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This paper presents a comprehensive study of the phonons it ploint of the Brillouin zone of #-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 photoluminegénapectrum. 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 81,+4M,+4M;+8M,, whereM; are the irreducible representations of the group of the
wave vector at th&/ point. The polarization selection rules imply that among the 24 phonon reflicas in
4H-SIiC, which can be observed in the PL spectrum, there are 12 with parallel polariz&tipmrid M5
symmetry, and 12 with polarization perpendicula and M, symmetry to the crystalhexagonal 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 Mepoint in 4H-SiC. [S0163-18208)02144-4

. INTRODUCTION grown 4H-SiC epilayer is shown in Fig. 1. The spectrum
consists of numerous sharp lines which are identified as zero-

SiC is a promising material for future device application, phonon lines of the N- and Al-bound excitons, and phonon
especially in the cases when operation at high power, higheplicas of the N-bound and free excitofiE’s). The struc-
temperatures, and/or high radiation levels is required. Nowature of the spectrum is quite well understood at present.
days, chemical vapor depositig€VD)-grown epilayers of However, for the sake of clearness and completeness of pre-
high crystalline quality and doping levels as low assentation, in this introduction we shall consider the origin of
10*cm 2 of both 6H and 4 polytypes are availablk.

4H-SiC is the subject of study in the present paper. Energy (meV)

The most common doping impurities in nominally un- 3260 3220 3180 3140
doped SiC are the nitrogeiN on C site, or N) donor and ' Q ' ' ' 4H-SiC '
the aluminum (A4) acceptor. Sharp lines originating from ’ T=0K
these impurities are usually seen in the low temperature near- A =334 nm
band-gap photoluminescen@@lL) spectrum. This technique .
is nondestructive, and the most informative one among the Py g,
different techniques for characterization of the grown mate- = P“’" p
rial. Besides N and Al, many other impurities can also be Lis 6o

detectede.qg., H, Ti, G&#*for a recent review on the optical
characterization of various SiC polytypes, see Rgflibthe
case of very pure crystals, photon emission due to recombi-
nation of free excitons can be observed, and this provides a
tool for determination of the nitrogen doping concentration
from the PL spectrurf! Thus a detailed knowledge of the

PL Intensity (linear units)

spectrum is of practical importance, because it yields impor- 3800 3840 3880 3920 3960

tant information used as feedback for further improvement of Wavelength ( A)

the CVD growth. The following presentation deals with the

structure of the PL spectrum of# SiC. FIG. 1. Typical PL spectrum of unintentionally low doped

A typical PL spectrum @2 K of a high-quality CVD-  4H-SiC atT=2K.
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bind to them. Let us consider, for instance, the donor impu-
(a) ; : -
rity N, replacing a C atom at one of the two inequivalent
>.; . sites in H-SiC, hexagonal or cubifdenoted in Fig. @) h
© -Si andk, respectively. The recombination of a nitrogen-bound
8 exciton (N-BE) is possible either in a process when the im-
¢ -C purity atom takes the momentum itself, or in a phonon-
assisted process. The former process gives rise to the so-
[1120] callgd zgro-phonon IineRo or Qq, fpr N at hexagonal or
cubic sites, respectively; see Fig.), land the latter
process—to phonon replicas in the PL spectrum. The shift of
the zero-phonon lineR, or Qg) from the so-called excitonic
band gaf’ is equal to the binding energy of the exciton to
A [i100] the impurity atom. According to the empirical Haynes rtile,
O X the exciton binding energy is roughly proportional to the
ionization energy of the impurity atom. Therefore, the differ-
ence in the binding energies of excitons bound to N atoms at
the two inequivalent sites in the unit cell oH4SiC (8.6 and
21.6 meV for the hexagonal and cubic sites, respectjvsly
an indication of a significant difference in their ionization
energies. The values above follow from the PL spectrum as
the difference between the excitonic band gap, and the
corresponding zero-phonon lin{ or Q). Indeed, the ion-
ization energy for the N donor at hexagorialibic) site in
4H-SIC is estimated to be around 45-522-100 meV,
respectively:*
Furthermore, a consequence of the different exciton bind-
FIG. 2. (@ The unit cell, and(b) the first Brillouin zone of ing energies is that mainly the phonon replicas of the “more
4H-SiC (the irreducible part of the zone is outlinedhe inequiva-  shallow” P, line are observed in the spectruiSome of
lent hexagonal and cubic positions for the C and Si atoms are dehem are denoted in Fig. 1 &, where the subscriptx is
noted withh andk for the hexagonal and cubic sites, respectively. the approximate energy of the phonon involved in the recom-
The atoms are enumerated in such a way that the pairs of SUbSBination) The physical reason for this is quite simple: the
quent number¢l,2), (3,4, (5,6), and(7,8) denote equivalent atoms, gy citons are bound to the “shallower” N atom at the hex-
i.e., atoms belonging to one and same orbit. The insertin(ppof 54085 site rather weakly, so the interaction is weak and the
the figure shows the relation between the crystallographic axig, ,papility for phonon-assisted recombination is higher than
gx?éaozzig?n:;?deescexiﬁsﬁ;(;c;(?é)dmat&(y in the basal planéthe  y -+ for recombination involving an interaction with the im-
' purity atom itself. That is whyP, is rather weak, but its
replicas are not. On the other hand, the excitons are bound
the different lines in some detail. Within this work we shall stronger to N at the cubic site, which leads to a higher prob-
concentrate mainly on the sets of PL lines due to the N-ability for recombination with transferring the excess mo-
bound exciton and the FE’s. The structure of acceptor-BEnentum to the impurity atom. This is reflected in the much
(bound excitohrelated lines is different and will not be con- higher intensity ofQ, with respect tdP,, and in the almost
sidered herdsee Refs. 4 and 8 for the cases of Al and Gaabsent replicas of th@, line. Actually, as will be seen, some
acceptors of the strongest replicas of thH@, line are observed in the
Similar to all known SiC polytypes,H-SiC is an indirect  spectrum, but their intensities are negligible if compared to
band-gap semiconductor. The space group is, using differemhat of the same replicas from tlig, line.
standard notation€¢, (Schoenflies notationP6smc (inter- The free-exciton recombination can be regarded as an ul-
national notatioly or space group number 186ee, for in- timate case of the same mechanism, when there is no binding
stance, Refs. 9 and 10t is a nonsymmorphic space group. at all. Consequently, only phonon-assisted recombination is
According to numerous electronic band-structure cal-allowed. In practice, however, due to the presence of defects
culations!! the three equivalent conduction-band minima areand impurities in the real crystals, the zero-phonon free-
located at the poinM of the Brillouin zone(BZ); see Fig. exciton line(ZPFE) has been observed in indirect band-gap
2(b). The maximum of the valence band is at the celiter semiconductorgsee, for instance, Ref. 15, for the case of
Thus, an electron-hole pair coupled in a free exciton has &i). We also observe it, although very weakly, in botH-4
crystal momentunk,,, wherek,, is the momentum corre- and 6H-SiC. Its appearance could be explained as due to the
sponding to theM point of the BZ. Consequently, direct fact that some defects could serve in the accommodation of
recombination of the electron and the hole is forbidden bethe excess momentuti.Thus, the observation of the ZPFE
cause of the crystal-momentum conservation law. To conkne provides a direct means for determining the excitonic
serve the crystal momentum the FE recombination is onlypand gap, which is otherwise obtained by comparison of the
possible with the assistance of another particlequasipar- energy positions of the FE replicas with the N-BE replicas.
ticle). In an ideal crystal, the role of such a particle is playedFor example, the energy distance betwégnand its most
by a phonon. In a real crystal with defects the excitons caiintense phonon replica, noted in Fig. 1R 5, can be mea-

Oz-axis ——»
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sured directly from the spectrum. It is 76.3 meV, the energy
of the momentum conserving phonon. If we believe that the
most intense FE replica is identified, which is quite unam-
biguous(seel ;5 3in Fig. 1), the excitonic band-gap position
should lie 76.3 meV toward higher energies. The same holds
for the other replicas oP, and the free exciton, and the
energy position of the excitonic bandgap iM4SiC is de-
termined to beE,~ 3265 meV(Ref. 17. It should be noted
that the identification of the replicas of the FE is helped by
their asymmetric lineshape arising from the Maxwellian ve-
locity distribution® in contrast to the symmetric line shape
of the BE-related lines.

Thus, when a phonon is involved in the recombination of
either a free, or a bound exciton, it is one of the 24 phonons
at theM point. (4H-SiC has eight atoms per unit cell, which
yields 24 (=3X8) phonon branchesThis phonon iscre-
atedduring the recombination, and, besides the momentum,
takes also a part of the energy of the exciton, equal to its own
phonon energy. This has been exploited to determine the
phonon energies for various polytypes in that point of the BZ
where the minimum of the conduction band occurs. In com-
bination with Raman spectroscopy, which yields information
about phonon energies at the cerifeof the BZ, quite a lot
of information on the phonon dispersion can be colleéted.
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(a) near-backscattering geometry
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(A, =334 nm)
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FIG. 3. The two experimental configurations used for recording

In the present paper we provide a more complete analysis dfie photoluminescence spectra. The values of the angles shown

our experimental data for the phonon energies aMhmint
of the BZ in 4H-SiC, which is based on comparison of both

correspond to real experimental conditions.

sets of N-BE and FE replicas. Section 1l explains some exwith respect to the axis. In practice only photons propagat-
perimental details concerning how to observe emission lineig within the angular aperture of the collecting optics are

with polarizations both parallel and perpendicular to thedetected, which is typically around 40°, which corresponds
crystal ¢ axis in 4H-SiC. Section Il gives a theoretical to about 7° inside the crystal. Thus only photons propagating
analysis and contains three parts. In Sec. Ill A, an analysis ailmost parallel to the axis are detected. Due to the trans-
the phonon symmetries at thé point is carried out. The verse nature of the electromagnetic waves they are polarized
results are then used in the Sec. Il B to deduce the polarizgperpendicular to the axis (we denote the polarizatioBL ¢
tion selection rules for light emitted during recombination of for this case, andllc for the case of photons with polariza-
N-BE or FE. Section Ill C presents a simplified model of thetion parallel to thec axis). For the same reason, the propa-
lattice dynamics of #-SiC which is used to gain informa- gation of photons witlEllc is confined in a plane perpendicu-
tion about the energy distribution of the phonons with differ-lar to thec axis.
ent symmetries. Section IV presents the experimental results Consequently, only spectral lines withl c can be ob-
and a comparison with the theory. served in the common “near-backscattering” experiment
from an (000J)-oriented face(c face. In order to observe
lines polarizecEllc as well either a different scheme like the
Il. EXPERIMENTAL CONSIDERATION AND DETAILS one shown in Fig. @) must be applied, or the “backscatter-

The common experimental configurati¢ihe near back- iNg” luminescence should be recorded from aeut mate-
scattering used to record the low-temperature PL-spectrunfial [we will call “a cut” an orientation when the axis lies
of a CVD-grown epilayer is shown in Fig(&. Because of N '@e surface of the Iayfr, that is, either the prism face
the high value of the refractive index for the photon energie€1010), or the a-face (11D) orientatiod. We used both
under consideration, this geometry is very close to the backmethods to record the spectra containing lines itk po-
scattering configuration, when the exciting laser beam anthrization. Spectra of CVD epilayers grown arcut-material
the light emitted from the crystal and received by the detecwere reported earlier for 8-SiC,?? but the quality of the
tor are almost collinear, but propagate in oppositesamples was much poorer than focdace material, and a
directions?® Considering photon emission at a point inside careful analysis of the phonon replicas was not carried out.
the crystal, only those photons can exit the surface which are The samples used in this study were all CVD grown ep-
propagating at angles of incidence to the crystal surfacdayers. In the case db00J)-oriented material, samples with
smaller than the critical angle of total internal reflectieq,, different donor doping concentration were used, in order to
satisfying the equation sia,= 1/n, wheren is the refractive observe or avoid the FE-related lines; in the case of very
index of the layer. In #-SiC, n~2.7, which yieldsa,  pure but compensated material, the FE lines are dominating
~22° (Ref. 2. If the c axis of the crystal is perpendicular the spectrum, which enabled us to record the FE-related rep-
to the surface of the layer, which is usually the case withlicas with bothEL ¢ and Elic polarizations. Then the set of
(000)-oriented samples, then only those photons can exiEE lines was compared with the N-BE lines, and this was
the layer surface which propagate at angles less than 22fsed to judge which lines are due to phonon replicas.
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The a-cut samples used were both (_II)land (11_2)) TABLE I. The irreducible representations G, , the group of
oriented, with almost the same quality as-féace material. the wave vector at th#! point.
Although some contribution from the FE-related lines could

be observed in the spectra, they were rather highly doped, ©22 (M poind E Co To 7
and, consequently, mainly the N-BE related lines were inves- M, 1 1 1 1
tigated in this case. M, 1 -1 1 -1

All the spectra were recorded 2 K with a double SPEX Ms 1 1 -1 -1
1404 (f=0.75 m) monochromator, with a resolution of 0.4 M, 1 -1 -1 1

A, or better. The 334-nm UV line of an Arion laser was

used for excitation, with a power of 10 mW. In the case of
the 90° experimental geomettye call it briefly rectangular  Mm,) was described in detail in Ref. 24. For the sake of
geometry shown in Fig. &), the laser beam was not fo- completeness, here we give a brief summary of the applica-

cused on the sample in order to avoid the thermal-induceglon of that technique to our particular case of Mepoint in
broadening of the FE lines. The resulting power density athe BZ of 4H-SiC.

the surface of the sample was less than 0.1 \/tim the A 24-dimensional representatioRi¥sP (called the dis-
case of focused beam and backscattering geometry, used fgfacement representatipnan be constructed in the follow-
thea-cut samples, it is about 20 W/&nWhen a rectangular ing way. Let us introduce a 24-dimensional veatothe first
geometry was Used, the pOSSible contribution of photons Witlfhree Components of which are they, andz projections of
EL c exiting the surface was blocked with a small heap ofthe displacement of atom No. 1, the next three components
silver paste as shown in Fig.(l9, and the light emitted gare the corresponding projections of the displacement of
through the edge of the sample was analyzed with a polarizeftom No. 2, etc. This is exactly the same way in which the

transmitting the desired polarizatiof( ¢, or Elic). eigenvectors of the dynamical matrix represent the displace-
ments of the atoms corresponding to the normal mdses,
Il. THEORETICAL BACKGROUND for example, Ref. 2b Let us think of each symmetry opera-

) ) ) ) ) tion as acting on the displacements of the atoms, instead of
This section provides the group-theoretical analysis necon the atoms themselves. Then the result of the symmetry
essary to understand the experimental results. First, the SYmperationT on the vectorc will be another vector’, which
metry analysis of the phonons at the point of the BZ is  can be writterc’ =T'%SX(T) - c. Obviously, the set of matrices
carried out. Afterwards, we establish the polarization selec{rdisy Ty T<C,,} forms a(reduciblé representation of the
tion rules for the phonon replicas and the zero-phonon linegyroup of the wave vectorQ,, in our casg and it is quite

By “polarization selection rules” we mean the rules which girajghtforward to see that this representation can be pre-
correlate the polarization of the emitted photons with thesented as a direct matrix product

symmetry of the states involved in the recombination pro-

cess. However, the group-theoretical analysis does not in any F9sAT)=p(T)®R(T), (1)
way relate the symmetry of the phonons and their energies. ) ) .

That is why a lattice-dynamical model with the covalentWherep(T) is the so-called permutation matrix for the op-
bonding described by potential of Tersoff's typds pre-  erationT (the permutation matrix is a matrix containing 0's
sented at the end of this section, and used to obtain mor@nd 1's, and storing information about where each atom is
information about the symmetry of the phonons below anddoing when the crystal is subjected to the operafianand

above the energy gap in the phonon spectrum!teéfSiC. R(T) is the ordinary 33 orthogonal matrix representing
the rotation corresponding to the operati®n[Both sets,

{p(T)} (eight dimensionaland{R(T)} (three dimensional

form also representations, called permutation and vector rep-
It is well known that the phonons at a certain point in theresentations, respectively.The character X%T) of

BZ can be classified by symmetry, that is, every phonon cai¥s%T) is the product of the charactet§ T) andr(T)=

be labeled with one of the irreducible representations of the- (1+ 2 cos®) of p(T) and R(T), respectively. Here$ is

group of thek vector at this point. Our goal now is to carry the angle of rotation corresponding R§T), and the sign+

out this classification for the specific case of the phonons at—) refers to propefimprope) rotation.

the M point. The displacement representation is completely reducible,
The group of the wave vectéy, , corresponding to thil that is, there exists a 24-dimensional unitary matfiwhich

point of the BZ, isC,, . It contains four of the 12 nontrans- transforms all’¥”T) into a direct matrix sum of the irre-

lational symmetry operations of the space groGj,, ducible representatiord ,, p=1, 2, 3, and 4, listed in Table

namely,E (the identity transformationC,, o, , ando, [see |,

Fig. 2(b)]; C, is equivalent to thd'k, axis, o, LT'k,, and

!

o, is equivalent to theAI'ML plane. The four irreducible
representations dt,, are all one dimensional, and are listed
in Table I. Thus there is no symmetry-based degeneracy of
the phonon energies at tihé point, and the matrix represen- The multiplicity of appearance of each of the representations
tations are identical to the characters. M, in the decompositior(2) of rdisp namely,n,, is the
The group-theoretical technique for determination of thenumber of phonons which transform &,. Here by “a

numbers of phonons of given symmetiyi{, M,, M3, or  phonon transforming al,” we mean that the eigenvectors

A. Symmetry of the phonons at theM point

4
U’leiSp(T)U=F'(T)Ep§l &n,My(T). 2
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of the dynamical matrix constituted by the atomic displace-then obtain the following results, for our particular case of
ments corresponding to a normal mode associated with thithe M-point. Transforming a$/, (the first eight columns of
phonon transform a# (T) under the symmetry operation U),
T. In our case, when the representations are all one dimen-
sional, this means that the symmetry operaflotmansforms
the eigenvectoc into the vectorM (T)-c= *c.

The numbersy,, i.e., the numbers of phonons transform-
ing asM,, can be found using the well-known forméfta

ubl=(vi—v) V2, ub?=(vy+ve) V2,

ulP=(vs—vio) V2, ult=(vgtvip)IV2,

Ul’5:(V13_ Vls)/\/?, U1’6:(V15+ Vlg)/\/i,

np=%TE XYSR(T) xP(T)*, &)

eCy,

uh’=(vig— V)12,

Transforming asMl, (the next four columns of)),

Ub8= (Vo Vo) V2.

where y9SX(T) is the character of ¥S(T), and xP(T)* is
the complex conjugate of the character of the irreducible
representatio (T), in this particular caseM (T) itself.
The coefficient; is the inverse of the order of the gro@g,, .
One then obtains that; =8, n,=4, n;=4, andn,=8. Thus
Eq. (2) implies that

udl=(vo+vg) V2, U??=(vg+vy)/V2,

UZ3= (Vg t Vi) V2, U= (Vot Vo) V2.

Transforming asM 5 (the next four columns of)),

udl=(v,—vg)Iv2, Uu3?=(vg—vy)/V2,

TISAT) =T (T)=8M(T)B4M,(T)B4M3(T)®8M 4(T).

The sign+ means “is equivalent to.” In the following we udP= (V= Vi) IV2, U= (Vyo—Vag) V2. (6)
will omit for brevity the dependence on the group elemgnt _
so that, when written in terms of representations, the formuld ransforming asv

above can be expressed as b= (v, V) V2,

4 (the last eight columns df)),

u?=(v3—Vvg)/V2,

TSP~/ =8M, ©4M,®4M 36 8M,. 4

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

It is worthwhile to recall here that, as can be seen from
Eq. (2), the columns of the matrik) have the same symme-
try as the eigenvectors of the dynamical matoxk briefly the
eigenvectorgin the sense that the first; =8 columns ofU
transform adM,, the nextn,=4 columns asvl,, etc. If we
denote byu”" andc”', r=1,2,... n,, the columns ofU
and the eigenvectors, respectively, which transfornMas
then they are related by a linear transformation

U= (V+vio V2, ut=(vg—vyp)/V2,

utS=(vigtvigvV2, U= (vis—vig/v2,

U4'7: (V19+ v22)/1/2, u4’8: (V21_ V24)/‘f2'

The symmetry modes from E¢F) are presented as displace-
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 selection

; ik K rules it is necessary to know the positions and symmetries of
=2 apuPk, r=12,...n,.
k=1

) the relevant band extrema forH4SIC. This information,
which will be recapitulated here for convenience, has been
The vectorsi®" (p=1,...,4r=1,...n,) are called sym- presented in greater detail in Refs. 27 and 11. The labeling

metry modes. Unlike the eigenvectors, the explicit form of(i.e., the subscripjsof the irreducible representations within
which depends on the lattice dynamical model employed fothe present paper is the same as that used by Kest®
their calculatior?® the symmetry modes are determined only ~ According to the symmetry classification of the energy
by the symmetry. For any given representatidp, the sets bandst! the conduction-band minimum had, symmetry

of n, vectors{c”'} and{uP'} can be regarded as orthogonal (see Table), and is nondegenerate when excluding spin. The
bases in one and the same subspace, namely, the subspacé¢opf of the valence bands has its maximum atlthgoint. If

all the vectors transforming a4 ,. We will use this infor-
mation plus the explicit form of the matrik¥) in order to

spin-orbit interaction is neglected, the valence-band maxi-
mum is twofold degeneratgourfold if the spin degeneracy

draw some conclusions concerning the energy distribution o6 included, and transforms as the two-dimensioihgl rep-

the phonons of given symmetry in Sec. Ill C,
We will finish this section by finding the matrid bring-
ing the displacement representatibfi*’ into the direct sum

form [see Eq(2)]. This can be done by means of the projec-I'g andI'; symmetry in the double grou@g, of Cg, .

resentation of the point symmetry grod, . When spin-
orbit interaction is taken into account, this fourfold degen-
eracy splits up into two twofoldspin) degenerate states of
The

tion operators techniqué.Using this technique, the columns uppermost valence band state liassymmetry and is higher
of U, i.e., the vectora™’, can be presented as linear com- than thel'; state by the spin-orbit splitting, which is around

binations of the Cartesian orthonormal basis unit veoctgrs
In our case these are 24-dimensional vectors nitte com-
ponent ofv,, (m=1,2,...,24)being 1, and all the other
components are zer@ee also Ref. 24 for deta)jlsOne can

8 meV. When a substitutional N atom is present in the lat-
tice, the point-group symmetry is reduced fr@yp, to Cs,, .

The selection rules will be based on the golden rule ex-
pression for the transition probability;; per unit time for
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7 = ¢c-axis equivalent minima in the BZ, can be combined linearly to
T-—>x 8M, form degenerate states bf, (one dimensionalandI'5 (two
o, o, o, o, o o} =, b, dimensiongl symmetry in the point symmetry groux, . In

o, o) =, &, o, o, o, o, the presencefa N atom, the symmetry is lowered @, .

WO L0 .o .o .o lo Lo b In this point group the valley-orbit interaction will split this
Lo Jo L, b o Lo o o degeneracy. According to the compatibility relations in Ref.
o w® ot o ue ur ot 28, C¢,:I'y—C3,:T', and Cg,:I's—C3,:I'3. Thus the

effective-mass-like substitutional donor wave functions in
) 4H-SiC will haveT', or I'; symmetry in the grouiy, , in
AM ﬁ C-axis  aMm analogy with theA,, E, andT, symmetries for donors in Si
2 3 i i i
y (point symmetry grouply). At this point, howeyer, we QO
-2 -2 not know whether thd", state or thel'5 state is lower in
] 9 energy and our analysis will therefore cover both possibili-
e ¢ ties. In the rest of this paragraph the symmetry labels will be
with respect to the grouf;, or its double groufCs, unless
otherwise stated.
To include the spin we form the direct productlof and
Z = ¢c-axis I'; with the spin representatiéhD,,. This givesI',X Dy,
L =TI, (two-dimensionglandl'3X D,=1"4®1 55, Wherel g
o, o ° o o o - 9. (two-dimensional actually consists of two time-reversal
. o o (Kramerg degenerate one-dimensional representatibig,
. o .o o e 4 =I's®I's. Thus, the two electrons in the complex can each
e Lo Lo e©® 4,0 ,0 Lo be either in a state of, symmetry or in a state of 5
utod? w® u™ W ™ uY o symmetry in the dquble grou@s,, .
The next step will be to form the two-electron states that
FIG. 4. The symmetry modes at ti\é point of the Brillouin  satisfy the Pauli exclusion principle, i.e., which are antisym-
zone of H-SiC represented as displacements of the atoms in thenetric with respect to interchange of electron coordinates:
unit cell, and labeled according to E(). The atoms are repre-
sented by dots, smaller for C, and larger for Si. The modes are _
sorted byysymmetry, so that &l; and M(i modes have displace- FaxTa=T10T,0Ts, (103
ments lying in thexOz plane [cf. Fig. 2a)], and the atoms are

viewed in this plane, whereas al, and M; modes have only IseXT'sg=(I's®'g) X (I's®'g) =21 ®2I",. (10b)
displacements along th®y axis, and are therefore viewed in the
yOzplane. Using the coupling coefficients tabulated in Ref. 28, we find

that only the state oF ; symmetry in Eq.(108 and one of

transitions from an initial statg) with total energyE; to a  the states of’; symmetry in Eq(10b) satisfy the Pauli ex-
final state|f) with total energyE;, clusion principle. Thus, no matter whetHéy or I'5¢ is lower
in energy, the two-electron state hBg symmetry.

As noted earlier, the top of the valence band higsym-
metry in the double grou@@g, . In the double groufe;, this
] is compatible withl" s symmetry. We thus conclude that the
where, to first orderr{=1), bound exciton ha¥sg(=I;X'ss) Ssymmetry in the double
groupCs, . Since the exciton state is the initial state before

2@
wi=—— [H{"|28(E(—E)), Y]

Hgil):<f|AH|'>' (®) recombination[the state|i) in Eq. (8)] we can thus write
or, to second ordem(=2),2%3° li)T's¢, where the symbol> means “transform as.”
The final statef) in Eq. (8) after recombination is just the
) (fIAH|v){v|AH]i) isolated donor state. As has already been seen, there are two
H ):ZV E—E : (9 possible candidate$t)«—T', or |f)«I'ss. Furthermore, the

dipole operatorAH, can transform either as tHe, repre-
Here|v> are virtual states, andlH is the perturbation caus- sentation(for the photon polarization vectdlic wherec is
ing the transition. the hexagonat axig) or as thel'; representatiortfor EL c,
i.e., in the conventionaky plane. We now obtain the fol-
1. Radiative zero-phonon recombination of N-bound excitons lowing selection rules:

The N-bound exciton is regarded as a four-particle com-

plex with the two electrongone from the N donor and the Blic: AH,|i)T'1X'se=1"s6, (113
other from the excitonin the same spatial, effective-mass-
like state, obeying the Pauli exclusion principle, and a hole, Elc AH,|i)eT3XTgg=21,. (11b

also regarded as effective-mass-like.

Let us consider first a free electron existing in the envi-Hence, in 4-SiC the photons emitted in the direct radiative
ronment ofCg, symmetry. The three wave functions for the recombination of the N-BE will either be polarized parallel
electron states oM, symmetry, corresponding to the three or perpendicular tocc. According to our experimentésee
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below), the zero-phonon linesPy and Q,) are polarized TABLE II. Group-theoretical information used to analyze the
ELc, which allows us to conclude that the N-donor groundfirst summation in Eq(18) with |i)«—M, in the space grougs,.
state had’, symmetry. The first column enumerates the possible symmetries of the phonon

operatorAH, , and the second column the possible symmetries of

the virtual stateqv,) for allowed transitions. The third column

shows the possible symmetries of the photon dipole opersithy

for light polarized perpendicular and parallel ¢oThe fourth col-
For the sake of presentation we first consider the recomamn shows the possible symmetries of the final stat&.afhe

bination of afree electron at the bottom of the conduction symbol X indicates a direct product, ard a direct sum.

band with afree hole at the top of the valence band in a

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

perfect 44-SiC crystal. In order to conserve both energy and AHg [v) AH,, AH X |vy)
crystal momentum it is necessary to consider the second of-
der process in Eq9) with 1 T4eTs T's Ped (I'1&T'26T)
r, el
_ M, Ielg I's I'se(I';eT@Ts)
AH=AH_,+AHg, (12 . rer,
M, ol I's Fea(I0T,0T)

where AH_, describes the electron-photon interaction, and

AHg describes the electron-phonon interaction. Neglecting Iy I's0l's
two-photon as well as two-phonon processes, we obtain, Ma I'1els I's I'se(I'sol'yal's)
from Eq. (9) Iy I'1els

(f|AH | va)(va| AHg i) .
HZ'=> cAu 27 |5, (F|AH | v){vy| AHg i)
Vl R

Ei—E, W= gi—e, —hQ
vy vy
(f[AHq|vo)(va|AH, i) .
+2 = . @y (F|AHq|v2) (vl AH,|i)|2
vy EI Ev2 +2
s si—s,,z—hw ‘
For the energy denominators in E43) we have, quite gen- X 8(ei—ei+hothQ) (18)
| .

erally,

The first summation describes a transition of the electron
Ei=g;+> nfiow,+ 2, NghQ g, (14)  from the initial stateli) at the bottom of the conduction band
a B transforming asM, (i.e., [i)<>M,) to a virtual state al’

o _through the emission of a phonon, followed by photon emis-
whereg; denotes the energy states of the initial electroniCsion from the virtual state to the final stdfeat the top of the
system,n,(Ng) is the number of photongphonons of en-  yalence band havinfjs symmetry(i.e., |f)«I's). The pho-
ergy iw,(h{lg) in the initial state before recombination. ton dipole operatonH,, can either transform aBs for xy-
Since a phonon and a photon are created during the recompjarized light (i.e., when the photon polarization vector
bination we must consider only photon and phonon emissiothC) or asT'; for the zpolarized light(i.e., Elc). In the
Hence we have second summation, the electron in stite—~M, makes a
virtual dipole transition at theM point (AH < M, for x-
polarized light, AH, <M, for y-polarized light, and
AH_,— M, for polarizationElic), and emits a phonon to
reach the final statgf)«T's.
wheree; is the energy of the final electronic system, dnal Since the three inequivalent band minima are at ithe
(hQ)) is the energy of the emitted photdphonon. In the  point, and the valence-band maximum islatthe phonons
first summation in Eq(13) the virtual statev,) are con- participating in the indirect transitions hawé;, M,, M3,

nected to the initial statg) through phonon emission. Then or M4 symmetry, i.e., the phonon operatdH, transforms
asMq, M,, M3, orMy,. In Sec. lll A we showed that there

are eight phonons oM; symmetry, four phonons oM,
E, =&, * D ndiw,+ > NghQg+hQ. (16)  symmetry, four phonons dfl ; symmetry, and eight phonons
@ B of M, symmetry.

Below we will analyze the transition probability in Eq.
(18) from a group-theoretical point of view to find the selec-
Nion rules. This requires considerations involving the entire
space group? In Table Il we show the results of the group-
theoretical analysis of the first summation in E48). The

_ first column shows the possible symmetries of the phonons
E”2_8”2+§a: n“ﬁw“+hw+§ﬁ: N (17 involved, and the second column shows the symmetries of

the virtual states df to which phonon-assisted transitions of

Using these results in Egé7) and(13), we obtain the M, electron are allowed. The results in this column were

Er=ei+ X Nhw,+hot X NgiQg+hQ, (15
a B

In the second summation in E¢L3) the virtual stategv,)
are connected to the initial state through photon emissio
Hence
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TABLE llI. Group-theoretical information used to analyze the tions are in principle allowed. But since group theory does
second summation in Ed18), with |i)« M, in the space group not distinguish between wedkhich may be practically un-
Cgv. The first column enumerates the possible symmetries of thejetectable and strong(easily detectab)etransitions, and
phonon operatoAHg , and the second column the possible sym-since the spin-orbit interaction, which splits the top of the
metries of the virtual statds.,) for allowed transitions, obtained as ylence bands and induces the use of double groups, can be
the direct produc_t iqdicated and with the polarization of the dip°|eimagined to have only a minor influence on the free electron
operatorAH,, as indicated by, y, andz The fourth column shows g4 hole wave functionecall that the spin-orbit interaction
the possible symmetries of the final statelat operator is zero outside the atomic coréssis not surprising
that the analysis based on single groups in this case can give

AHo |v2) > AH, X]i) AHox]v2) a better description of reality.
x) M, el
M, ) M, el 3. Radiative phonon-assisted recombination of free
(2 M, el and N-bound excitons idH-SiC
() M3 I'yels The analysis in Sec. Il B 2 should also be applicable to
M, v) M I's@l's phonon-assisted recombination of FE's: the FE wave func-
@ My Iyl tions can be regarded as being built up from effective-mass-
(04 M3 rels like electron and hole wave functions with the symmetry of
Mg (y) M, el the conduction-band minimum and valence-band maximum,
(2 M, I;els respectively. Furthermore, the FE exist in an environment
(x) Mj [0l having the full space-group symmetry of the perfect lattice.
M, v) M, ol For bound excitons, however, the situation is more com-
(2 M, el plicated, since from a group-theoretical point of view the

space group of the perfect crystal is no longer the appropriate

basis for a group-theoretical analysis because of the presence

obtained using the tables of Ref. 10 for the nonsymmorphig the impurity. One can argue, however, that if the exciton
Space groupﬁév. (It should be noted that the labeling of the inging is relatively weak(less than 20-30 meV in our
|rredUC|bIe_ represen_tanons in Refs. 28 and 10 differs SOMecase, the exciton wave function is only slightly perturbed by
what. For instance, in the grou, theI's andI'g represen-  the presence of the N donor, and consequently the selection
tations are interchanged, whereas in the gr@yp the rep-  ryles for phonon-assisted recombination of the N-BE need
resentationd/, andMj are interchangefiThe third column  not in practice differ appreciably from the selection rules for
shows the symmetry of the dipole operator for the two pothe FE. This seems to be supported by our experimental re-
larization directions considered, and the fourth column thesylts since, as will be seen, the two sets of replicas, for the
possible final states. Sindé¢)«—1I's, only those transitions N-BE and the FE, are very similar to each other.

for which thel's5 representation can be found in the fourth
column are allowed. Hence light with polarizatié c can
only be obtained with the participation of phonondwj and

M, symmetry, which should give rise to 12 spectral lines,

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

whereas light with polarizatioRllc can only result from par- Here we present a simple lattice-dynamical model for cal-
ticipation of phonons oM; and M3 symmetry, thus also culating the phonon spectrum of4SiC. The full phonon-
giving rise to 12 spectral lines. dispersion calculations along some high-symmetry directions

In Table Il we consider the corresponding results for theof the BZ are briefly presented, although we do not aim here
second kind of indirect transitiofi.e., second summatipm at a construction of a more precise model than those already
Eq. (18). The first column again shows the symmetries of thepresented by other authotsee, for instance, Ref. 26In-
phonons involved, and the second column shows the symmatead, our purpose is to obtain some general information re-
tries of the virtual states &l to which photon dipole transi- lating the energies of the phonons and their symmetries, es-
tions of the M, electron are allowed. The third column pecially at theM point of the BZ. Our conclusions are based
shows the possible final states, and was obtained using tlen some general physical observations illustrated by means
tables in Ref. 10. As before, sin¢E)«I's, only those tran-  of the lattice-dynamical model. However, we believe that a
sitions for which thel's representation can be found in the rigorous proof from a mathematical point of view is possible,
third column are allowed. It is then clear that the selectiomalthough not performed here. The features pointed out in the
rules for the second kind of indirect transition in E§8) are  following are common for any lattice dynamical model of
exactly the same as for the first kind. Thus we have foundiH-SiC.
that the selection rules for free electron-hole recombination Description of the modeFor the short-range interactions
in 4H-SIC stipulate that there are 12 phonon-assisted emidetween the atoms, we have used the expression for the en-
sion lines with polarizatiorEl ¢, and 12 phonon-assisted ergy in crystals with covalent bonds proposed by Ter&off.
emission lines with polarizatioBllc. In order to find the force constants necessary for constructing

In the group-theoretical analysis of the phonon-assistethe dynamical matrix, a complete analytical evaluation of the
recombinations above, we disregarded spin-orbit interactiorsecond derivatives of the energy has been carried out. The
i.e., the analysis was based on the single groups rather thgrarameters in the expression for the energy, which become
on the double(space group. If the analysis is based on the parameters determining the force constants responsible
double groups it turns out that all formally possible transi-for the short-range interactions, are the same as those pro-
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1000 and the irreducible representation describing its symmetry.
§ % 120 These “symmetry labels” can be obtained by calculating the
— 100 scalar product between the eigenvectors and the symmetry
modes. However, a much quicker way is provided by com-
paring the normal modes from Fig. 6 with the symmetry
modes from Fig. 4. Each normal mode has displacements
either in thexOzplane(therefore, it hasv; or M, symme-
try), or in theyOzplane(which meansvi, or M3 symmetry.
Furthermore, to distinguish, for exampM,, from M5 sym-
metry, it is sufficient to note whether the displacements of
the equivalent atomésay, 1 and Ralong theOy axis have
o o the same sign, or different sigithis distinguishesvl, and
T M K » r A M3, respectively, as seen from Fig). 4o distinguishM
from M4, again the signs of the displacements of the equiva-
FIG. 5. The phonon dispersion inH4SiC along some high- lent atoms should be considered. If the signs of the compo-
symmetry directions of the Brillouin zone, as calculated in thenents of these displacements alo@x coincide, then the
frame of the lattice-dynamical model. symmetry isM, (and the components along tlz axis nec-
essarily have opposite signsnd vice versa. Of course, in
posed by Tersoff, and have not been optimized. The longa|| cases(not only at theM point), the vectors representing
range Coulomb interactions between the ions have also begRe displacements of the equivalent atoms have the same
taken into account and evaluated by means of the Ewalgmplitude, but possibly different orientation.
method (see Ref. 25, and references theyeim order to Let us consider now the calculated displacement fields
reproduce the LO-TO splitting at the center of the BZ. from Fig. 6. One can then make the following observations.
The phonon dispersion along some high-symmetry direc- (1) There exists an energy gap in the phonon dispersion,
tions of the BZ produced by means of this model is shown inand the numbers of phonon dispersion curves above and be-
Fig. 5. The agreement between the model and the experimefyyy it, are equal12 above and 12 below, in our cas€his
tally determined quantities, such as the phonon energies 8kems to be a general property of all crystals constituted of
the centerI') and theM point, and the value of the energy two sublattices of different atom& and Si, in our case
gap in the phonon dispersion, is not very good. However, werhe existence of energy gap for such compounds is dis-
believe that a much more adequate description would be pogyssed in Ref. 31, although, to our knowledge, a rigorous
sible within this model if its parameters would be systemati-proof is still missing.
cally adjusted, which has not been aimed at here since it has (2) Regarding the high-energy phonon branckaisove
not been necessary for the current treatment. the energy gajp one can notice that the displacements of the
The calculated atomic displacement fields at fheoint  “heavy” (Si) atoms are much smaller than the displacements
and a graphics representation of the eigenvectors of the dyf the “light” (C) atoms. The physical reason is that the
namical matrix are presented in Fig. 6. Each displacememeavy(si) atoms do not succeed in following the ligf®)
configuration is labeled with the calculated phonon energytoms, when the oscillation is with a “high” frequency
(above the energy gapand, therefore, their displacement is
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Mo M, M, M, M, M, M M, always smaller. We suggest now that all high-energy
588 572 518 494 494 489 427 416 : ; i ;
T, - 4, : < ey L - phonons include mainly the displacements of the lighter at-
A ! cy 3 Loy Lo oms in the binary compoun(C in our casg
: . “ Ty F ;‘ ) el In what concerns the phonon branches below the band

low-energy phonons gap, one can see that the modes of vibration can be subdi-
M, M M, M, 1
100.9 1007 1003 997 | 651 649 627

5 M M, M, 612\45 vided into two types, namely, normal modes in which the
- . o, . e - displacement of the heavy atoms is dominant, and modes

°y ~| - oL . o when both the heavy and light atoms have significant dis-
placement amplitudes. When only the heavy atoms move,
the frequencies will be higher than in the case when pairs
M, . 4 , M, M, M, M, consisting of a heavy atom and the adjacent light atom move
1073 107.1 1051 1044 1043 1043 1021 1018 in phase; in the latter case the two atoms can be regarded as
T A A . . N a single particle with a mass equal to the sum of the two
= e 3 masses, and, therefore, oscillating with still lower frequency.
= : This is well illustrated in Fig. 6.

FIG. 6. The atomic displacement fields associated with the Thu_s, although the eigenvectors depend on the lattice-
phonons at theVl point, and representing the eigenvectors of thedynamical model employed, we have reasons to assume that
dynamical matrix. The atoms in the unit cell and their displace-th€ two properties we just pointed out are independent
ments are represented in the same way as in Fig. 4. Each displacéiereof, because any model should obey the general physical
ment configuration is labeled with the corresponding calculated?rinciples used to motivate our observations. Now, on the
phonon energy and symmetry. The thick solid line separates thBasis of these observations, we are able to derive some con-
phonons above and below the energy gap in the phonon dispersioflusions concerning the distribution of the phonons of each
called high- and low-energy phonons, respectively. symmetry with energies above and below the energy gap by
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symmetries, that is, conclusions concerning the numbers afnergy below the gap. This is illustrated in Fig. 6. All the
phonons labeled with given irreducible representation aboveigenvectors corresponding to frequencies below the energy
and below the energy gap. These conclusions are deduc&@pP exhibit significant displacements for at least one pair of
here for the case of thd point in the BZ of 44-SiC, or any ~ €quivalent Si atoms. _

point on the lineM-L, because these points have the same !f our assumption is valid, then it can be extended to each
symmetry. However, the same idea can be employed in and/p, @nd it claims that at most half of the phonons trans-

lyzing the phonon distribution by symmetry in many other '0rMing asM, have energies above the gap. Actually, this

cases, for different binary crystals. A further generalizationIrnplies thatexactlyhalf of the phonons have e”efgies above
nd below the gap for each representation. For if we assume

of the ideas we use here, as well as rigorous proof of th at the number of phonons fd 4, for instance, is less than
conclusions we are going to make, are beyond the scope P L ¥
our, then the number of phonons for some other representa-

this paper. . . .
For definiteness, let us consider the phonons transforminghoen t%tgl(ﬁjégglﬂfghggﬁgir ;%%%2ptr']r;cgggrtéofgmrﬂg%on_
asM;. If we regard the corresponding eigenvectors as 4 icts with our conclusion that most}n, of the phonons

linear combinations of the symmetry modas™" (r transforming asvl, belongs to the set of phonons above the
=1,...,8), then the second observation implies that theenergy gap.

eigenvectors corresponding to phonons above the energy gap Thys, we find that the phonons of each symmetry are
are mainly constituted of the vectau$’, u*? u'® andu®®,  equally distributed above and below the energy gap in the
i.e., the vectors which correspond to displacements of the @honon dispersion. According to the deduced polarization
atoms. The contribution from™3 u'* u'’, andu®®in these rules, this in turn implies that one should expect equal num-
eigenvectors is negligible. If this latter contribution was ex-bers of phonon replicas for each polarization above and be-
actly zero, then we obviously would be able to construct onlylow the energy gap. In other words, we expect six phonon
four mutually orthogonal eigenvectofiet these be the vec- replicas withEllc, and six withELc, both above and below
torsct?, c+? c'® andc!? which are linear combinations of the energy gap. We now briefly summarize the theoretical
the four vectorai™, u? u'S, andu®®. Indeed, if any other results obtained.

vector is a linear combination af'?, u*? u% andu®®, (1) At the M point of the BZ, as well as along thd -L

then it can also be presented as a linear combinatiartpf ~ direction, the phonons are classified by symmetry, as fol-
ct2 ¢13 andcl4 and, therefore, cannot be orthogonal to lows: e|ght. phonons transform &4, fpur asM,, four as
these vectors, i.e., cannot be an eigenvector. Moreover, it i¥3; _andhelghtdz_:lS\/:4. The phonclms_ W&ml ?”d M, ngr;
easy to prove that if a vector is orthogonal to all of these fouMetries have displacements only in ©z plane, an the
eigenvectors¢-?, ¢t?, ¢!3, andc!¥, then it must be a linear E)honlc;ns WLEHV' Zd?g‘dM3 symmetries only along th®y axis
combination of onlyu3 ul4 ul7 andul® i.e. it belongs ‘Co ' 9s- «an - . :

to the subspace sp})/;nned by the latter four vectors cc?mpriﬁﬁ éZ) Aﬁlc%rdrl]ng to thehpolarllz_atlor} Selﬁcﬁl\? rE) ruleds der_|ved
) ) . > ec. the zero-phonon lines for the N-bound excitons
ing only displacements of the Si atoms. According to our P

d ob - h . h Py andQg) are polarizedeL ¢, if the ground state of the N
second observation, such an eigenvector represents a pho or had’, symmetry, which is also observed experimen-

from a branch below the energy gap. Then we obviously |y However, if the ground state had the other possible
obtain equal numbers of phonons haviklg symmetry be-  symmetry, T, then the polarization of the zero-phonon
low and above the energy gap, and the same result applies fhes would beElic, which is not observed experimentally.
the rest of the phonons, transformingMs, M3, andM,.  Thus, the experiment provides a direct evidence that the low-
In this ideal casdéwhich is not the reality, the phonons of est(ground state of the N donor hak, symmetry.
given symmetry are equally distributed above and below the (3) Furthermore, the polarization selection rules for the
gap. phonon replicas of either the bound or free excitons imply
Let us extend our reasoning to the caseesfl eigenvec-  that if the phonon accomplishing the momentum conserva-
tors. Let us regard the high-energy phondabove the en- tion is of M; or M3 symmetry, the corresponding replica is
ergy gap, when the contribution from the displacements of polarizedEllc, whereas if the phonon h&é, or M, symme-
the “heavy” Si atoms in the phonons above the gap is nottry, the replica is polarizedL c. Therefore, there are 12
exactly zero, but smallFig. 6). Let us again consider only phonon replicas witlEllc polarization and 12 witheL ¢ po-
one representation, salyl; . According to observation 2, we larization, for each set of phonon replicasound or free
can say that each of the eigenvectors describing the phono@%C“Ofi- )
above the gap “almost” belongs to the subspace spanned by (4) According to Sec. Il C the number of phonons of
the four vectoral, ul2 uls, andu®, and has negligible 9iven symmetry above and below the energy gap in the pho-
projections out of this space, namely, in the subspac8°n dispersion is the same. Thus, one should expect to ob-
spanned by the other four vectaud®, ut? u7, andu®®. serve six phonon replicas with polarization perpendicular

We have a reason to assume then that at most four of tHa"d six with polarization parallet, both below and above
eight eigenvectors transforming &%, can have this prop- ¢ ev\r/)honon energy gﬁp. . | | q
erty, that is, have negligible contributions froat? u®#, h et u::]n ?r?W to the experimental results and compare
ul’, and u8 and being mutually orthogonal at the same'€M 10 the theory.
time. This assumption leads to the conclusion that another |\, gy peR|MENTAL RESULTS AND COMPARISON
eigenvector will necessarily have a significant contribution TO THE THEORY

3 1,4 1,7 1,8
from at least one of the vectors™®, u'4 ul’, and u'®
which means significant amplitude of vibration of the corre-  Three kinds of 41-SiC samples were investigated, which
sponding “heavy” Si atom, and, consequently, a phononwe refer to here as sample No. 1 with strong N-BE-related
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FIG. 7. Polarized PL spectra of sample No&)Jland Xb) and Zc) and 2d), showing strong N-BE related lines, and FE related lines,
respectively(a) and(c) contain the lines, polarized parallel tp (b) and (d) lines polarized perpendicular t The asterisks denote some
residual lines from the other polarization. Note the change of the intensity scale in the low-energy part of the spectra.

luminescence and absent FE-related lifedype doping vertical bar. It appears unshifted froly, at least within the
around (2—5X10'® cm™3], sample No. 2 with strong FE- accuracy of the experimeft=0.2—0.3 meV, which supports
related luminescence, and twa-cut samples, for both the conclusion that the energy taken from the momentum-
(1010) and (11D) orientations. For the first two cases, the conserving particle during the “direct” recombination of the
rectangular geometry shown in Figlb3 was used to record FE is negligible. It is worth noting that we have observed the
the polarized spectra through the edge of the sample, and fo line also in 8H4-SiC, and the typical asymmetric Maxwell-
the a-cut samples the usual near-backscattering geometran line shape of the FE-related lines is obvious for both
was usedFig. 3a)]. polytypes, making the assignment of the observed line quite
The polarized spectra for sample Nos. 1 and 2 are showanambiguous. In B-SiC, |, also appears unshifted with re-
in Fig. 7. We use the spectrum of sample No. 1 to obtain thepect to the calculated excitonic band dag8023 meV.
phonon replicas of the BEof the P, line), and that of After thorough evaluation of the line positions in the po-
sample No. 2 for the phonon replicas of the FE. Each of thdarized spectra and comparing the replicas of the bound and
replicas in the corresponding set is shifted with the energy ofree excitons, we were able to derive 22 of the 24 replicas in
the phonon involved in the recombination from the corre-4H-SiC, 11 for theEL ¢ polarization and 11 for thélic
sponding zero-phonon lind>g for the set of the N-BE lines, polarization. They are listed in Table IV together with the
andl,, the ZPFE line, for the set of FE linesAs already associated phonon energies. In Fig. 8, the same replicas are
discussed in Sec. lg is forbidden. However, it still can be shown as narrow vertical lines with height proportional to
observed in some samples, which provides direct evidence dfie intensities of the real lines from the spectra, both for the
the position of the excitonic band gap. One of our spectra fofree and bound excitons. One can see that the intensity dis-
I o is shown in the inset of Fig.(@), where the excitonic band tribution among the replicas is almost identical if we com-
gap obtained in this works,=3266 meV, is denoted with a pare the free- and bound-exciton sets for each polarization.
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. 'I"ABLE IV. Phonon eqergies at thiel pgint of 4H-SiC, pglar- . @E| ¢ (b)E Lec
ization of the corresponding phonon replicas, and comparison with
Ref. 32. g N-BE N-BE
=
. 210 0
Phonon energieéneV) E | || | | ‘ Ll | | | |
Ref. 32 Our data Polarization @ : ! ! '
= X5
33.0 33.2 Elc 2 X 10 R
36.5 36.6 Ellc = B FE
40.6 40.6 Ellc 2|0 0 } }
41.0 41.1 Elc I |’ | | | l|l| [ | |
41.7 41.9 Ellc
46.1 46.3 Elc Energy shift from the zero-phonon line 'O’
20.8 50.9 Elc FIG. 8. Comparison between the relative intensities of the lines
52.7 52.7 Ellc originating from the N-BE and FE recombination, obtained from
67.8 68.1 Elc Fig. 7. The set of replicas &%, is shown in the upper part of panels
68.7 68.8 Elic (@) and(b), for Ellc andEL c, respectively, and the corresponding
76.6 76.3 Elc FE replicas are in the lower part.
78.5 78.0 Elic
Energy gap We can now inspect the energy distribution of the
) 945 Elc phonons. A recent work reported on phonon replicas in
96.1 94.7 Elc 4H-SiC, and we compare our results with this work in Table
97.3 96 Elc IV. Let us first consider replicas due to phonons with ener-
97.8 96.5 Ellc gies below the energy gap, which foH4SiC at theM point
99.1 } is approximately between 78 and 94 meV, as can be seen
1003 98.9 Elc from the spectra, the table, and phonon dispersion
101.6 i calculations® In this low-energy range, our results are in
' excellent agreement with Ref. 32. Some small discrepancies
105.6 103.5 Ellc .
exist, however, and may be due to the way the spectra were
106.3 103.9 Elc . .
108.2 106.3 el recorded(in Ref. 32 the authors did not perform complete
108'7 106'8 E ¢ polarization measurements, and some close replicas with dif-
' 109'5 Eﬁc ferent polarization may overlap which causes an apparent
- . c

shift of the lines. Another reason could be differences in
material quality, since small shifts of the replicas and the
zero-phonon lines are possible in a strained material. An
For instance, if we considdEL ¢ polarization, the strongest early work®® also supported the results from Table (ihe
replica in the spectrum of the free excitonlig 3, andP,s3  part below the gap However, at that time, the results were
is also most intense in the spectrum of the bound excitonmisinterpreted as a proof that the minimum of the conduction
The next most intense replicas drg and P4, and both  band is not at thé/ point in 4H-SiC.
lines have about 15% of the intensity of thg ; and P45 Furthermore, we observe 12 phonon replicas in the low-
lines, respectively, and so omhis rather accurate match of energy partphonons below the gapwhich means that we
the relative intensities of the replicas in the BE and FE specobserve all of them. Moreover, six of them are polarized
tra supports the conclusion that the wave functions describparallel toc, and six perpendicular ta This is in agreement
ing the bound exciton are quite similar to those of the freewith our conclusion made in Sec. Ill C concerning the equal
exciton In other words, the effective-mass approximationdistribution of the phonons of each symmetry below and
seems to be quite relevant in the description of both free andbove the energy gap. Therefore we can deduce that the six
bound excitons tdN excitons. replicas withEllc polarization are produced by four phonons
In Sec. Ill B we already discussed the polarization of theof M; symmetry and two phonons M ; symmetry, whereas
zero-phonon lined, and Q,. They are polarized perpen- the other six replicas polarizef#lic are due to two phonons
dicular toc (see Fig. J, which was the reason to conclude of M, symmetry and four phonons d#l, symmetry. At
that the lowest N-donor state h&s symmetry. From the present, however, we do not have the means to decide ex-
same figure it can be seen, however, that when recording trectly which replicas are due to phonons of a certain symme-
spectrum withElc polarization, the lines polarized perpen- try.
dicular toc do not vanish completely. We would like to point ~ Let us consider now the phonon replicas due to phonons
out that, apart from a possible disorientation of the polarizerwith energies above the energy gap94 me\), or, roughly
the “opposite” polarization may always be observed, due tospeaking, the high-energy phonon replicas. First of all, the
a scattering of photons from some inhomogeneities in theppearance of a systematic shift toward higher energies in
crystal. This is also the most probable reason for se@fig the data from Ref. 32 with respect to our values becomes
ter careful inspectionsome weak contribution from the rep- visible (it can already be noted in the low-energy pait
licas withEllc polarization in the usual PL spectrum recordedmight be due to the difference in the conversion factors; to
in backscattering geometifgee Fig. L convert the wavelength to energy, we have used the formula
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E=1.239 493X («m), which is obtained if the refractive in-
dex of standard air at wavelength 4000 A is taken into ac-
count in the formula for vacuumgE=1.239 856X ,(xm), -
where\ and\, are the measured wavelength values in air ?ilaicg)
and vacuum, respectively. In Table 1V, some further discrep-
ancies can be seen which concern the assignment of some

Energy (meV)
3240 3200 3 1.60

lines. There are several possible reasons for that, among P, —MMJW
which it is worth mentioning the following. The energy re- —

gion containing these replicas also contains the spectrum a-face
arising from recombination of excitons by two-phonon pro- (1010)

cesses. Thus the selection of the first-order phonon replicas is
much more difficult in this region, and the comparison of the

spectra of the BE and FE replicas becomes crucial in judging I A A i ) nﬂ LLJ\JL__
which lines are replicas, and which are not. All ten high- 3800 3860 3900 3940
energy replicas reported by us here have been observed in Wavelength (3)

both the BE and FE spectra. The specific “asymmetric” line
shape of the FE-related replicas is also useful in the identi- FIG. 9. PL spectraT=2K) of a-cut CVD-grown samples, of

fication of the lines. Some strong replicas of @gline also  (1120) (upper curvi, and (10D) orientations. The spectra are

fall within this region(we have identified and marked most nonpolarized, and obtained in the common near-backscattering ge-
of the Q, replicas in order to exclude them from consider- ometry.

ation).

However, we only succeeded in finding ten of the 12 repmot as well defined as in the case of rectangular geometry.
licas in this region. By coincidence, in Ref. 32, ten replicasTherefore, we regard these spectra as a confirmation of the
are also reported, although most of them are at different enattribution of the phonon replicas performed from the previ-
ergies than ours. Five of these replicas observed by us amus spectra.
polarized parallel te, and five perpendicular to. Thus we
“miss” two replicas in this region, one for each polarization V. CONCLUSION
direction. There are two possible reasons for this. First, there
always exists a possibility for accidental degeneracy of the We have performed a complete analysis of the phonons at
phonon energies, so the missing lines are not resolved froifie M point of the Brillouin zone of #-SiC, starting with
some of the others. Second, the “missing” replicas might bethe classification of the phonons by symmetry, then deriving
reso|Vab|e, but very weak. Thus, |rHGS|C, for examp|e, the polarization selection rules from a group-theoretical point
the less intense phonon replica of the FE at around 29 me9f view, and applying these rules in the analysis of the ex-
is about three orders of magnitude weaker than the mognerimental data. A Iattice-dynamical model is used to illus-
intense onelG-). trate our conclusions concerning the equal distribution of the

Finally, the nonpolarized spectra of thecut samples re- Phonons of given symmetry above and below the phonon
corded in the usual near-backscattering geometry are pr&nergy gap. However, a further test of our observations, by
sented in Fig. 9. Note that the spectra for (010)1 and Mmeans of other models of the lattice dynamics, would be

— . . o very useful, since we believe that the features pointed out for
(1120)-oriented samples are very similar. This is not sur- y P

S ; ) 22" "our model in Sec. IlIC are actually independent of the
prising i we take into account the existence O.f WO equIVa-q4e|. The theoretical conclusions seem to be in excellent
lent dlrectlons_ln the(OO_O]) plane. The slight dlfferen_ce in agreement with the experimental results.
the spectra[slightly shifted and broadened lines in the

(1010) samplé is due to the difference in the sample qual- ACKNOWLEDGMENTS
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