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We have performed Raman measurements at 8 K on the 6H polytype of SiC nominally doped
with 4x10' and 6x10'9 nitrogen donors per cm . The 4x10' samples showed electronic tran-
sitions of E2 symmetry at 13.0, 60. 3, and 62. 6 meV that we interpret as 1s(A&) to 1s(E) valley-
orbit transitions at the three inequivalent donor sites having symmetries that are, respective-
ly, hexagonal, cubic, and cubic. To check the assignment of the electronic transitions to the
inequivalent sites we studied the Raman spectrum of the 15R polytype of SiC doped with nitro-
gen. This polytype has five inequivalent sites: two hexagonal and three cubic. We observed
two transitions at roughly 7.7 and 11.6 meV, which we assign to the hexagonal sites, and two
levels at 50. 6 and 54. 9 meV and possibly a level at 46. 0 meV, which we assign to the cubic
sites. These large site-dependent differences in energy within the donor ground state point to
a breakdown of effective-mass theory. The E2 symmetry of these transitions in the 6H poly-
type was used to show that the conduction-band minima must lie along the line ML at the edge
of the Brillouin zone. An interference was observed between the 13-meV electronic transition
and an E2 phonon of the pure crystal (6H) at 18.6 meV. We have proposed a phenomenological
theory and obtained the electron-phonon coupling constant from a fit to theory. The 6 x 10'
sample revealed a Raman continuum with E2 symmetry extending to about 65 meV that inter-
fered strongly with the 18.5-meV phonon and also with a 33.1-meV E2 phonon. The E2 sym-
metry and the interference effect suggest that the continuum retains some properties of lo-
calized levels even at concentrations greater than 2 x10'9, where the metallic transition oc-
curs. This sample also exhibited LO-phonon-plas mon coupling. The high-frequency mode
(L,) was observed and was highly asymmetric with ~&~- 3. These parameters were found by
assuming the line shape to be proportional to Im&, where & is the total dielectric constant.
Due to the large damping the low-frequency mode (L ) was broadened and very small compared
to the high-frequency mode. Finally an E2 vibrational mode in the gap region of the SiC phon-
on spectrum was observed at 78. 8 and 79.6 meV for nitrogen concentrations of 4x10' and
6x10', respectively, in the 6H polytype and at 78. 6 meV in the 15R polytype.

I. INTRODUCTION A. Optical Properties of 6H SiC: N

Nitrogen-doped silicon carbide is a wide-band-gap
multivalley n-type semiconductor that grows in

many polytypes. The 6H polytype, used in this in-
vestigation, has an hexagonal structure with the
same space group (CB„) as wurtzite. Until this in-
vestigation, no Haman measurements had been
performed on any polytype of nitrogen-doped silicon
carbide. Moreover, there have been relatively
few spectroscopic investigations concerning the na-
ture of the donor levels. Estimates of donor ion-
ization energies have been obtained from previous
work, but there is disagreement among the results.
This paper reports on Raman measurements on
degenerate (6&& 10" cm') and nondegenerate (4&& 10"/
cm ) nitrogen-doped 6H silicon carbide and a
few measurements on nondegenerate nitrogen-
doped 15R silicon carbide.

Among the 12 atoms in the unit cell of 6H SiC
there are three crystallographically inequivalent
nitrogen-donor sites. Two of the sites have a cu-
bic, zinc-blende arrangement of first and second
neighbors, and the other site has a hexagonal or
wurtzite arrangement. We review here those pre-
vious results that are relevant to our work.

Optical and ther mal-luminescence measurements
have given evidence that nitrogen occupies the three
crystallographically inequivalent sites on the carbon
sublattice. Choyke and Patrick have observed
emission from recombination of excitons at sites
they assigned to neutral or singly ionized nitro-
gen. ' Since the exciton is bound to an impurity
atom it may recombine without emitting a phonon.
Three such phonon-free lines appeared in the spec-
trum assigned to neutral nitrogen. Two of the
lines had essentially the same intensity and were
very close in energy, being 31 and 32. 5 meV below
the exciton energy gap; the third line was less in-
tense, and was 16 meV below the exciton energy
gap. The more intense a phonon-free line is, the
more localized the donor to which the exciton is
bound. Patrick suggested that the less -intense
third line was due to nitrogen on the hexagonal
sites, and the other two lines to nitrogen on the cu-
bic sites. The phonon-assisted emission showed
three series of lines; these series were attributed
to nitrogen on the three inequivalent sites. '2 From
these spectra they estimated a lower limit for each
of the three nitrogen ionization energies: 0. 17,
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0. 20, and 0. 23 eV. ' Gorban et al. measured the
thermoluminescence of 6H SiC:N and obtained the
following ionization energies: 0.18, 0. 21, and 0. 24
eV.

B. ESR and NMR Properties of 6H SiC:N

Nitrogen acts as a paramagnetic impurity in the
diamagnetic SiC host lattice and results in spin-
resonance absorption. Woodbury and Ludwig per-
formed electron-spin resonance (ESR) and electron-
nuclear double resonance (ENDOR) on a 6H SiC
sample having a nitrogen content of 3x 10'~/cm3. '
The experimental value of the nuclear g factor de-
termined from the ENDOR results was in agree-
ment with the known nuclear g factor for N . Since
the nuclear spin of N" is 1, the ESR spectrum
should exhibit three, equally intense, hyperfine
lines. They observed two overlapping sets of three
lines which were interpreted as being due to an
equal distribution of nitrogen among the three in-
equivalent sites, with two of the sites giving essen-
tially the same spin-resonance behavior. They
showed that the hyperfine interaction was isotropic.
This indicated that the ground-state wave function
of the donor electron was predominantly s like.
van Wieringen also observed that the donor electron
was s like.

van Wieringen measured the ESR spectrum at 77
K of samples whose nitrogen content ranged from
-10 7/cms to 1.1x 10 9/cm; these concentrations
(n&) were determined by Lely and Kroger from
Hall-effect measurements. At low concentrations
the three hyperfine lines were observed; these ex-
periments did not permit the resolution of the two
overlapping series of three lines seen by Woodbury
and Ludwig. As the nitrogen concentration in-
creased, the central line increased in height and
width relative to the other two lines until at 1.1
x10 /cm' only the central peak remained. This
gave evidence of some delocalization of the donor
electrons, since at higher concentrations a donor
electron may wander over two or more nitrogen
nuclei due to wave-function overlap between donors.
In this case, the hyperfine structure is averaged
out. Iglitsyn et al. have also observed these ef-
fects. van Wieringen found that for a concentration
of paramagnetic centers of up to 3x 10"/cm' there
was agreement between the paramagnetic concen-
tration and the Hall-effect concentration. For the
sample with the Hall-effect concentration of 1.1
x10 /cm3, the paramagnetic concentration was
4 x 10'8/cm'.

Hardeman performed ESR and ENDOR on a series
of nitrogen-doped SiC crystals. The ESR spectrum
of a sample having a nitrogen content of - 10'9/cm3
showed a single line at 77 K, but at 1.2 K hyperfine
structure existed. From the ENDOR results the
Bohr radius of the donor electron was found to be

5.0 A.
In order to study the delocalization of donor elec-

trons due to donor-electron wave-function overlap,
Alexander performed nuclear magnetic resonance
(NMR) at 1.2, 4. 2, and VV K on SiC samples having
nitrogen content 1.9x 10"/cm', 4. 2x10"/cm', and

6.0x10 /cm3. 0 This range of concentration was
chosen since electron-transport measurements in-
dicated that a "metallic transition" to a delocalized
electronic system occurred at donor concentrations
-2x10"/cm'. The NMR results showed that the
Si spin-lattice relaxation time was independent of
temperature at liquid-helium temperatures. There
was no detectable Knight shift for both Si and C".
The NMR linewidths showed a definite temperature
dependence, with the lines narrowing as the tem-
perature increased. The results were interpreted
as being characteristic of localized centers; by
"localized, " it was meant that electrons were bound
to donor sites or complexes of donor sites. The
narrowing of the NMR linewidths as the temperature
increased gave evidence that some of the localized
electrons were thermally excited so that they were
delocalized at higher temperatures. From the
NMR linewidths the concentration of the localized
paramagnetic electrons was found to be 4x10"/cm',
in agreement with van Wieringen's result. The
final interpretation of the NMR results was that the
"metallic transition" may indeed occur at nD

—2
x10 9/cm3, but that there remains a small concen-
tration of localized electrons. These results are
unique to 6H SiC: N; no such results have been re-
ported for heavily doped Si or Ge."

C. Electron-Transport Properties of 6H SiC.:N

Lely and Kroger measured the Hall coefficient
and resistivity of nitrogen-doped SiC for concen-
trations from 10 7/cm3 to 5 x10 /cm over a tem-
perature range 90-1000 K. ' They found that the
"metallic transition" occurred for a donor concen-
tration of - 2x10'9/cm'. Violina et al. performed
the same measurements for a concentration range
of 1x10 to 2x10" /cm; again, for the 2x10 /cm
SiC:N sample, metallic behavior was found. ' Both
of these reports showed that the mobility decreased
as the nitrogen concentration increased; the mobil-
ities ranged from 360 cm~/Vsec for the lowest con-
centration 2 to about 10 cm /V sec for the highest
concentration. 7

The high-temperature Hall data have been anal-
yzed to find values for the donor binding energy E~
that are consistently near 0.085 eV. " ' Thus,
there appears to be a significant discrepancy be-
tween the ionization energy obtained from Hall-ef-
fect measurements (0.085 eV) and from lumines-
cence measurements (0. 17-0.23 eV).

Our Raman results have extended our knowledge
of the properties of nitrogen in SiC. For the non-
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degenerate samples we have observed valley-orbit
electronic Raman transitions [ls(A, ) - 1s(E)] for
nitrogen on the three ineguivalent sites in the 6H

polytype and for nitrogen on the five inequivalent
sites in the 158 polytype. These transitions oc-
curred in widely separated energy regions, and are
interpreted as due to donors on the hexagonal sites
for the transitions occurring at smaller energies
and for donors on the cubic sites for the transitions
occurring at larger energies. The symmetry of
these valley-orbit transitions is used to show that
the conduction-band minima in 6H SiC lie along the
line ML in the Brillouin zone. The nondegenerate
samples also showed a Raman interference effect
between the excited state of one of the electronic
transitions and a host-crystal E2 phonon of approxi-
mately zero wave vector. A phenomenological
model is proposed that assumes a mixing between
the donor electron and phonon states, and a fit to
the interference line shape was obtained. A vibra-
tional impurity mode was observed in both the non-
degenerate and degenerate samples.

The spectrum for the degenerate sample showed
a continuum that had a pronounced interference ef-
fect with several host-crystal E~ phonons, had the
same symmetry as the valley-orbit transitions, and
extended to about the same energy as the higher-
energy valley-orbit transitions. These results sug-
gest that the donor-electron wave functions retained
some nonmetallic characteristics even though the
samples were degenerate, and thus add to the ESR
and NMR results which picture the donor electrons
as being not completely metallic. At the same
time, this sample showed a shifted, asymmetric,
Lo phonon that is attributed to a coupled plasmon—
LQ-phonon mode, whose asymmetry is due in part
to a very short electron-collision lifetime. A pre-
liminary version of this work has been given else-
where. "

We present the remainder of this paper in the
following sections: Sec. II gives background infor-
mation on the band structure and the first-order
Raman-active phonons of the host crystal; Sec. III
describes the samples, the experimental procedure,
and the selection rules; Sec. IV discusses the theo-
ry for Raman scattering from donors, and discusses
coupled LQ-yhonon-plasmon modes, ' Sec. V gives
the results; Sec. VI discusses the results for the
nondegenerate samples; Sec. VII discusses the re-
sults for the degenerate samples; and Sec. VIII
summarizes the payer.

II. CONDUCTION-BAND MINIMA, CRYSTAL STRUCTURE,
AND PHONONS OF THE HOST CRYSTAL

The 6H polytype of silicon carbide has an indirect
gap" with an exciton energy gap of 3.024 eV. ' The
valence-band maximum is at the center of the Bril-
louin zone, and a spin-orbit-split band lies 4. 8

me V below this maximum. The crystal-field-split
valence band is believed to be more than 30 meV
below the highest valence bands. '

There has been disagreement over the location
of the conduction-band minima in the Brillouin
zone. Ellis and Moss measured the Hall coeffi-
cient parallel and perpendicular to the 8 axis, found
it to be isotropic, and concluded that the minima
are ellipsoids of revolution located on the c axis.
With this location of the minima they found the
values of the effective-mass tensor from their
Faraday rotation and absorption measurements:
m,*= (0. 25 + 0. 02)m and m*„= (1.5 a 0. 2)m. Choyke
and Patrick concluded from the phonons observed
in exciton recombination radiation that there are
12 minima located off the c axis, and that they are
located in the mirror plane (I'ML) near the bound-
ary of the Jones zone. ' '

Junginger and van Haeringen used the empirical-
pseudopotential method to calculate the electronic
band structure of the 6H polytype ~T.hey calculated
the energy levels at the Brillouin-zone points I', E,
H, A, M, and L, and found that the conduction-
band minima occurred at the M point. From their
graph it is seen that the I'L gap appears to be about
0. 15 eV larger than the 1"M gap; this is within the
0. 2-eV uncertainty in the computed levels. Herman
et al. used an interpolation procedure based on
their orthogonalized-plane-wave calculation for the
cubic and wurtzite polytypes of SiC to show that the
minima in 6H SiC would lie along the line MI. in
the Brillouin zone. If the minima lie at the M

point or the L point there would be three minima,
and if they lie between M and I there would be six
conduction-band minima.

Crystal Structure and Phonons

The 6H polytype belongs to the Cs„(P63mc) space
group and has 12 atoms per unit cell. This means
that there are 33 q = 0 optic phonons of which 27 are
active in first-order Raman scattering. The
Raman-active modes have A&, E&, and E2 symme-
try. The Ej and E& modes are doubly degenerate.
There is also a silent 8& mode for this space group.

In order to keep track of all the q = 0 phonons it
is convenient to introduce a large zone for 6H, ' ex-
tending to 6n/c, where c is the axial dimension of
the unit cell. The maximum wave vector of the
Brillouin zone is v/c. The Brillouin zone is thus
obtained from the large zone by folding the large
zone five times. ' Defining a reduced wave vector
X = q/q for the large zone, it is seen that the
points g=0, 0. 33, 0. 67, and 1.0 are q=0 wave
vectors in the Brillouin zone. Figure l(a, ) shows
the large zone and the Brillouin zone for 6H Sic
in the direction of the c axis.

Figure l(b) shows the large-zone location and

symmetry of the q =0 phonons observed by Feldman
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FIG. 1.. (a) The axial dispersion curves (schematic)

for phonons in 60 Sic (from Ref. 22) for the large zone
(left-hand side) and for the Brillouin zone (right-hand
side). The abscissa is X =q/q~~, where qm~=6~/c. (b)
The observed q =0 Raman-active phonons plotted on the
large-zone dispersion curves, The phonon energy unit
is cm '. The symbol 0 stands for optic and A for acous-
tic.

et al. 3 In the figure 0 stands for optic and A for
acoustic. Note that at g =0.33 and 0.67, doublets
occur. They are due to the details of the stacking
sequence. If the force constants between planes
depended only on the distance between planes then
the dynamical matrix for the 6H structure would
have the same translational symmetry as that for
the zinc-blende structure (along the [111]direction),
and the phonon spectrum would be smooth inside
the large zone, since the large zone is the Brillouin
zone for zinc blende in the [111]direction. In fact,
the force constants also depend on the types of
layers, hexagonal or cubic, in the 6H structure.
This dependence results in the occurrence of dou-
blets.

We present the phonon energies determined by
Feldman et al. in Table I. The upper number in
the table is in units of meV and the lower in units
of cm; the letter E means forbidden and N. 0.
means not observed; the labels A(xial) O(ptic),
etc. , apply only for p0. Moreover, for the crys-
tal orientations on which me have performed back-
scattering measurements there are no mixed sym-
metries, so we have omitted the mixed-symmetry
mode (g= 0 phonons) energies from the table. It
should be noted that Feldman et al. used a right-
angle scattering geometry for their measurements;
their data mere taken at room temperature.

The rhombohedral 15R polytype has ten atoms
per unit cell, and space group R3 . The Raman-
active (first-order) Aq and E phonons have been
studied by Feldman et af. s4 The 15R polytype has
five inequivalent sites: two hexagonal and three
cubic.

The site symmetry for a donor in both 6H and
15R SiC is C3„, since the atoms in all SiC polytypes
have tetrahedral coordination. The Raman-active
modes for the Cs„representation are A& and E. An
impurity mode having E symmetry should appear
in both E& and E2 Raman polarization geometries.

TABLE I. The zero-wave-vector phonon energies of
6H SiC. The labels for the phonons are the same as those
of Fig. 1. The upper number for the phonon energy is in
units of meV, and the lower in units of cm ~. B& modes
are forbidden (F), and two expected components of doub-
lets were not observed (N. O. ).

x=o Branch X=0.33 X=0.67 X=1

( )
120, 3

x, (z,o)
119.5

z, (To)
98. 8

x, (TO)

Axial 0

Planar 0

Axial A

B,(F)

97. 7
2 788

E2(N. O. )

B,(F)

B,(F)

A
110.2 B (F)' SS9

AI N. O.

95. O

' 777 2 766

95.3
769

63. 0
' 5os

62. 5
' 5o4

Planar A

'Reference 22.

18.5
2 149

18.0
2 145

29. 9
241

29.3
' 236

32 5
2 262

III. EXPERIMENTAL

A. Samples

Three different concentrations of nitrogen in 6H
SiC were used here. All the samples were single
crystals, in the form of parallel platelets with
hexagonal edges; the thin direction was along the c
axis.

The purest sample investigated mas obtained
from Dr. W. J. Choyke of the Westinghouse Elec-
tric Corp. , Pittsburgh, Pa. , and was numbered
D-94-RA-9. According to Choyke the sample
had a nitrogen content of roughly 10i~/cm as deter-
mined from a brief look at the photoluminescence
at liquid-nitrogen temperature. The sample was
transparent and colorless.

Several samples having a nitrogen content of
4&& 10 s/cm (see below) were transparent and had a
medium-green color; these samples (batch 8-4)
were obtained from Dr. W. D. Compton, who ob-
tained them in turn from Dr. P. T. B. Shaffer of
the Carborundum Co. , Niagara Falls, ¹ Y. All
spectra where the direction of the laser beam was
parallel to the c axis were taken on a sample for
which Schein had measured a room-temperature
resistivity (perpendicular to the c axis) of about
0. 25 Acm. ~' Another sample was mounted so that
the normal to one of the hexagonal sides, i.e. , the
a axis, was parallel to the direction of the laser
beam; this crystal had a room-temperature resis-
tivity of 0.14 Ocm.

The most-heavily doped sample had a nominal
nitrogen content of 6&&10' /cm'. It was opaque and
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colored blue black before polishing and black after
polishing; this sample and many others from the
same batch (634) were also obtained from Shaffer.
Schein and Compton measured several samples
from batch 634 and found that the carriers were de-
generate. '

Violina et al. have measured the resistivity, Hall
constant, and mobility for several concentrations
of SiC:N; the values N& -N&, N&, and ED were ob-
tained from the Hall-constant curves, where ND is
the number of donors, N& the number of acceytors,
and ED the donor ionization energy. For a room-
temperature resistivity of 0. 2 0cm they found
ND —N&=4. 5&&10'7/cm, N&=1. 1&&10' /cm, and
ED = 63 meV. Lely and Kroger, however, have
measured the same properties for many concentra-
tions and found for ED = 64 meV that N& -N~ was
3. 1&&10'8/cm and N„w asl. 5&&10' /cm~, thus dif-
fering by an order of magnitude from Violina et al.

Lely and Kroger determined ND -N„ for many
concentrations and also found ND from a chemical
analysis. They plotted the concentrations deter-
mined from both of these measurements as a func-
tion of the square root of the N~ overpressure used
for crystal growth. They found that they could
draw a straight line through the data; an overpres-
sure of 1 atm corresponded to a nitrogen contentof
6 && 10"/cm'.

Slack and Scace checked the extrapolation of this
graph by a vacuum-fusion analysis of a crystal
grown under 35 atm of N~ and found reasonable
agreement. Thus the graph of Lely and Kxoger
appears to be a good way of finding the nitrogen
content to within, say, +25%.

The Lely and Kroger value of 3.1x10 /cm
quoted above falls below the line on their graph;
the line gives 4 &&10"/cm'. Thus, for our samples
with resistivity 0. 25 and 0. 14 Ocm we estimate the
nitrogen content as 4 &&10 8/cms.

It should be noted that the samples used in Alex-
ander's nuclear -magnetic-resonance study of heav-
ily doped (greater that 1.9&10' /cm') SiC:N were
also obtained from Shaffer, and, moreover, both
Shaffer and Alexander used Lely and Kroger's
graph for obtaining the nitrogen content. ' Also in
these heavily doped samples both Alexander and
Shaffer found by chemical analysis that compensa-
tion of the donors was not important, and this re-
sult presumably applies to our 6&10 /cm' sample.

A 158 polytype sample of SiC: N was also inves-
tigated. The crystal was transparent and yellow
green in color. One edge, however, showed the
medium-green color of the 4& 10' /cm' 6H SiC:N

samples, and thus we assume the nitrogen content
of this sample was also roughly 4&10'8/cm'.

All sample surfaces (except the a, surface) were
polished with —,

' —p, m diamond polish. The samples
were mounted on copper disks with G. E. 7031 var-

nish; the disks had a hole in the center so that the
transmitted laser light could escape through the
back of the cryostat.

B. Experimental Equipment

An argon-ion laser, which produced over 1 W at
5145 A, was used in these experiments. The dou-
ble monochrometer was the Spex model 1400 with
Jobin- Yvon gratings (blaze-5000 A, 1200 lines/
mm), which showed no grating ghosts in the wave-
length ranges covered here. The light from the
monochrometer exit slit was focussed onto an ITT
FW-130 photomultiplier (PM) tube, having S-20
response, and the signal from the PM tube was de-
tected either by current detection or by photon
counting.

The cryostat used for low-temperature work was
an Andonian 3-liter variable-temperature Dewar in
which the sample was cooled by helium gas obtained
by expansion of the liquid helium through a throttle
valve, a capillary, and a diffuser. We found that
having the sample directly in cold gas was impor-
tant for heavily doped samples where absorption of
the laser light caused internal heating. Use of a
heater on the sample block and a heater on the dif-
fuser allowed achievement of a wide temperature
range. Temperatures were measured with an an-
nealed gold + 0. 07-at. /0 iron vs copper thermocou-
ple~ attached to the sample block. We estimate an
accuracy of +2 K in temperature measurement and

stability.
All data were taken using a back-scattering op-

tical geometry which has been described in a pre-
vious publication.

C. Raman Selection Rules

As mentioned above, the 6H polytype has three
Raman-active q =0 phonon symmetries, A&, Eq, and

Eg, Ag and E& phonons are also infrared active,
while E& is only Raman active. The Raman tensors
for phonons having these symmetries have been
given by Poulet'0 and Loudon, ' and their compo-
nents are experimentally determined by the polar-
ization directions of the laser and Raman light. The
notation kl, ( X~, 1„)k„ is used to denote the laser-
and Raman-light propagation directions, kl. and k~,
and the laser- and Raman-light polarization direc-
tions, XL, and A.~.

Table II lists the phonon symmetries which can
be seen under the experimental conditions used
here. In the table, Z is along the negative e axis.

IV. THEORY

In this section we present the theory for electron-
ic Raman scattering from donor electrons and the
theory for Raman scattering from coupled ylasmon—
LO-phonon modes.
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TABLE II. The geometries used in this investigation
and allowed phonon symmetries. Z is along the negative
c axis.

equation

I
—=-—~ + &(r) =E&(r),
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w, (Lo), z,
x(zz)x
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g~
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where rn~ is the effective mass at the conduction-
band minimum, and eo is the static dielectric con-
stant. The energy eigenvalues are given by

E~/„a E, m*(e'/&0)'
)) B» (2@8)

A. Raman Scattering from Donor Levels

The first observation of the electronic Raman
effect in semiconductors was by Henry et al. '
There has been much recent activity in this area.

Shallow donors in semiconductors that have their
conduction-band minimum at zero wave vector have
a hydrogenic set of energy levels that lie just below
the conduction band. These levels are described
by the effective-mass approximation. ' For a mul-
tivalley semiconductor, where the conduction-band
minima are not at zero wave vector, the 1s hydro-
genic donor level splits due to valley-orbit coupling
among states associated with the various equivalent
conduction-band minima'; transitions among these
levels are called valley-orbit transitions. Most of
the Raman transitions previously observed for do-
nors have been valley-orbit transitions. Wright
and Mooradian have given a theoretical expression
of the cross section for valley-orbit Raman tran-
sitions. " They used the effective-mass approxi-
mation and considered virtual interband transitions
to two bands, one lying above the conduction band
and the other below it. In this section we consider
a two-band model (conduction and valence bands)
and obtain a result similar to theirs. We present
this to show that the valley-orbit transition is the
strongest electronic Raman transition, and to show
that the selection rules for Raman scattering from
valley-orbit levels depend on the orientation of the
inverse-effective-mass tensor in the Brillouin
zone.

For a multivalley semiconductor whose conduc-
tion-band minimalie at the points k& in the Brillouin
zone, the effective-mass-donor-electron wave func-
tion is a linear combination of the wave functions
for each minimum and is given by ~

N

q( r ) = Q n,'")EJ(r )u, (r ) e'" &'' .

In the expression, N is the number of equivalent
minima, and a&"' are numerical coefficients for
group represen'tation v of the impurity Hamiltonian,
u&( r ) is the periodic part of the Bloch function at
the jth minimum and eo is the static dielectric con-
envelope function. For the conduction-band mini-
mum at k= 0, the envelope function satisfies the

where E~& is the binding energy. The envelope
functions are given by hydrogenic wave functions
whose Bohr radius is

For anisotropic effective-mass and dielectric-
constant tensors which possess cylindrical sym-
metry, the energy eigenvalues and wave functions
are more complicated. ' '~ We will use the results
given above, however, in order to estimate the
strengths of various electronic Raman processes.

The Hamiltonian describing the interaction of
radiation with electrons in matter is given by

N

H= Z P, ——' A(r, , f) +V(r„r~, . . . , r„)2' c

Ho+Hi+&2

where, for the Coulomb gauge,

N P)
H() = Z 2-

—+ V(1'1 1 2, ~ ~ ~ FN),Pl

N

H, = —Z "[P,.A(r„ f)],
mC

H, =Z ",a'(r„ f).
& ~ 2tklC

Raman scattering from donor states requires the
use of H& in second-order time-dependent perturba-
tion theory. The H2 term will not be important
since the energy of the radiation field is much
smaller than the energy of an atomiclike system.
For a single donor there is only one term in the
sum over i in H&. The differential Stokes-Raman
scattering cross section is given by

=(' )
-'- Biz~'()(~-w ),

where brute, (S&u~) is the energy of the laser (Raman)
photon, &u„o is the excitation frequency cu„—~0= (E„

Eo)/ff, a.nd (d =-&ul, —~„. The g „stands for

~ (nlP X1, lm)(mlÃ &BIO)
Eo -&m @z

(m)P K )m)(mlP'filo))
E() E~+ h(() I. -
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where )();(A.~s) are the laser (Raman) photon polar-
izations, and I m) is an intermediate state of the
scattering system.

To evaluate Q we assume an explicit, simple
model for the energy bands in the semiconductor.
We use a two-band model for a solid with indirect
gaps at k& of amount Eq. Within the two-band
model there are three types of Raman transitions
that can occur among the donor-energy levels.

(i) An electron initially in the ground state of the
Is manifold undergoes a virtual transition to the
valence band via the first momentum operator. The
second momentum operator takes the electron back
to another level in the 1s manifold. The result of
this process is that one observes a Raman transi-
tion among valley-orbit levels.

(ii) An electron startingfrom the ground state of
the 1s manifold again makes a virtual transition to
the valence band, but the second momentum oper-
ator takes it to a higher hydrogenic level, say, 2s.
One thus observes a Is to 2s transition of the donor
electron.

(iii) An electron starting from the ground state
undergoes a virtual transition to a higher, odd-
parity, hydrogenic level, and then goes to an even
parity level either in the Is manifold or not in it.
We could observe a valley-orbit transition or a Is
to 2s transition, for example.

To evaluate processes (i) and (ii) we have only
one intermediate state, the valence band, so we

may use closure to obtain

IZ= Z ()(,).()(g). (n~P„P, ~O)
e,8=1 &a @Z

( ~vrv. ~v)), (u)

where we have labelled the Cartesian components
of )7);(i*„)by n(P).

We write the donor-electron wave functions $0
and g„ as

N

)l)0( r ) = Z n~("& F,(&( r ) u J( r ) e'"&',

N

y„(F)= E nP~&F,.„(r)u, .(r)e'"&"'.

The matrix element (nl P P()l 0) thus becomes

(nl)P~P)) l)0) = Z n& ~ '*n&"' f dr &E.„(r) &.u(r)

&&e '
& 'P P))F,O(r)uj(r)e~)'. (l4)

The coordinate r can be written as the sum of a
vector R giving the position of a unit cell in the
crystal and a vector 7 giving positions within the
unit cell; that is, r= R+7. The origin of r is the
donor nucleus. E(r) is essentially constant over
a unit cell and is thus characterized by R; we

write, therefore, E(R). The integral f dr is written

df '
I

dv'
dr=Z fi

~

—- dR)0 l 0 '
+ cell ~ a cell

We thus obtain

(~~P.P, ~O}=g n(). &"n,'"&( fdRF,*,„(%)F„(R)

)& f d
~ fl ) ( (t) r i) )~ 'i

(is)

O)=Z n"(+&n'" [&f dRF+„(R)E„(R)

)(f d7'0 u~)() )

& (P„+Ifk ~ )(P() + ff k)())u) ( v')

+ fdRE ~g„(R)P,P)) E)o(R)]. (17)

Within this two-band model we can express
(u& l (P + Sk& )(P)) +5k&z) lu&) in terms of the effec-
tive-mass tensor by using k P perturbation theory.
We obtain

(u,
~
(P+Ifk, ).(P+Ik,), ~

u, ) = ~m&,
~g

(18)
The foQowing relation holds:

(u~i (P+Kk~) (P+kk~)(&iu~)

= (u ~ l (P+ k k;) (P+ Ifk ) ~
u; ) . (19)

Thus for process (1) with 1 n ) = I 0) =
I is ) we ob-

tain
+2 3

, Z ()i).(4))
@g @(di v), ()=1

&r Q (rv)r)r (v)

)=1 ~s

N

@C &@I J 0(, /=1 &=1

(2o)

xu,*.(~)(P„+kk,.)(P, +nk„)u, (~}

+ f dR E)~r „(R}[P~P()Eo)(R)]

xf dF 0 'e "') "&"u*, ( f ) u, ( ))}. (16)

In the expression we have operated with P Pz on
the envelope function and periodic function and have
used parentheses to signify the extent of the re-
maining operations. We have also omitted two
cross terms where one momentum operator acts on
F(R) and the other on u~(7 ), since such terms will
not contribute to the Raman processes that we wish
to calculate.

By expanding u,*.(f)(P„+%~ )(P(&+Ifk,()) u, (7 ) and
uP. (f)u&(r) as a Fourier series in reciprocal-lat-
tice vectors, one can show that j must equal j' and
thus expression (16) becomes
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dQ~d&u„mc' ~& &E& —(h~~)'
N

x Z (x~) (y~)q Z n)"'*nq"
a, /=i

5 (td —QP„O) (21)

Note that (e /nzc ) is xo, the classical radius of the
electron.

In a Raman experiment we can choose the laser
and Raman polarization vectors. The cross section
will be nonzero only if [ (m/m*) „~—5 ~ ] ~ is aLso
nonzero, and if the sum over j yields a non-
zero result. Thus, the selection rules are deter-
mined by the orientation of the inverse effective-
mass tensor with respect to the laser and Raman
polarization vectors.

For process (ii) in which the state In) is I 2s) and
the state l0) is the I ls) state, only the second term
in expression (1V) will contribute, with the result
for g„

(x~)~(x*) Z a' '*n'"' (22)

The numerical coefficient in expression (22) is
about 0. 56. Thus, the ratio of the g„ for process
(2) to that of process (i) is about 0. 56 (m*/m)(Eg/
EG).

In order to calculate the quantity g for process
(3) we keep the intermediate states in Eq. (10).

In this expression the second term is nonzero
only if the initial and final state have the same
group representation. In addition, this second term
has the ratio 3 (m*/m)(Eg/E~) to the first term
(where we took the quantities in the sum over j as
unity). This ratio is small (estimates will be given
in Sec. V); we will drop the second term. We thus
obtain the cross section for the valley-orbit Raman
process:

Saslow and Mills have considered such processes. "
Using their results (and our approximations for the
energy denominators), we obtain for a valley-orbit
transition which proceeds via the 2p, intermediate
state a g „of about 0. 23m*(E~~/A&uq)'. For a Is to
2s Raman transition with the Sp, intermediate state,

is about 5.4&&10 m*(E~/I&uI. ) . In calculating
both of these terms we took n = I3= z. To obtain the
ratio of these g „to that of process (i) we simply
divide by the free-electron mass nz,' that is we ap-
proximate everything else as unity.

B. Coupled Phonon-Plasmon Modes

When a polar semiconductor is doped to degener-
acy a plasma is obtained. The plasma oscillation
is a long-wavelength electron-density oscillation, a
longitudinal "vibrational mode" of the electron gas,
and it can couple to the electric field of the long-
wavelength LO phonon. The resulting mixed modes
were first discussed by Varga and may be found
from the zeros of the real part of the total dielec-
tric function e(q=0, &u),

«(0» (d) ldLo QP (d p
z &dro —QJ (d((d +i/T) (23)

The plasma frequency is given in terms of the elec-
tron density by

4~~e' '"
(24)

cf 0'

dQg Cf(dg f (0» (d)
— ~ Im

Thus, we find

(25)

A phenomenological damping time 7 has been in-
serted in Eq. (23). The effects of damping on the
mixed modes were first considered by Singwi and
Tosi ~

There have been many theoretical and experi-
mental studies of Raman scattering from these cou-
pled modes. We give reference here only to some
of the more recent publications. Many of the
theories show that the Raman cross section obeys

d (r (&u7)(uJ, ((u + I/v )((u —(ufo)
dQRd(u~ ((u~)'[((u'+ I/~')((u —(uLo) —(of ((u' (ur'o)] 3+ &-u4j.((u'- (ur'o)' ' (26)

where ~ is the Raman frequency shift. Examination
of this expression shows that the cross section is
zero at zero frequency shift (~ = 0) and at the TO
phonon frequency (&u = &u~o). Equation (26) is used
in Sec. VII in an attempt to fit our observed
shifted LQ-phonon data.

V. RESULTS

The spectra, for the sample having a nitrogen con-
tent of -1&&10'7/cm' showed only those first-order

Raman-active phonons of 6H SiC that have been re-
ported by Feldman et a/. In this section we pre-
sent our new results for the nondegenerate (4&&10'8

SiC:N) and degenerate (6&&10"SiC: N) materials.

A. Results for SiC:N, 4 X 10' /cm

Figure 2 shows the low-temperature Raman spec-
tra for a sample having a nitrogen content of
4& 10'8/cm'. The power (P) in the figure caption
has been corrected for losses due to the back-scat-



506 P. J. COLWELL AND M. V. KLEIN

gl T

g 1.00
x
—0.80

200

0.60

+ 040

I

K 0.20I-

(3
& o.oo — - ——--- —--1-

0 100Z
j

. l. .. j. . L.
0 10 20

800 900300 400 500 600 700 1000

FREQUENCY SHIFT (cm )
... .,i.. .. . l ... j.. .. . . l. ..~ .. .....I . L . J. ~.J . ~. l.. . ... .i. ... . J...... .. i .. . L

30 40 50 60 70 80 90 100 I IO 120

ENERGY SHIFT (meV j

FIG. 2. The Z(XX)Z spectrum
of 6II SiC:N, 4x10 /cm' at 6.4 K
0'=480 mW). Note scale changes.

tering optics but not for losses due to the cryostat
windows. Comparison with Table I shows that the
new features of this spectrum are the appearance
of peaks at 13.0 meV (105 cm '), 60. 3 meV (486
cm ), 62. 6 meV (505 cm ~), and 78. 8 meV (635
cm ). The depolarized Z(XF)Z spectrum (not
shown), taken at the same temperature, shows the
same modes, ' thus indicating that all four peaks
have E~ symmetry. The sample having the resis-
tivity of 0.14 0 cm was used for back scattering off
an a surface; the results showed that there were no
A& or E& components to any of these four peaks. '

Figure 3 shows room-temperature data for the
same sample that was used in taking the spectrum
of Fig. 2. The 13.0-me V peak has disappeared.
The two peaks at 60. 3 and 62. 6 meV have lost their
distinction and appear as the single broad peak cen-
tered at 61.1 meV. The figure also shows that the
78. 8-meV peak is observable, but has an asymmet-
ric line shape. A room-temperature scan to energy
shifts larger than those shown in Fig. 3 showed no
new features. 4'

Careful scans of the planar acoustic E2 doublet
from g = 0.33 revealed another new feature. A
high-resolution scan at 200 K, not shown here, of
this doublet showed that the stronger peak was

asymmetric and exhibited a rapid drop in intensity
on the high-energy side. " Figure 4 shows a photon-
counting scan of this E2-phonon doublet and of the
13.0-meV peak at 13 K. On the high-energy side of
the large E2-phonon peak, the signal drops below
the signal due to the tail of the 13.0-meV peak,
producing an interference effect. Figure 4 also
shows the best fit we were able to obtain to a phe-
nomonological model for the interference, which
will be discussed in Sec. VI. Since the measured
phonon linewidth was limited by instrumental res-
olution, it was necessary to convolute the theoreti-
cal line shape (dashed curve) with the instrumental
profile. The result of this convolution is given by
the solid line. Scans taken of the X =1.00 planar
acoustic E2 phonon did not reveal an interference
effect in this sample. "

The interference at the g = 0. 33 planar acoustic
E2 doublet was very pronounced in the 6&10'~/cm'
sample and apparently nonexistent in the 1 x10'7/
cm' sample. This can be seen from Fig. 5, which
shows photon-counting data for all three samples.
With increasing nitrogen content the higher-energy
E~ phonon shows a striking decrease in intensity
relative to the lower-energy phonon, and both of the
E2 phonons shift to lower energy For t.he 1&&10~~/
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shows the phenomenological model used for the calcula-
tion.

eV ~150.4cm' SiC:N sample thepeaks are at 18.7 meV ~

cm ') and at 18.0 meV (144.9 cm ~); for the 4& 10 8/
cm' sample, the minimum in the spectrum occurs
at 18.9 meV (152.3 cm ~), with peaks at 18.6 meV
(149.8 cm ') and at 17.9 meV (144.0 cm ); for the
6&&10' /cm sample the minimum is at 18.9 meV
(152.3 cm '), and the peaks are at 18.4 meV (eV,148.6
cm ') and at 17.8 meV (143.2 cm ').

Fi re 6 shows the Raman spectra for the 15R
SiC:N sample having a nitrogen content o

Figure s o

cm'. The left-hand side of Fig. 6 shows two peaks
at 7.7 meV (62 cm ') and 11.6 meV (94 cm ), a-
though overlap of the peaks makes it difficult to de-
termine the central energy. There are two shoul-

2 5 V (20 cm ') and 13.5 meV (109 cm ').ders at 2. 5 me cm
ccur at 20. 8Th mbers of an E-phonon doublet occur ae mern

me V (168 cm ~) and 21.5 meV (173 cm ). e
at 50. 6rig - an siht-h d 'de of the figure shows peaks at 5 .
8 44354. 9, 60. 3, 62. 8, 70. 9, and 78. 6 meV (40,

486, 507, 572, and 634 cm ') and a shoulder at
46. 0 meV (371 cm ').
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Fi re 7 shows the depolarized spectrum at 9.8
K for the sample doped with 6 &10' nitrogen atoms

for energy shifts less than 105 meV and the
polarized spectrum for energy shifts grea er
105 meV. The 18.6-meV E2 phonon is strongly in-
terfering wx eth the background. The 33.1-meV Ez

4x10 8phonon, w xch h showed no interference in the
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SiC:N sample, now has an entirely dispersive
character. There is a continuum extending to about
65 meV. The 78. 8-meV mode of Fig. 2 appears at
79. 6 meV (642 cm '); this peak shows a sharp onset
but is asymmetric, and it is not possible to define
its width. The polarized spectrum for energy shifts
greater than 105 meV shows that the A, (LO) phonon
has shifted from 119.5 meV (964 cm ') to -120.9
me V (975 cm '). This mode is asymmetric with a
long tail on the high-energy side.

Figure 8 shows the depolarized spectrum at room
temperature. The continuum has almost disap-
peared but its cutoff near 60-65 meV is still visi-
ble. The E~ doublet from the point g= 0.33 on the
planar acoustic branch and the X =1 planar acoustic
E3 phonon are reduced in prominence from the low-
temperature spectra. The 79.6-meV mode is not
visible. A polarized spectrum (not shown here),
taken at the same temperature, shows that the
A. , (LO) phonon is still shifted and asymmetric, but
is not as well defined as in the low-temperature
data. ' The continuum appears in the E2 —only
I Z(XY)Z] geometry and thus has Ez character. A

room-temperature scan on an a surface of this
sample showed that there was no E& component to
the continuum. In addition, these same scans
showed that the shifted A, (LO) mode obeyed the
usual selection rules for an A, (LO) phonon, ' that is,
no mode was observed for back scattering off the a
surface.

The insert in Fig. 8 gives a high-resolution scan
of the g= 0.33 planar acoustic E~ doublet at room
temperature. This spectrum shows an interference
involving the smaller Ez-phonon peak at this con-
centration, whereas it did not show an interference
for the 4~10' sample.

Photon-counting data on the shifted LO phonon
are presented in Fig. 9. Figure 9(a) shows the
actual data. We have drawn a baseline through the
data points, which is consistent with the sloping
background observed in the Z(XY)Z spectrum in
this region. In Fig. 9(b) we have subtracted the
baseline from the data of Fig. 9(a). The solid line
is a theoretical fit to be described in Sec. VII.

Finally, we mention that spectra were taken for
several other samples from lot 634, including a
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sample on which metal-insulator-semiconductor
(M-I-S) tunneling had been performed, in order to
see whether the interference effect between the
continuum and E2 phonons occurred in all samples.
All samples showed this interference effect at room
temperature. The strength of the interference,
however, varied from sample to sample. Spectra
were taken at low temperatures on the sample
which had been used in M -I-S tunneling. The E2
continuum was better defined, for this sample, than
the room-temperature data of Fig. 8, but not as
well defined as the low-temperature data of Fig. 7.
The interference effect with the Ea phonons was
clearly observable, but it was not as pronounced
as in Fig. 7.

VI. DISCUSSION FOR SiC:N, 4X 10's/cm3

A. Valley-Orbit Raman Transitions

nificantly higher than the 3.024-eV exciton energy
gap. If we use a binding energy of 0. 20 eV (which
was one of the ionization energies obtained by
Choyke and Patricka), and take (m~/m) as y, then
the ra, tio of the matrix elements is about 1.4&10
The ratio of the cross sections is then about 2&&10

If the 1s- 2s transition proceeded via the 3p, hy-
drogenic state [process (iii) of Sec. IV A], the ratio
of this matrix element to the valley-orbit matrix
element is about 8. 2&&10 4 and the ratio of cross
sections is about 6.7&&10 ~.

These estimates show that it is highly unlikely
that the electronic Raman transitions tha, t we ob-
serve are anything but valley-orbit Raman transi-
tions. Moreover, the second term of Eq. (20) is

of the first term of Eci. (20), and thus produces
a cross-section ratio of about 10 . Thus, the
cross section will be given by expression (21) and

We attribute the 13.0-, 60. 3-, and 62. 6-meV
yeaks to 1s(A&) - Is(E) valley-orbit transitions of
the donor electron at the three inequivalent sites.
The temperature dependence of the mades shows
that complete thermalization of the 13.0-meV peak
has occurred at room temperature, and a partial
but significant thermalization has occurred for the
60.3- and 62. 6-meV peaks (Figs. 2 and 3). This
temperature dependence suggests tha, t these modes
are due to electronic transitions rather than to
possible resonance modes of the impurity.

With the results derived in Sec. VI we can show
that the most likely electronic Ra,man processes
that can occur for shallow donors in an indirect-
gap semiconductor are valley-orbit transitions.
Consider the relative strengths of the valley-orbit
matrix element [process (i) of Sec. IV A] and the
next moat likely process, namely Is- 2s [process
(ii) of Sec. IV A]. The ratio of the matrix elements
(g„) of the Is- 2s transition which proceeds via the
valence-band intermediate state to the valley-orbit
matrix element was shown to be 0.56(m*/m)(E~s/
EG). For 6H silicon carbide we take E~(k&) as 4. 0
eV, since we expect the direct gap at k& to be sig-
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the selection rules determined by the orientation
of the inverse-effective-mass tensor with respect
to the laser and Raman polarization vectors.

%'e know from Woodbury and Ludwig's ESR re-
sults that the ground state of the donor-electron
wave function is isotroyic, ' and we conclude from
this that the ls(Aq) state is the ground state of the
valley-orbit split levels. The other state allowed
by the C3„donor-site symmetry is 1s(E), which we
take to be the upper state of the transition. The
Raman transition should thus have E symmetry,
which is a mixture of Eq and E2. Our measure-
ments showed that the transition had E~ symmetry
only. This significant result, which allows the as-
signment of possible locations of the conduction-
band minima, is discussed below.

We assume that the three peaks arise from val-
ley-orbit transitions occurring at nitrogen donors
located on the three inequivalent sites. Moreover,
we suggest that the 60.3- and 62. 6-meV transitions
occur for donors on the two cubic sites, and the
13.0-meV transition for donors on the hexagonal
site. These assignments are in qualitative agree-
ment with Choyke and Patrick's observation of three
phonon-free lines in the emission spectra. ' Two
of the phonon-free lines had the same intensity, and
were very close in energy. With their equal inten-
sity and closeness in energy the 60. 3- and 62. 6-
meV peaks show the same qualitative behavior. The
third phonon-free line was quite different in energy
and intensity from the other two lines, and we note
that the 13.0-meV peak shows the same behavior.
The observation of the equal intensities of two of
the transitions is also in agreement with Woodbury
and Ludwig's conclusion that two of the sites give
essentially the same ESR behavior. '

We recall that Patrick assigned the two similar
phonon-free lines to recombination of the exciton
bound to nitrogen on the two cubic sites and the
other line to the hexagonal site. It should not be
confusing that the hexagonal phonon-free line has a
smaller intensity than the cubic phonon-free lines,
whereas the hexagonal Raman peak is roughly twice
as intense as either of the cubic transitions, since
recombination radiation and valley-orbit Raman
transitions are quite different phenomena.

Observation of the valley-orbit splitting in other
SiC polytypes would offer a method for checking our
assignments of the larger valley-orbit splittings to
nitrogen on the cubic sites and the smaller splitting
to nitrogen on the hexagonal sites. ¹itrogen-doped
cubic SiC, which has the zinc-blende lattice and C3„
site symmetry, should show one valley-orbit tran-
sition with an energy closer to 60 than to 13 meV.
Hartman and Bean estimated the valley-orbit split-
tings as - 60 meV for cubic SiC: ¹

' They arrived
at this value by subtracting the effective-mass donor
ionization energy -40 meV from the approximate

experimental ionization energy - 100 meV. '
In an attempt to verify the cubic- and hexagonal-

site assignments in 6H SiC:N we have observed the
valley-orbit splittings in 15R SiC:N. The 15R
polytype has two hexagonal and three cubic sites.

We believe the two peaks (Fig. 6) at about 7.7

and 11.6 meV result from transitions of those do-
nors that are located on the two hexagonal sites,
and the 50. 6- and 54. 9-meV peaks to donors on two
of the three cubic sites. The 13.5-, 60.3-, and

62. 8-meV peaks are best assigned as the 6H valley-
orbit transitions due to mixing of the 6H polytype
in the 15A polytype. This is a common occurrence
since 6H is the preferred polytype, and our sample,
in particular, had one edge that was composed of
60 SiC:N. The 2. 5-meV shoulder is due to a nonlas-
ing fluorescence line. The 78. 6-meV peak is very
close in energy to the 78. 8-meV mode observed in
6II SiC:¹ This leaves the shoulder at 46. 0 meV
and the peak at 70. 9 meV as candidates for the fifth
valley-orbit transition. Since the 46. 0 meV shoul-
der is closest in energy to the 50. 6- and 54. 9-meV
transitions, it is more likely to be the fifth transi-
tion. Thus 158 SiC:N shows two energy groupings
of the valley-orbit transitions due to donors on the
five inequivalent sites. The smaller valley-orbit
splittings 7. 7 and 11.6 meV are most likely due to
ls(Aq) - ls(E) transitions at the two hexagonal do-
nor sites and the larger valley-orbit splittings 50.6,
54. 9, and possibly 46. 0 meV to the three cubic
sites.

It is possible that this assignment of the large
(small) valley-orbit splittings to donors on the cubic
(hexagonal) sites is too simple an explanation.
Patrick has pointed to the fact that the energies of
the phonon-free lines observed in edge emission
seemed to fit into cubic- and hexagonal-site group-
ings until the phonon-free lines were measured for
21R SiC: N and were found not to fit the expected
groupings. Pa,trick suggested that the Kohn-Luttin-
ger interference effect might be responsible for the

observed energy groupings, and demonstrated this
for 4H SiC: N. We believe that Raman scattering
from nitrogen in other SiC polytypes would demon-
strate whether or not a similar situation applies for
valley-orbit transitions.

What is significant about the valley-orbit transi-
tions in both 6H and 15R SiC:N is the wide energy
separation between the low-energy region (the 7.7-,
11.6-, and 13.0-meV transitions) and the high-en-
ergy region (the 46. 0-, 60. 6-, 54. 9-, 60. 3-, and

62. 6-meV transitions}. These large differences in
valley-orbit splittings for donors on the inequivalent
sites are due to extended departures of the impurity
potential from the effective-mass potential (-ea/
ear} to which the various ground and -excited-state
wave functions are sensitive. - This sensitivity has
been recently demonstrated by Patrick by consider-
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ing the effects of the interference factors e'"'& in
Eqs. (12) and (13).~

B. Location of the Conduction-Band Minima

In Sec. IVA it was shown that the symmetry of
the valley-orbit transitions depends on the compo-
nents of the inverse-effective-mass tensor
(m/m*)„~. While the coefficients n&"' depend on the
site symmetry and, thus, will have A& and E sym-
metry, we have seen that the valley-orbit transi-
tions occur experimentally only for E2 polarization
geometries and not for the (XZ) and (I'Z) E, polar-
ization geometries. This means that the XZ and
FZ components of the inverse-effective-mass ten-
sor must be zero.

We also note that we observe only one transition
per hexagonal or cubic donor site. Neglecting
doubling due to time-reversal invariance (minima
coupled only by time reversal will not show a val-
ley-orbit splitting), if there were six (twelve) con-
duction-band minima we would expect two (four) A~

levels and two (four) E levels per site. Both the
E2 symmetry and the fact of a single transition per
site can be explained if the conduction-band minima
lie along the edges of the hnes MI (the mirror
planes) in the Brillouin zone. If the minima are at
either M or L points there would be one Is(Aq) and
one Is(E) transition per site. For minima lying
along ML the three minima lying above the basal
plane are connected with the three below by time
reversal only, and there will, again, be one ls(A, )
level and one Is(E) level per donor site. It can be
shown, also, that E states made up from Bloch
functions on ML transform like E2 under Cs„opera-
tions. ~ Thus, the Is(A&)- Is(E) transitions would
have pure Ea Raman symmetry. This location of
the conduction-band minima on ML is consistent
with the location by Junginger and van Haeringen~
and Herman et al. @ of the conduction-band minima
at the M point.

C. Resonant-Interference Effect

When the energy and symmetry of a discrete level
coincides with the energy and symmetry of a con-
tinuum, and when there is a term in the Hamiltonian
that mixes the discrete and continuum states then
the discrete level may undergo a "radiationless
transition" to the continuum. Such processes are
also called "Auger processes" or "resonant inter-
ference. " Pano has pointed out that the discrete
level will manifest itself as an asymmetric peak,
because in mixing the discrete and continuum states
to form a stationary state of energy E, the coeffi-
cients vary sharply when E passes through the dis-
crete level. ' This also results in the transition
probability going to zero at a certain energy; thus
a dip will appear in the spectrum. These features
are exhibited by the asymmetric line shape of the

18.6-meV E2 phonon and the dip at 18.9 meV as
shown by Figs. 4, 5, 7, a,nd 8.

In solving an interference problem in quantum
mechanics it is necessary to add amplitudes before
squaring (in the golden rule), and this means that
the interference is a manifestation of phase coher-
ence. Fano o and Fano and Cooper' have given a
quantum-mechanical description of Auger process-
es.

For the 4&&10'8 SiC:N sample the question of the
identity of the continuum arises. Moreover, if a
continuum were clearly observable the Fano formu-
lation will allow a fit to the line shape of the dis-
crete level but will not shed light on what the con-
tinuum is. We now propose a model for the inter-
ference effect observed in the Raman spectra of the
4~10' SiC: N sample. It assumes that the observed
Is(E2) electronic level at 13.0 meV mixes with the
18.6-meV E~ phonon.

The insert in Fig. 4 shows the model used to ob-
tain the fit. We assume that the first excited state
of the 83 phonon is coupled via a real electron-
phonon coupling constant A, to the ls(E) valley-orbit
level. The excited phonon is labeled by the state
11), and the Is(E) excited donor level by the state
i 2). The ground state is denoted by IO). The crea-
tion of the phonon via the Raman process is de-
scribed by the polarizability tensor ~& E, and the
Raman transition to the Is(E) level is described by
a~& . Here nj and o.& are assumed to be realpa-
rameters, and & is a tensor representation of E&.
For example, c may be chosen to have (xy) ele-
ments equal to unity and all others equal to zero, or
it may be chosen to have elements given by (xx)
= —(yy) = -1 and all others equal to zero. The
over-a, ll Raman transition is then described by the
tensor operator

(27)

&-= & [10)(11+11)(ol ]+ o' [Io)(21+
I »(0l] . (28)

The low-temperature Stokes-Raman intensity for
a given Ez polarization geometry [(XX), (FI'), or
(Xl')]will be proportional to the transition rate (0= 1
here):

w(~) = 2ng„l (nl n., I
0)

I
'v(E„-~)

= —2Im(OI n„(H —&u+iq) 'n„I 0), (q = 0 ) .
(29)

%'ith the zero of energy corresponding to the
ground state, the Hamiltonian is given by H =Ho

1+H:
Ho= ~011)(1I+ &nl 2)(2I,

H = A[I 1)(2I+ I 2)(ll ],
where, for now, we assume that both the phonon
energy ~0, and the electronic excitation energy Oo,
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are sharply defined. Equation (29) may be rewrit-
ten in terms of the matrix elements of the resolvent
operator R(z) -=(H —z) ' as follows:

j, J=j

=-2Im Z n, n(ilRlj), z=&u —i». (31)

The matrix elements are readily found to be

(1lRl1)=(0 —g}/D,

(llRl2) =(2lRll) =-~/D,

(2IRI2) = ("0-s)/D,
D= ((oo —g)(AO —z) —x

(32)

D. Vibrational Mode

Figure 2 showed a mode occurring at V8. 8 meV.
This mode has also been observed in metal-insula-
tor-semiconductor tunneling by Schein and Comp-
ton. ' We have previously reported these results. "
The fact that this peak was seen in M-I-S tunneling
led us to conclude that we were observing a vibra-
tional mode, since donor electronic levels are not
observable in M -I-S measurements. Our results
on 15R SiC:N (Fig. 6) showed a mode at 78. 6meV
which is very close in energy to the V8. 8-meV mode
in the 6H material. The estimated donor ionization
energies in 15R SiC:N suggest that the effective
mass of 15R SiC is smaller than that of 6H SiC. '6

Thus the V8. 6-meV value is independent of changes
in the effective mass while the energies of the val-
ley-orbit transitions are not. This tends to confirm
the vibrational character of this mode.

Va. MSCUSS~ON FOR S1C:N, 6X10 /cm

A. Resonant Inierferences

Figures 7 and 8 showed that three of the host-
crystal E~ phonons interfered with the continuum,

To treat the finite width of the 13-meV electronic
transition, we let Ao be complex, 00- 00+jy, write
a,= a&6, and obtain finally for the Raman transition
rate

( )
2Qfy[X-((do-(d)5j

( )
[(&uo —(u)(QO —(u) —z']'+y'((oo —(u)3

'

Note that the numerator of Eq. (33) may vanish at
a certain energy, u& =cup '/5 producing a dip in
the spectrum. The parameters used for the fit
shown in Fig. 4 are as follows: y = 0.97 meV,
A. =1.00 meV, (do=18. 78 meV, 00=12.97 meV, and
D= 22.

This interference between a nonpolar phonon
state and a ls(Ez) donor level is a new effect. It
is formally similar to interferences between two
phonon states that have been reported in the litera-

52 54

which extended to about 60-65 meV. Low-tempera-
ture photon-counting data (not shown here) were
taken on the g= 0. 33 planar acoustic E2 doublet.
We attempted to fit the data for the larger member
of this doublet to our model for the interference oc-
curring in the 4~10'8 sample; the energy of the
electronic mode was set to zero in the computation,
while its width and the electron-phonon coupling
constant were varied. We were able to fit the peak
height of the phonon and to obtain a fair fit to the
high-energy side of the mode. The values of the
fit intensity on the low-energy side of the phonon
were much greater than the data points. This
shows, along with the insert of Fig. 8, that both
members of the doublet interfere with the continuum
at this concentration. This preliminary fit also
showed that the entire continuum in the 18.9-meV
region is involved in the interference, since the
minimum in the theoretical curve without convolu-
tion had about zero intensity-the nonzero nature
of the observed minimum resulted from the finite
resolution of the monochrometer. Finally, the
33.1-meV E~ phonon was fit to the Fano formalism'
and was shown to be entirely dispersive relative to
the continuum.

We note that the strength of the interference is
quite temperature dependent, being strong at low
temperature and weak at room temperature. This
appears to correlate with the strength of the con-
tinuum which is strong and well defined at low tern-
peratures and weak at room temperature.

8. ContinllUI

Figure V showed a continuum which had E2 sym-
metry, interfered with host-crystal E2 phonons,
and extended to 60-65 meV. Spin-density fluctua-
tions'7 and nonparabolic scattering mechanisms'
for single-particle excitations of electrons out of
the Fermi sea can be ruled out as possible explana-
tions for the continuum on the basis of the energy
cutoff that these mechanisms have. They both have
a maximum energy of the wave vector transferred
(q) times the Fermi velocity (vz). For a total of
three (six) conduction-band minima, qvz is 5. 2
meV (4. 2 meV), for a plasma frequency of 86. 8
me V (see below). In addition neither of these
mechanisms can account for the E& symmetry of
the continuum.

We believe the properties of the continuum can
be explained if we assume that the donor-electron
wave functions have retained some local character
even though the metallic transition7' is known to
occur at 2&& 10' nitrogen donors/cm'. In particu-
lar, we assume that we are still observing ls(A, )- Is(E) transitions, but that both levels are now

broadened to the point where they overlap, since
the continuum starts at zero excitation frequency.
The E3 symmetry is explained by the fact that the
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&u ~ = 700 cm ' (86.8 me V),

1/7 = 2400 cm (297. 5 me V),

~» = 964 cm ' (119.5 meV),

tuTo= 788 cm ' (97.7 meV) .

(34)

The electron collision lifetime v is thus 2. 2& 10
sec.

The figure shows that the fit deviates significant-
ly from the data in the 940-cm ' region. Indeed,
since the data drop sharply below the calculated
curve, some additional interference mechanism
may be operating. Since the Aq(LO) phonon is nor-
mally allowed in this Z(XX)Z geometry, both the
deformation potential and electrooptic mechanisms
for the coupling of light to electrons can contribute
to the cross section. A theory which included both
these coupling mechanisms gave a better fit in the
940-cm ' region. This theory and the fit to the
data will be discussed elsewhere.

In spite of the fact that Eq. (26) does not give the
entire frequency dependence, some significant
qualitative features concerning the L, mode may be
derived from our fit. The important point about
the parameters used is that the electron-collision

Is(A,)- ls(E) transitions have Ez symmetry due to
the location of the conduction-band minima along
the line ML in the Brillouin zone. Since the final
state of the 13.0-meV transition was shown to in-
terfere with an E, phonon in the sample having a
nitrogen content of 4&&10"/cm', it is expected that
the final state of these broadened valley-orbit levels
can interfere with E~ phonons. Finally, we note
that two of the va, lley-orbit transitions in the 4&&10'

sample occurred at energies (60. 3 and 62. 6 meV)
in the region where the continuum cuts off.

We recall that Alexander's, ' Hardeman's, and
van Wieringen's results were not characteristic of
metallic electrons. Our Raman results offer an-
other method for observing this unusual behavior
of shallow donors in a semiconductor. The NMR
and ESR results were observed for electrons in the
ground state, while the Raman measurements leave
the electrons in their excited state, and we observe
a convolution of the broadened Is(A) density of
states with the broadened ls(E) density of states.

C. Coupled LO-Phonon-Plasmon Mode

At the same time that we believe that the contin-
uum discussed above is not characteristic of de-
localized electrons, we believe that this sample
shows some delocalized properties, since we in-
terpret the shifted asymmetric LO phonon shown in
Fig. 9 as the L'-coupled LO-phonon-plasmon
mode. Figure 9(b) shows the fit of Eq. (26) to the
data. The following parameters were used for the
fat

= 5. 5(4.4) &&10' cm ',
&o~(Fermi frequency) =

~ kz--23.0(14.5) meV,2=
2m*

v~(Fermi velocity) =
~

= 1.3(1.0) &&10 cm/sec,Nk~

(6mne
kr T(Fermi-Thomas wave vector) =

~ @+Z

= 4. 5(5. 6)&10 cm ',
p, (dc mobility) =

~
= 7.7 cm /V sec,

A(mean free path) =v~r= 2. 9(2.3) A.

We used the calculated electron density in obtaining
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FIG. 10. Calculation of Eq. (26) for ~~=700 cm, 1/7
=2400 cm, ~Lo=964 cm ', and ~=788 cm '.

lifetime is very short. This results in a highly
damped L, mode and produces the asymmetric line
shape. Moreover, our inability to detect the L
mode stems from this damping. The damping also
has the effect of keeping the L, mode closer in en-
ergy to the LO phonon than would be calculated
from the electron concentration with no damping.

These features are demonstrated in Fig. 10,
which shows the entire spectrum of Eq. (26) for
the parameters given above. (Here, we have
omitted the normalization constant which was used
for the theoretical curve of Fig. 9.) The small
cross section in the 0-800-cm ' region shows why
we were unable to detect the L mode of the coupled
LO-phonon-plasmon system.

From the values of v„(700 cm '), 1/7 (2400
cm '), an assumed electron effective mass of m*

=gm{), an assumed number of conduction-band mi-
nima of N = 3(6), and an average high-frequency di-
electric constant of e„= (e"2 ) = 6. 61, we can cal-
culate several quantities of the electron gas which
will be useful in subsequent discussions. These
quantities are given as follows:

2

n(free -electron density) = &am +p
4me 3

=1.7x10 /cm

3~2 1/3
k~(Fermi wave vector) =
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the Fermi wave vector, the Fermi-Thomas wave
vector, and quantities deriving from k& and kF T.
These quantities should be considered as approxi-
mate results in view of the assumptions made con-
cerning rn* and ¹

The value of the calculated mobility agrees well
with the Hall mobility, obtained by Lely and Kroger~
and Violina et al. ,

'~ of -10 cm2/Vsec for samples
with a nitrogen content of 2&&10'~/cms or larger.

VIII. SUMMARY

Our results for Raman measurements on nonde-
generate nitrogen-doped silicon carbide can be
summarized as follows.

(a) Valley-orbit transitions [ls(A,)- 1s(E)]were
observed for donors on inequivalent sites in 6H and
158 SiC. These transitions were grouped into two
widely separated energy regions, showing that the
donor wave functions are very sensitive to the de-
tails of the impurity potential beyond the central
cell. The assignment of the transitions to donors
on the inequivalent sites correlates with lumines-
cence results and ESR results. '

(b) The Raman symmetry of the valley-orbit
transitions was E2. This fact was used to show that
the conduction-band minima lie along the line ML in
the Brillouin zone. There are three minima if they
are at either M or L point and six if they are at a
general point along ML. This conclusion is consis-
tent with calculations of the minima as being at the
M point, ~~'~ although the calculations are probably
not accurate enough for a definite assignment to be
made. Patrick has argued that the Kohn-Luttinger
interference effect can explain the site dependences
of the 1s A-E splittings and exciton binging energies
only if the minima are at a general point on ML. '

(c) A resonant interference effect was observed
to occur with a host-crystal E2phonon. A fit to the
line shape of this effect was obtained with the use
of a model that assumed that the excited state of
one of the valley-orbit transitions mixed with the

E~-phonon state.
(d) A mode which occurred in all samples (de-

generate and nondegenerate) at approximately the
same energy was correlated with observation of a
peak occurring at the same energy in M-I-S tunnel-
ing. Since this peak appeared in tunneling and was
independent of changes in the effective mass of the
6II and 158 host crystals, it was interpreted as
being vibrational in character.

Our results for degenerate 6H silicon carbide
were the following.

(1) A "continuum" was observed which resonantly
interfered with several E~ phonons. The continuum
was conjectured to result from broadened and over-
lapping 1s(A,) and ls(E2) valley-orbit levels, since
it had the same symmetry and resonant interference
properties as the valley-orbit transitions, and since
its cutoff was in the region of two of the valley-
orbit transitions in the nondegenerate sample. This
result was considered to be nonmetallic in the sense
that the continuum could not be explained as arising
from single-particle excitations out of the Fermi
sea. This adds to the pieces of evidence from NMR
and ESR that degenerate SiC shows some nonmetal-
lic behavior.

(2) Our data showed a shifted asymmetric LO
phonon which was interpreted as a coupled LO-
phonon-plasmon mode (I '). This result is charac-
teristic of a metallic system, and the calculated
mobility agrees with values measured on heavily
doped samples. The asymmetry of the mode and
the absence of the L LQ-phonon-plasmon mode
was largely due to a short electron-collision life-
time.
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