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Phonon replicas at theM point in 4H -SiC: A theoretical and experimental study
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This paper presents a comprehensive study of the phonons at theM point of the Brillouin zone of 4H-SiC,
i.e., at the position of the conduction-band minimum, from both theoretical and experimental points of view.
The phonon energies are derived from the low-temperature photoluminescence~PL! spectrum. The theoretical
section contains the classification of phonons by symmetry, the deduction of the polarization selection rules for
the photons emitted during recombination of free or nitrogen-bound excitons, and presents a simple lattice
dynamics model used to obtain some results on the distribution of the phonon modes with different symmetries
above and below the energy gap in the phonon dispersion. The classification of the 24 phonons by symmetry
is shown to be 8M114M214M318M4 , whereMi are the irreducible representations of the group of the
wave vector at theM point. The polarization selection rules imply that among the 24 phonon replicas~lines! in
4H-SiC, which can be observed in the PL spectrum, there are 12 with parallel polarization (M1 and M3

symmetry!, and 12 with polarization perpendicular (M2 andM4 symmetry! to the crystal~hexagonal! c axis.
Our consideration shows that the phonons of each symmetry are equally distributed above and below the
‘‘phonon’’ energy gap. Therefore, there are six replicas of each polarization above and below the gap. In the
experimental section an assignment of the phonon replicas based on the similarity of the sets of replicas related
to the bound and free excitons is carried out, and the results are compared with the theoretical ones. We have
experimentally found 22 of the 24 phonons at theM point in 4H-SiC. @S0163-1829~98!02144-4#
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I. INTRODUCTION

SiC is a promising material for future device applicatio
especially in the cases when operation at high power, h
temperatures, and/or high radiation levels is required. No
days, chemical vapor deposition~CVD!-grown epilayers of
high crystalline quality and doping levels as low
1014 cm23 of both 6H and 4H polytypes are available.1

4H-SiC is the subject of study in the present paper.
The most common doping impurities in nominally u

doped SiC are the nitrogen~N on C site, or NC) donor and
the aluminum (AISi) acceptor. Sharp lines originating from
these impurities are usually seen in the low temperature n
band-gap photoluminescence~PL! spectrum. This technique
is nondestructive, and the most informative one among
different techniques for characterization of the grown ma
rial. Besides N and Al, many other impurities can also
detected~e.g., H, Ti, Ga;2–4 for a recent review on the optica
characterization of various SiC polytypes, see Ref. 5!. In the
case of very pure crystals, photon emission due to recom
nation of free excitons can be observed, and this provide
tool for determination of the nitrogen doping concentrati
from the PL spectrum.6,7 Thus a detailed knowledge of th
spectrum is of practical importance, because it yields imp
tant information used as feedback for further improvemen
the CVD growth. The following presentation deals with t
structure of the PL spectrum of 4H-SiC.

A typical PL spectrum at 2 K of a high-quality CVD-
PRB 580163-1829/98/58~20!/13634~14!/$15.00
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grown 4H-SiC epilayer is shown in Fig. 1. The spectru
consists of numerous sharp lines which are identified as z
phonon lines of the N- and Al-bound excitons, and phon
replicas of the N-bound and free excitons~FE’s!. The struc-
ture of the spectrum is quite well understood at prese
However, for the sake of clearness and completeness of
sentation, in this introduction we shall consider the origin

FIG. 1. Typical PL spectrum of unintentionally low dope
4H-SiC atT52 K.
13 634 ©1998 The American Physical Society
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the different lines in some detail. Within this work we sha
concentrate mainly on the sets of PL lines due to the
bound exciton and the FE’s. The structure of acceptor-
~bound exciton! related lines is different and will not be con
sidered here~see Refs. 4 and 8 for the cases of Al and
acceptors!.

Similar to all known SiC polytypes, 4H-SiC is an indirect
band-gap semiconductor. The space group is, using diffe
standard notationsC6v

4 ~Schoenflies notation!, P63mc ~inter-
national notation!, or space group number 186~see, for in-
stance, Refs. 9 and 10!. It is a nonsymmorphic space grou
According to numerous electronic band-structure c
culations,11 the three equivalent conduction-band minima a
located at the pointM of the Brillouin zone~BZ!; see Fig.
2~b!. The maximum of the valence band is at the centerG.
Thus, an electron-hole pair coupled in a free exciton ha
crystal momentumkM , wherekM is the momentum corre
sponding to theM point of the BZ. Consequently, direc
recombination of the electron and the hole is forbidden
cause of the crystal-momentum conservation law. To c
serve the crystal momentum the FE recombination is o
possible with the assistance of another particle~or quasipar-
ticle!. In an ideal crystal, the role of such a particle is play
by a phonon. In a real crystal with defects the excitons

FIG. 2. ~a! The unit cell, and~b! the first Brillouin zone of
4H-SiC ~the irreducible part of the zone is outlined!. The inequiva-
lent hexagonal and cubic positions for the C and Si atoms are
noted withh andk for the hexagonal and cubic sites, respective
The atoms are enumerated in such a way that the pairs of su
quent numbers~1,2!, ~3,4!, ~5,6!, and~7,8! denote equivalent atoms
i.e., atoms belonging to one and same orbit. The insert in part~a! of
the figure shows the relation between the crystallographic
Oa1a2 and the Cartesian coordinatesOxy in the basal plane~the
axis Oz coincides with thec axis!.
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bind to them. Let us consider, for instance, the donor im
rity N, replacing a C atom at one of the two inequivale
sites in 4H-SiC, hexagonal or cubic@denoted in Fig. 2~a! h
andk, respectively#. The recombination of a nitrogen-boun
exciton ~N-BE! is possible either in a process when the im
purity atom takes the momentum itself, or in a phono
assisted process. The former process gives rise to the
called zero-phonon line (P0 or Q0 , for N at hexagonal or
cubic sites, respectively; see Fig. 1!, and the latter
process—to phonon replicas in the PL spectrum. The shif
the zero-phonon line (P0 or Q0) from the so-called excitonic
band gap12 is equal to the binding energy of the exciton
the impurity atom. According to the empirical Haynes rule13

the exciton binding energy is roughly proportional to t
ionization energy of the impurity atom. Therefore, the diffe
ence in the binding energies of excitons bound to N atom
the two inequivalent sites in the unit cell of 4H-SiC ~8.6 and
21.6 meV for the hexagonal and cubic sites, respectively! is
an indication of a significant difference in their ionizatio
energies. The values above follow from the PL spectrum
the difference between the excitonic band gap,Ex , and the
corresponding zero-phonon line (P0 or Q0). Indeed, the ion-
ization energy for the N donor at hexagonal~cubic! site in
4H-SiC is estimated to be around 45–52~92–100! meV,
respectively.14

Furthermore, a consequence of the different exciton bi
ing energies is that mainly the phonon replicas of the ‘‘mo
shallow’’ P0 line are observed in the spectrum.~Some of
them are denoted in Fig. 1 asPxx , where the subscriptxx is
the approximate energy of the phonon involved in the reco
bination.! The physical reason for this is quite simple: th
excitons are bound to the ‘‘shallower’’ N atom at the he
agonal site rather weakly, so the interaction is weak and
probability for phonon-assisted recombination is higher th
that for recombination involving an interaction with the im
purity atom itself. That is whyP0 is rather weak, but its
replicas are not. On the other hand, the excitons are bo
stronger to N at the cubic site, which leads to a higher pr
ability for recombination with transferring the excess m
mentum to the impurity atom. This is reflected in the mu
higher intensity ofQ0 with respect toP0 , and in the almost
absent replicas of theQ0 line. Actually, as will be seen, som
of the strongest replicas of theQ0 line are observed in the
spectrum, but their intensities are negligible if compared
that of the same replicas from theP0 line.

The free-exciton recombination can be regarded as an
timate case of the same mechanism, when there is no bin
at all. Consequently, only phonon-assisted recombinatio
allowed. In practice, however, due to the presence of def
and impurities in the real crystals, the zero-phonon fr
exciton line~ZPFE! has been observed in indirect band-g
semiconductors~see, for instance, Ref. 15, for the case
Si!. We also observe it, although very weakly, in both 4H-
and 6H-SiC. Its appearance could be explained as due to
fact that some defects could serve in the accommodatio
the excess momentum.16 Thus, the observation of the ZPF
line provides a direct means for determining the excito
band gap, which is otherwise obtained by comparison of
energy positions of the FE replicas with the N-BE replica
For example, the energy distance betweenP0 and its most
intense phonon replica, noted in Fig. 1 asP76.3, can be mea-
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13 636 PRB 58I. G. IVANOV et al.
sured directly from the spectrum. It is 76.3 meV, the ene
of the momentum conserving phonon. If we believe that
most intense FE replica is identified, which is quite una
biguous~seeI 76.3 in Fig. 1!, the excitonic band-gap positio
should lie 76.3 meV toward higher energies. The same h
for the other replicas ofP0 and the free exciton, and th
energy position of the excitonic bandgap in 4H-SiC is de-
termined to beEx'3265 meV~Ref. 17!. It should be noted
that the identification of the replicas of the FE is helped
their asymmetric lineshape arising from the Maxwellian v
locity distribution,18 in contrast to the symmetric line shap
of the BE-related lines.

Thus, when a phonon is involved in the recombination
either a free, or a bound exciton, it is one of the 24 phon
at theM point. (4H-SiC has eight atoms per unit cell, whic
yields 24 (5338) phonon branches.! This phonon iscre-
atedduring the recombination, and, besides the moment
takes also a part of the energy of the exciton, equal to its o
phonon energy. This has been exploited to determine
phonon energies for various polytypes in that point of the
where the minimum of the conduction band occurs. In co
bination with Raman spectroscopy, which yields informati
about phonon energies at the centerG of the BZ, quite a lot
of information on the phonon dispersion can be collecte19

In the present paper we provide a more complete analys
our experimental data for the phonon energies at theM point
of the BZ in 4H-SiC, which is based on comparison of bo
sets of N-BE and FE replicas. Section II explains some
perimental details concerning how to observe emission li
with polarizations both parallel and perpendicular to t
crystal c axis in 4H-SiC. Section III gives a theoretica
analysis and contains three parts. In Sec. III A, an analysi
the phonon symmetries at theM point is carried out. The
results are then used in the Sec. III B to deduce the polar
tion selection rules for light emitted during recombination
N-BE or FE. Section III C presents a simplified model of t
lattice dynamics of 4H-SiC which is used to gain informa
tion about the energy distribution of the phonons with diffe
ent symmetries. Section IV presents the experimental res
and a comparison with the theory.

II. EXPERIMENTAL CONSIDERATION AND DETAILS

The common experimental configuration~the near back-
scattering! used to record the low-temperature PL-spectr
of a CVD-grown epilayer is shown in Fig. 3~a!. Because of
the high value of the refractive index for the photon energ
under consideration, this geometry is very close to the ba
scattering configuration, when the exciting laser beam
the light emitted from the crystal and received by the det
tor are almost collinear, but propagate in oppos
directions.20 Considering photon emission at a point insi
the crystal, only those photons can exit the surface which
propagating at angles of incidence to the crystal surf
smaller than the critical angle of total internal reflection,acr ,
satisfying the equation sinacr51/n, wheren is the refractive
index of the layer. In 4H-SiC, n'2.7, which yieldsacr
'22° ~Ref. 21!. If the c axis of the crystal is perpendicula
to the surface of the layer, which is usually the case w
~0001!-oriented samples, then only those photons can
the layer surface which propagate at angles less than
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with respect to thec axis. In practice only photons propaga
ing within the angular aperture of the collecting optics a
detected, which is typically around 40°, which correspon
to about 7° inside the crystal. Thus only photons propaga
almost parallel to thec axis are detected. Due to the tran
verse nature of the electromagnetic waves they are polar
perpendicular to thec axis ~we denote the polarizationE'c
for this case, andEic for the case of photons with polariza
tion parallel to thec axis!. For the same reason, the prop
gation of photons withEic is confined in a plane perpendicu
lar to thec axis.

Consequently, only spectral lines withE'c can be ob-
served in the common ‘‘near-backscattering’’ experime
from an ~0001!-oriented face~c face!. In order to observe
lines polarizedEic as well either a different scheme like th
one shown in Fig. 3~b! must be applied, or the ‘‘backscatte
ing’’ luminescence should be recorded from ana-cut mate-
rial @we will call ‘‘ a cut’’ an orientation when thec axis lies
in the surface of the layer, that is, either the prism fa
(101̄0), or the a-face (112̄0) orientation#. We used both
methods to record the spectra containing lines withEic po-
larization. Spectra of CVD epilayers grown ona-cut-material
were reported earlier for 6H-SiC,22 but the quality of the
samples was much poorer than for ac-face material, and a
careful analysis of the phonon replicas was not carried o

The samples used in this study were all CVD grown e
ilayers. In the case of~0001!-oriented material, samples wit
different donor doping concentration were used, in order
observe or avoid the FE-related lines; in the case of v
pure but compensated material, the FE lines are domina
the spectrum, which enabled us to record the FE-related
licas with bothE'c and Eic polarizations. Then the set o
FE lines was compared with the N-BE lines, and this w
used to judge which lines are due to phonon replicas.

FIG. 3. The two experimental configurations used for record
the photoluminescence spectra. The values of the angles sh
correspond to real experimental conditions.
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The a-cut samples used were both (1010̄) and (112̄0)
oriented, with almost the same quality as ac-face material.
Although some contribution from the FE-related lines cou
be observed in the spectra, they were rather highly dop
and, consequently, mainly the N-BE related lines were inv
tigated in this case.

All the spectra were recorded at 2 K with a double SPEX
1404 (f 50.75 m) monochromator, with a resolution of 0
Å, or better. The 334-nm UV line of an Ar1-ion laser was
used for excitation, with a power of 10 mW. In the case
the 90° experimental geometry~we call it briefly rectangular
geometry! shown in Fig. 3~b!, the laser beam was not fo
cused on the sample in order to avoid the thermal-indu
broadening of the FE lines. The resulting power density
the surface of the sample was less than 0.1 W/cm2 ~in the
case of focused beam and backscattering geometry, use
thea-cut samples, it is about 20 W/cm2!. When a rectangula
geometry was used, the possible contribution of photons w
E'c exiting the surface was blocked with a small heap
silver paste as shown in Fig. 3~b!, and the light emitted
through the edge of the sample was analyzed with a polar
transmitting the desired polarization (E'c, or Eic).

III. THEORETICAL BACKGROUND

This section provides the group-theoretical analysis n
essary to understand the experimental results. First, the s
metry analysis of the phonons at theM point of the BZ is
carried out. Afterwards, we establish the polarization se
tion rules for the phonon replicas and the zero-phonon lin
By ‘‘polarization selection rules’’ we mean the rules whic
correlate the polarization of the emitted photons with
symmetry of the states involved in the recombination p
cess. However, the group-theoretical analysis does not in
way relate the symmetry of the phonons and their energ
That is why a lattice-dynamical model with the covale
bonding described by potential of Tersoff’s type23 is pre-
sented at the end of this section, and used to obtain m
information about the symmetry of the phonons below a
above the energy gap in the phonon spectrum of 4H-SiC.

A. Symmetry of the phonons at theM point

It is well known that the phonons at a certain point in t
BZ can be classified by symmetry, that is, every phonon
be labeled with one of the irreducible representations of
group of thek vector at this point. Our goal now is to carr
out this classification for the specific case of the phonon
the M point.

The group of the wave vectorkM , corresponding to theM
point of the BZ, isC2v . It contains four of the 12 nontrans
lational symmetry operations of the space groupC6v

4 ,
namely,E ~the identity transformation!, C2 , sv , andsv8 @see
Fig. 2~b!#; C2 is equivalent to theGkz axis, sv 'Gkx , and
sv8 is equivalent to theAGML plane. The four irreducible
representations ofC2v are all one dimensional, and are liste
in Table I. Thus there is no symmetry-based degenerac
the phonon energies at theM point, and the matrix represen
tations are identical to the characters.

The group-theoretical technique for determination of
numbers of phonons of given symmetry (M1 , M2 , M3 , or
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M4) was described in detail in Ref. 24. For the sake
completeness, here we give a brief summary of the appl
tion of that technique to our particular case of theM point in
the BZ of 4H-SiC.

A 24-dimensional representationGdisp ~called the dis-
placement representation! can be constructed in the follow
ing way. Let us introduce a 24-dimensional vectorc, the first
three components of which are thex, y, andz projections of
the displacement of atom No. 1, the next three compone
are the corresponding projections of the displacement
atom No. 2, etc. This is exactly the same way in which t
eigenvectors of the dynamical matrix represent the displa
ments of the atoms corresponding to the normal modes~see,
for example, Ref. 25!. Let us think of each symmetry opera
tion as acting on the displacements of the atoms, instea
on the atoms themselves. Then the result of the symm
operationT on the vectorc will be another vectorc8, which
can be writtenc85Gdisp(T)•c. Obviously, the set of matrice
$Gdisp(T), TPC2v% forms a~reducible! representation of the
group of the wave vector (C2v in our case!, and it is quite
straightforward to see that this representation can be
sented as a direct matrix product

Gdisp~T!5p~T! ^ R~T!, ~1!

wherep(T) is the so-called permutation matrix for the o
erationT ~the permutation matrix is a matrix containing 0
and 1’s, and storing information about where each atom
going when the crystal is subjected to the operationT!, and
R(T) is the ordinary 333 orthogonal matrix representin
the rotation corresponding to the operationT. @Both sets,
$p(T)% ~eight dimensional! and $R(T)% ~three dimensional!
form also representations, called permutation and vector
resentations, respectively.# The character Xdisp(T) of
Gdisp(T) is the product of the charactersu(T) and r (T)5
6(112 cosq) of p(T) and R(T), respectively. Hereq is
the angle of rotation corresponding toR(T), and the sign1
~2! refers to proper~improper! rotation.

The displacement representation is completely reduci
that is, there exists a 24-dimensional unitary matrixU which
transforms allGdisp(T) into a direct matrix sum of the irre
ducible representationsM p , p51, 2, 3, and 4, listed in Table
I,

U21Gdisp~T!U5G8~T![ (
p51

4

% npM p~T!. ~2!

The multiplicity of appearance of each of the representati
M p in the decomposition~2! of Gdisp, namely,np , is the
number of phonons which transform asM p . Here by ‘‘a
phonon transforming asM p’’ we mean that the eigenvector

TABLE I. The irreducible representations ofC2v , the group of
the wave vector at theM point.

C2v ~M point! E C2 sv sv8

M1 1 1 1 1
M2 1 21 1 21
M3 1 1 21 21
M4 1 21 21 1
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of the dynamical matrix constituted by the atomic displa
ments corresponding to a normal mode associated with
phonon transform asM p(T) under the symmetry operatio
T. In our case, when the representations are all one dim
sional, this means that the symmetry operationT transforms
the eigenvectorc into the vectorM p(T)•c56c.

The numbersnp , i.e., the numbers of phonons transform
ing asM p , can be found using the well-known formula24

np5 1
4 (

TPC2n

xdisp~T!xp~T!* , ~3!

wherexdisp(T) is the character ofGdisp(T), and xp(T)* is
the complex conjugate of the character of the irreduci
representationM p(T), in this particular case,M p(T) itself.
The coefficient14 is the inverse of the order of the groupC2v .
One then obtains thatn158, n254, n354, andn458. Thus
Eq. ~2! implies that

Gdisp~T!↔G8~T!58M1~T! % 4M2~T! % 4M3~T! % 8M4~T!.

The sign↔ means ‘‘is equivalent to.’’ In the following we
will omit for brevity the dependence on the group elementT,
so that, when written in terms of representations, the form
above can be expressed as

Gdisp'G858M1% 4M2% 4M3% 8M4 . ~4!

This result will be used in Sec. III B in the analysis of th
polarization selection rules.

It is worthwhile to recall here that, as can be seen fr
Eq. ~2!, the columns of the matrixU have the same symme
try as the eigenvectors of the dynamical matrix~or briefly the
eigenvectors! in the sense that the firstn158 columns ofU
transform asM1 , the nextn254 columns asM2 , etc. If we
denote byup,r and cp,r , r 51,2, . . . ,np , the columns ofU
and the eigenvectors, respectively, which transform asM p ,
then they are related by a linear transformation

cp,r5 (
k51

np

a rkup,k, r 51,2, . . . ,np . ~5!

The vectorsup,r (p51, . . . ,4,r 51, . . . ,np) are called sym-
metry modes. Unlike the eigenvectors, the explicit form
which depends on the lattice dynamical model employed
their calculation,26 the symmetry modes are determined on
by the symmetry. For any given representationM p , the sets
of np vectors$cp,r% and$up,r% can be regarded as orthogon
bases in one and the same subspace, namely, the subsp
all the vectors transforming asM p . We will use this infor-
mation plus the explicit form of the matrixU in order to
draw some conclusions concerning the energy distributio
the phonons of given symmetry in Sec. III C,

We will finish this section by finding the matrixU bring-
ing the displacement representationGdisp into the direct sum
form @see Eq.~2!#. This can be done by means of the proje
tion operators technique.24 Using this technique, the column
of U, i.e., the vectorsup,r , can be presented as linear com
binations of the Cartesian orthonormal basis unit vectorsvm .
In our case these are 24-dimensional vectors, themth com-
ponent ofvm (m51,2, . . . ,24) being 1, and all the othe
components are zero~see also Ref. 24 for details!. One can
-
is

n-

e

la

f
r

e of

of

-

then obtain the following results, for our particular case
the M-point. Transforming asM1 ~the first eight columns of
U!,

u1,15~v12v4!/&, u1,25~v31v6!/&,

u1,35~v72v10!/&, u1,45~v91v12!/&,

u1,55~v132v16!/&, u1,65~v151v18!/&,

u1,75~v192v22!/&, u1,85~v211v24!/&.

Transforming asM2 ~the next four columns ofU!,

u2,15~v21v5!/&, u2,25~v81v11!/&,

u2,35~v141v17!/&, u2,45~v201v23!/&.

Transforming asM3 ~the next four columns ofU!,

u3,15~v22v5!/&, u3,25~v82v11!/&,

u3,35~v142v17!/&, u3,45~v202v23!/&. ~6!

Transforming asM4 ~the last eight columns ofU!,

u4,15~v11v4!/&, u4,25~v32v6!/&,

u4,35~v71v10!/&, u4,45~v92v12!/&,

u4,55~v131v16!/&, u4,65~v152v18!/&,

u4,75~v191v22!/&, u4,85~v212v24!/&.

The symmetry modes from Eq.~6! are presented as displac
ments of the atoms in the unit cell in Fig. 4.

B. Selection rules for free and nitrogen-bound
exciton recombination in 4H -SiC

Before embarking on the exciton recombination select
rules it is necessary to know the positions and symmetrie
the relevant band extrema for 4H-SiC. This information,
which will be recapitulated here for convenience, has be
presented in greater detail in Refs. 27 and 11. The labe
~i.e., the subscripts! of the irreducible representations withi
the present paper is the same as that used by Kosteret al.28

According to the symmetry classification of the ener
bands,11 the conduction-band minimum hasM4 symmetry
~see Table I!, and is nondegenerate when excluding spin. T
top of the valence bands has its maximum at theG point. If
spin-orbit interaction is neglected, the valence-band ma
mum is twofold degenerate~fourfold if the spin degeneracy
is included!, and transforms as the two-dimensionalG5 rep-
resentation of the point symmetry groupC6v . When spin-
orbit interaction is taken into account, this fourfold dege
eracy splits up into two twofold~spin! degenerate states o
G9 andG7 symmetry in the double groupCI 6v of C6v . The
uppermost valence band state hasG9 symmetry and is higher
than theG7 state by the spin-orbit splitting, which is aroun
8 meV. When a substitutional N atom is present in the l
tice, the point-group symmetry is reduced fromC6v to C3v .

The selection rules will be based on the golden rule
pression for the transition probabilitywf i per unit time for
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transitions from an initial stateui& with total energyEi to a
final stateu f & with total energyEf ,

wfi5
2p

\
uHfi

~n!u2d~Ef2Ei !, ~7!

where, to first order (n51),

Hfi
~1!5^ f uDHu i &, ~8!

or, to second order (n52),29,30

Hfi
~2!5(

n

^ f uDHun&^nuDHu i &
Ei2En

. ~9!

Here uv& are virtual states, andDH is the perturbation caus
ing the transition.

1. Radiative zero-phonon recombination of N-bound excitons

The N-bound exciton is regarded as a four-particle co
plex with the two electrons~one from the N donor and th
other from the exciton! in the same spatial, effective-mas
like state, obeying the Pauli exclusion principle, and a ho
also regarded as effective-mass-like.

Let us consider first a free electron existing in the en
ronment ofC6v symmetry. The three wave functions for th
electron states ofM4 symmetry, corresponding to the thre

FIG. 4. The symmetry modes at theM point of the Brillouin
zone of 4H-SiC represented as displacements of the atoms in
unit cell, and labeled according to Eq.~6!. The atoms are repre
sented by dots, smaller for C, and larger for Si. The modes
sorted by symmetry, so that allM1 and M4 modes have displace
ments lying in thexOz plane @cf. Fig. 2~a!#, and the atoms are
viewed in this plane, whereas allM2 and M3 modes have only
displacements along theOy axis, and are therefore viewed in th
yOzplane.
-

,

-

equivalent minima in the BZ, can be combined linearly
form degenerate states ofG4 ~one dimensional! andG5 ~two
dimensional! symmetry in the point symmetry groupC6v . In
the presence of a N atom, the symmetry is lowered toC3v .
In this point group the valley-orbit interaction will split thi
degeneracy. According to the compatibility relations in R
28, C6v :G4→C3v :G2 and C6v :G5→C3v :G3 . Thus the
effective-mass-like substitutional donor wave functions
4H-SiC will haveG2 or G3 symmetry in the groupC3v , in
analogy with theA1 , E, andT2 symmetries for donors in S
~point symmetry groupTd). At this point, however, we do
not know whether theG2 state or theG3 state is lower in
energy and our analysis will therefore cover both possib
ties. In the rest of this paragraph the symmetry labels will
with respect to the groupC3v or its double groupCI 3v unless
otherwise stated.

To include the spin we form the direct product ofG2 and
G3 with the spin representation28 D1/2. This givesG23D1/2
5G4 ~two-dimensional! andG33D1/25G4% G56, whereG56
~two-dimensional! actually consists of two time-reversa
~Kramers! degenerate one-dimensional representations,G56
5G5% G6 . Thus, the two electrons in the complex can ea
be either in a state ofG4 symmetry or in a state ofG56
symmetry in the double groupCI 3v .

The next step will be to form the two-electron states th
satisfy the Pauli exclusion principle, i.e., which are antisy
metric with respect to interchange of electron coordinate

G43G45G1% G2% G3 , ~10a!

G563G565~G5% G6!3~G5% G6!52G1% 2G2 . ~10b!

Using the coupling coefficients tabulated in Ref. 28, we fi
that only the state ofG1 symmetry in Eq.~10a! and one of
the states ofG1 symmetry in Eq.~10b! satisfy the Pauli ex-
clusion principle. Thus, no matter whetherG4 or G56 is lower
in energy, the two-electron state hasG1 symmetry.

As noted earlier, the top of the valence band hasG9 sym-
metry in the double groupCI 6v . In the double groupCI 3v this
is compatible withG56 symmetry. We thus conclude that th
bound exciton hasG56(5G13G56) symmetry in the double
groupCI 3v . Since the exciton state is the initial state befo
recombination@the stateui& in Eq. ~8!# we can thus write
u i &↔G56, where the symbol↔ means ‘‘transform as.’’

The final stateu f & in Eq. ~8! after recombination is just the
isolated donor state. As has already been seen, there are
possible candidates,u f &↔G4 or u f &↔G56. Furthermore, the
dipole operatorDHv can transform either as theG1 repre-
sentation~for the photon polarization vectorEic wherec is
the hexagonalc axis! or as theG3 representation~for E'c,
i.e., in the conventionalxy plane!. We now obtain the fol-
lowing selection rules:

Eic: DHvu i &↔G13G565G56, ~11a!

E'c: DHvu i &↔G33G5652G4 . ~11b!

Hence, in 4H-SiC the photons emitted in the direct radiativ
recombination of the N-BE will either be polarized parall
or perpendicular toc. According to our experiments~see
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below!, the zero-phonon lines (P0 and Q0) are polarized
E'c, which allows us to conclude that the N-donor grou
state hasG4 symmetry.

2. Radiative phonon-assisted recombination
of free electrons and holes

For the sake of presentation we first consider the rec
bination of afree electron at the bottom of the conductio
band with afree hole at the top of the valence band in
perfect 4H-SiC crystal. In order to conserve both energy a
crystal momentum it is necessary to consider the second
der process in Eq.~9! with

DH5DHv1DHV , ~12!

where DHv describes the electron-photon interaction, a
DHV describes the electron-phonon interaction. Neglect
two-photon as well as two-phonon processes, we obt
from Eq. ~9!

Hfi
~2!5(

n1

^ f uDHvun1&^n1uDHVu i &
Ei2En1

1(
n2

^ f uDHVun2&^n2uDHvu i &
Ei2En2

. ~13!

For the energy denominators in Eq.~13! we have, quite gen-
erally,

Ei5« i1(
a

na\va1(
b

Nb\Vb , ~14!

where« i denotes the energy states of the initial electro
system,na(Nb) is the number of photons~phonons! of en-
ergy \va(\Vb) in the initial state before recombination
Since a phonon and a photon are created during the rec
bination we must consider only photon and phonon emiss
Hence we have

Ef5« f1(
a

na\va1\v1(
b

Nb\Vb1\V, ~15!

where« f is the energy of the final electronic system, and\v
~\V! is the energy of the emitted photon~phonon!. In the
first summation in Eq.~13! the virtual statesun1& are con-
nected to the initial stateui& through phonon emission. The

En1
5«n1

1(
a

na\va1(
b

Nb\Vb1\V. ~16!

In the second summation in Eq.~13! the virtual statesun2&
are connected to the initial state through photon emiss
Hence

En2
5«n2

1(
a

na\va1\v1(
b

Nb\Vb . ~17!

Using these results in Eqs.~7! and ~13!, we obtain
-

d
r-

d
g
n,

c

m-
n.

n.

wfi5
2p

\ U(
n1

^ f uDHvun1&^n1uDHVu i &
« i2«n1

2\V

1(
n2

^ f uDHVun2&^n2uDHvu i &
« i2«n2

2\v U2

3d~« f2« i1\v1\V!. ~18!

The first summation describes a transition of the elect
from the initial stateui& at the bottom of the conduction ban
transforming asM4 ~i.e., u i &↔M4) to a virtual state atG
through the emission of a phonon, followed by photon em
sion from the virtual state to the final stateuf& at the top of the
valence band havingG5 symmetry~i.e., u f &↔G5). The pho-
ton dipole operatorDHv can either transform asG5 for xy-
polarized light ~i.e., when the photon polarization vecto
n'c) or as G1 for the z-polarized light~i.e., Eic). In the
second summation, the electron in stateu i &↔M4 makes a
virtual dipole transition at theM point (DHv↔M2 for x-
polarized light, DHv↔M4 for y-polarized light, and
DHv↔M1 for polarization Eic), and emits a phonon to
reach the final stateu f &↔G5 .

Since the three inequivalent band minima are at theM
point, and the valence-band maximum is atG, the phonons
participating in the indirect transitions haveM1 , M2 , M3 ,
or M4 symmetry, i.e., the phonon operatorDHV transforms
asM1 , M2 , M3 , or M4 . In Sec. III A we showed that there
are eight phonons ofM1 symmetry, four phonons ofM2
symmetry, four phonons ofM3 symmetry, and eight phonon
of M4 symmetry.

Below we will analyze the transition probability in Eq
~18! from a group-theoretical point of view to find the sele
tion rules. This requires considerations involving the ent
space group.10 In Table II we show the results of the group
theoretical analysis of the first summation in Eq.~18!. The
first column shows the possible symmetries of the phon
involved, and the second column shows the symmetries
the virtual states atG to which phonon-assisted transitions
theM4 electron are allowed. The results in this column we

TABLE II. Group-theoretical information used to analyze th
first summation in Eq.~18! with u i &↔M4 in the space groupC6v

4 .
The first column enumerates the possible symmetries of the pho
operatorDHV , and the second column the possible symmetries
the virtual statesun1& for allowed transitions. The third column
shows the possible symmetries of the photon dipole operatorDHv

for light polarized perpendicular and parallel toc. The fourth col-
umn shows the possible symmetries of the final state atG. The
symbol3 indicates a direct product, and% a direct sum.

DHV un i& DHv DHv3un1&

M1 G4% G5 G5 G6% (G1% G2% G6)
G1 G4% G5

M2 G2% G6 G5 G5% (G3% G4% G5)
G1 G2% G6

M3 G3% G5 G5 G6% (G1% G2% G6)
G1 G3% G5

M4 G1% G6 G5 G5% (G3% G4% G5)
G1 G1% G6
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obtained using the tables of Ref. 10 for the nonsymmorp
space groupC6v

4 . ~It should be noted that the labeling of th
irreducible representations in Refs. 28 and 10 differs so
what. For instance, in the groupC6v theG5 andG6 represen-
tations are interchanged, whereas in the groupC2v the rep-
resentationsM2 andM3 are interchanged.! The third column
shows the symmetry of the dipole operator for the two p
larization directions considered, and the fourth column
possible final states. Sinceu f &↔G5 , only those transitions
for which theG5 representation can be found in the four
column are allowed. Hence light with polarizationE'c can
only be obtained with the participation of phonons ofM2 and
M4 symmetry, which should give rise to 12 spectral line
whereas light with polarizationEic can only result from par-
ticipation of phonons ofM1 and M3 symmetry, thus also
giving rise to 12 spectral lines.

In Table III we consider the corresponding results for t
second kind of indirect transition~i.e., second summation! in
Eq. ~18!. The first column again shows the symmetries of
phonons involved, and the second column shows the sym
tries of the virtual states atM to which photon dipole transi
tions of the M4 electron are allowed. The third colum
shows the possible final states, and was obtained using
tables in Ref. 10. As before, sinceu f &↔G5 , only those tran-
sitions for which theG5 representation can be found in th
third column are allowed. It is then clear that the select
rules for the second kind of indirect transition in Eq.~18! are
exactly the same as for the first kind. Thus we have fou
that the selection rules for free electron-hole recombina
in 4H-SiC stipulate that there are 12 phonon-assisted em
sion lines with polarizationE'c, and 12 phonon-assiste
emission lines with polarizationEic.

In the group-theoretical analysis of the phonon-assis
recombinations above, we disregarded spin-orbit interact
i.e., the analysis was based on the single groups rather
on the double~space! group. If the analysis is based o
double groups it turns out that all formally possible tran

TABLE III. Group-theoretical information used to analyze th
second summation in Eq.~18!, with u i &↔M4 in the space group
C6v

4 . The first column enumerates the possible symmetries of
phonon operatorDHV , and the second column the possible sy
metries of the virtual statesun2& for allowed transitions, obtained a
the direct product indicated and with the polarization of the dip
operatorDHv as indicated byx, y, andz. The fourth column shows
the possible symmetries of the final state atG.

DHV un2&↔DHv3u i & DHV3un2&

~x! M3 G2% G6

M1 ~y! M1 G1% G6

~z! M4 G4% G5

~x! M3 G4% G5

M2 ~y! M1 G3% G5

~z! M4 G2% G6

~x! M3 G1% G6

M3 ~y! M1 G2% G6

~z! M4 G3% G5

~x! M3 G3% G5

M4 ~y! M1 G4% G5

~z! M4 G1% G6
ic

e-

-
e

,

e
e-

he

n

d
n
s-

d
n,
an

-

tions are in principle allowed. But since group theory do
not distinguish between weak~which may be practically un-
detectable! and strong~easily detectable! transitions, and
since the spin-orbit interaction, which splits the top of t
valence bands and induces the use of double groups, ca
imagined to have only a minor influence on the free elect
and hole wave functions~recall that the spin-orbit interaction
operator is zero outside the atomic cores!, it is not surprising
that the analysis based on single groups in this case can
a better description of reality.

3. Radiative phonon-assisted recombination of free
and N-bound excitons in4H -SiC

The analysis in Sec. III B 2 should also be applicable
phonon-assisted recombination of FE’s: the FE wave fu
tions can be regarded as being built up from effective-ma
like electron and hole wave functions with the symmetry
the conduction-band minimum and valence-band maximu
respectively. Furthermore, the FE exist in an environm
having the full space-group symmetry of the perfect lattic

For bound excitons, however, the situation is more co
plicated, since from a group-theoretical point of view t
space group of the perfect crystal is no longer the appropr
basis for a group-theoretical analysis because of the pres
of the impurity. One can argue, however, that if the excit
binding is relatively weak~less than 20–30 meV in ou
case!, the exciton wave function is only slightly perturbed b
the presence of the N donor, and consequently the selec
rules for phonon-assisted recombination of the N-BE ne
not in practice differ appreciably from the selection rules
the FE. This seems to be supported by our experimenta
sults since, as will be seen, the two sets of replicas, for
N-BE and the FE, are very similar to each other.

C. Model of lattice dynamics of 4H -SiC and distribution
of phonons by energy

Here we present a simple lattice-dynamical model for c
culating the phonon spectrum of 4H-SiC. The full phonon-
dispersion calculations along some high-symmetry directi
of the BZ are briefly presented, although we do not aim h
at a construction of a more precise model than those alre
presented by other authors~see, for instance, Ref. 26!. In-
stead, our purpose is to obtain some general information
lating the energies of the phonons and their symmetries,
pecially at theM point of the BZ. Our conclusions are base
on some general physical observations illustrated by me
of the lattice-dynamical model. However, we believe tha
rigorous proof from a mathematical point of view is possib
although not performed here. The features pointed out in
following are common for any lattice dynamical model
4H-SiC.

Description of the model.For the short-range interaction
between the atoms, we have used the expression for the
ergy in crystals with covalent bonds proposed by Tersof23

In order to find the force constants necessary for construc
the dynamical matrix, a complete analytical evaluation of
second derivatives of the energy has been carried out.
parameters in the expression for the energy, which beco
the parameters determining the force constants respon
for the short-range interactions, are the same as those

e
-
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posed by Tersoff, and have not been optimized. The lo
range Coulomb interactions between the ions have also b
taken into account and evaluated by means of the Ew
method ~see Ref. 25, and references therein!, in order to
reproduce the LO-TO splitting at the center of the BZ.

The phonon dispersion along some high-symmetry dir
tions of the BZ produced by means of this model is shown
Fig. 5. The agreement between the model and the experim
tally determined quantities, such as the phonon energie
the center~G! and theM point, and the value of the energ
gap in the phonon dispersion, is not very good. However,
believe that a much more adequate description would be
sible within this model if its parameters would be systema
cally adjusted, which has not been aimed at here since it
not been necessary for the current treatment.

The calculated atomic displacement fields at theM point
and a graphics representation of the eigenvectors of the
namical matrix are presented in Fig. 6. Each displacem
configuration is labeled with the calculated phonon ene

FIG. 5. The phonon dispersion in 4H-SiC along some high-
symmetry directions of the Brillouin zone, as calculated in t
frame of the lattice-dynamical model.

FIG. 6. The atomic displacement fields associated with
phonons at theM point, and representing the eigenvectors of t
dynamical matrix. The atoms in the unit cell and their displa
ments are represented in the same way as in Fig. 4. Each disp
ment configuration is labeled with the corresponding calcula
phonon energy and symmetry. The thick solid line separates
phonons above and below the energy gap in the phonon disper
called high- and low-energy phonons, respectively.
-
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and the irreducible representation describing its symme
These ‘‘symmetry labels’’ can be obtained by calculating t
scalar product between the eigenvectors and the symm
modes. However, a much quicker way is provided by co
paring the normal modes from Fig. 6 with the symme
modes from Fig. 4. Each normal mode has displaceme
either in thexOzplane~therefore, it hasM1 or M4 symme-
try!, or in theyOzplane~which meansM2 or M3 symmetry!.
Furthermore, to distinguish, for example,M2 from M3 sym-
metry, it is sufficient to note whether the displacements
the equivalent atoms~say, 1 and 2! along theOy axis have
the same sign, or different signs~this distinguishesM2 and
M3 , respectively, as seen from Fig. 4!. To distinguishM1
from M4 , again the signs of the displacements of the equi
lent atoms should be considered. If the signs of the com
nents of these displacements alongOx coincide, then the
symmetry isM4 ~and the components along theOzaxis nec-
essarily have opposite signs!, and vice versa. Of course, i
all cases~not only at theM point!, the vectors representin
the displacements of the equivalent atoms have the s
amplitude, but possibly different orientation.

Let us consider now the calculated displacement fie
from Fig. 6. One can then make the following observatio

~1! There exists an energy gap in the phonon dispers
and the numbers of phonon dispersion curves above and
low it, are equal~12 above and 12 below, in our case!. This
seems to be a general property of all crystals constituted
two sublattices of different atoms~C and Si, in our case!.
The existence of energy gap for such compounds is
cussed in Ref. 31, although, to our knowledge, a rigoro
proof is still missing.

~2! Regarding the high-energy phonon branches~above
the energy gap!, one can notice that the displacements of t
‘‘heavy’’ ~Si! atoms are much smaller than the displaceme
of the ‘‘light’’ ~C! atoms. The physical reason is that th
heavy ~Si! atoms do not succeed in following the light~C!
atoms, when the oscillation is with a ‘‘high’’ frequenc
~above the energy gap!, and, therefore, their displacement
always smaller. We suggest now that all high-ener
phonons include mainly the displacements of the lighter
oms in the binary compound~C in our case!.

In what concerns the phonon branches below the b
gap, one can see that the modes of vibration can be su
vided into two types, namely, normal modes in which t
displacement of the heavy atoms is dominant, and mo
when both the heavy and light atoms have significant d
placement amplitudes. When only the heavy atoms mo
the frequencies will be higher than in the case when p
consisting of a heavy atom and the adjacent light atom m
in phase; in the latter case the two atoms can be regarde
a single particle with a mass equal to the sum of the t
masses, and, therefore, oscillating with still lower frequen
This is well illustrated in Fig. 6.

Thus, although the eigenvectors depend on the latt
dynamical model employed, we have reasons to assume
the two properties we just pointed out are independ
thereof, because any model should obey the general phy
principles used to motivate our observations. Now, on
basis of these observations, we are able to derive some
clusions concerning the distribution of the phonons of ea
symmetry with energies above and below the energy gap

e

-
ce-
d
e

on,



s
ov
uc

m
an
er
io
th
e

in

he
g

e

x
nl
-
f

to
it

ou
r

pr
u
o
sl

es

th

o
no

no
d

ac

t

e
th
ion

re
o

e
ergy
r of

ch
s-
is
ve
ume

nta-

on-

he

are
the
ion
m-
be-
on

ical

fol-

ed
ns

n-
ble
n
.

ow-

he
ply
va-
is

of
ho-
ob-

r

are

h
ted

PRB 58 13 643PHONON REPLICAS AT THEM POINT IN 4H-SiC: . . .
symmetries, that is, conclusions concerning the number
phonons labeled with given irreducible representation ab
and below the energy gap. These conclusions are ded
here for the case of theM point in the BZ of 4H-SiC, or any
point on the lineM -L, because these points have the sa
symmetry. However, the same idea can be employed in
lyzing the phonon distribution by symmetry in many oth
cases, for different binary crystals. A further generalizat
of the ideas we use here, as well as rigorous proof of
conclusions we are going to make, are beyond the scop
this paper.

For definiteness, let us consider the phonons transform
as M1 . If we regard the corresponding eigenvectorsc1,r as
linear combinations of the symmetry modesu1,r (r
51, . . .,8), then the second observation implies that t
eigenvectors corresponding to phonons above the energy
are mainly constituted of the vectorsu1,1, u1,2, u1,5, andu1,6,
i.e., the vectors which correspond to displacements of th
atoms. The contribution fromu1,3, u1,4, u1,7, andu1,8 in these
eigenvectors is negligible. If this latter contribution was e
actly zero, then we obviously would be able to construct o
four mutually orthogonal eigenvectors~let these be the vec
torsc1,1, c1,2, c1,3, andc1,4) which are linear combinations o
the four vectorsu1,1, u1,2, u1,5, andu1,6. Indeed, if any other
vector is a linear combination ofu1,1, u1,2, u1,5, and u1,6,
then it can also be presented as a linear combination ofc1,1,
c1,2, c1,3, and c1,4, and, therefore, cannot be orthogonal
these vectors, i.e., cannot be an eigenvector. Moreover,
easy to prove that if a vector is orthogonal to all of these f
eigenvectors (c1,1, c1,2, c1,3, andc1,4), then it must be a linea
combination of onlyu1,3, u1,4, u1,7, andu1,8, i.e., it belongs
to the subspace spanned by the latter four vectors, com
ing only displacements of the Si atoms. According to o
second observation, such an eigenvector represents a ph
from a branch below the energy gap. Then we obviou
obtain equal numbers of phonons havingM1 symmetry be-
low and above the energy gap, and the same result appli
the rest of the phonons, transforming asM2 , M3 , andM4 .
In this ideal case~which is not the reality!, the phonons of
given symmetry are equally distributed above and below
gap.

Let us extend our reasoning to the case ofreal eigenvec-
tors. Let us regard the high-energy phonons~above the en-
ergy gap!, when the contribution from the displacements
the ‘‘heavy’’ Si atoms in the phonons above the gap is
exactly zero, but small~Fig. 6!. Let us again consider only
one representation, say,M1 . According to observation 2, we
can say that each of the eigenvectors describing the pho
above the gap ‘‘almost’’ belongs to the subspace spanne
the four vectorsu1,1, u1,2, u1,5, andu1,6, and has negligible
projections out of this space, namely, in the subsp
spanned by the other four vectorsu1,3, u1,4, u1,7, and u1,8.
We have a reason to assume then that at most four of
eight eigenvectors transforming asM1 can have this prop-
erty, that is, have negligible contributions fromu1,3, u1,4,
u1,7, and u1,8, and being mutually orthogonal at the sam
time. This assumption leads to the conclusion that ano
eigenvector will necessarily have a significant contribut
from at least one of the vectorsu1,3, u1,4, u1,7, and u1,8,
which means significant amplitude of vibration of the cor
sponding ‘‘heavy’’ Si atom, and, consequently, a phon
of
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energy below the gap. This is illustrated in Fig. 6. All th
eigenvectors corresponding to frequencies below the en
gap exhibit significant displacements for at least one pai
equivalent Si atoms.

If our assumption is valid, then it can be extended to ea
M p , and it claims that at most half of the phonons tran
forming asM p have energies above the gap. Actually, th
implies thatexactlyhalf of the phonons have energies abo
and below the gap for each representation. For if we ass
that the number of phonons forM1 , for instance, is less than
four, then the number of phonons for some other represe
tion M p (pÞ1) will be greater than12 np in order to complete
the total number of phonons above the gap to 12. This c
tradicts with our conclusion thatat most1

2 np of the phonons
transforming asM p belongs to the set of phonons above t
energy gap.

Thus, we find that the phonons of each symmetry
equally distributed above and below the energy gap in
phonon dispersion. According to the deduced polarizat
rules, this in turn implies that one should expect equal nu
bers of phonon replicas for each polarization above and
low the energy gap. In other words, we expect six phon
replicas withEic, and six withE'c, both above and below
the energy gap. We now briefly summarize the theoret
results obtained.

~1! At the M point of the BZ, as well as along theM -L
direction, the phonons are classified by symmetry, as
lows: eight phonons transform asM1 , four asM2 , four as
M3 , and eight asM4 . The phonons withM1 andM4 sym-
metries have displacements only in thexOz plane, and the
phonons withM2 andM3 symmetries only along theOy axis
~see Figs. 4 and 6!.

~2! According to the polarization selection rules deriv
in Sec. III B the zero-phonon lines for the N-bound excito
~P0 andQ0) are polarizedE'c, if the ground state of the N
donor hasG4 symmetry, which is also observed experime
tally. However, if the ground state had the other possi
symmetry, G56, then the polarization of the zero-phono
lines would beEic, which is not observed experimentally
Thus, the experiment provides a direct evidence that the l
est ~ground! state of the N donor hasG4 symmetry.

~3! Furthermore, the polarization selection rules for t
phonon replicas of either the bound or free excitons im
that if the phonon accomplishing the momentum conser
tion is of M1 or M3 symmetry, the corresponding replica
polarizedEic, whereas if the phonon hasM2 or M4 symme-
try, the replica is polarizedE'c. Therefore, there are 12
phonon replicas withEic polarization and 12 withE'c po-
larization, for each set of phonon replicas~bound or free
exciton!.

~4! According to Sec. III C the number of phonons
given symmetry above and below the energy gap in the p
non dispersion is the same. Thus, one should expect to
serve six phonon replicas with polarization perpendiculac,
and six with polarization parallelc, both below and above
the phonon energy gap.

We turn now to the experimental results and comp
them to the theory.

IV. EXPERIMENTAL RESULTS AND COMPARISON
TO THE THEORY

Three kinds of 4H-SiC samples were investigated, whic
we refer to here as sample No. 1 with strong N-BE-rela
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FIG. 7. Polarized PL spectra of sample Nos. 1~a! and 1~b! and 2~c! and 2~d!, showing strong N-BE related lines, and FE related lin
respectively.~a! and ~c! contain the lines, polarized parallel toc, ~b! and ~d! lines polarized perpendicular toc. The asterisks denote som
residual lines from the other polarization. Note the change of the intensity scale in the low-energy part of the spectra.
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luminescence and absent FE-related lines@n-type doping
around (2 – 5)31016 cm23], sample No. 2 with strong FE
related luminescence, and twoa-cut samples, for both
(101̄0) and (112̄0) orientations. For the first two cases, t
rectangular geometry shown in Fig. 3~b! was used to record
the polarized spectra through the edge of the sample, an
the a-cut samples the usual near-backscattering geom
was used@Fig. 3~a!#.

The polarized spectra for sample Nos. 1 and 2 are sh
in Fig. 7. We use the spectrum of sample No. 1 to obtain
phonon replicas of the BE~of the P0 line!, and that of
sample No. 2 for the phonon replicas of the FE. Each of
replicas in the corresponding set is shifted with the energ
the phonon involved in the recombination from the cor
sponding zero-phonon line (P0 for the set of the N-BE lines
and I 0 , the ZPFE line, for the set of FE lines!. As already
discussed in Sec. I,I 0 is forbidden. However, it still can be
observed in some samples, which provides direct evidenc
the position of the excitonic band gap. One of our spectra
I 0 is shown in the inset of Fig. 7~d!, where the excitonic band
gap obtained in this work,Ex53266 meV, is denoted with a
for
ry

n
e

e
f

-

of
r

vertical bar. It appears unshifted fromEx , at least within the
accuracy of the experiment~'0.2–0.3 meV!, which supports
the conclusion that the energy taken from the momentu
conserving particle during the ‘‘direct’’ recombination of th
FE is negligible. It is worth noting that we have observed t
I 0 line also in 6H-SiC, and the typical asymmetric Maxwel
ian line shape of the FE-related lines is obvious for bo
polytypes, making the assignment of the observed line q
unambiguous. In 6H-SiC, I 0 also appears unshifted with re
spect to the calculated excitonic band gap~'3023 meV!.

After thorough evaluation of the line positions in the p
larized spectra and comparing the replicas of the bound
free excitons, we were able to derive 22 of the 24 replicas
4H-SiC, 11 for theE'c polarization and 11 for theEic
polarization. They are listed in Table IV together with th
associated phonon energies. In Fig. 8, the same replicas
shown as narrow vertical lines with height proportional
the intensities of the real lines from the spectra, both for
free and bound excitons. One can see that the intensity
tribution among the replicas is almost identical if we com
pare the free- and bound-exciton sets for each polarizat
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For instance, if we considerE'c polarization, the stronges
replica in the spectrum of the free exciton isI 76.3, andP76.3
is also most intense in the spectrum of the bound exci
The next most intense replicas areI 46 and P46, and both
lines have about 15% of the intensity of theI 76.3 and P76.3
lines, respectively, and so on.This rather accurate match o
the relative intensities of the replicas in the BE and FE sp
tra supports the conclusion that the wave functions desc
ing the bound exciton are quite similar to those of the fr
exciton. In other words, the effective-mass approximati
seems to be quite relevant in the description of both free
bound excitons toN excitons.

In Sec. III B we already discussed the polarization of t
zero-phonon linesP0 and Q0 . They are polarized perpen
dicular to c ~see Fig. 7!, which was the reason to conclud
that the lowest N-donor state hasG4 symmetry. From the
same figure it can be seen, however, that when recording
spectrum withEic polarization, the lines polarized perpe
dicular toc do not vanish completely. We would like to poin
out that, apart from a possible disorientation of the polariz
the ‘‘opposite’’ polarization may always be observed, due
a scattering of photons from some inhomogeneities in
crystal. This is also the most probable reason for seeing~af-
ter careful inspection! some weak contribution from the rep
licas withEic polarization in the usual PL spectrum record
in backscattering geometry~see Fig. 1!.

TABLE IV. Phonon energies at theM point of 4H-SiC, polar-
ization of the corresponding phonon replicas, and comparison
Ref. 32.

Phonon energies~meV!

Ref. 32 Our data Polarization

33.0 33.2 E'c
36.5 36.6 Eic
40.6 40.6 Eic
41.0 41.1 E'c
41.7 41.9 Eic
46.1 46.3 E'c
50.8 50.9 E'c
52.7 52.7 Eic
67.8 68.1 E'c
68.7 68.8 Eic
76.6 76.3 E'c
78.5 78.0 Eic

Energy gap
- 94.5 E'c

96.1 94.7 Eic
97.3 96 E'c
97.8 96.5 Eic
99.1 -

100.3 98.9 E'c
101.6 -
105.6 103.5 Eic
106.3 103.9 E'c
108.2 106.3 Eic
108.7 106.8 E'c

- 109.5 Eic
n.
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We can now inspect the energy distribution of t
phonons. A recent work32 reported on phonon replicas i
4H-SiC, and we compare our results with this work in Tab
IV. Let us first consider replicas due to phonons with en
gies below the energy gap, which for 4H-SiC at theM point
is approximately between 78 and 94 meV, as can be s
from the spectra, the table, and phonon dispers
calculations.26 In this low-energy range, our results are
excellent agreement with Ref. 32. Some small discrepan
exist, however, and may be due to the way the spectra w
recorded~in Ref. 32 the authors did not perform comple
polarization measurements, and some close replicas with
ferent polarization may overlap which causes an appa
shift of the lines!. Another reason could be differences
material quality, since small shifts of the replicas and t
zero-phonon lines are possible in a strained material.
early work33 also supported the results from Table IV~the
part below the gap!. However, at that time, the results we
misinterpreted as a proof that the minimum of the conduct
band is not at theM point in 4H-SiC.

Furthermore, we observe 12 phonon replicas in the lo
energy part~phonons below the gap!, which means that we
observe all of them. Moreover, six of them are polariz
parallel toc, and six perpendicular toc. This is in agreement
with our conclusion made in Sec. III C concerning the eq
distribution of the phonons of each symmetry below a
above the energy gap. Therefore we can deduce that the
replicas withEic polarization are produced by four phonon
of M1 symmetry and two phonons ofM3 symmetry, whereas
the other six replicas polarizedEic are due to two phonons
of M2 symmetry and four phonons ofM4 symmetry. At
present, however, we do not have the means to decide
actly which replicas are due to phonons of a certain symm
try.

Let us consider now the phonon replicas due to phon
with energies above the energy gap~.94 meV!, or, roughly
speaking, the high-energy phonon replicas. First of all,
appearance of a systematic shift toward higher energie
the data from Ref. 32 with respect to our values becom
visible ~it can already be noted in the low-energy part!. It
might be due to the difference in the conversion factors;
convert the wavelength to energy, we have used the form

FIG. 8. Comparison between the relative intensities of the li
originating from the N-BE and FE recombination, obtained fro
Fig. 7. The set of replicas ofP0 is shown in the upper part of pane
~a! and ~b!, for Eic andE'c, respectively, and the correspondin
FE replicas are in the lower part.
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E51.239 493/l(mm), which is obtained if the refractive in
dex of standard air at wavelength 4000 Å is taken into
count in the formula for vacuum:E51.239 856/lv(mm),
wherel and lv are the measured wavelength values in
and vacuum, respectively. In Table IV, some further discr
ancies can be seen which concern the assignment of s
lines. There are several possible reasons for that, am
which it is worth mentioning the following. The energy r
gion containing these replicas also contains the spec
arising from recombination of excitons by two-phonon p
cesses. Thus the selection of the first-order phonon replic
much more difficult in this region, and the comparison of
spectra of the BE and FE replicas becomes crucial in judg
which lines are replicas, and which are not. All ten hig
energy replicas reported by us here have been observe
both the BE and FE spectra. The specific ‘‘asymmetric’’ li
shape of the FE-related replicas is also useful in the ide
fication of the lines. Some strong replicas of theQ0 line also
fall within this region~we have identified and marked mo
of the Q0 replicas in order to exclude them from consid
ation!.

However, we only succeeded in finding ten of the 12 r
licas in this region. By coincidence, in Ref. 32, ten replic
are also reported, although most of them are at different
ergies than ours. Five of these replicas observed by us
polarized parallel toc, and five perpendicular toc. Thus we
‘‘miss’’ two replicas in this region, one for each polarizatio
direction. There are two possible reasons for this. First, th
always exists a possibility for accidental degeneracy of
phonon energies, so the missing lines are not resolved
some of the others. Second, the ‘‘missing’’ replicas might
resolvable, but very weak. Thus, in 6H-SiC, for example,
the less intense phonon replica of the FE at around 29 m
is about three orders of magnitude weaker than the m
intense one (I 77).

Finally, the nonpolarized spectra of thea-cut samples re-
corded in the usual near-backscattering geometry are
sented in Fig. 9. Note that the spectra for (1010̄)- and
(112̄0)-oriented samples are very similar. This is not s
prising if we take into account the existence of two equi
lent directions in the~0001! plane. The slight difference in
the spectra@slightly shifted and broadened lines in th
(101̄0) sample# is due to the difference in the sample qu
ity. As expected, allEic andE'c replicas listed in Table IV
can be seen in the usual spectra for these samples. Th
larized spectra~not shown here! are not as accurate as th
spectra in Fig. 7, that is, there is a significant residual c
tribution from the other polarization, because the geometr
s
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not as well defined as in the case of rectangular geome
Therefore, we regard these spectra as a confirmation of
attribution of the phonon replicas performed from the pre
ous spectra.

V. CONCLUSION

We have performed a complete analysis of the phonon
the M point of the Brillouin zone of 4H-SiC, starting with
the classification of the phonons by symmetry, then deriv
the polarization selection rules from a group-theoretical po
of view, and applying these rules in the analysis of the e
perimental data. A lattice-dynamical model is used to illu
trate our conclusions concerning the equal distribution of
phonons of given symmetry above and below the phon
energy gap. However, a further test of our observations,
means of other models of the lattice dynamics, would
very useful, since we believe that the features pointed out
our model in Sec. III C are actually independent of th
model. The theoretical conclusions seem to be in excel
agreement with the experimental results.
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