dis-
crete values depending on the symmetry type of SFs. Interestingly,
Iv�ady et al.21 have reported recently on stabilization of point-defect
spin quibits utilizing the effect of SFs on the local stacking symmetry
in 4H-SiC. They were able to identify previously unattributed room-
temperature qubits (known as PL5–7 defect qubits in the literature2,22)
as divacancies in SFs-induced quantum wells. Thus, potentially, the
N(k) triplet could be correlated with the SFs. Within this scenario, the
effect of the applied bias on the intensities of the triplet implies nonho-
mogeneous distribution of the SFs in accordance with the different
depths probed at different voltages in Fig. 3(a), which is unlikely in
modern high quality epi-wafers. On the other hand, the effect may be
due to the electric field that affects quantum well barriers, rather than
the probing depth.

One can argue that in the latter case, the amount and the charac-
ter of SFs can vary from wafer to wafer depending on the growth con-
ditions. We have performed DLTS measurements on a different wafer
from a different fabrication batch (see details in the supplementary
material). We can confirm the presence of a fine structure for N(k)
also in the other wafer. However, this fine structure has a significantly
different shape with two dominant transitions. Due to the sensitivity
of the method, the presence of the third transition could not be con-
clusive confirmed or ruled out. We interpret this deviation between
different wafers as supporting the stacking fault hypothesis.

In conclusion, DLTS analysis of the electronic transition associ-
ated with N(k) in 4H-SiC reveals a triplet fine structure. The compo-
nents of the fine structure exhibit the Poole–Frenkel effect, as expected
for shallow donors. The amplitudes of the components display promi-
nent dependence on the applied voltage. In contrast, the splitting
between the components shows no voltage dependence. A tentative
explanation of the observations involves symmetry changes due to SFs.

See the supplementary material for description of DLTS analysis
with the so-called GS4 weighting function and the details and results
of DLTS measurements on a different wafer from a different fabrica-
tion batch.
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