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Xitrogen doping of cubic SiC increases the optical absorption in two regions. The free-carrier intraband
absorption has a wavelength dependence of X' . An additional narrow band near 3.1 eV is shown to be t e
direct interband transition from the X~, conduction band to the higher X3, band. The relationship to
Biedermann's work on other SiC polytypes is indicated.

I. INTRODUCTION

K have compared the optical absorption of e-

~~

type samples of cubic SiC with that of rela-
tively pure specimens. The e-type samples have addi-
tional absorption of two kinds, one of which is the usua 1

free-carrier ie]rabaed absorption. ' The other e-type
absorption is a rather narrow band with a maximum at
3.1 eV, and can be attributed to the transition of elec-
trons in the X~. conduction band to the higher X3,
band. This is an allowed direct transition.

Such ieterbu&sd transitions in e-type crystals were ob-
served by Biedermann in several SiC polytypes. ' They
are responsible for the well-known colors of nitrogen-
doped samples, e.g., green 6II and yellow 158. The
cubic e-type interband absorption differs from those
reported for the other polytypes in three respects.
(1) No part of the absorption band lies in the visible

range, hence it does not contribute to crystal color.
(2) The direct n-type absorption falls within the energy
range of the intrinsic indirect interband absorption.
(3) Only a single isotropic absorption band is found,
because of the high symmetry of the cubic SiC band
structure.

The lower limit of the interband transitions, approxi-
mately 3.05 eV, yields a value of the X~,-X3, band sepa-
ration which is in good agreement with some of the ca-
culated values. '4 We discuss the possibility of dis-
tinguishing between absorption by electrons in the con-
duction band and by those bound to donor atoms. The
wavelength dependence of the free-carrier intraband
absorption yields information on the electron scattering
mechanisms. Either polar or impurity scattering (or
both) appear to be consistent with the experimental
results.

II. EXPERIMENTAL

A. Crystal Preyaration

All measurements were made on vapor-grown crystals
that originated as cubic overgrowths on hexagonal

f Research sponsored in part by the Air Force Cambrjdge
Research Laboratories, Ofhce of Aerospace Research, under
Contract Xo. F 19628-68-C-0272.

' F. Stern, in Solzd State Physics, edited by F. Seitz and D. Turn-
bull (Academic Press Inc. , New York, 1963), Vol. 15, p. 299. See
also p. 374.' E. Biedermann, Solid State Commun. 3, 343 (1965).' F. Herman, J. P. Van Dyke, and R. L. Kortum, Mater. Res.
Bull. 4, S167 (1969).

4 F. Bassani and M. Yoshimine, Phys. Rev. 130, 20 (1963).
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crystals, ' the overgrowths being deposited during the
cooling period of the crystal-growing furnace. The
hexagonal parts were ground off, leaving small but good
quality single crystals of cubic SiC, as shown by I aue
transmission x-ray pictures. Various pressures of nitro-
gen were used in the furnace during crystal growth. No
electrical measurements were made on the small cubic
crystals, but measurements on hexagonal crystals grown
in the same furnace show donor densities ranging from
10"/cm' at the lowest nitrogen pressures to 10"/cm'
or more at the highest.
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FIG. I, Absorption spectra of cubic SiC crystals A (dashed) and
8 (solid) at 300'K. Crystal A is relatively pure; crystal 3 is
strongly n-type (perhaps 10'9/cm8 donors).

'Supplied by R. 3. Campbell, Westinghouse Astronuclear
Laboratory.

' W. F. Knippenberg, Philips Res. Rep. 18, 161 (1963). See
also p. 263.

7 W. J. Choyke, D. R. Hamilton, and Lyle Patrick, Phys. Rev.
133, A1163 (1964).

B. Exyerimental Results

The absorption of an e-type crystal is compared with
that of a pure crystal in Fig. 1. The relatively pure 3
crystal probably has a donor density of order 10'~/cm',
but no evidence of the donors is found in the optical
measurements. It has an indirect absorption edge at
2.39 eV.7 The e-type 8 crystal is thought to have a
donor density of order 10"/cm'. Other crystals were
found to have different intensities of the 3.1-eV ab-
sorption band, and the intensity correlated qualita-
tively with the nitrogen pressure in the crystal-growing
furnace, and with a color change to be described later.
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The additional m-type absorption near 3.1 eV'

~n=n~ —O.g, is plotted in Fig. 2. It is an asymmetric
band, but the shape cannot be determined accurately
because of the uncertainty in Ao. in the wings. Because
of the difhculty of measuring absolute absorption co-
eKcients on small crystals, the difference hn between
the two crystals is not reliable when it is much smaller
than ug. At 4.2'K, the 3.1-eV band narrows con-
siderably and moves to a slightly higher energy. At
77'K, the width of the band is close to that at 4.2'K.

The optical transition is allowed. The group product of X~ and
X3 is X3. Dipole transitions are X3 or X5.

D. W. Feldman, James H. Parker, Jr., W. J. Choyke, and
Lyle Patrick, Phys. Rev. 173, 787 (1968).

"R.Zallen and W. Paul, Phys. Rev. 134, A1628 (1964).

III. DISCUSSION

A. Interbank Absorption

Cubic SiC has the zinc-blende structure. Both theory
and experiment suggest that the extra interband ab-
sorption in e-type samples should be attributed to direct
transitions from the X~, conduction band to the higher
X3, band. 8 Recent band calculations by Herman, Van
Dyke, and Kortum show an X&,-X&, separation of
about 2.7 eV, compared with about 3.05 eV for the ob-
served absorption edge (Fig. 2). The energies of the
phonons emitted in the indirect exciton recombination
transitions have been measured. 7 These phonons con-
serve crystal momentum, and therefore have the same
k values as the conduction-band minima. The degen-
eracy of the transverse phonon modes in the exciton
spectrum shows that the conduction-band minima lie
in directions of high symmetry. The L positions are
then excluded by noting that the phonon energies are
different from those found for L in Raman-scattering
experiments. ' Thus, we conclude that the conduction-
band minima are very likely at X.

A similar transition, also at X, is observed in e-type
GaP at 0.4 eV."Bassani remarks that the X~,-X3, split-

ting, which is due to the antisymmetric portion of the
crystal potential, is large for small atoms. "Biedermann
made absorption measurements on e-type samples of
several other SiC polytypes, and attributed the absorp-
tion to direct transitions from the conduction band to
higher bands. ' However, the bands between which the
transitions take place have not been identified for these
polytypes, because the exact positions of the conduc-
tion-band minima are not yet known.

In recent measurements" on the donor-induced tran-
sitions in 6H SiC, an attempt was made to distinguish
between absorption by electrons bound to donors and
by conduction-band electrons. In cubic SiC we find only
a single absorption band, which narrows and shifts to
higher energy at 4.2'K. The shift of about 15 meV is
possibly due to a change in interband separation. The
band shape and the band narrowing at low temperature
are not unlike those observed for the inter-valence-
band transitions between bands 1 and 3 in p-type Ge.
A comparison of experimental and calculation absorp-
tion was possible for Ge,"' but it requires band pa-
rameters which are not known for cubic SiC. In any
case, the absorption band shape is not well known ex-
perimentally, as noted above, and it is not expected to
be very different for electrons bound to donors or in the
conduction band. " Thus, we think that the experi-
mental results do not answer the question of the initial
location of the electrons.

If we examine the data for the 6II. absorption band
in Ref. 12, we find that a thermal shift in the interband
spacing and thermal broadening can qualitatively
explain the observed temperature dependence. Hence,
we feel that the presence of two distinct absorption
mechanisms has not yet been shown. In both the cubic
and the 6H SiC data, impurity banding may blur the
distinction between bound and free electrons, for the
donor densities were of order 10"(cm'.

B. Intraband Absorption

The free-carrier intraband absorption (0.6—2.0 eV) is
similar to that found for other polytypes by Bieder-
mann' and others. "It is customary to plot this portion
of the absorption on log-log paper to And the index s
that best describes the wavelength dependence in the
formula a=const. )(A, '. The classical value s=2 is not
found for the photon energies employed here, which are
large compared with either the thermal energy kT or
the SiC phonon energies. Instead, s is expected to
depend on the electron scattering mechanism that

"F. Bassani, in Semicondlctors and Serninset gls, edited by R. K.
Willardson and A. C. Beer (Academic Press Inc. , New York,
1966), Vol. 1, p. 21. See also p. 67.

"G.B. Dubrovsky and E. I. Radovanova, Phys. Letters 28A,
283 (1968).

"A. H. Kahn, Phys. Rev. 97, 1647 (1955).
' E. O. Kane, J. Phys. Chem. Solids 1, 82 (1956).

5 B. Ellis and T. S. Moss, Proc. Roy. Soc. (London) 299, 393
(1967);R. Groth and E. Kauer, Phys. Status Solidi 1, 445 (1961).
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transfers the absorbed energy to the lattice. Visvana-
than finds s=2.5 for polar mode scattering, and s=3
for impurity scattering. "For the data in Fig. 1 we find
s=2.8, in fair agreement, considering theoretical and
experimental uncertainties, with either or both of these
mechanisms.

For the room-temperature electron mobility in cubic
SiC, polar mode scattering is unimportant because of
the high LO phonon energy of 0.12 eV.' However, in
optical absorption, the intermediate-state electron is
effectively a "hot" electron, having an energy &0.6 eV,
thus making emission of LO phonons an important
mechanism of energy loss.

C. Crystal Color

The coloring of SiC crystals by nitrogen has often
been noted. The common 68 and 158 polytypes are
transparent when pure, but green and yellow, respec-
tively, when enough of the donor nitrogen is present.
Presumably, any other donor would be equally eGec-
tive. Crystals of these polytypes are uniaxial, and
Biedermann's measurements show a strong dichroism.
Ho~ever, the typical SiC crystal platelet has its large
dimension perpendicular to the c axis, so that only the

"S. Visvanathan, Phys. Rev. 120, 376 (1960); 120, 379 (1960).

ordinary ray color is observed unless windows are
polished on the narrow crystal edges. The complexity
of these absorption bands is a reQection of the complex
band structure of such polytypes as 6H and 152, which,
in turn, has made it dificult to locate the positions of
their conduction-band minima precisely. In contrast,
cubic SiC has the relatively simple zinc-blende struc-
ture, and, consequently, a simple isotropic absorption
band.

Unlike the other polytypes, cubic SiC is not colored
by the m-type interband absorption, for 3 eV is beyond
the range of sensitivity of the eye. Nevertheless, strong
nitrogen doping is observed to change the crystal color
from a pale canary yellow to a greenish yellow, as pre-
viously noted. '~ The yellow of pure crystals is due to the
intrinsic but weak absorption in the blue. The shift
towards the green in nitrogen-doped crystals is due to
the free-carrier intraband absorption, which absorbs
red preferentially.
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