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Inter-conduction band electron relaxation dynamics in 6H–SiC
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The ultrafast inter-conduction band carrier dynamics in 6H–SiC was observed by using pump and
probe transient absorption technique. Probe wavelength dependence of the bleaching was compared
with the steady-state absorption profiles for polarizations parallel and perpendicular to thec axis,
and these bleachings were ascribed to the decrease of electron populations in the lowest conduction
band. The relaxation time from the higher to the lowest conduction band due to the inter-conduction
band electron–phonon scattering is 1.25 ps. ©2001 American Institute of Physics.
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Recently, silicon carbide~SiC!, belonging to wideband-
gap semiconductors, has been receiving more and mor
tention, because of its possible application to high-speed
high-power devices, which can exceed the performance
today’s silicon devices. The experiment in femtosecond
gime gives the information about electron–phonon a
electron–electron interactions which are indispensable
developing high-speed and high-mobility devices.

For GaN, which is often compared with SiC, expe
ments on the ultrafast electron1,2 and hole3 dynamics have
been reported. As far as the authors know, however, the
trafast carrier dynamics in SiC has been hardly studied.
major difference between them arises from the band st
tures. Observation of ultrafast carrier dynamics in indir
wideband-gap materials, such as SiC, is more difficult th
that in direct ones, because the carriers cannot be prod
with sufficient concentration in the lowest conduction ba
by photoexcitation. To obtain the information about ultrafa
carrier dynamics in SiC, we propose to use the int
conduction band transitions. Although the band-gap ene
lies in the ultraviolet region, then-type SiC has appreciabl
absorption in the visible region as reported by Biederman4

These absorption bands are called ‘‘Biedermann bands,’’
assigned to the inter-conduction band transitions from
lowest conduction band based on a comparison with a th
retical calculation.5

The light source used in this experiment is a 1 kHz re-
generative amplifier~Spectra Physics, Spitfire! which pro-
duces 120 fs pulses at 800 nm~1.55 eV!. A part of the beam
was chopped by an optical chopper, and used as a p
beam ~the excitation density was about 10 mJ/cm2!. The
other part was focused into a sapphire plate~5 mm thick! to
produce the white probe beam. These two beams were
rected into the sample, and the transmitted probe beam
dispersed by a single monochromator~Nikon G250! and de-

a!Electronic mail: tomita@issp.u-tokyo.ac.jp
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tected by a photomultiplier~Hamamatu R928! with a lock-in
amplifier. To measure the polarization dependence of abs
tion, the polarization of the transmitted probe beam was a
lyzed by a polarizer. The time resolution of this system w
below 300 fs, and the detection limit of transmission chan
was less than 1023. The sample used in this experiment w
a 6H–SiC single crystal with an electron doping level
about 1.231018cm23. The sample thickness was about
mm, and the face was parallel to thec axis.

Measured transmission changes for various probe wa
lengths are shown in Fig. 1. The polarization of the pum
beam and that of the probe beam was parallel to thec axis
(Epric), whereEpr is the polarization of the probe beam. Th
pump beam excites the electrons in the lowest conduc
band to the higher conduction bands. The negative trans
sion peak around 0 ps delay is due to the spectral artifa
probably due to the two photon absorption. Since these a
facts do not reflect carrier dynamics, they will not be d
cussed further.6 After the disappearance of these artifacts,
observed positive transmission changes~bleaching!. Except
for the very early stage, the decay of this bleaching is fit
well by a single exponential curve. The obtained decay tim
did not have any appreciable wavelength dependence.
decay time of 1.25 ps was obtained by averaging the t
constants in a whole wavelength region. The mean devia
of the time constants from the average was below 0.05
We also measured the transmission changes forEpr'c. The
observed bleachings have almost the same decay time a
Epric configuration, while their magnitudes are small and t
wavelength dependence is totally different. The obser
magnitudes of bleaching for various probe wavelengths w
plotted by filled symbols in Fig. 2 forEpric @Fig. 2~a!#, and
for Epr'c @Fig. 2~b!#. The absorption change depends
three quantities, matrix elements (uM u2), initial electron dis-
tribution @ f (Ei)#, and the density of unoccupied final sta
@D(Ef)$12 f (Ef)%#. In the following discussion, we assum
that the changes ofuM u2 andD(Ef) are small.
9 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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For theEpric configuration@Fig. 2~a!#, the magnitudes
of these bleachings become larger as the probe wavele
approaches longer wavelength limit. On the other hand,
Epr'c @Fig. 2~b!#, the magnitude of the bleaching is seve
times smaller and the peak appears around 580 nm. F
comparison, the steady-state absorption spectra, corresp
ing to Biedermann bands, for the same sample are plotte
Fig. 2 by solid lines for each polarization configuration. T
spectral shape of bleaching forEpric is in good agreemen
with the steady-state absorption spectrum. From this fact,
transmission changes in theEpric configurations are ascribe
to the bleaching of thec1–c3 absorption bands. Here,c1–c4

denote the lower lying conduction bands as shown in Fig
On the other hand, the spectral shape of bleaching d

not directly agree with the Biedermann bands forEpr'c con-
figuration. This spectral shape is fitted well by the overlap
Biedermann bands and its derivative. This means that B
ermann bands are bleached and shifted to lower ene
These two effects are explained by the decrease of elec
population in thec1 band along with the anisotropy of th
band shape around the lowest point in thec1 band~U point!.
In theU –L direction, the slope of thec1 band is steeper tha
that of theU –M direction. Therefore, the decrease of ele
tron population in thec1 band by optical pumping leads to
movement of the center of gravity of electron populati
toward theL point. Consequently, the absorption profile co
responding to thec1–c4 transition shifts to lower energy
because of the negative steep slope of thec4 band toward the
L point. In addition, the decrease of electron populat

FIG. 1. Measured transmission changes in 6H–SiC for various probe w
lengths from 520 nm~2.38 eV! to 680 nm~1.82 eV!. The polarizations of
pump and probe beams are parallel to thec axis. The consecutive spectra a
shifted by 2.0 for each along the ordinate for a convenient display.
Downloaded 25 Aug 2001 to 157.82.227.2. Redistribution subject to AI
gth
r

l
a

nd-
in

e

.
es

f
d-
y.

on

-

n

causes the bleaching ofc1–c4 absorption band. Then, th
shift and bleaching is observed for theEpr'c configuration.

The fact that the observed decay time of bleaching is
same for both polarizations suggests that the relaxation
havior is dominated by a single mechanism. Thus, it is c
cluded that this bleaching corresponds to the decreas

e-
FIG. 2. The comparison between the intensity of transient transmis
change~filled symbols, left scale! and the steady-state absorption ba
~solid line, right scale!. The polarization of probe beam was parallel to thec
axis in ~a! and perpendicular in~b!.

FIG. 3. Schematic band structure of 6H–SiC. In theM–L direction, the
band structure is plotted based on the calculated results of Ref. 5. In
G –M direction, thec1 band shown by a dash–dot curve is only qualitativ
The decay process of excited electrons is shown by arrows.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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electron population in thec1 band rather than the filling o
the c3 andc4 band.

In the following, we discuss the dynamics of electr
excitation and relaxation. According to the calculations, th
is no band lying around 1.55 eV~corresponding to the exci
tation photon energy! above thec1 band at theU point. The
steady-state absorption, however, has appreciable absor
around 1.55 eV. This fact is understood by the breakdown
the symmetry and momentum selection rule due to the
purity effect.5 Thus, the pump beam excites the electro
from thec1 band to thec4 band, which is located 1.4–2.0 e
above thec1 band. The observed decay time is much fas
than that of the radiative decay of the electrons from thec4

band to thec1 band. The transition of electrons by emittin
zone center phonons also seems to be impossible, bec
the energy separation between thec4 band andc1 band is far
larger than the typical phonon energies~about 0.1 eV!.7 The
most probable scenario of the relaxation process is the in
band scattering of the electrons in thec4 band by emitting a
large momentum phonon, followed by thermalization due
the electron–electron scattering and cooling due to the in
band electron–phonon scattering. The excited electron
the c4 band will be scattered to thec1 and c2 bands in the
G –M region by emitting phonons~inter-band scattering! as
shown in Fig. 3. The scattered electrons in the high ene
region of the c1 and c2 bands will be thermalized by
electron–electron interaction and then relax to theU point in
thec1 band by emitting phonons~intra-band cooling!. As the
thermalization by electron–electron interaction at a car
concentration of 1018cm23 is expected to be very fast,
cannot correspond to the observed time constant 1.25 p
the observed decay of bleaching reflects the intra-band c
ing processes, the induced absorption should be observ
the probe energies which correspond to the transitions f
the c1 band above Fermi level. Furthermore, the obser
low energy shift of the peak in theEpr'c configuration can-
not be explained, because the raise of the temperature
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shift the center of gravity of the electron population in thec1

band towardL point, resulting in high energy shift of the
absorption peak. Thus, we assign the recovery of bleach
with a time constant of 1.25 ps to the inter-conduction ba
scattering time by emitting large momentum phonons. T
time constant does not include the hot phonon effect, beca
we did not observe any appreciable change in the decay
for five times different excitation fluence.

This process can be compared with the inter-valley sc
tering process, which also involves the emission of la
momentum phonons. The reported scattering time fromX7 to
G valley was 0.60 ps for GaAs8 and that forX7 to X6 valley
scattering viaG valley was 2 ps for GaP.9 For ZeSe, the
effectiveL –G scattering time was 1.8 ps.10 Comparing with
these time constants, the observed 1.25 ps recovery
from higher conduction band to the lowest conduction ba
seems to be reasonable.

In conclusion, ultrafast inter-conduction band carrier d
namics in SiC was studied by using a femtosecond trans
absorption spectroscopy. The polarization dependence
investigated for various probe wavelengths. The int
conduction band relaxation time due to the inter-band s
tering process in 6H–SiC, which was determined from t
experiment, is 1.2560.05 ps.
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