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High purity silicon carbide (SiC) materials are of interest from high-power high temperature

applications across recent photo-voltaic cells to hosting solid state quantum bits, where the tight control

of electrically, optically, and magnetically active point defects is pivotal in these areas. 4H- and 6H-SiC

substrates are grown at high temperatures and the incorporation of transition metal impurities is

common. In unintentionally Nb-doped 4H- and 6H-SiC substrates grown by high-temperature chemical

vapor deposition, an electron paramagnetic resonance (EPR) spectrum with C1h symmetry and a clear

hyperfine (hf) structure consisting of ten equal intensity hf lines was observed. The hf structure can be

identified as due to the interaction between the electron spin S¼ 1/2 and the nuclear spin of 93Nb.

Additional hf structures due to the interaction with three Si neighbors were also detected. In 4H-SiC, a

considerable spin density of �37.4% was found on three Si neighbors, suggesting the defect to be

a complex between Nb and a nearby carbon vacancy (VC). Calculations of the 93Nb and 29Si hf

constants of the neutral Nb on Si site, NbSi
0, and the Nb-vacancy defect, NbSiVC

0, support previous

reported results that Nb preferentially forms an asymmetric split-vacancy (ASV) defect. In both

4H- and 6H-SiC, only one Nb-related EPR spectrum has been observed, supporting the prediction from

calculations that the hexagonal-hexagonal defect configuration of the ASV complex is more stable than

others. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759362]

I. INTRODUCTION

Silicon carbide (SiC) has long been considered as one of

the most promising materials for high-power high-temperature

electronics.1 Single crystal SiC is usually grown at high tem-

peratures and unintentional incorporation of transition metals

(TMs) during the growth is unavoidable. Intrinsic defects

such as vacancies (VSi and VC)2,3 and their associated com-

plexes (e.g., divacancy4 and vacancy-antisite pairs5) are also

known to be commonly present in as-grown materials and

are highly thermally stable.6 It has been shown that TMs of

column IVB, VB, and VIB like Ti, V, Cr (3d elements), Mo

(4d), Ta, and W (5d) introduce deep levels in the band gap of

4H- and 6H-SiC.7 The development of device applications

requires defect control in SiC in order to achieve high-

quality semi-insulating substrates for high-frequency elec-

tronics, to improve the carrier lifetime of epitaxial layers and

carrier mobility in power devices. Recently, the Si vacancy,

divacancy, and some unidentified defects in SiC have been

found to be promising for realization of solid state quantum

bits.8–12 Successful applications of SiC in these areas require

a tight control of electrically, optically, and magnetically

active point defects in the material.

In 3C-SiC with cubic crystal structure, calculations13 found

that 3d TMs prefer the Si site to form substitutional impurities.

In the 4H and 6H hexagonal polytypes, 3d TMs such as Ti,14–16

V,17–19 Cr,19–21 Sc,22 and Ni23 are also known to substitute for

Si site and the TM centers at different inequivalent-lattice sites

in 4H- and 6H-SiC have been identified. However, there is

unclear or no corresponding correlation found for 4d TM impur-

ities such as Mo and Baur and co-workers24 found only one

electron paramagnetic resonance (EPR) spectrum related to the

donor state Mo5þ (4d1) in 6H-SiC. The EPR of the acceptor

state of Mo, Mo3þ (4d3), has also been observed for a single

lattice site in n-type 6H- and 15R-SiC.19 In 6H-SiC, Irmscher

and co-workers25 found only one EPR spectrum related to the

neutral W5þ (5d1) substituting for Si. From the reported data,

there is no clear analogy in the electronic structure between

the 3d TMs and others in the 4d and 5d series in SiC. It has

been suggested that TMs occupy both substitutional and

center-bond sites in Ge.26 Assali and co-worker27 also found

that Mn is energetically more favorable in a divacancy site as

compared to the B site in boron nitride (BN) and forms split-

vacancy defects. In SiC, it is not clear if the 4d and 5d TMs

with larger ionic radii prefer the Si site to form isolated substi-

tutional defects or a split-vacancy site as in BN.

In high-temperature chemical vapor deposition (HTCVD)

or CVD growth of SiC, tantalum carbide (TaC) is commonly

used for coating some parts exposed to high temperatures in re-

actor.28 Recently, niobium carbide (NbC) has been used as an

alternative to TaC coated parts. The unintentional incorporation

of Ta and Nb impurities in SiC during HTCVD growth is

expected. Tantalum has been unambiguously identified by

radiotracer deep level transient spectroscopy (DLTS).29 How-

ever, DLTS cannot distinguish if the impurity occupies the sub-

stitutional or interstitial site, and if it is isolated or associated
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with other defects. Recent calculations30 show that Nb prefer-

entially forms an asymmetric split-vacancy (ASV) defect. In

this work, we present detailed EPR results of unintentionally

Nb-doped 4H- and 6H-SiC grown by HTCVD in a reactor

containing NbC parts. The hyperfine (hf) constants of 93Nb

and 29Si neighbors of the neutral Nb at Si site, NbSi
0, and at

split-vacancy sites, NbSiVC
0, were calculated and compared

to the obtained EPR data, supporting the identification of the

neutral Nb ASV defect in 4H- and 6H-SiC.

II. EXPERIMENTAL DETAILS

The 4H- and 6H-SiC samples used in this study were

grown by HTCVD in a reactor with several parts made of NbC.

The Nb-doped material is semi-insulating and the concentra-

tion of Nb unintentionally incorporated in the 4H-SiC sample

is �3� 1016 cm�3 as determined by secondary ion mass spec-

trometry (SIMS). EPR measurements were performed on

X-band (�9.5 GHz) Bruker E500 and E580 spectrometers

using a continuous helium-flow cryostat which allows the regu-

lation of the sample temperature from 4 K to room temperature.

For photo-excitation EPR (photo-EPR) experiments, a 250 W

halogen lamp, a 0.25 m single grating Jobin-Yvon monochro-

mator, and appropriate optical filters were used.

III. RESULTS AND DISCUSSION

In all unintentionally Nb-doped 4H-SiC samples, in addi-

tion to the broad and isotropic SI-1 signal (g¼ 2.0026),31 an

EPR spectrum consisting of ten lines of equal intensity with

the splitting varying from �2.5 mT (for the low-field lines) to

�3.1 mT (for the high-field lines) was observed at tempera-

tures below 100 K. Fig. 1 shows the spectrum observed in

darkness at 44 K for the magnetic field B parallel to the c-axis

(B||c corresponding to the angle 0�). The signal is not sensitive

to illumination. The observed hf structure can be identified

due to the hf interaction between the electron spin S¼ 1/2 and

a nuclear spin I¼ 9/2 of an element having 100% natural

abundance. There are only few elements having the maximum

possible nuclear spin I¼ 9/2 and a 100% natural abundance:
93Nb, 209Bi, and two indium isotopes, 113In (4.29%) and 115In

(95.71%). Bi and In are not common impurities in SiC while

the presence of Nb in the sample has been confirmed by SIMS.

Therefore, the observed hf structure can be unambiguously

identified to be related to Nb.

In addition to this hf structure, each 93Nb hf line is

accompanied by two pairs of weak hf lines (Fig. 1). These

weak hf structures are clearly shown in the inset of Fig. 1.

The pair with a larger splitting (�4.4 mT) has the intensity

ratio with the main line of �9%–10% while the correspond-

ing value for the two inner hf lines (splitting �0.86 mT) is

�4%–5%. These intensity ratios are approximately the natu-

ral abundance of two and one 29Si isotope (I¼ 1=2 and 4.69%

natural abundance), respectively. This intensity ratios

(�13%–14%) are indeed close to that of the hf interaction

with one 13C (I¼ 1/2, 1.07% natural abundance) atom occu-

pying one of the 12 equivalent C sites in the second neighbor

(�13.4%). However, such a hf interaction would give rise to

only two measureable hf lines with splitting expected to be

isotropic and small (typically �0.35–0.4 mT for defects at

the C site32). Thus, the possibility that the observed hf struc-

tures are due to the hf interaction with C neighbors can be

excluded. We therefore assign the weak outer and inner

pairs as due to the hf interaction of the electron spin with the

nuclear spins of two equivalent Si atoms and one Si atom,

respectively.

When rotating the magnetic field away from the c-axis,

each 93Nb hf line splits into four lines. Each Si hf line is also

split into two lines. Fig. 2 shows the spectrum measured at 44 K

for B?c (angle 90�). The splitting of the outer and inner Si hf

lines of the low-field part of the spectrum is shown in the inset

of Fig. 2. The measured angular dependence of the positions of
93Nb hf lines with the magnetic field rotating in the (11�20) plane

is shown in Fig. 3. As can be seen in the figure, the angular de-

pendence shows a typical C1h symmetry. With increasing the

angle of the magnetic field, the 93Nb hf splitting increases from

�2.5–3.1 mT to �6.8–7.2 mT (at B?c) for the strong lines and

decreases from �2.5–3.1 mT to �1.5–2.3 mT for the weaker

lines (Fig. 2).

The angular dependence of the 93Nb hf lines in Fig. 3

for the spectrum in 4H-SiC can be described by the follow-

ing spin-Hamiltonian:
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FIG. 1. EPR spectrum in Nb-doped 4H-SiC grown by HTCVD measured at

44 K for B||c showing a 93N hf structure consisting of ten equal intensity

lines. The broad line at �339.26 mT is the isotropic signal of the SI-1

defect.31 Each 93N hf line is accompanied by two pairs of weak hf lines and

their structures are shown in the scaled up part of the spectrum in the inset.

The smaller and larger splitting pairs are due to the interaction between the

unpaired electron and the nuclear spins of one Si atom and two equivalent Si

atoms, respectively.
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H ¼ lBg:B:Sþ S:A:I: (1)

Here, lB is the Bohr magneton, S¼ 1/2, I¼ 9/2, and

both the g-tensor and the hf A-tensor of the Nb center have

C1h symmetry. The principal values of the g- and A-tensors

obtained from the best fit to the data using Eq. (1) are given

in Table I. The simulated angular dependence using the

obtained spin-Hamiltonian parameters is plotted as solid

curves in Fig. 3.

The hf interactions with two equivalent Si1-2 atoms and

with one Si3 atom also have C1h symmetry. Due to overlap-

ping with the main lines, the angular dependences of the hf

lines of two equivalent Si1-2 neighbors and the third Si3
atom could be observed only at some angles close to B||c and

B?c. At B||c, the splitting of 29Si hf lines of each Nb line is

in the range 4.33–4.38 mT for the two equivalent Si1-2

atoms and �0.85–0.91 mT for the third Si3 atom. At interme-

diate angles, each 29Si hf lines splits into two lines with

the splitting being largest at B?c: �4.34–4.48 mT and

�5.81–5.88 mT for the two equivalent Si1-2 atoms and

�1.03–1.05 mT and �1.78–1.85 mT for the third Si3 atom.

In this case, the Si hf tensors have C1h symmetry and their

principal values can be estimated directly from the splittings

at B||c and at B?c (here, we average the hf splittings of the

low-field lines and high-field lines which are about 0.1 mT
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FIG. 2. EPR spectrum in Nb-doped 4H-SiC measured at 44 K for B?c

showing the hf structures of 93Nb corresponding to different defect sites of a

C1h center. At this direction of the magnetic field, each Si hf lines shown in

Fig. 1 is split into two lines as shown in the scaled up part of the spectrum in

the inset.
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FIG. 3. Angular dependence of the Nb-related spectrum (open circles) meas-

ured at 77 K with the magnetic field rotating in the (11�20) plane. The solid

curves represent the simulated angular dependence using Eq. (1) and param-

eters in Table I. The angles 0� and 90� correspond to the directions B||c and

B?c, respectively.

TABLE I. Spin-Hamiltonian parameters of the Nb-related center in 4H- and

6H-SiC. The principal A-values are given in the unit of 10�4 cm�1. h and u are

the polar and azimuthal angles, respectively, of the principal axes of the g- and

A-tensors measured in degree. The error in the determination of the g-values is

�0.0005. The error in the principal A-values is �0.4� 10�4 cm�1 for 93Nb.

The A values for 29Si atoms are estimated from the hf splitting at some angles

close to B||c and B?c and may have larger errors (up to �2� 10–4 cm–1). Two

set of parameters with interchanging the principal xx and zz values and corre-

sponding Euler angles (h and u) give the same angular dependence. The calcu-

lated principal values of the hf tensors for Nb and for nearest Si neighbors of

the NbSiVC
0 and NbSi

0 defects in 4H-SiC are also given for comparison. The

sign of the principal values cannot be determined in EPR experiments. The

labels of Si-atoms are shown in Fig. 7. In the NbSi
0 defect, the hf constants on

the second neighbor Si-atoms are low as indicated briefly in the table.

Center Parameter gxx gyy gzz Axx Ayy Azz

4H-SiC Experiment

Nb 2.018 2.0272 1.9891 16.0 30.7 73.7

h 72.8 17.2 90 118.4 28.4 90

u 90 270 0 90 90 0

Si1-2 42 41 55

Si3 17 10 8

6H-SiC Nb 2.0184 2.0279 1.9885 16.9 30.9 73.0

h 71.1 18.9 90 118.8 28.8 90

u 90 270 0 90 90 0

4H-SiC Calculation

NbSiVC
0 Nb 6.8 51.1 73.2

h 89.3

u �0.6

Si1-2 20.2 21.1 35.4

Si3 8.8 7.3 7.2

NbSi
0 Nb 38.6 62.0 72.3

h 65.7

u �11.1

Si1-12 <|9.0| <|9.0| <|10.0|

083711-3 Son et al. J. Appl. Phys. 112, 083711 (2012)
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different). The estimated principal values of the Si hf tensors

for Si1-2 and Si3 atoms are given in Table I.

In Nb-doped 6H-SiC, an EPR spectrum similar to that in

the 4H polytype was observed after illumination of the sam-

ple with light of photon energies larger than �1.3 eV. As can

be seen in Fig. 4, the spectrum in the 6H-SiC sample meas-

ured at 44 K after illumination for B||c also shows a hf struc-

ture consisting of ten 93Nb hf lines with splitting of

�2.54 mT for the low-field lines and �3.3 mT for the

high-field lines, which is very similar to that in the 4H-SiC

sample. The hf structures due to the interaction with two

equivalent Si1-2 atoms and with the third Si3 atom were also

detected as shown in the inset of the figure. Their corre-

sponding hf splittings of �4.2�4.36 mT and �0.89 mT,

respectively, are also very similar to the case of the Nb cen-

ter in 4H-SiC. Fig. 5 shows the Nb spectrum in 6H-SiC

measured at 44 K for B?c. This spectrum is almost coinci-

dent with the Nb spectrum measured at the same angle in

4H-SiC. Unfortunately, the 29Si hf structure was not

observed for this angle and other intermediate angles due to

weaker signals in the 6H-SiC sample. The angular depend-

ence of the spectrum with B rotating in the (11�20) plane is

shown as open circles in Fig. 6. The angular dependence is

very similar to that of the center in 4H-SiC. The g-tensor and
93Nb hf tensor for the center obtained from the best fit using

the spin-Hamiltonian Eq. (1) are also given in Table I. Due

to lack of data, we could not determine the 29Si hf tensors for

the center in 6H-SiC. However, based on the similarity in the

hf splitting of two equivalent Si1-2 atoms and the third Si3
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FIG. 4. EPR spectrum in Nb-doped 6H-SiC grown by HTCVD measured af-

ter illumination with light of photon energy h� � 2.8 eV at 44 K for B||c

showing a 93N hf structure consisting of ten equal intensity lines. The 29Si hf

structures due to the interactions with two equivalent Si1-2 atoms and the

third Si3 atoms are shown in the inset.
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Eq. (1) and parameters in Table I.
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atoms of the Nb center in 4H- and 6H-SiC at the c-direction,

we expect that the hf tensors of Si1-2 and Si3 neighbors are

also similar.

Using the linear-combination of atomic-orbitals (LCAO)

approximation33 and the atomic hf parameters given by Morton

and Preston,34 we estimate the spin localization of �29.6% on

two Si1-2 neighbors and �7.8% on the third Si3 neighbor. The

observed considerable spin density (29.6%þ 7.8%¼ 37.4%)

on three nearest Si neighbors suggests that the defect is a com-

plex between Nb and a nearby C vacancy.

Our recent calculations30 show that the isolated substitu-

tional Nb on Si site, NbSi [Fig. 7(a)], and the asymmetric

Nb split-vacancy center [Fig. 7(b)], i.e., Nb at a divacancy

but staying more close to the Si vacancy, VSi, than the C

vacancy, VC, have comparable formation energies. The cal-

culations also showed that for NbSi
0 the spin is mainly local-

ized on its d orbital and very little on neighboring atoms

while a considerable spin density is found on two equivalent

Si neighbors for the Nb split-vacancy center.30 In this work,

we performed the calculations of the full hf tensor of 93Nb

and neighboring Si atoms for both the substitutional NbSi

and the Nb split-vacancy defects, NbSiVC. We applied the

all-electron projector augmentation wave method (PAW)35

together with plane wave (PW) basis set where the defect

was modeled in a 576-atom 4H-SiC supercell with C-point

sampling of the Brillouin-zone. This large supercell ensures

the convergent charge and spin densities even for complexes

and monitoring the degeneracy of the single particle levels in

the fundamental band gap. We found that plane wave cut-off

of about 30 Ry provided convergent charge and spin density

within PAW framework. Semilocal Perdew-Burke-Ernzerhof

(PBE) functional36 was applied to calculate the spin density.

We checked that Heyd-Scuseria-Ernzerhof (HSE06) hybrid

functional37 provided the same all-electron spin density at

the place of atoms within 3% as PBE functional in VASP38

code at optimized geometries. Optimized geometries were

found by minimizing the total energy of the system as a

function of the coordinates of atoms where the maximum

force acting on the atoms was reduced below 0.01 eV/Å. The

optimized geometry was taken to the CPPAW39 code in

order to calculate the full hf tensor of selected atoms. This

method has earlier been proven to be very successful in iden-

tification of defects in 4H-SiC.4,5,40,41

As shown in recent calculations,30 the total energy dif-

ference and spin density of NbSi defect at cubic (k) or hexag-

onal (h) site are the same while NbSiVC defect uniquely

prefers the h-h configuration. Thus, we considered the spin

densities and hf tensors of NbSi in h-site and NbSiVC defect

at h-h sites. In the neutral charge state, a singly occupied

e defect level appears for NbSi, while three-times occupied

e defect level appears for NbSiVC defect in C3v symmetry.30

Both defects are Jahn-Teller unstable but the distortion is

subtle for the latter defect with reducing the symmetry to

C1h. The calculated hf constants can be found in Table I.

A neutral Nb atom has five electrons (4d45s) to fill six

orbital states: one s orbital state and five d orbital states. Sup-

plying four electrons to four bonds, the neutral substitutional

Nb defect has one unpaired electron in the double degenerate

e state (in C3v symmetry) or the split off a00 state (in C1h sym-

metry according to our calculation), giving rise to the spin

S¼ 1/2. Since the unpaired electron is localized on a d
orbital of Nb, the spin density on the neighboring atoms is

expected to be small, especially for the twelve second neigh-

bor Si. (The dipole interaction between the electron spin at

Nb and a nuclear spin of 29Si occupying one of the 12 equiva-

lent Si sites in the second neighbor shell is expected to be

weak and more isotropic than we observe.) This is indeed

observed in our hf calculations for the neutral isolated substi-

tutional Nb which show that the 29Si hf constants of second

neighbor Si1-12 is less than 10�4 cm�1 (Table I). These calcu-

lated 29Si hf constants are very different from that determined

by EPR (Table I) and we can safely exclude the isolated sub-

stitutional NbSi
0 as the defect model of the Nb-related EPR

center.

For the neutral Nb-C vacancy complex, NbSiVC
0, there

are 11 electrons (five from Nb and six from the neutral diva-

cancy) to fill the combined Nb and divacancy states. The six

orbital states of Nb0 are strongly mixed with the six orbital

states of the neutral divacancy and hence an individual state

of the complex cannot be considered as a pure Nb orbital state

or a divacancy state. In this case, the six electrons fill three

Nb-C bonds and five electrons are on three bonds to the three

Si neighbors of VC. Thus, there will be two Nb-Si bonds being

filled and one Si dangling bond having the unpaired electron.

Due to C1h symmetry, the dangling bond does not occur

equally to the three Si neighbors, but more favorable to two

equivalent Si atoms. This leads to a stronger hf interaction

with two equivalent Si atoms and a considerable weaker hf

interaction with the third Si neighbor. The hf interaction with

these nearest Si neighbors is therefore expected to be more

FIG. 7. Schematic picture about (a) NbSi and (b) NbSiVC defects in 4H-SiC.

The Si-atoms are labeled in order to identify them in the corresponding EPR

spectrum. In NbSiVC defect, Si1 and Si2 atoms are symmetrically equivalent.

The isosurface of the calculated spin density is shown in red color that

clouds Nb impurity.
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anisotropic and there should be considerable spin localization

on the Si dangling bond. This has been observed in our EPR

experiments with the spin localization of �37.4% on three Si

neighbors. The principal values of the 93N and 29Si hf tensors

of the Nb-related center determined by EPR are also fairly

reproduced by calculations for NbSiVC
0 defect (Table I), sug-

gesting that the observed Nb-related EPR defect is the neutral

Nb-C vacancy complex. The observation of only one

Nb-related EPR center with similar g-values and hf parame-

ters in 4H- and 6H-SiC supports the suggestion in previous

calculations30 that the h-h configuration is more stable than

other configurations of the Nb-C vacancy complex.

IV. SUMMARY

A detailed analysis of the g-values and the 93Nb and 29Si

hf structures of the Nb-related EPR spectrum in unintention-

ally Nb-doped 4H- and 6H-SiC previously assigned to the

neutral Nb- C vacancy, NbSiVC
0, is presented. A strong and

anisotropic hf interaction with two equivalent Si atoms and a

much weaker hf interaction with the third Si neighbor have

been observed, showing considerable spin density on three

Si neighbors of the C vacancy (�37.4% in 4H-SiC). Com-

paring hf data obtained by EPR and by hf calculations for

the neutral isolated substitutional Nb, NbSi
0, and the

Nb-vacancy complex provides further support for the identifi-

cation of the defect as NbSiVC
0. The observation of only one

Nb-related EPR spectrum in 4H- and 6H-SiC is in line with

the result from previous calculations predicting that the h-h
configuration of the NbSiVC

0 defect is more stable than others.
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