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Impurity excitation spectra in 6 H-SiC doped with nitrogen donors are studied by infrared ab-

sorption measurements in the frequency range 200-1400 cm

~! under the influence of high magnetic

fields up to 20 T. No line splitting is observed for any orientation of the magnetic field. However,
four transitions show a diamagnetic shift if the magnetic field is oriented along the crystal ¢ axis.
This diamagnetic shift is found to be anisotropic, depending on the orientation of the viewing di-
rection towards c. From these results we conclude that the effective mass ellipsoids describing the
conduction-band minima must be oriented along lines of the Brillouin zone, which are parallel to
the crystal ¢ axis, and that the effective mass tensor has three independent components. Using
the symmetry properties of the Brillouin zone it is shown that the conduction-band minimum must
be located somewhere along the line M-L in the Brillouin zone. From the experimental results at
B =20 T it is estimated that the average effective mass m* = (mymym.)'/ must be m* > 0.3mo.

I. INTRODUCTION

The increasing interest in semiconductor devices for
use at high temperatures, high power, and high frequency
has resulted in growing research activities in wide band
gap materials during recent years. SiC is regarded as
the most promising material for this purpose in the near
future. It is a characteristic property of silicon carbide
to form a variety of different crystallographic structures,
which are called polytypes.! The most common polytype
is 6 H which has the stacking order A-B-C-A-C-B of the
C-Si layers. This arrangement of the atoms leads to a
hexagonal structure with a sixfold symmetry axis along
the stacking direction (¢ axis). The complex crystallo-
graphic structure of 6 H-SiC enables the substitution of
carbon and silicon atoms by impurity atoms on different
nonequivalent lattice sites, which strongly complicates
the interpretation of observed impurity spectra.

Infrared excitation spectra of nitrogen donor impuri-
ties in 6H-SiC have been reported by several authors
since the early 1970s? 7 and the absorption lines were in-
terpreted in terms of the effective-mass theory (EMT).%7
However, neither the measured absorption spectra nor
their interpretation produce a consistent picture in all
points. A description of the polarization, oscillator
strengths, and temperature dependence of these donor
transitions has recently been given in Ref. 8. The main
results are summarized in Table I, where four transi-
tion lines at 1049, 1086, 1105, and 1221 cm™! have been
added, which are identified in this investigation as donor
impurity excitations due to the effect of a magnetic field.
However, due to still lacking information about the sym-
metry properties of the lines, it was not possible to as-
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sign the observed electronic transitions uniquely so that
no fit to an energy scheme for these transitions could be
proposed by the authors.® Until now no examination us-
ing symmetry reducing techniques (e.g., uniaxial stress
or magnetic fields) which can provide additional infor-
mation on the involved donor states has been reported
to our knowledge.

TABLE I. Nitrogen donor excitation transition in 6 H-SiC
(B = 0 T). These results are taken from Ref. 8 including four
new lines from this work.

Energy Energy Polarization
(cm™1) (meV)

332 41.13 Elec
382 47.33 E|ec
405 50.18 Elec
429 53.15 E| ¢
559 69.26 Elc
571 70.75 Elec
579 71.74 Elc
581 71.99 Elec
614 76.07 Elc
622.5 77.13 Elec
632 78.31 E|c
667 82.64 Elc
907 112.4 Elc
1049 129.9 Elec
1086 134.6 Elec
1105 136.9 Elec
1124 139.3 Elec
1162.5 144.1 E lc
1221 151.3 E lc
11 008 ©1995 The American Physical Society
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TABLE II. Published experimental values for the effective masses in 6 H-SiC.

Technique Effective masses Ref.
Optically detected cyclotron resonance my = 0.42mo, m); = 2.0mo 16
Faraday rotation m_ = 0.25mo, m| = 1.5mo 17
Fitting of ir absorption data m, = 0.32mo, m) = 0.96mo 6
Fitting of ir absorption data my = 0.24mo,m| = 0.32mo 7

The investigation of the impurity absorption lines in
the spectral range of two-phonon absorption requires the
use of thin samples with an approximate thickness of
d = 100 pm. Therefore the application of uniaxial stress
implies some difficulties, especially in terms of breaking
the samples. For this reason, we used magnetic field
techniques, which additionally give the identification of
the observed absorption lines as donor-excitation transi-
tions. The application of a magnetic field lifts all de-
generacies of excited donor states in a semiconductor
and has been proven to be very effective in the inves-
tigation of donor spectra of group IV and III-V com-
pound semiconductors.® Valuable information about the
conduction-band structure can be obtained from these
measurements. From the orientation of the magnetic
field, information about the location of the conduction-
band minima in the Brillouin zone in an indirect semi-
conductor can be obtained. The splitting of degenerate
energy states in a magnetic field provides a direct tool to
determine the electron effective-mass parameters of the
conduction band. To examine the effective-mass param-
eters was the main reason for starting this work, because
values of the electron effective mass reported in the lit-
erature are not in agreement (cf. Table II).

II. EXPERIMENT

The samples we measured were n-type 6 H-SiC crystals
doped with nitrogen grown by a modified Lely process af-
ter Ziegler et al.'° and Stein et al.* The free electron den-
sity at room temperature was determined by Hall effect
measurements and found to be between 5.0 x10'¢ cm—3
and 1.2 x10'7 cm™3. The identification of the polytype
was performed by measuring low temperature photolumi-
nescence due to bound excitons at neutral nitrogen donor
atoms.1?

The Zeeman spectra were recorded by using a Bruker
IFS 113 Fourier transform spectrometer with a resolu-
tion of & 1 cm™?!, which was matched to two different
magneto-optical cryostat systems. We used a Ge compos-
ite bolometer placed in its own cryostat. This bolometer
was specially designed to operate with a large background
radiation to cover a spectral range as wide as possible
from the far infrared to the near infrared. The samples
were placed at the center of the magnetic field of a 13 T
superconducting (7' = 1.8 K) or a 20 T resistive magnet
(T = 4.2 K). The radiation was transferred into the mag-
net and from there to the input window of the bolometer
by an optical system of mirrors and radiation pipes made
of polished brass. With the available setup it was possi-
ble to perform transmission measurements in the energy
region from 200 to 1300 cm~! with a reasonable signal

to noise ratio up to 20 T in Faraday (k || B) and up to
13 T in Voigt configuration (k L B). In Faraday config-
uration the radiation was unpolarized, whereas in Voigt
configuration the radiation was partly polarized due to a
reflecting mirror placed just in front of the sample. The
misorientation of the magnetic field towards a specified
direction was estimated to be less than 5° in all configu-
rations. The experimental error in the energy shifts was
given either by the signal to noise ratio or the absorption
linewidths.

III. EXPERIMENTAL RESULTS
A. Measurement configurations

To study the effect of the magnetic field on the donor
excitation spectra it is useful first to classify all configu-
rations (orientation of magnetic field B, crystal c axis c,
propagation direction of infrared radiation k, and polar-
ization of the electrical field E with respect to the crys-
tal ¢ axis and magnetic field B). Due to the results of
our measurements we use a classification scheme which is
based on the orientation of the magnetic field B towards
the crystal ¢ axis (Table III). All four configurations were
investigated using unpolarized radiation.

With the samples made available to us, it was not pos-
sible to realize measurements with a specified orientation
of k and B in the plane perpendicular to the ¢ axis to-
wards lines of high symmetry in the Brillouin zone.

B. Effect of magnetic fleld on the spectra

The most striking result which is common to all spectra
is that no line splitting is observed irrespective of the
orientation of the magnetic field B in the Brillouin zone.

However, the excitation lines with the transition ener-
gies 667, 1125, 1162, and 1221 cm~! show a quadratic
shift to higher energies with increasing magnetic field, if
B is oriented along the crystal c axis (cf. Figs. 1-5). The
quadratic shifts depend on the orientation of the mag-

TABLE III. Different orientations of magnetic field B and
c axis ¢ in 6 H-SiC.

(B, ¢ (k, B) (B, c)

B k|| B Faraday Elc
klB Voigt E|lcand E L c
k|B Faraday E|cand E Lc

Ble kKL.B Voigt Elc
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netic field B towards the crystal c axis. They appear in
all configurations with B || ¢, whereas in configurations
with B L c no effect of magnetic field at all is observable.

The configurations which show an effect of magnetic
field on the spectra (B || ¢) were investigated both in
Faraday (c || B || k) and Voigt (c || B L k) configura-
tions using unpolarized radiation. These quadratic shifts
have a significant -anisotropy depending on the direction
of k in the Brillouin zone. The peak positions of the ex-
citation lines 667, 1125, 1162, and 1221 cm ™! are plotted
as a function of magnetic field in Figs. 2-5 forc || B || k
(Faraday configuration) and ¢ || B L k (Voigt config-
uration). The coefficients d describing the diamagnetic
shifts according to Aw = w(B) —w(0) = dB? are given in
Table IV including their dependence on the orientation
of the wave vector k towards the ¢ axis .

The magnetic field also influences the excitation
linewidths I' of some of the absorption lines. The absorp-
tion lines at 1125, 1162, and 1221 cm ™! show a quadratic
line broadening with increasing magnetic field B, whereas
the linewidth of the transition at 667 cm™! is not af-
fected by magnetic field. The coefficients g describing
the magnetic field dependence of the linewidth according
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FIG. 1. Influence of magnetic field (¢ || B || k) on the
photoexcitation spectrum of the nitrogen donor in 6H-SiC.
Shown is a part of the transmission spectrum for a sample
with a nitrogen concentration of 1.2 x10'” cm™2 and a thick-
ness of 120 um. (The spectrum at 20 T is shifted by a constant
value of 0.04 towards the spectrum at 0 T.)
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FIG. 2. Energy position of the transmission minimum of the absorption line 667 cm™"' as a function of magnetic field for (a)

Faraday (c||B|| k) and (b) Voigt (c||B L k) configurations.
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to AT = I'(B) —I'(0) = gB? are given in Table V for the
excitation lines 667, 1125, 1162, and 1221 cm™?.

No change of oscillator strengths up to B = 20 T was
detected for the transitions at 667, 1125, 1162, and 1221
cm~! in Faraday configuration, whereas the oscillator
strengths of the transitions 623 and 1049 cm~?! increased
slightly with magnetic field. All other transitions showed
no change of oscillator strength within experimental er-
ror.

It seems that there is also a weak effect of magnetic
field on the transitions at 559, 579, 581, 614, 1086, and
1105 cm~! at B = 20 T. However, it was not possible to
resolve a shift or a change of oscillator strength of these
lines because they partially overlap each other or coincide
with strong two-phonon bands. For all other transitions,
neither an energy shift nor a change of oscillator strength
with increasing magnetic field B was observed for any ori-
entation of magnetic field B in the Brillouin zone within
experimental error.

IV. DISCUSSION

The experimental results can qualitatively be ex-
plained in the following way. From the fact that no line
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FIG. 3. Energy position of the transmission minimum of the absorption line 1125 cm™
(a) Faraday (c||B| k) and (b) Voigt (c||B L k) configurations.
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splitting is observed with increasing magnetic field B in-
dependent of the orientation of B in the Brillouin zone,
we conclude that the system of the excited eigenstates al-
ready has no more degeneracies at zero field. This is the
reason that no linear Zeeman splitting appears. There-
fore the energy spectrum is influenced only by second-
order effects of the magnetic field B (diamagnetic shift).
To get an idea of the directional dependence of the dia-
magnetic shift on the orientation of the magnetic field B
towards the crystal c axis, it is useful to have a look at Si,
where the band structure is well known and the quadratic
Zeeman effect has been studied experimentally and theo-
retically in great detail.'3 In this work it has been demon-
strated that the quadratic Zeeman effect on nondegener-
ate po states has a maximum for those conduction-band
valleys which are oriented along the magnetic field B but
is much weaker for valleys perpendicularly to B.
Applied to 6 H-SiC one can draw the following conclu-
sions. From the symmetry properties of the wurtzite Bril-
louin zone (Fig. 6) it is obvious that the effective mass
ellipsoids describing the conduction-band valleys (which
are assumed to lie on lines of high symmetry) are ori-
ented either in planes which are perpendicular to the ¢
axis or along lines which are parallel to the ¢ axis. Differ-
ent equivalent conduction-band valleys oriented perpen-
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dicularly to the ¢ axis would contribute to the quadratic
Zeeman effect if the magnetic field B is oriented in the
same plane, and at sufficiently high magnetic fields one
would expect splittings due to the contribution from dif-
ferent equivalent conduction-band minima as in Si. The
effect of the magnetic field is then expected also to de-
pend on the angle between B and one of the equiva-
lent conduction-band valleys. However, in our experi-
ments, no effect of magnetic field at all is found for the
B 1 c configurations. Thus we can conclude that the
conduction-band valleys must be oriented along a line
parallel to the c axis.

To get more information on the exact position of the
conduction-band minima in the Brillouin zone, effective-
mass theory must be combined with the symmetry prop-
erties of the Brillouin zone.

A. Effective mass theory (EMT)

The structure of the conduction-band minimum at
ko of an arbitrary semiconductor can be discussed us-
ing k - p theory and symmetry properties of the band
extremum.? Relativistic effects are supposed to be very
small in SiC due to the small spin-orbit interaction of the
C and Si atoms.'® Therefore the k-linear terms which are
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due to these relativistic effects are neglected. Then the
energy FE, (ko + k) near the extremum of the conduction
band can be written as

2

I
kokgs. 1
ama g ke (1)

E,(ko + k) = En(ko) + Y

a,p

The constants mq g are the components of the effective-

mass tensor. Thus, near the conduction-band minimum,

the energy is a parabolic function of k,. The symmetric

tensor 1/mq g may be reduced to principal axes and then
(1) becomes

7i2
E,(ko +k) = En(ko) + ) ﬁkz. (2)

Therefore, for a nondegenerate band the surfaces of con-
stant energy near an extremum are ellipsoidal, deter-
mined by the six components of the symmetric tensor
1/mq,p, or the three principal values of 1/m, and the
three directions of the principal axes of the energy ellip-
soid. The symmetry properties of the ellipsoid (1) de-
pend only on the symmetry of the position of the band
extremum k¢ in the Brillouin zone. If k¢ is located on a
symmetry axis, one of the axes of the energy ellipsoids
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FIG. 4. Energy position of the transmission minimum of the absorption line 1162 cm™! as a function of magnetic field for

(a) Faraday (c|| B| k) and (b) Voigt (c||B L k) configurations.
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FIG. 5. Energy position of the transmission minimum of
the absorption line 1221 cm ™' as a function of magnetic field
for Faraday (c||B| k) configurations.

coincides with this symmetry axis. Using symmetry ar-
guments, it can be shown that, if the symmetry axis is
threefold, fourfold, or sixfold, the energy ellipsoid is an
ellipsoid of revolution and the other two axes can be cho-
sen arbitrarily in a plane perpendicular to this symme-
try axis. This ellipsoid is characterized by two different
effective masses. If ko lies on a twofold axis in a re-
flection plane o, (symmetry group Cs,), the ellipsoid is
characterized by three different effective masses. The re-
sults of this procedure applied to different positions of
the conduction-band minima ko on lines parallel to the
c axis of 6 H-SiC (Cs, symmetry) are summarized in Ta-

TABLE IV. Diamagnetic shift coefficients d for Faraday
(c || B || k) and Voigt (¢ || B L k) configurations:
Aw = w(B) — w(0) = dB>.

Line origin d(Faraday) d(Voigt)
(cm™) (% (%
667.5 0.014 0.027
1124.5 0.0215 0.049
1162.8 0.021 0.035
1221.3 0.036 not detectable

11013

TABLE V. Quadratic line broadening coefficients g for
Faraday (c || B || k) configuration: AT = I'(B)—T'(0) = gBZ.

Line origin T'(0) g(Faraday)
(em™) (cm™) (%
667.5 11 0.0
1124.5 9 0.023
1162.8 10.5 0.023
1221.3 6.5 0.032

ble VI. The effect of these different possible conduction-
band structures on the impurity excitation spectrum is
discussed in the next section.

B. Description of shallow impurity centers

The excitation spectra of shallow donors in 6 H-SiC can
be described within effective-mass theory (EMT) in the
following way, which, neglecting polaron coupling, is the
most general situation which can appear. Depending on
the location of the equivalent conduction-band minima of
6H-SiC in the Brillouin zone, it was shown in the previ-
ous section that the effective-mass tensor m;; has either
two or three independent components which are listed in
Table VI. The dielectric constant has to be treated as a
tensor €;;(w) too. If there exists a common set of eigen-
vectors for the effective mass and dielectric tensor, which
is fullfilled if the conduction-band minima are oriented
along lines parallel to the c axis, they can simultaneously
be diagonalized and the effective-mass Hamiltonian H of
the donor problem can be written as follows:

2

w1 o R
m, 822
e

1 6%
H=-2
- \/eyezar:2 + €x€,Y% + e,eyzf

E; oy?

2 m,—,c Ox?

()

Using the uniaxial symmetry of the crystal field (e, =
€y = €1,€; = €|) the electrostatic potential V'(r) can be
rewritten as follows:

e?

\/sie” (:Ez + yz) + 6122

V()= - @

The electrostatic potential V(r) has rotational symme-

FIG. 6. Brillouin zone for wurtzite lattice.
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TABLE VI. Energies as a function of k for conduc-
tion-band minima at ko located at different points in the Bril-
louin zone for wurtzite type lattices (cf. Fig. 6).

Symmetry group Fi, Points Energy near minimum
2 2
Ce, DA A (k] + kD) + 5o k3
2 2
Csy K,P,H (ki +k3)+ 55-k3
Ca MU L 2 k2 + k2 4 g2

2my 2my 2mg

try around the crystal ¢ axis. The commutator of the

Hamiltonian
2 2 2 2
pz py pz €
H = -
2mg + 2m,, + 2m, (5)

\/EJ_6||($2 +y?) + €2 22

and the z component of the angular momentum L, is
given by

LMy — M
[H, Lz] = lhTypzpy. (6)
Yy

Mg

This means that in contrast with the case of two different
effective masses (m, = my, = my, m, = my) in the case of
three different effective masses the eigenvalues of L, are
no longer good quantum numbers. Thus states with mag-
netic quantum numbers m and —m, which are degenerate
in the case of two effective masses due to time reversal
symmetry,® will split at zero magnetic field. These non-
degenerate states no longer are allowed to be classified
using magnetic quantum numbers. However, the parity
operator P which transforms r — —r still commutes with
the Hamilton operator and parity is a preserved quantum
number of the system.

C. Effect of a magnetic fleld on the donor excitation
spectra

Due to the fact that the band parameters m,, m,, and
m, are not known we give only a short qualitative de-
scription of the Zeeman effect on shallow donors in 6 H-
SiC. For the Zeeman problem, the linear momentum op-
erator p has to be replaced by p — 2A,'® where ¢ = —e
is the charge of the electron and the vector potential A
is

1
A= 5B Xr (7)
where B is the applied magnetic field. The effective-mass

equation (5) for donors in 6H-SiC in a magnetic field,
neglecting spin effects, can be written as follows:

(P + %Am)z (py + %Ay)z (P2 + %AZ)Z
+ +
2my, Zmy 2m,

H =

ez

- (8)

\/E_]_C“ (22 + y?) + €2 22
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This simple form . of the Hamilton operator does not
take into account that we are dealing with a multivalley
semiconductor. This means that intervalley couplings are
ignored, which may be important if the equivalent con-
duction valleys are affected by the magnetic field B in
different ways as in Si. However, this effect is neglected
here, because the equivalent conduction-band minima are
supposed to lie along lines in the Brillouin zone which
are parallel to the c axis, so that no effect of intervalley
couplings is expected for B || ¢. Equation (8) contains
terms linear in the applied field of the form p- A, and
terms of the order B2 (the A? terms). Since there is no
first-order effect in B (no Zeeman splittings appear) the
system of eigenstates already possesses no more degen-
eracies without applied magnetic field (neglecting spin
effects). Using the results which are given in Table VI
it can be concluded that the conduction band minimum
must be located somewhere along the line M-L in the
Brillouin zone so that the effective mass tensor has three
independent components. The observed diamagnetic ef-
fects are either due to A2 terms in first order or to p- A
terms in second order.

The directional dependence of the diamagnetic shifts
B || ¢ on the direction of k towards the crystal ¢ axis is
difficult to explain, because k does not explicitly enter
the effective-mass equation (8). The most obvious differ-
ence between Faraday (c || B || k) and Voigt (¢ || B L k)
configurations is the polarization of radiation towards the
crystal axes. In the former we have z and y and in the
latter z, y, and z components. We suppose that the
anisotropy of the diamagnetic shift has to do with the
anisotropy of the conduction-band valleys. The calcula-
tion of the matrix elements describing the diamagnatic
shifts requires detailed knowledge of the impurity enve-
lope functions F'(r), which strongly depend on the effec-
tive masses and the magnetic field. Therefore we do not
try to estimate values for the effective masses from the
experimental data.

From the fact that even at 20 T no transition from the
quadratic to a linear magnetic field dependence appears,
we conclude that there is no indication for the formation
of Landau levels. This transition can be characterized by
the parameter vy, which is defined by

1
Eﬁwc
*
Ry

(9)

Y=

where w, is the cyclotron frequency and Rj the effective
Rydberg energy, which are given by

eB

. = 10
we = 2= (10)
and
«_m-1
Ry = o = x 13.6 V. (11)

v is the ratio of the energy of an electron in the lowest
Landau level and the effective Coulomb binding energy.
We assume that deviations from the diamagnetic shifts
should be detectable if v > 0.1. From the experimental
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results at 20 T it is estimated that the average effective
mass m* = (mwmymz)% has to be m* > 0.3m,.

Effective masses of 6 H-SiC have been experimentally
studied by several direct and indirect methods (cf. Table
II). However, all of these investigations suffer from the
fact that the properties of the effective-mass tensor were
not discussed by taking the symmetry properties of the
position of the conduction-band minimum into account.
This is one of the main reasons for requiring a very careful
experimental reexamination and interpretation of these
experiments.

Recent band structure calculations of 6 H-SiC locate
the position of the conduction-band minimum along the
line M-L,'92%22 or at the point M,?! in the Brillouin
zone. Kickell et al.'® found three different values for
the effective masses, m; = 0.68,m,; = 1.25, and
m,o = 0.13. Also, Karch et al?? found three differ-
ent effective masses, m=1.2-1.5 (ML), mi; = 0.23
(MK), m,2=0.78 (MT). Furthermore, Karch et al.22
and Backes et al.?® claim that the lowest conduction band
in 6 H-SiC can be described much better by a camel’s
back structure similar to the one in GaP (for the details
see Ref. 22). These results qualitatively agree with our
experimental results.

V. SUMMARY AND CONCLUSIONS

We have studied impurity excitation spectra in 6H-
SiC doped with nitrogen by infrared absorption measure-
ments in the frequency range from 200 to 1400 cm™! un-
der the influence of high external magnetic fields up to 20
T. No line splittings were observed for any orientation of
the magnetic field. However, four transitions show a dia-
magnetic shift, if the magnetic field is oriented along the
crystal c axis. This diamagnetic shift was investigated in
Faraday and Voigt configurations up to 20 T and 13 T,
respectively, and was found to be anisotropic, depend-

11 015

ing on the orientation of k towards c¢. Absorption lines
at 1049, 1086, 1105, and 1221 cm™! were identified as
donor impurity excitations due to the effect of the mag-
netic field. The results for these lines are not consistent
with previously given interpretations of infrared data by
Vakulenko and Guseva® and Suttrop et al.”

We conclude from the experimental results that effec-
tive mass ellipsoids describing the the conduction-band
minima must be oriented along lines of the Brillouin
zone which are parallel to the crystal ¢ axis and that
the effective-mass tensor has three different independent
components (i.e., somewhere along the line M-L). From
the experimental results at B = 20 T, it is estimated
that the average effective mass m* = (mmmymz)% must
be m* > 0.3mg. Recent results of band structure cal-
culations of 6 H-SiC which locate the position of the
conduction-band minimum along the line M-L,9:20,22
or at the point M,?! in the Brillouin zone are in agree-
ment with our results. Studies of cyclotron resonance or
Faraday rotation data on oriented samples taking sym-
metry properties of the band structure at the minimum
into account are necessary to get reliable experimental
data for the E(k) dispersion relation of electrons (effec-
tive masses) in 6 H-SiC.
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