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Measured optical-absorption bands in the 1-3 eV range in fairly heavily dopygoke SiC polytypes 3C,
6H, 4H, 8H, and 15R are shown to arise from optical transitions between the lowest conduction band, which
is to some extent perturbed by impurity effects, to higher conduction bands. The energies of the transitions are
in good agreement with the differences between unperturbed low-lying energy bands calculated using the
full-potential linear muffin-tin orbital method in the local-density approximation. The polarization dependence
is explained by selection rules deriving from the symmetry of the bands involved. This indicates that the states
involved in the transitions must to a good extent retain the symmetry characters of the unperturbed bands. On
the other hand, the calculated absorption peaks from a pure band-to-band model are much narrower, and
slightly lower in energy than the experimental ones. Calculations of the density of states over a restricted range
of k space for the final states indicate that a partial breakdown of periodicity and hena& th@ selection
rule can account for a major part of the broadening. This explanation is consistent with the degenerate carrier
concentration, associated with the overlap of the impurity band tail with the bottom of the conduction band. In
6H-SIC, one feature in the absorption spectrum appears nevertheless to be associated with a more purely
band-to-band-like transition. It is a sharp one-dimensional van Hove singularity in the joint density of states at
the M point associated with the camel’'s-back structure of the lowest conduction band. At a lower carrier
concentration, this feature is not present, and the transitions appear to have a more localized impurity-to-band
character[S0163-18289)05420-X

l. INTRODUCTION cur for E|c in n-type doped samples are much stronger, but
have little effect on the color of platelet crystals.

Optical-absorption spectra in semiconductors are nor- While the earliest observatibrof these 1-3-eV specific
mally dominated by transitions from the valence to the con-absorption bands was restrictedBa ¢ and to “hexagonal”
duction bands, but can also show relatively strong defecter a-SiC, i.e., without full determination of the actual poly-
related absorption bands below the fundamental gap. Itype, the work of Biedermarirshowed distinct spectra for
silicon carbide(SiC) the gap, which is indirect in all known EL ¢ and E||c polarizations, and clear differences between
polytypes, ranges from 2.416 €in 3C) to 3.33 eV(in 2H).  the 6H, 4H, 8H, and 15R polytypes. Ellis and Mdsb-
In n-type doped material with carrier concentrations in theserved the polarization dependence for 6H-SiC slightly ear-
range 16’<n<10' cm™3, well-defined absorption lier. Violina, Liang-hsiu, and Kholuyano¥,and later Du-
“bands” were observed below the band in the 1-3-eVbrovskii and Radovanovl, studied the temperature
gap!™’ In addition, these samples typicallj.e., all the dependence of these spectra in 6H-SIC, and simultaneously
above references with the exception of Ref.also show a studied the free-carrier concentrations by means of Hall mea-
Drude-like absorption at low energies<(l eV). This indi-  surements while Biedermann’s work gives only an estimate
cates that these samples were degenerat&pe, and con- of the carrier concentration. The authors of Ref. 2 also ob-
sequently have a significant free-carrier absorption. It waserved an extra peak just above 1 eV, in samples of relatively
thus suggested that these optical-absorption bands are as$ow carrier concentration (4 10 cm™3), which appears to
ciated with band-to-band transitions between the lowest corbe buried under the free carrier absorption in other studies.
duction band and the higher-lying barftis. Patrick and Choyk¥found a single “extra” absorption band

One reason for the interest in these absorption bands ia n-type 3C-SiC, and studied its temperature dependence.
that they appear to be responsible for the color of the crys- The correlation of the intensities of these absorption
tals. As explained by Patrick and Choykehe dominant bands with carrier concentration as determined by Hall mea-
absorption in platelet-likénoncubic so-calledr-SiC) crys-  surements, and the simultaneous changes in the free-carrier
tals occurs for th& L c polarization. While purex-SiC crys-  absorptions, provide strong evidence in favor of the band-to-
tals only absorb in the UV, and are therefore transparent, theand interpretation. The narrowing and small shift of the
extra absorption band just below 3 eV in the blue region carspectra upon cooling were observed by Patrick and Choyke
explain the yellow appearance iirtype 15R. The additional to be similar to those known for Ge inter-valence-band tran-
absorption band in the 6H polytype peaks at 2 @the sitions. Nevertheless, Patrick and Choykautioned that be-
orang@ and leads to a greenish color. In 3C-SiC, the weakcause the interband absorption shape was not well known at
intrinsic absorption in the blue is responsible for a yellowishthe time of their work, that observation could not answer the
color in relatively pure crystals. It shifts somewhat towardquestion of whether the initial state of these transitions were
the green by additional free-carrier absorption in the red redefect level-like or bandlike. Dubrovskii and Radovarfova
gion. Additional absorption bands which will be seen to oc-argued on the basis of their observation of a shift of the
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spectra with temperature that there is a crossover from perimental confirmatioh® We propose that a further experi-
band-to-band transition to a defect-to-band transition mechamental investigation of the presently discussed absorption
nism as one lowers the temperature. On the basis of measurgpectra may provide further evidence for the occurrence of
ments on a relatively weakly-type doped 6H sample, this saddle point.

Stiasny and Helbifyconcluded that the absorption bands be- Apart from this singularity in 6H, our analysis indicates
ing considered are in fact due to transitions between states #tat most of these optical transitions have a mixed “impurity
a deep center and not to the mechanism assumed here. l@vel-to-band” and “band-to-band” nature, reflected, for ex-

discussion of their data and their analysis will be presente@MPI€, in the fact that they obey the selection rules expected
below. from the symmetry character of the bands, but nevertheless

The present status of first-principles band-structure calcu@'® affected significantly by the impurity effects in their
lations makes it possible to analyze the origin and nature 0lf-selectlon rule. For much lower carrier concentrations, tran-

these spectra in more detail than was possible at the time Gftions of a slightly more localized level-to-band nature ap-
the experimental studies referred to above. In particular, w@€&r 1 be able to explain the spectrum observed by Stiasny

g
now have the opportunity to determine the validity of the@nd Helbig: _ _ ,
interpretation of these spectra as band-to-band transitions by 1€ rest of the paper is organized as follows. We first
a careful comparison of the calculated interband separatiorfyOVide some details on our computational approach for the

and the polarization dependences for the different polytype8@nd structures, and describe how the optical absorption is
calculated in Sec. Il. In particular, we describe our approach

with the data. That was our original goal. At the same time, - , ) ; . .
we hoped this exercise would provide a test of the accurac}P Mimic the impurity effects by calculating a density of final

of our earlier first-principles band-structure res§id we  States sampled over a limited regionkogpace. Next, in Sec.
indeed find that the band-structure energy differences anlil: We present our results in subsections organized per poly-
band symmetries account well for the observed absorptiofyP€: For each polytype, we show the experimental spectra
bands and their polarization. While some preliminary result/0ng with calculated spectra of the absorption coefficient
were presented in a conference proceedingse provide a  @(®) calculated assuming strict adherence toAfie=0 se-

full account of this study in the present paper. We show thal€ction rule, and, in addition show our partielspace DOS.

our analysis applies to all the polytypes studied in Bieder-T he first aIIovx{s us to assess theT _polarlzguon dependence,_ the
mann’s pape6H, 4H, 15R, and 8Hand to 3C-Sic and second the ywdth and peak positions. Finally, we summarize
accounts well for the polytype dependence of the spectra. the conclusions of our work.

However, when the absorption coefficients associated
with transitions between the unperturbed bands were calcu-
lated, it became evident that significant discrepancies exist
between the peak widths of the measured and calculated As already mentioned in Sec. |, it is clear that when the
spectra! It is reasonable to infer that this is due to the ef-carrier concentration is as high as'i@m™3, as is the case
fects associated with the heavy doping. With carrier concenin most of the samples under consideration, the use of an
trations of order 1¥¥ cm™3, the shallow nitrogen defect lev- unperturbed band model is questionable. The shallow nitro-
els must significantly broaden into a band which overlapgen levels which are associated with thaype doping at
with the bottom of the conduction band, forming a so-calledthese concentrations must form an impurity band of signifi-
band tail. Thus this problem relates directly to the questiorcant width. The N impurity in SiC polytypes is known to
raised above about whether the initial states are defectlike dead to several shallow levels depending on the site it occu-
bandlike. We show here that the broadening can mainly beies, and depending on the polytylfdn particular, N at the
explained by a partial breakdown of the “verticalfk=0,  hexagonal(h) sites have typically a lower binding energy
selection rule associated with the fact that the lowest condudhan those at cubitk) sites. In 4H-SiC, thdn level has been
tion band, which provides the initial states of the transitionsdetermined to be 45 and 52 meV by Hall and IR-absorption
is significantly “perturbed” by the impurities. Perturbed in measurements, respectively. Similarly, thievel is found at
the present context means that the center of gravity of th@00 and 91 meV. In 6H, thk level is located at 81 and 100
initial states is slightly shifted towards lower energies, i.e.,meV (depending on the technigyeand the two differenk
into the band tail, and that the above selection rule must bkvels at a 125-150 meV according to Hall and 137-142
relaxed as a result of the breakdown of perfect crystallinaneV according to IR absorption. In 3C-SiC, the N donor
periodicity. We show this by calculating densities of statedevel is thought to be at 48—55 meV. As one can see, there
(DOY) of the higher bands over an appropriately limited are differences of the order of 50 meV between the binding
range ofk space associated with the transitions from theenergies at different sites. Due to the random potential fluc-
initial states. tuations at high concentration and the overlap of the donor

At the same time, a particular feature in 6H-SIiC still ap-wave functions, it is plausible that at least the most shallow
pears to be associated with a particular “pure” band-to-bandf these levels exhibit broadening to the extent that they
transition because it is strongly enhanced by the occurrenaaverlap with the bottom of the lowest conduction band, and
of a van Hove singularity. That feature is closely related tohence lead to an exponential band tailing associated with a
the occurrence of a camel’s-back structure of the lowest cordegenerate carrier concentrati@ven at room temperatyre
duction band, which we found in earlier work to have aEvidence for this comes, for example, from Hall measure-
minimum alongML and a saddle point al. This structure ments in 3C-SiC with varying concentrations of donbts,
was earlier predicted to have an impact on optically detectedhich indicate that the “effective” donor binding energy
cyclotron resonance spectrabut still requires definitive ex- E4(Ng4) based on a one-band model goes to zer& )

IIl. THEORETICAL MODEL
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=Ed(0)—aN§’3, with a~2.6x10"° meVcm and E4(0) cubic sites in 6H may remain a separate level as opposed to
~48 meV, at donor concentrations of about 50 cm 3.  being part of the band tail.

One should also keep in mind that if there is compensation Unfortunately, a direct treatment of the system as de-
by acceptors(as is likely, a carrier concentration oh scribed above including the defect levels explicitly is not
=10" cm 2 implies an even higher concentration of donor feasible. Thus we will attempt first to model the inter-
levels. Thus our basic model is that there is a continuous angonduction-band transitions based on an unperturbed band-
exponentially decreasing distribution of shallow donor levelsstructure model. In that model, it is assumed that for a given
extending down to about 0.1 eV below the band. The stategonor concentration, the lowest band is filled up to some
in this distribution become more localized as the energy liedevel according to the density of states and the Fermi func-
further below the band edge. Nevertheless, since all of thedéon, i.e., the Fermi levekr is determined from

states can be thought of as being derived from the lowest

conduction-band state as the envelope function, one might Er

expect that these states would still reflect the symmetry char- n= j N.(E)dE, @

acter of the lowest conduction band. In this context, it is Ec

important to point out that the effective-mass approximation

restricted to the lowest conduction band provides a fairlyin which E. is the conduction-band minimunN.(E) the
good model for the N donor levels when central cell andDOS in the conduction band, amdthe total number of car-
multiple valley effects are taken into accodhtThis ap-  riers. The transitions to the higher levels are then calculated
proximation starts to break down for the deeper levels, suchssuming that they are “vertical’Xk=0). Specifically, we

as thek-site level in 6H. Possibly, this deeper level at thecalculate the imaginary part of the dielectric function

2

e"z(w,T>=%2 2 i = MK K[! ) PSE e~ Eje— ), 2)
M w<Qm it 'k

whereE,, , with n=i andf for initial and final states, are the Next we attempt to mimic at least one important effect of
band energies, which we take to be independent of temper#he defect perturbations on the transitions, namely, the break-
ture; p/ is the jth Cartesian component of the momentumdown of theAk=0 selection rule. As noted in Sec. |, under
operator,f(T) =[ 1+ expE,—Er)/kT] ! are Fermi factors; the heavy doping in the samples considered, the conduction-
Q is the unit-cell volume; an@ and m are the electronic band states are expected to merge with the N impurity band
charge and mass. In practice, the summation &vés re-  levels. Consequently, the density of initial states should be
stricted to a small region near the minimum of the lowestsignificant down to the energies around the shallow N donor
conduction band. From it, we obtain the absorption as level. It is then reasonable to assume that the extent of the
localized states therein is characterized by the raRiokthe
donor state, given by effective-mass theory tob20-25
a(w)~wey(w)/NoC, (3 A . The corresponding spread kg =R, is then approxi-
mately given bysk~0.1(27/a), with a the lattice constant.
wheren, is the low-frequency index of refraction, the fre- A Similar estimate is obtained by considering that the ran-
quency dependence of which is neglected over the range §fom part of the potential due to the impurities must have a
interest for simplicity. length scale corresponding to the average distartmetween
These calculations are performed using the energy bandgpurities. For Ng=10' cm™2, one finds thatl~Ny**
obtained from a full-potential linear muffin-tin orbitéFP-  must be of the order of 5 nm. Thus we calculate densities of
LMTO) calculations. The matrix elements, however, werestates in the conduction band within a sphere of this ske
calculated in the atomic sphere approximati@sA).!" In around thek point at which the minimum of the lowest con-
previous calculations of line#'® and nonlinear optical duction band lies. In 6H, where the lowest band is very flat,
respons® for SiC, we have shown that the ASA generally the broadening in energy originating from the initial state’s
provides quite adequate band structures and matrigpread is negligible compared to that resulting from the
element£® However, since some details of the band struc-spread irk of the final states. We perform these calculations
ture are important here, we prefer to employ FP-LMTOband by band, so that we can examine their separate band-
bands. This leads, for example, to a reversal in the orderinfy-band contributions. The matrix elements turn out to ex-
of the two lowest conduction bands Bt in 4H which are  hibit rather weak dependences brin the region of interest
less than 100 meV apari. and thus can be taken as a constant for each pair of bands
The version of the FP-LMTO method used here was de{M!;). Within such an approximation, the absorption curve
veloped by Methfesséf The self-consistent potential used could be modeled as
in this method is based on the local-density approximation
I(r)](raoeé%gange and correlatiéhwithin the density-functional aj(w)m; M |2N; (B + A w)Ni(E)), (4)
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FIG. 2. Band structure and inter-conduction-band spectrum in
. \ : \ n-type 3C-SiCi(a) Experimental absorption spectrum from Ref. 5 at
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300 K with the peakP; compared to the peal; calculated in the
pure band-to-band limit wittn=6x10'"® cm 3. (b) Calculated
density of states withidk=0.1 [2#/a] from k,;,=X. (c) Energy

FIG. 1. Calculated inter-conduction-band spectrum in 3C-SiC a
ands arounck.

high and low temperatures compared to the experimental data o
Ref. 5. The carrier concentration in the theory was chosen so as
make the area under the curve approximately equal to that in th
experiment.

e theoretical peak occurs about 0.1 eV below the experi-
mental peak and that the experimental peak is about a factor
of 10 wider. A discrepancy by 0.1 eV in the interband sepa-
ration of theX;, and X, state could be due to the different
quasiparticle corrections to the local-density-approximation
eigenvalues for these states. The currently avail&bl®/

calculation$*?®indeed indicate a slightly larger shift for the
§<3C state than for the;; state by about 0.1-0.2 eV. We note
however, that this is within the current error bar GW

where, as beforg, defines the polarization. In other words,
we now have essentially a convolution of the density of ini-
tial N;(E) with the density of final stateN;(E), and where

the density of initial states is assumed to run over the ban
tail distribution and the density of final states is calculate

within the rangesk described above. We will not attempt to calculations. Generally speaking curreBW calculations

constructa(w) functions explicitly in this manner because tend to find larger shifts for levels at higher energies, while
of the various uncertainties associated with the tail distribu;[his trend is nogt] clearly supported b e)? eriméermglikél
tion function. Nevertheless, this expression suggests thatone ™ .~ ° : y supp y exp y
can essentially take the(w) functions to be a sum of the contribution to this 0.1-eV difference is the fact that some of

. ’ o - . the initial states lie in the band tail below the conduction-
restricteck-region densities of states multiplied by the matrix X )
) . . band edge. In any case, a discrepancy by only 0.1 eV in peak
element weight factor appropriate to the pair of bands occur- osition is to be considered aood aareement
ring in the original pure band-to-band model, and with per-p 9 9 ’

" . . . The width is clearly a more serious problem and is one of
haps some additional asymmetric broadening due to the d'?ﬁe main issues of thiﬁ paper. To addrepss it we refer to Fig. 2
tribution of initial states in the band tail. This should be ’ o

. L Panel(a) shows the full measured absorption coefficient at
sufficient to correlate the calculated quantities here, anc\i%00 K in the 0—3.5-eV ranae. as well as the calculated inter-
shown in Sec. Ill with the experimental spectra. e inge, .
band absorption assuming unperturbed bands and vertical
transitions. The experimental and calculated interband ab-
sorptions are labeledP; and p,, respectively(and were
A 3C given in more detail in Fig. 1 Panel(c) displays the unper-
‘ turbed energy bands around the conduction-band minimum
In 3C-SiC, three equivalent minima of the conductionpoint X. In line with the discussion at the end of Sec. Il,
band lie at the ends of th@01) axes. Each minimum is a panel(b) shows the DOS for the two relevant conduction
X, state and the next level is Xy, state 3.0 eV above it. bands within the restrictedk-space region of radius
Because of cubic symmetry, the w) tensor is isotropic. 0.1(2w/a) aroundX. It is evident that the width oD, is
The right-hand panel of Fig. 1 shows the inter- comparable to that of the measured p&gk One may also
conduction-band absorption data obtained by Patrick andote thatD, is shifted slightly upwards frorp,. This results
Choyke after subtraction of the background intrinsic indirect simply from the fact that the relaxation of thek=0 rule
absorption(see Fig. 2 The left-hand panel displays the cal- allows for transitions to higher energy. The peak maximum
culated absorption for the two temperatures used in the exesults from the cutoff of thé-space region included. An
periment and for a carrier concentration afi=6 additional shift expected from the lowering of the initial
% 10'® cm™3, which gives the area under the peak equal tostates below the band is not included in this calculation.
that in the experiment. Note the difference in scales. Patrick Returning for a moment to Fig. 1, one may note that the
and Choyke suggested that the carrier concentration in theexperiment shows a shift of about 13 meV toward lower
sample was indeed of the order of'3cm 3. We note that  energies at room temperature compared to 4.2 K. This results

lll. RESULTS
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4H axis. TheM, representation is fully symmetric with respect
to all these operations, while tHd; operation is antisym-
metric with respect to the latter two operations and symmet-
ric with respect to the former. These are the only two sym-
metries occurring for the bands of interest. From simple
symmetry considerations, it can be shown tBit transi-
tions are allowed only between bands of the same symmetry,
while, for ELL ¢, transitions are allowed betwedm; andM4

but forbidden between bands of the same symmetry.

For the carrier concentrations1410*° cm2 involved
here and for temperatures not far above room tempepature
only the lowest conduction band contains a sufficient number
of electrons to contribute to the absorption. Hence we can
limit our attention to transitions with th&1, state as the
initial state. Thus we expect mainly a peak at 2.0 eV arising
from thec;— c5 transition forE||c, and a peak at 2.3 eV for
EL c corresponding to the,—c, transition. Transitions to
band 5 are also allowed fd| c, but already start to overlap
with the indirect valence to conduction band transitions.

In panels(a) and(b), the lines connecting the dots repro-
duce the experimental data of Ref. 4. We note that for each
of the polarizations they indeed have their main peaks close
to the above-mentioned energies. However, slight shifts in
peak position and a large discrepancy in peak widths are

FIG. 3. Band structure and inter-conduction-band spectra iraPparent when the calculatedw) based on the unperturbed
n-type 4H-SiC:(a) E||c and (b) EL ¢ experimental absorption spec- band-to-band model are compared with the experimental
tra from Ref. 4(lines connecting do}swith capitalized peak labels spectra. The former was calculated b+ 300 K, and thus
P, compared to calculated spectrum in pure band-to-band (fmiit ~ also includes a slight occupation of the second conduction
line) peaks labeled by lower cage (assumingh=10" cm 3 and  band, resulting in peaks labelgg and p;. Traces of these
T=300 K). (c) Calculated density of states with#tk=0.1[2=/a] are recognizable in the experiment.
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from kmin_=M.Thick line: total; full thin line:M symmetry bands; Panel (c) shows the DOS calculated with a radidk
dashed lineM3 symmetry.(d) Energy bands: full lines correspond —0.1 [2#/a] around theM point. The heavy line shows the
to M; symmetry and dashed lines kb; symmetry atM. total DOS, the full thin line shows the partial DOS corre-

sponding to bands of symmethf,, and the dashed thin line

in part from the difference in the hydrostatic deformationthe partial DOS corresponding to bands of symmeiry.
potentials betweerX;; and X3, states, which accounts for Clearly, the width of pealD, corresponding to band; is
about 4 meV(using a thermal expansion coefficient of 2.77 now comparable with the experimental width of peRk
x10°® K™! and a deformation potential difference There is a slight difference of 0.1 eV between the positions
d[E(X3c) —E(Xy1c)1/d InQ of 4.3 eV (Ref. 27), and in part  of D; and P,. As for the case of 3C-SiC, this may in part
from phonon effects on these states. The theoretical curvagflect a slightly higher quasiparticle shift of bang com-
presented do not include these shifts, but do include a mingsared to band,, but it may also in part reflect the fact that
shift resulting from the finite temperature Fermi function. the initial states of the transition are centered slightly below
the band edge because of the mixing with the impurity band.

We note that relaxing thak=0 rule not only has the
effect of broadening the peaks but also of slightly shifting

Our results for 4H-SIiC are shown in Fig. 3, which is the peak maximumD; peaks slightly abovep; and D,
organized similarly to Fig. 1, except that now we have topeaks slightly above,. In fact, the peak positions @, and
include the polarization dependence. In the right-hand panqi>4 appear to be in better agreement than thos®,candP; .
(d), we show the energy bands of interest near the conducrhis might indicate that slight differences in quasiparticle
tion band minimum aM. They are labeled;—c5 in order of  correction apply to bands; andc,. As these differences are
increasing energy a¥l. Their symmetry character, following of order 0.1 eV, however, they are within the precision of
the notations of Rashi#,is indicated as follows: full lines current GW calculations. On the other hand, the slightly
correspond tdvi; symmetry atM andU; alongML, while  |arger width of peakP, than that ofP,, as well as the asym-
dashed lines correspond bz (or Us). To clarify the mean-  metry of these peaks, appears to be well reproduced by the
ing of these labels, we recall that the space groupjs. The  shapes ofD, and D,. This supports the validity of our
symmetry of the states &l are determined by the point model, which was described in Sec. II.
group of thek vector atM, which is C,,. It includes the Because the carrier concentration for the samples in Bie-
rotation or reflection components of the space group operaiermann’s papérwere given only roughly, it is not worth-
tions, which leaveM invariant. These are a mirror plamg  while to attempt to calculate and compare absolute intensi-
passing through th&-M line, a glide mirror planer; nor-  ties. As far as relative intensities are concerned, we note that
mal to it passing through'-K, and a twofold rotation screw this is also complicated by the need for including nonvertical

B. 4H
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& A 1 significantly contribute td®,, which is the strongest peak in
= g the spectrum. The positions and widths of the pakiiapace
% i b 0 DOSD,, D3, andD, agree well with, respectivel\R,, Ps,
é 3 M U L andP,, althoughPj is relatively weak because of the matrix
E[eV] element. To some exteiit, also seems to contribute to the

high-energy tail ofP,. This indicates a partial breakdown of
FIG. 4. Band structure and inter-conduction-band spectra ithe symmetry selection rules as well as thie=0 selection
n-type 6H-SiC:(a) El|c and(b) EL c experimental absorption spec- rule. The exact experimental location Bf is difficult to
tra from Ref. 4(lines connecting dojswith capitalized peak labels extract because of its proximity to and overlap with the in-
P; compared to calculated spectrum in pure band-to-band (fudit  direct band-gap absorption edge. These features are all simi-
line) peaks labeled by lower cage (assumingn=10" cm 3 and  |ar to those in 4H-SiC.
T=300 K). (c) Calculated density of states withinok The main additional point of interest in 6H-SiC concerns
=0.1 [2n/a] from k,;;=0.4ML. Thick line: total; full thin line: the doub'e_peak nature ﬁl_PZ' We note that apart from a
U, symmetry bands; dashed ling; symmetry.(d) Energy bands:  gjmjlar shift to the one that occurred in 4H-SIC, pelk
full lines correspond t&J, symmetry, and dashed lines th; sym- agrees well withP,, while the extra peak®, appears to
metry atU=ML. correspond more closely tp,, i.e., to the direct band-to-
band transition. Closer inspection pf in Fig. 6 reveals that
transitions and the effects of the impurities. However, fOCUS'i'[ is dominated by a very Sharp peak Corresponding to tran-
ing on the two main transitions, we observe that the DOSsjtions at theM point rather than the minimum point along
peaksD, andD, appear to have similar intensities while the M. This becomes clear by comparing the calculated ab-
integrated absorption fdP, is a few times larger than that sorption coefficients for the transitions betwegrandc; for
for P4. This is consistent with the fact that we find the matrix carrier concentrations chosen such that the band is filled to

element for the allowedt;—cj3 transition to be about 2.5 |evels either above or below the saddle pdintClearly, p;
times stronger than the, —c, transition.

4 T T
c on 6H SiC

Our results for 6H-SiC are given in Fig. 4, which is orga-
nized in the same way as for 4H-SiC, except that now we
display the energy bands in parn@) along the entireML
line. This is done because bang is extremely flat and has
its minimum at about 0.ML. An enlargement of the disper-
sion alongML of the lowest band is shown in Fig. 5.

We note that the expected transitions Ejc arec;—c5
andc,—cs and forEL c arec;—c,, ¢c;—Cg. These transi-
tions correspond, respectively, By - P, (initially considered
as a single featuyeand P53, and toP, andP5. We note again
the substantial underestimate of the peak widths in the pure J
band-to-band moddpeaks labeled with lower cagg). We 0 ; - e
note thatp; was scaled down by a factgk to fit into the 10 11 12 13 14 E;é?g [1é\1/] 12 13 14 15
frame of the figure, and is thus significantly stronger than the Y
other p;. The weak peakp, is due to the transitions, FIG. 6. CalculatedE|c absorption spectra for 6H-SiC in the
— ¢4 wWhich requires the thermal occupancyoyf It does not  region ofp; for two carrier concentrations and two temperatures.

T=0K T=300K

n=10" cm®
n=4x10" cm*

o) [10° em™
N

-
U
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is dominated by transitions from thé point if the latter is  cated. Further, the fact that the Stokes shifts for the two
allowed to contribute. The reason for the presence of themissions(at 1.9 and 2.9 eV are nearly identical appears
sharp peak is that bands andc; are nearly parallel in the fortuitous. Since thein-type sample was highly resistive and
directions perpendicular tML, in other words, they have contained N, it is likely that the Fermi level was pinned near
the same transverse mass . This produces a sharp one- the deeper N-donor level at 140 meV below the conduc-
dimensional van Hove singularity in the joint density of tion band, not at the shallower level relevant for the samples
states. In a strict one-dimensional theory, the behavior at thee were mainly concerned with in this paper. If we interpret
singularity would be 1JE. The remnant of this in the full the features as transitions from this level to the conduction
three-dimensional theory of the saddle point is clearly still abands, this would reflect itself in a rather wekkependence
very sharp and strong peak. in the 10—300-K range, as was observed. So, the weak tem-
We thus believe that the experimental featBigewhich is  perature dependence does not prove their interpretation.
characteristic of this particular polytype, is a signature of this The remaining and nontrivial issue is the 0.3-eV upward
van Hove singularity in the pure band-to-band transitionsshift of the prominent peak. This cannot be explained by the
The transitions resulting from energy levels above e roughly 0.06 eV additional binding energy. But the larger
saddle point irc; might be expected to be more purely band-binding energy has other consequences: greater relaxations
to-band-like because higher-energy bands are expected to bé the polarization and\k=0 selection rules. The former
less mixed with the impurity band and thus to obey &le  follows from the greater mixing of the; andc, conduction
=0 selection rule more strictly. In other words, within the bands into the donor level, which even may cease to be de-
range of states occupied from slightly below the conductionscribable by effective mass thedyThe SH spectra in fact
band minimum to a few 10 meV above it, the nature of theexhibit a significantly weaker polarization dependence than
states should be expected to gradually change from beingiedermann’s spectra. Within our model, the stronger local-
more localized the farther their energy is below the bandzation of the donor wave function implies a larger range of
edge to more purely bandlike the farther they are above thk than used above. This tends to push the peak position to
band edge. The range &fspace reached by the transitions higher energy because higher bands can be reached within a
for the final states would correspondingly become graduallyarger k sphere. The peak position results effectively from
more narrow as the initial state lies higher above the banghe 6k cutoff. Simultaneously, peak, makes a more siz-
edge. able contribution td®, because of the breaking of the polar-
To test the assignment of the peBk experimentally, it ization selection rules. We have verified by explicit calcula-
would be interesting to observe the freeze-out of this transitions that increases by 30—-50 %dk could effectively move
tion at low temperatures for a sufficiently low carrier con- the peak upward by-0.3 eV. The peaks also become even
centration. Figure 6 indeed indicates that for a carrier conbroader, which is also consistent with the SH spectra. In
centrationn=4x10'® cm 3 the singularity related peak other words, there is no need to invoke a new deep center to
disappears at low temperature but is still present at roonexplain the SH data. There is only a quantitative, not a quali-
temperature. tative, difference resulting from the more localized nature of
In this context, it is of interest that spectra for a highly the deeper donor states. In addition to these responses to SH,
resistive (low carrier concentrationsample ofn-type 6H-  we note that the model employed here provides quite satis-
SiC, were reported by Stiasny and HelligH).” Unfortu-  factory results for the entire set of spectra for all five poly-
nately, it does not cover the low-energy region where thdypes for which data exist.
effects onp,; would be noticeable. In fact, their spectra and As far as relative intensities are concerned, we again fo-
interpretation differ considerably from those of Biederménn. cus only on the two prime absorption featur®: and P,.
On the basis of both absorption and emission spectra in th&gain, as in 4H, the corresponding final state DOS factors
same sample, SH concluded that the absorption is associategpear to be equally strong, whilg, is at least an order of
with transitions from a deep center, not states at themagnitude stronger thaR,. This is consistent with the fact
conduction-band edge and associated band tail as assumedtfat the matrix element squared is found to be about 20 times
this work. Their spectra differs from Biedermann’s mainly in stronger forc,— c5 than forc,—c,.
that the main absorption featurd{ for E|c and P, for One more feature remains to be explained about the 6H
ELc) occurs at 1.9 eV instead of 1.6 eV. Similar to Bieder-spectra. In samples of intermediate doping level, exg.4
mann’s spectrum, however, it does show peaks simil@sto X 10'® cm™2, the authors of Ref. 2 observed a peakEarc
and P around 2.9 eV. Their conclusion about this being aat about 1.1 eV. For higher concentrations, this peak is sub-
deep center is based on the following observatighsthe  merged under the free-carrier absorption while for carrier
absorption spectra are nearly independent of temperaturepncentrations %10 cm 2 it is absent. Our calculations
and (2) they found an emission spectrum which is roughly provide no straightforward explanation for this feature. One
similar to the absorption spectrum but shifted to lower en-might think of transitions front, to c;; however forn=4
ergy by ~0.2 eV. They interpreted the downward displace-x10*® cm™2 and with bandc, located at about 100 meV
ment as a Stokes shift in a transition involving a deep centebove the minimum, there is only a weak occupancy at room
We disagree with this interpretation, and show that the diftemperature. It is thus not easy to explain how this absorp-
ferences between their spectra and Biedermann’s can be etien feature can be as strong as the-c, transition, i.e.P,
plained within the general model adopted in the present paat 2 eV, as observed in Ref. 2. This would only be possible if
per. the matrix elements for this transition are rather strong. In-
First, we note that the luminescence spectrum can involvepection of the matrix elements, however, reveals that the
a variety of centers, and its interpretation can be complic,—c5 transition for ELc is actually weaker than the;
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FIG. 7. Band structure and inter-conduction-band spectra in FIG. 8. Band structure and inter-conduction-band spectra in
n-type 8H-SiC:(a) E|c and(b) EL c experimental absorption spec- n-type 15-SiC:(a) E|c and(b) EL c experimental absorption spectra
tra from Ref. 4(lines connecting dojswith capitalized peak labels from Ref. 4(lines connecting dojswith capitalized peak labelg;

P; compared to calculated spectrum in pure band-to-band (folit ~ compared to calculated spectrum in pure band-to-band [ifuik
line) peaks labeled by lower cage (assumingn=10* cm2 and line) peaks labeled by lower cage (assumingn=10"* cm 2 and
T=300 K). (c) Calculated density of states withinsk T=300 K). (c) Calculated density of states withinsk
=0.1 [27/a] from K,,;,=M. Thick line: total; full thin line:M, =0.1 [2#/a] from k,;,=X. (d) Energy bands arounx.

symmetry bands; dashed linel:; symmetry.(d) Energy bands: full

lines correspond td1,; symmetry, and dashed lines kb; symme-  folded on M in the appropriate hexagonal Brillouin zone
try at M. (i.e., using a 15-layer unit cell parallel to thexis instead of
the five-layer rhombohedral unit cgellThe directionXU

H(I:“ tranlsitior)s. Thus this explalnatif?n is r;]ot tﬁnable'lggeshown in the right panel of Fig. 8 is nearly parallel to the
only explanation we can presently offer is that this could be__ . : G a0 O
a contamination effect by the presence of higher order polyf”‘x's’ as is shown qualitativelyin Fig. 9. Thus the symmetry

types. As shown below, for 8H for example, transitions do,?.f the Fangs usded fotrhthe hexlagonal r:o_l;ﬁypes ?ndche selec-
occur forEL ¢ at about 1.1 eV. ion rules based on them no longer strictly apply. However,

by considering the small deviation from parallelism as a per-
D. 8H turbation, one can infer that the selection rules retain some

The results for 8H are shown in Fig. 7, which is organized

in the same way as the figures for 4H and 6H. In this case, : kz
we expect from the symmetry of the bands the following 15 | O SS— Z
transitions: forE|c, ¢c;—c3 at 1.1 eV andt;—cg at 2.5 eV, X/q.

corresponding tdP; and P,; for ELc, c;—cC, at 1.4 eV,
c,—Cg at 2.1 eV, andc,;—c; at 3 eV, corresponding to
P;—Ps;. Good agreement is observed between the experi- 10
mental and the predicted transition energies for each polar-
ization. Again, the widths of these peaks are much better
described by the partidt-space DOS. As before, we note
that D, is slightly lower in energy tharP; whereas the
higherD; agree closely with th®; and better than the pure
band-to-bandp; predictions do. The peaR; probably con-
tains some contributions frol, reflecting the partial break-
down of the polarization selection rule. This would explain
both its upward shift and its asymmetric shape.

Energy[eV]

0.5

0.0

[l MU NG S,

A A

E. 15R FIG. 9. Band-structure dispersion of the lowest two conduction
The conduction-band minimum in 15R occurs at e bands in 15R-SiC. The inset shows the relevant portion of the Bril-
point of the rhombohedral Brillouin zone. This point is louin zone(Ref. 29.
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usefulness. This is reflected in the facts that the obselPyed sities of the main absorption features for different polariza-

peak is strongly polarizeds||c, and that the calculated ma- tion in terms of the relative magnitudes of the matrix ele-

trix elements imply that polarization preference. That thements. The integrated absolute order of magnitude of these
transitions to the bands, andcs have comparable strengths absorption features is also found to be in accord with the data
in both polarizations results from the close proximity in en-for the reported order of magnitude of the carrier concentra-
ergy of these bands and their consequent mixing. As in othefons present in these samples. Discrepancies in the
polytypes, the relaxation of th&k=0 selection rule clearly conduction-band separations are of order 0.1 eV maximum,

provides for the major part of the differences between thgyhich may in part be due to our neglect of quasiparticle
observed widths and those calculated using the unperturbg@rections.

bands. We note that whil®s accounts well for the width of  However, the fact that the widths of the features in the

Ps, D1 is somewhat narrower tha® . measured absorption spectra are about ten times wider than
On a more detailed level, the shapeRyf suggests a two- the calculated ones on the basis of an unperturbed band-to-
peaked structure analogous to the one in 6H. This suggesti§and model indicates that impurity effects are important. For
is, however, not supported by the calculafed andp;. If  the carrier concentrations typical of the samples investigated,
one accepts the two-peaked structure, one might, in analogye shallow N impurities form a impurity band overlapping
with the situation for 6H, search for a neighboring saddleyith the bottom of the conduction band, known as a band
point. As seen in Fig. 9, one indeed exists at the p&int tajl. Since the initial states are thus partially localized in
However, as that saddle point is about 0.2 eV above th@ature, the vertical selection rule must be relaxed. We
minimum, it would be essentially unoccupied at room tem-showed that the observed widths of the spectra can be ac-
perature and hence incapable of producing a significant peakounted for by relaxing thd k=0 selection rule and assum-
Another possible explanation for the low-energy peak ongng that transitions occur to final states within a certain range
might consider is the fact that 15R samples frequently congf k space of ordersk~0.1 [2x/a], which is approxi-
tain regions of 6H. An one would then expect a peak at 2 @Mnately the range ok in the wave function for a shallow N
for EL ¢, which, however, is not clearly evident in the data, donor. Nevertheless, the transitions essentially maintain the
this explanation is also not too persuasive. polarization behavior of the pure band-to-band model. This
Finally, we note that the lower part d?; corresponds means that the impurity band states in question must be de-
somewhat closer tp;, and the higher part more closely with rjved primarily from the lowest conduction band, and thus to
D;. One would further expedd; to shift slightly to higher 3 |Jarge extent reflect its symmetry character. The above line
energies if we take into account its origin from impurity of argument also suggests that the higher conduction states
mixed states slightly below the band. Thus the low-energyare less affected by the presence of the impurities. As far as
peak ofP; could result from more purely band-to-band-like the initial states are concerned, one expects a gradual change
transitions, and the higher-energy peak from the more impufrom the more localized statéfor which the energy is far-
ritylike transitions. This explanation is in fact similar to the thest below the band edge and which involve a strong break-
one we offered for 6H. In fact, one expects a gradual transidown of the virtual selection ruleo more purely bandlike
tion between the two regimes in all polytypes. If this is true,states for states with energies higher and higher above the
one would expect that the peak shapeRaf changes with  band edge. This would in general suggest that the peak
temperature and carrier concentration in all cases. It is presshapes may change with carrier concentration and tempera-
ently not clear why this two-peak nature appears more prevaure. In particular, at lower impurity concentrations one ex-
lent in 15R than in 4H or 8H, or why it is more important for pects a freeze-out at low temperature of the more purely
this particular transition than for the higher energy ones. Théand-to-band-like features, and a spectrum more dominated
situation for 15R is clearly different from 6H, where the two py impurity to band transitions. So far, this has been ex-
peaks are more clearly separated in the data and where tigred experimentally only to a limited extent because the
very high intensity of pealp, (the maximum of the peak is studies that correlated the absorption features with the carrier
>500 cm ') can be explained by the occurrence of occu-concentrationgobtained by Hall measurementwere lim-
pied van Hove singularity. As implied above, further studyited to 6H and tcE L c. Unfortunately, the most characteristic
of the line shapes of the absorption spectrum with varyingand strongest absorption feature occursﬁﬁm_
temperature and carrier concentration is desirable. Among the spectra for the various polytypes, probably the
most interesting one occurs for 6H, as it exhibits a clear
two-peak feature forE|c in its prominent feature. We
showed that this unique feature is related to the presence of a
In this paper, we have investigated the validity of theone-dimensional van Hove singularity in the joint density of
interpretation of the 1-3-eV absorption features in fairly states of pure interband transitions at Mepoint in the Bril-
heavily dopedn-type SiC polytypes in terms of transitions louin zone. According to oufand othey first-principles cal-
from the lowest conduction band to higher bands. We fincculations, theM point in the lowest conduction band is a
that this model is in good agreement with the energy bandgaddle point, while the minima occur in six inequivalent very
differences calculated here using the full-potential linearshallow valleys centered at a point along té axis. Thus
muffin-tin orbital method for all the polytypes for which are a further study of the behavior of this absorption feature may
presently data available, i.e., 3C, 6H, 4H, 8H, and 15R. Iprovide experimental evidence for this six valley model in
also satisfactorily explains the polarization dependence ofH-SiC. The alternative explanation of spectra in this energy
the spectra in terms of selection rules and the symmetry afange in a very highly resistive sample of 6H in terms of a
the bands, and even explains qualitatively the relative intendeep center proposed by Stiasny and Hélbigs rejected

IV. CONCLUSION
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because their observations can be explained within the corsatisfactorily explained the bulk of the experimental data
text of our present model by simply assuming a slightly moreavailable in this energy range. These questions thus warrant

localized initial state. further experimental study.
A few aspects in the body of experimental data on these
spectra are presently unsettled. These are the 1.1-eV feature ACKNOWLEDGMENTS
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