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Magnetotransmission experiments have been carried out on 3C-SiC thin films grown on Si(100) sub-
strates, using the combination of pulsed high magnetic fields up to 175 T generated by the single-turn
coil technique and pulsed far-infrared radiations from a H,O (D,0) laser at photon energies up to 73.2
meV. In n-type 3C-SiC, two cyclotron-resonance (CR) peaks have been observed for B||k||{100) over a
wide range of photon energy 10.4-53.8 meV, corresponding to the light- and heavy-mass valleys at the X
points, i.e., m;* =(0.25+0.01)m, and (m,*m;*)!/2=(0.411£0.01)m,. These values are in agreement with
those of Kaplan et al. obtained from CR at low fields. This leads to the conclusion that the conduction
band in 3C-SiC is very parabolic up to 53.8 meV, and that unlike GaP the effect of camel’s-back struc-
ture is unobservable. A number of impurity transitions were observed at temperatures below 100 K with
photon energies ranging from 34.4 to 73.2 meV. It was found that the observed lines originate from
three different donor states which have different binding energies, E; =19, 35, and 53 meV. The obser-
vation of hole CR was also made in p-type 3C-SiC. A broad but prominent peak was observed with an
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effective mass of 0.45m,, at temperatures around 210 K and at a wavelength of 119 um.

I. INTRODUCTION

Silicon carbide (SiC) has long been of great interest as
one of the potential high-temperature semiconductor-
device materials which could operate in high-temperature
circumstances with high resistance against radiation
damage. Because of its high melting point, large band
gap, chemical inertness, high hardness, and high thermal
conductivity, it has been the prime candidate for such ap-
plications, together with semiconducting diamond (C)!
and boron nitride (BN). Very little is know, however, of
its detailed energy-band structure although a consider-
able amount of research has been undertaken. The main
reason for this is the difficulty in growing high-quality
single crystals. Its carrier mobility has been very low,
and many of the fundamental electronic properties are
not yet well enough understood.

Recently, large epitaxial 3C-SiC (Ref. 2) films have
been successfully grown on carbonized Si surfaces by the
chemical vapor deposition (CVD) technique.>* Both n-
and p-type specimens have been obtained by introducing
active impurities into the crystals.* Very high carrier
mobility, up to 3000 cm?/V's at 66 K, for example, have
been found in these crystals.’

A few experimental works have been so far reported on
the band parameters or effective masses of 3C-SiC. All
calculations of the energy-band structure of 3C-SiC pre-
dict the location of the conduction-band minima to be on
the I'-X axis, very close to zone boundary X.® The Zee-
man luminescence work of Dean, Choyke, and Patrick’
confirmed this prediction, and moreover, no evidence was
found for a camel’s-back structure. The cyclotron-
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resonance work of Kaplan et al.® yielded both the trans-
verse and longitudinal effective masses of the ellipsoidal
energy surface at a photon energy of 3.15 meV:
m*=(0.247£0.011)my and m;* =(0.667+0.015)m . In
zinc-blende-type crystals like 3C-SiC, the double degen-
eracy at the X point is lifted into two bands, X, and X,
due to the lack of inversion symmetry, and the X,-band
edge is expected to have a camel’s-back structure result-
ing from the interaction with the X; band.’ If a camel’s-
back structure exists, the cyclotron mass of m;* would
have an anomalous energy dependence. This has actually
been observed in the conduction band of GaP.!° There-
fore, a high-field cyclotron resonance study of the con-
duction band at various photon energies can be the best
tool for determining whether it has a camel’s-back struc-
ture or not.

Several works concerning the electron-scattering mech-
anism in SiC have been reported. Van Daal!! studied the
electron mobility in SiC polytypes and found that the
temperature dependence of the mobility in 3C-SiC differs
significantly from that of 6H- and 15R-SiC, suggesting a
different scattering mechanism. Patrick!? has shown that
the high symmetry of 3C-SiC results in very restrictive
selection rules for intervalley phonon scattering, which is
the dominant mobility-limiting mechanism for other po-
lytypes from 300 to 800 K, and makes the mobility of
3C-SiC higher than that of other polytypes. Study of the
cyclotron-resonance linewidth is a powerful tool for in-
vestigating the carrier scattering mechanism in semicon-
ductors, and hence should also be very informative for
3C-SiC.

There are considerable disagreements among the
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values so far reported for the donor binding energy in n-
type 3C-SiC.47813719 1t is well known that undoped
CVD-grown 3C-SiC films have residual carriers (elec-
trons). These residual carriers have been considered to be
from residual nitrogen donors. However, in recent years,
there has been a strong controversy over this origin.
From the temperature dependence of carrier density,
Suzuki et al.'® deduced that the donors in nondoped
samples are not nitrogen but some nonstoichiometric de-
fects. On the other hand, Segall er al.,!” conducting
essentially the same experiments, assert that the active
donors in all their samples are probably nitrogen. Al-
though nondoped and nitrogen-doped n-3C-SiC films
have been systematically compared by means of electrical
transport,'® photoluminescence,!® and electron-spin reso-
nance (ESR),' a full understanding of the origin of the
residual carriers has not yet been achieved. Far-infrared
magneto-optical studies of impurity states have been suc-
cessfully used in many other semiconductors, but never in
3C-SiC.

The maximum of the valence band is located at k=0
(T point) in the Brillouin zone. The wave function at this
point is transformed according to the representation I' ;5
and is triply degenerate (sixfold if spin is included), like
III-V compounds with zinc-blende structure. Using the
five-level k-p analysis of Lawaetz,?° with a modification
to include the hole-phonon interaction, Bimberg, Altarel-
li, and Lipari?! calculated the modified Luttinger parame-
ters for the valence band of 3C-SiC to be y}=2.817,
y3=0.508, y5=0.860, and k*=—0.41. Large nonpara-
bolicity, resulting from very small spin-orbit splitting (4.5
meV), was predicted for all three valence bands. Avail-
able experimental data on the valence-band structure is
poor because high-quality p-type 3C-SiC has not been
achieved.

Recent progress of the megagauss cyclotron-resonance
technique has enabled us to investigate energy-band
structures in low mobility semiconductors."?>?* In this
paper, we report a detailed investigation of the band
structure of 3C-SiC by means of far-infrared cyclotron
resonance and impurity transition using pulsed ultrahigh
magnetic fields up to 175 T, produced by the single-turn
coil technique.?* Section II describes the experimental
procedure of the megagauss cyclotron resonance which is
common to all the measurements in the present work.
Section III is devoted to the description of the experi-
mental results of electron cyclotron resonance. Based on
the results, we discuss the location of the conduction-
band edge, electron—LO-phonon interaction, and the
electron-scattering mechanism. A discussion of impurity
transitions is presented in Sec. IV. Finally, a brief
description of our observation of hole cyclotron reso-
nance is given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experimental procedure is essentially the same as
the one described in Ref. 1, except for the range of the ex-
perimental temperature. The high magnetic fields were
pulsed by supplying short large-current pulses of about
2.5 MA to a thin single-turn copper coil from a fast capa-
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. citor bank with a storing energy of 100 kJ. Although the

coil explodes violently, the movement of fragments is so
strongly directed away from the center of the coil that
the sample is not destroyed, surviving hundreds of such
experiments.

The inner diameter of the single-turn coil was normally
10 mm, which can produce 150 T at maximum. An 8-
mm-i.d. (inside diameter) coil was sometimes used, when
a higher peak field of 175 T was required. The sample
was contained in a small, handmade cryostat which was
set at the center of the coil. The temperature of the sam-
ple was varied between 10 K and room temperature by
controlling the flowing rate of liquid helium in the cryo-
stat. The absolute strength of the magnetic field was
determined by measuring the induced voltage in a cali-
brated pickup coil made of manganese wire wound
around the sample. The error of the field measurement

250 T T T T T T T
(a)

i VNV PV

150 [ ]

100 [ 7]

Magnetic Field (T)

.50 1 1 1 1 1 1 L
0o 1 2 3 4 5 6 7 8

Time (us)

120 T T
(b)
100 3

40 A

Relative Transmission
(<]
o
T
1

20 7

0 1 1
0 50 100 150

Magnetic Field (T)

FIG. 1. (a) Example of the recorded traces for far-infrared
transmission signal and magnetic field as a function of time. (b)
The transmission signal as a function of the magnetic field. Two
traces correspond to the trace obtained in the rising slope of the
field pulse and the trace in the falling slope, respectively.



48 HIGH-FIELD CYCLOTRON RESONANCE AND IMPURITY ...

10911

TABLE 1. The characteristics of the samples studied in the present work.

Thickness Carrier density (RT) Carrier mobility (RT)
No. Type (pem) (em™3) (cm?/V's) Comment
1 n 33.4 3.0%10%* 615
2 n 24.3 3.03X 10'¢ 662
3 n 25.3 2.96X 10'6 710 no substrate
4 p 13.8 2.6X10"7 22
5 P 14.2 4.2x 10" 19
6 p 14.5 4.8%10"7 20

was less than 3%.25 As radiation sources, we employed
pulsed molecular gas lasers,> a H,O0 laser for 16.9, 23, 28,
and 119 um, and a D,O laser for 36 and 84 um. An ex-
trinsic photoconductivity of doped Ge was used as a fast
detector of the far-infrared radiation at liquid-He temper-
ature. The response time of the detectors including the
preamplifier is fast enough to detect a rapid change dur-
ing the short duration of the resonance.

Figure 1(a) shows an example of the recorded traces of
the field pulse and the transmitted radiation from the
sample, obtained for n-type 3C-SiC at a 36-um wave-
length at room temperature. The transmission data are
then plotted as functions of magnetic field in Fig. 1(b).
Two cyclotron-resonance absorption peaks are clearly ob-
served as transmission minima. Each of the resonance
peaks is observed twice in one pulse, both in the rising
and falling slopes of the magnetic field. It should be not-
ed that the coincidence of the two traces ensured a
sufficiently fast response of the detector system and the
accuracy of the measurement.

The experiments were performed on three n-type and
three p-type 3C-SiC samples grown on carbonized Si(100)
surfaces by the CVD method, with the magnetic field
oriented along the {100) crystallographic direction. All
the measurements were made in Faraday geometry, i.e.,
B||k. The details of the epitaxial growth have been de-
scribed in Ref. 4. The characteristics of the samples stud-
ied in the present work are listed in Table I. n-type sam-
ples were nondoped (unintentionally doped) films, and
had carrier density of about 3X10'® cm ™3, and a carrier
mobility of 6-7X 10> cm?/Vs at room temperature,
while p-type samples had 2-5X10'7 cm™® and 20
cm?/V's containing aluminum as acceptors. The thick-
ness of the epitaxial films was 14—-34 ym. One of the
samples, number 3, was a free-standing film without a
substrate.

III. ELECTRON CYCLOTRON RESONANCE
IN n-TYPE 3C-SiC

A. Results

Figure 2 displays absorption spectra as a function of
the magnetic field obtained for n-type 3C-SiC, over a
wide temperature range at a wavelength of 119 um. Two
clear absorption lines are observed with effective masses
of (0.25+0.01)m, and (0.41£0.01)m,. These absorp-
tion peaks decrease their intensity and simultaneously
narrow their linewidths with decreasing temperature.

They disappear at low temperatures below 50 K, prob-
ably due to the carrier freeze-out. This indicates that the
lines observed are due to cyclotron resonance of free elec-
trons thermally excited from donor states. The effective
masses obtained correspond to m,* and (m*m;*)'/? of the
ellipsoidal energy surfaces at the X-point conduction-
band minima, and the values are in very good agreement
with those of Kaplan et al.® obtained at lower magnetic
fields with lower photon energies (3.15-4.23 meV).
Absorption spectra are shown in Fig. 3 as a function of
the magnetic field with various wavelengths of far-
infrared radiations. The resonance field positions in-
crease with increasing photon energies. It should be not-
ed that owing to the ultrahigh magnetic fields the two
peaks are clearly resolved even at room temperature for
wavelengths of 36, 28, and 23 um. To observe the
(m*m)!/? peak at wavelengths of 28 and 23 um, a
single-turn coil with an inner diameter of 8 mm was used
for generating fields up to 175 T. The results are shown
in Fig. 4. The (m*m;*)'/? peak is observed at 160 T for
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FIG. 2. Absorption spectra as a function of the magnetic
field, obtained for n-type 3C-SiC at a wavelength of 119 um over
a wide range of temperature 50-298 K. Two clear lines are ob-
served corresponding to m* and (m*m;*)!/? of the ellipsoidal
energy surface at the X-point conduction-band minima.
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FIG. 3. The wavelength dependence of the cyclotron-
resonance trace for n-type 3C-SiC. The resonance fields in-
crease with increasing photon energy.

28 um, but not observed for 23 um within 175 T. The
effective masses at various photon energies are listed in
Table II.

In order to exclude the possibility that we might have
measured the resonances in the Si substrates, and to
check the influence of the interference effects because the
thickness of the sample was very close to the wavelength
used, three different samples were measured and com-
pared at wavelength of 36 um. As shown in Fig. 5, the
resonance positions are exactly identical for all three
samples although they have different line shapes, and this
suggests that no peak shifts due to interference effects are
included in the data. The data for sample 3, a free-
standing film, suggests that peak positions are not
influenced by the Si substrate.

B. Discussion on the results of electron CR

The observed cyclotron-resonance transition energy vs
resonance magnetic field is plotted in Fig. 6, where two
solid lines denote a parabolic band with effective masses
of 0.247m and 0.406m ), solid circles denote the present
data, and open circles denote the data of Kaplan et al.®
The slight deviation from the straight lines indicates the
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FIG. 4. The cyclotron-resonance traces for n-type 3C-SiC at
room temperature in magnetic fields up to 175 T at 28- and 23-
pm wavelengths.

nonparabolicity of the band. It is obvious from the figure
that the conduction band in 3C-SiC is almost parabolic
up to the very high-energy range, as expected from the
fact that 3C-SiC has a large band gap. Moreover, if the
conduction-band edge near the X point has a camel’s-
back structure, anomalous nonparabolicity or photon en-
ergy dependence should be observed for the (m*m*)!/?
cyclotron-resonance peak. The camel’s-back structure is
a general feature for zinc-blende-type semiconductors
with conduction-band minima at around the X point in
the Brillouin zone. From Fig. 6, it can be seen that this is
not the case for 3C-SiC, and we can conclude that the
conduction-band minima in 3C-SiC are located just at the
zone boundaries at the X point. Otherwise the depth of
the camel’s-back valley should be much larger than 54
meV.

It is well known that 3C-SiC is a highly polar semicon-
ductor with the Frohlich coupling constant a =0. 31,2 so
that the polaron effect should be taken into account when
we analyze the data. From Fig. 6, however, it can be seen
that the LO-phonon (at the I" point) energy, which is 98.7
meV,’ is sufficiently higher than the energy range where
the present experiments were performed that no

TABLE II. The effective masses of the conduction band in 3C-SiC obtained by cyclotron resonance

at various photon energies.

Photon energy (meV) m* (m¥m*)1? m* Reference
53.8 0.27m, Present work
44.2 0.26m, 0.42m, 0.68m, Present work
344 0.25m, 0.41m, 0.67m, Present work
10.4 0.25m,, 0.41m, 0.67m, Present work
4.23 0.247m,, Kaplan et al. (Ref. 8)
3.15 0.247m,, 0.406m,, 0.667m, Kaplan et al. (Ref. 8)
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FIG. 5. The sample dependence of the absorption spectrum
at 36-um wavelength. The resonance positions are exactly the
same for all three samples, although the line shapes are
different. The sample labeled 3 is a free-standing film having no
substrate.

significant evidence for the resonance polaron effect is ob-
served. In order to study the electron—LO-phonon in-
teraction, some attempts with CO,-laser radiations were
also made. None of the experiments with 10.6-um (117
meV) radiation was successful because of the poor
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FIG. 6. Observed transition energy vs resonance magnetic
field. Two straight lines indicate parabolic bands with effective
masses of 0.247m, and 0.406m,, respectively. Solid circles
denote the present results, and open circles denote the data of
Kaplan et al. (Ref. 8). Also indicated is the LO-phonon energy
at 98.7 meV (Ref.7) as a dashed line.
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transmission, and this must be due to the reststrahlen
reflection. Impurity transition studies of the electron—
LO-phonon interaction with photon energies above the
reststrahlen region are in progress.

We next look into the temperature dependence of the
cyclotron resonance linewidth to see if it exhibits the
T ~3/2 behavior expected for acoustic-phonon scattering.
This has been also confirmed in the cyclotron-resonance
experiments of Kaplan et al.® in the low-temperature
range 40-100 K. The transverse carrier mobility u, es-
timated from the linewidth of the m/* peak at 119-um
wavelength is plotted as a function of temperature 7T in
Fig. 7. As shown in the figure, it obeys the T~ 3/2 law in
a wide temperature range 100-300 K. By fitting, it was
shown that the curve is very well represented by
1, =4.8X10° T73/2 cm?/V's. Using the same procedure
as Kaplan,® we obtained the deformation potential ==24
eV, about 10% larger than the value of Kaplan.

As stated in Sec. I, the origin of the residual carriers
and the value of the donor ionization energy in 3C-SiC
have been the subjects of controversy. Next we consider
the temperature dependence of the absorption intensity
of the cyclotron resonance in order to obtain a donor ion-
ization energy. Figure 8 shows a logarithmic plot of the
cyclotron-resonance absorption intensity as a function of
1/T. By fitting the function exp(—E,; /2kT) to the data,
we obtain the donor ionization energy E; =19 meV. Ya-
manaka et al. obtained E; =18 meV for nearly the same
samples from the temperature dependence of the Hall
coefficient.* Thus the cyclotron-resonance peaks ob-
served are evidently due to the free electrons thermally
excited from the donor state having this ionization ener-
gy. However, this value is distinct from the value of Ka-
plan et al.,® which is 38 meV, obtained by essentially the
same method. In order to obtain detailed information on
the energy levels in donor states and to explain the origin
of the discrepancy, we studied the impurity transitions as
presented in Sec. IV.
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FIG. 7. Temperature dependence of the carrier mobility u,
obtained from the cyclotron-resonance linewidth. Solid curve is
a fitting curve representing the 7 3/2 dependence. Data ob-
tained at 119 pm.
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FIG. 8. Temperature dependence of the integrated

cyclotron-resonance absorption intensity. The slope of the solid
straight line gives a donor ionization energy of 19 meV.

IV. IMPURITY TRANSITIONS IN »n-TYPE 3C-SiC

Figure 9 shows absorption spectra of n-type 3C-SiC ob-
tained at a wavelength of 36 um, over a wide range of
temperature. In addition to two cyclotron-resonance
peaks observed only above 98 K, a number of extra peaks
are observed at low temperatures. These absorption
peaks increase in intensity with decreasing temperature,
which suggests that these are the impurity transitions,

n-type 3C-SiC No.1 B||[100] A=36um

I A

210K
151K
c
S M,AAWWAM 102K
a - -
a M}A@J\x’/\ 98K
7]
o
<
P e IR e T o, 58K

N . 18K

L cmae et N 15K

1 1 L 1

0 40 80 120 160
Magnetic Field (T)

200

FIG. 9. Magneto-optical absorption spectra of n-type 3C-SiC
obtained at a wavelength of 36 um, over a wide range of temper-
ature. In addition to two cyclotron-resonance peaks at 73 and
120 T, which are observed only above 98 K, a number of impur-
ity transitions are observed at low temperatures.
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i.e., the transitions involving energy levels in donors.
These impurity transitions were also observed at 28-, 23-,
and 17-um wavelengths, but not observed at 119 um.
Some typical spectra are shown in Fig. 10. Figure 11
displays the magnetic-field dependence of the photon en-
ergies of transmission minima.

It seems from Fig. 11 that five different kinds of transi-
tions are observed. Five straight lines are drawn in the
figure as a guide to the eyes to connect the peaks which
are thought of as the same transition. The lowest two
lines intersect each other just at zero field with a transi-
tion energy of 15 meV, and the highest two lines at 40
meV, while the middle line crosses the zero field at 26
meV. By comparing Fig. 11 with Fig. 6, it is found that
the slopes of the lowest two lines in Fig. 11 are similar to
the slopes of the two straight lines in Fig. 6 representing
cyclotron resonances. This fact enables us to assign the
two resonance peaks to the “impurity shifted” cyclotron
resonance, i.e., a Is—2p * [or (000)—(110) in the high-
field notation] transition for each of the two valleys. Ac-
cording to the well-known equation E,=—Ry*/n? for
the energy levels in a shallow hydrogenlike donor, with
the experimentally determined relation E,—E;
=3 Ry*/4=15 meV, a value of donor ionization energy
20 meV is obtained. This is consistent with the
cyclotron-resonance results.

In many-valley semiconductors such as Ge, Si, and
3C-SiC, the ground state 1s [or (000)] is largely influenced
by the short-range character of the localized impurity po-
tential in addition to the usual central-cell correction. In
other words, nondiagonal matrix elements of the poten-
tial between wave functions representing different valleys
split the ground state into singlet and triplet levels at zero
field. This is one possible explanation for the other lines

n-type 3C-SiC No.1 B||<100>
Impurity Transitions

T T T T i
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FIG. 10. Impurity transitions observed for n-type 3C-SiC at
various wavelengths.
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FIG. 11. Impurity transition energy vs magnetic field.

at higher energies. The absorption lines increased their
intensity with lowering temperature, but some of them
have temperature dependence, which indicates that there
is a structure in the ground state. Using the values 26
and 40 meV, it is difficult to consistently interpret these
transitions as from the ground state to higher excited lev-
els. Another possibility is that there are three different
kinds of donors existing, having binding energies of 19,
35, and 53 meV, respectively. This seems the most plau-
sible explanation when we consider the scatter in the ion-
ization energies reported in the literature. That is, our
samples have three different donors with different ioniza-
tion energies, one of which is the most dominant in elec-
tric conduction with an activation energy of 19 meV.
One of the three binding energies, say 35 meV, may cor-
respond to the one observed by Kaplan et al.?

V. HOLE CYCLOTRON RESONANCE
IN p-TYPE 3C-SiC

Transmission spectra as a function of the magnetic
field obtained for p-type 3C-SiC at a wavelength of 119
pm over a wide range of temperatures are shown in Fig.
12. At about 210 K, a broad but prominent peak is ob-
served as a transmission minimum with an effective mass
of 0.45 m,. At other temperatures, however, the peak
position shifts towards the lower field and the peak width
becomes even broader or disappears. This is probably
due to the much lower mobility as well as higher carrier
concentration compared with n-type samples. The reso-
nance peak which gives 0.45m, is considered to be due to
the light hole of the degenerate valence band, but higher-
field measurements are necessary in order to clarify the
data. Because of the small spin-orbit splitting A [~5
meV (Ref. 21)], we can expect a very complicated valence
band in a fashion similar to diamond.!
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FIG. 12. Transmission spectra for p-type 3C-SiC at various
temperatures with 119-um radiations. A broad but prominent
cyclotron-resonance peak is observed at around 210 K.

VI. CONCLUSIONS

In n-type 3C-SiC, cyclotron resonance was measured in
ultrahigh magnetic fields up to 175 T over a wide range
of photon energy from 10.4 to 53.8 meV at various tem-
peratures. From the nearly linear photon energy depen-
dence of the cyclotron resonance peak for (m*m*)!/2, it
was concluded that the conduction-band minima are lo-
cated at the X point without the camel’s-back structure.
No evidence for the strong electron—LO-phonon cou-
pling was observed in this energy range.

From the temperature dependence of the cyclotron-
resonance linewidth, it was confirmed that the dominant
carrier scattering mechanism is the acoustic-phonon
scattering in a very wide temperature range up to room
temperature. The deformation potential of 24 eV was ob-
tained from the coefficient of the 777372 law. From the
temperature dependence of the cyclotron-resonance ab-
sorption intensity, the donor binding energy was found to
be 19 meV. This value is in agreement with that derived
from transport measurements, but in strong disagreement
with the value of Kaplan et al.®

At low temperatures, a number of impurity transitions
were observed. Possible assignment was made by consid-
ering the magnetic-field dependence of the transition en-
ergy, the level degeneracy, and the extrapolated value to
zero field, and that the lines observed were from three
different kinds of donor states which have different ion-
ization energies: E;=19, 35, and 53 meV.

In p-type 3C-8iC, a broad but prominent peak was ob-
served at 210 K with an effective mass of 0.45m,. The
resonance is possibly due to the light hole in the degen-
erate valence band, but further investigations and higher
mobility samples are necessary in order to clarify the
data.
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