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Optical and x-ray diffraction studies on the incorporation of carbon as a dopant in cubic GaN
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We performed optical and x-ray diffraction experiments on carbon doped cubic-GaN samples, deposited by
plasma-assisted molecular beam epitaxy(001) GaAs substrates, for various carbon concentrations. The
samples were studied by Raman, photoluminescence, and photoluminescence excitation spectroscopies. These
techniques give some insight into the mechanism of carbon incorporation in the material. Detailed analysis of
these spectra leads to a picture in which carbon initially enters into N vacancies producing a marked improve-
ment in the crystalline properties of the material. At higher concentrations it also begins to enter interstitially
and form C complexes, with a consequent decrease of crystalline quality. This increase and later decrease of
crystalline quality of our samples with the addition of C were also detectable in x-ray diffraction scans. A
model calculation of the localized vibrations of the C atom in the GaN lattice allows for the interpretation of
a feature in the Raman spectrum of some samples, which reinforces this view.
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I. INTRODUCTION assisted MBE 01t001) GaAs substrates, doped with different
carbon concentrations. The samples were studied by Raman,
The metastable cubic modification of GaN has attracted ghotoluminescencéPL), and photoluminescence excitation
lot of attention for its potential optoelectronic applications, (PLE) spectroscopies. The evolution of these spectra is con-
especially since the successful fabrication of light-emittingsistent with a picture in which carbon enters into N vacancies
diodes based on structures constructed with this mafefial. atlow concentrations, thus producing a marked improvement
In contrast to the stable wurtzite variety, no spontaneous pdh the crystalline properties of the material. At higher con-
larization or strain-induced piezoelectric field exists in thecentrations it also begins to incorporate at non-substitutional
cubic polytype grown on001) planes. Hence, there is no Sites and form carbon complexes, with a consequent decrease
piezoelectric-field-induced spatial separation between elec@f crystalline quality. This view is reinforced by the obser-
tron and hole wave functions, which should lead to a greateYation of a line(at 584 cm'*) in the Raman spectra of the
optical recombination efficiency in quantum wells based onsamples with relatively large amounts of carbon and best
cubic GaN. For the fabrication of devices with this material,crystalline quality. Based on a valence force field calculation,
it is essential to be able to introdupeandn-type dopingsin ~ We attribute this line to a resonance vibration of C atoms
a controlled manner. This involves introducing dopant impu-0ccupying N sites in the cubic GaN lattice.
rities, which produce shallow acceptor or donor levels. Un-
derstanding how these impurities enter into the GaN lattice is
of fundamental importance for achieving useful doping.
Among the possible acceptor impurities, carbon has been Cubic GaN films were grown by rf-plasma assisted MBE
regarded as an interesting candidate due to its similarity witlon semi-insulating001) GaAs substrates at a temperature of
nitrogen, both in atomic radius and electronegativity. Limited720 °C1% The growth rate was of 0.0Zm/h and the total
success in using this dopant was reported earlier on by Abthickness of each film was=1 um. Carbon doping was
ernathyet al.” However these authors used GQlhich lim-  achieved, as explained in detail in Ref. 8, by electron-beam
ited the hole concentration to a maximum of 3 evaporation of a graphite rod, with tlebeam power main-
X 10" cm™3. More recently As reporteg-type doping with  tained constant between 0 and 400 W during the growth. The
carbon bye-beam evaporation of a carbon rod during theC flux was calibrated by growing C-doped GaAs in the same
molecular beam epitaxyMBE) growth of cubic-GaN®  manner and assuming the same sticking coefficient for C on
Here carbon concentrations reached levels of the order of &aAs and GaN. Secondary ion mass spectroscopy was used
% 10?% cm™3. In order to understand how this concentrationin some samples to confirm this calibratitsee Ref. 8 This
translates itself into a high concentration of mobile holes, thgrocedure shows that C content increases monotonically with
details of the incorporation of C in the GaN lattice must bee-beam power. The samples used in our experiment are la-
understood. beledA throughG in order of increasing carbon content and
In the present paper we report optical and x-ray diffrac-listed with their estimated C concentration in Table I. All
tion studies of cubic-GaN samples, deposited by plasmasamples were found to hetype by Hall measuremenfs.

Il. EXPERIMENT
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TABLE |. List of samples used in our experiments with their thickness and ordered according to their carbon content. The amount of
carbon incorporate¢ C]) is estimated from the evaporatiregoeam power used during growth.

Sample Thickness e-beam power [C] Eexd I exd Eq(T'y) 260(T")
(nm) (W) (em™3) (eV) (meV) (eV) (meV) (deg

Al 185 0 Undoped 3.2660) 39.758(0.967)
A2 659 0 Undoped 3.29%56.5 3.325(39.5 39.924(0.339
A3 631 0 Undoped 3.29650.3 3.325(36.0 39.921(0.383
B 1030 70 210" 3.288(49.2 3.314(21.2

C 1035 90 2.510Y 39.921(0.276
D 1121 150 4< 10V 3.295(54.9 3.321(33.1) 39.922(0.219
E 728 200 8< 10Y7 3.292(60.0 3.318(43.7) 39.922(0.280
F 676 280 3x10% 3.285(60.9 3.311(57.9 (0.323

G 677 350 1.5 10% 3.285(65) 3.311(52.9 39.921(0.319

The crystalline quality of the samples was evaluated byk-conservation rulé® The spectra in Fig. 1 clearly show a
high-resolution x-ray diffractiofHR-XRD). The measure- marked decrease in the relative intensity of this broad con-
ments were carried out using the Q€a radiation (.  tinuum as more carbon is incorporated in the san(ipigher
=1.540597 A) in a Philips X’pert four-circle Materials Re- e-beam powex This indicates that disorder decreases with
search Diffractometer in triple axis configuration yielding aincreasing carbon concentration. This can only be explained
resolution better than 20 arcsec. We measwe2¥ scans of —as an increase in crystalline quality, since the presence of an
the symmetric002) reflection of the layers is the angle extraneous atortC) in the GaN network would, in principle,
of incidence and is the Bragg diffraction angje increase disorder and not the other way around. To under-

Both PL and PLE spectra were excited with an air-cooledstand this effect, let us first notice that all of our samples
1000-W Xe lamp filtered with a 1.0-m SPEX monochro- were grown on Ga-rich conditions in order to stabilize the
mator with a 1200 groove/mm grating. The monochromaticcubic metastable phas&Under this condition the very high
light was focused onto the sample, contained in an Air Prodnitrogen equilibrium pressure at growth temperatures favors
ucts cold finger cryostat & =10 K. Emitted light was fo- the appearance of nitrogen vacancies. Our undoped samples
cused onto a double monochromator with a Ga-In-As photo(Al, A2, andA3) display a hole concentratigm of about
multiplier tube. Quartz lenses were used both for excitatiorl0'® cm™2 and, therefore, have the Fermi level at the lower
and for collection of emitted radiation. The excitation wave-half of the GaN band gap. This, in turn, strongly favors the
length used for the PL experiments was 329 nm. formation of N vacancies, as shown in Refs. 14 and 15,

Unpolarized micro-Raman measurements were n{atle making them the dominant type of defect on these samples.
T=10 K) in the backscattering configuration, usirgl.5  These vacancies produce lattice distortions around them,
x 10" W/cn? of the 514.5-nm line of an argon-ion laser as which could be largely responsible for the break in periodic-
exciting radiation. Scattered light was analyzed with a tripleity originating the broad continuum in the Raman spectrum.
Jobin-Yvon T-4000XY spectrometer equipped with a multi- If the carbon atoms occupy the sites of these vacancies, the
channel charge-coupled device. An optical microscope with a
X 50 objective was used to focus the laser beam on the
sample and collect the scattered light. The laser spot on the
sample was between 1 andg2n in diameter. The spectral
resolution was between 1 and 2 cf
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Ill. RESULTS AND DISCUSSION

Figure 1 displays the Raman spectra of some of the inten-
tionally doped samples. The spectra are characterized by
sharp two peaks originating in the TO (555 ¢ and LO
(741 cm 1) phonons ofc-GaN (Ref. 12 and a broad con-
tinuum between these lines. A discrete line at 568 &m
(designated ag, in this figure appears in some spectra and ) C :
is due to one-phonon scattering by inclusions of the hexago- 400 600 800
nal phase of the material. The broad continuum is also ob- Raman Shift (cm")
served in the Raman spectra of related compounds, such as
AlGaN alloys, and is attributed to scattering by phonon den- FIG. 1. Raman spectra of C-doped cubic GaN for different
sity of states activated by disordg@efects, dislocations, and e-beam powers used during growth. Higher power corresponds to a
other crystalline imperfections which destroys the higher C concentration.

Raman intensity (arb. units)
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FIG. 2. Raman spectra of C-doped cubic GaN for different C )
concentrations, showing the structure at 584 ¢rpresent in the FIG. 3. Raman spectra from three cubic GaN samples: C doped
spectra of sampleB andE. grown with ane-beam power of 70 Wa) (sampleB); As-doped(b)
(not in Table ); and C doped grown with ae-beam power of 200
W (c) (sampleE). The vertical dotted lines mark the peaks arising
efrom hexagonal inclusions ife) and from the resonance vibration
reof a C atom in the GaN lattice ift). The arrows point to structures

Uteé\rising from defects common to C- and As-doped samples.

crystalline distortions disappear due to the similarities in th
atomic radii of N and C. Therefore, at concentrations whe
the random substitution of N by C atoms does not constit
a serious source of disordéess than 1% or 9dhe inclusion
of C results in an improvement of the crystalline quality of this line is completely quenched.
the material which, in turn, causes the defect-related struc- Finally, in Fig. 3 we show the Raman spectra of two
ture in the Raman spectrum to be quenched. Thus, the evearbon-doped samples grown with @bbeam power of 70 W
dence in Fig. 1 gives a strong indication about the sites ocfa) and 200 W(c) and that of an As-doped on), in the
cupied by the C dopants. spectral region between the TO and LO modes of the GaN.
The Raman spectrum of the material would give addi-In this region, the spectrum of the C-doped sample grown
tional insights in to the carbon incorporation in GaN if a with a low e-beam powera) exhibits a peak at 568 cni
given spectral feature could be attributed to a localized vidue to hexagonal inclusions and a very broad continuum
bration of the carbon atom. An impurity with a much smallerwhich results, as previously discussed, from the poorer crys-
mass than either of the host atoms would give rise to a trulyalline quality of these samples. This broad continuum is
localized vibration, i.e., one with a frequency in the forbid- replaced by a more structured one in both, the As-doped
den region of the host lattice vibrations and whose amplitudgample (b) and the C-doped samplg). When comparing
is large at the impurity-site and decreases rapidly with inthese curves, we notice a series of common feat(es
creasing distance to it. If, as in this case, the impurity atomween 620 and 700 cﬁ’r) as well as a peak at 584 crh
has a mass similar to one of the host atoms, the vibrationabhich appears only in the carbon-doped sample. This cannot
mode introduced by the impurity is a resonance mode, with &e attributed to hexagonal inclusions seen in cuayenor to
frequency contained in the range of the allowed modes of theon-C-related defect-induced features, since it does not ap-
perfect crystal and an amplitude that falls off slowly as wepear in the spectrum of the As-doped samihlg but seems
move away from the site of the impurity atofh.These to be directly related to the presence of carbon. Also, this
modes are difficult to observe, unless their frequency hapfeature disappears when carbon content becomes high
pens to lie at a point where the density of states of the vibraenough to begin the formation of complexes. Thus, it seems
tions of the pure crystal is small. To the best of our knowl-reasonable to assume that this peak arises from a vibration of
edge, all previous attempts to find direct evidence of suchhe C atom in a Ga cage, as a result of C entering the host
C-related modes in the Raman spectrum of GaN:C havgattice by substituting the N-atoms. A feature similar to this
yielded no positive results;*® However, we believe that the one is seen in the Raman spectrum of C-doped GaAs, and
Raman spectra of some of our GaN:C samples show eviean be unambiguously attributed to a localized vibration of C
dence of the existence of this type of mode. In Fig. 1 aatoms occupying As sites in the host GaAs latfit&?! In
structure at 584 cm' appears in the spectra from the two this case the mode is a true localized vibration appearing at a
samples D and E) with the best crystalline quality, which frequency (582 cm') well above the highest possible value
are reproduced in Fig. 2 in a more convenient scale. Here wir allowed vibrations of the host lattice (296 ¢f). In our
observe that the weak line at 584 chstarts to be visible case, the identification is not quite as straightforward because
for sampleD, and gains strength as C concentration increasethe peak appears in the region of allowed GaN vibrations.
up to the point where the C complexes begin to form. In theHowever, knowing that the nearest-neighbor forces are the
most doped samples, where the C complex related emissianost important ones in determining the lattice vibrations, it
at 2.1 eV dominates the PL specfsee Fig. 5, sampl&), is reasonable to expect that the peak should appear in about
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the same frequency region in both materials, since in both 10 F—————— T
cases it would result from C vibrations in a Ga cage. In order F(002) » - 20 ° A2
to justify this assignment a theoretical calculation using a [GaN:C 2 o

valence force fieldVFF) model was performed.
In order to determine the vibrational mode frequencies of

10
carbon replacing N in cubic GaN we proceed as follows.

First, the VFF method and the effective charge approxima-&
tion for the long-range Coulomb interaction are used to carry‘i
out calculations of the phonon dispersion curves and phonor‘é
density of states of GaN. Bond-stretching and bond-bendingg
force constants and nearest- and next-nearest-neighbors ir-
teractions are taken into account in the VFF phonon
Hamiltonian?> Second, the Green’s function technique is
used to handle the perturbation introduced by the impurity.
The relevant local density of states introduced by carbon is
computed from the portion of the Green’s function matrix,
which covers the space of the defect, comprising the centra

10°

39.0

5% 0 A1(185 nm)
® A2(659 nm)
& A3(631nm)
pseudo-Voigt fit

.5 39.0 39.5 40.0 405 410
26 (degrees)
N NN

395

40.0
26 (degrees)

pseudo-Voigt fit <

40.5

carbon atom, its four nearest-neighb@@a) and 12 next-
nearest-neighbor@), in T4 symmetry?3'24The eigenvectors FIG. 4. High-resolutionw-260 x-ray diffraction scans of the
and eigenvalues of the Green’s function matrix of the persymmetric(002) reflex of cubic GaN for different C doping con-
turbed crystal are computed as a function of the force concentrations, as shown in Table I. Solid lines are fits to the experi-
stants connecting carbon to its first neighbors. For suitabl@ental data using pseudo-Voigt functions. The main figure com-
values of the force constarfisthe calculation produces a Pares the reference undoped sample with two (?arbon-do_ped ones.
resonance mode witfi, symmetry, which would originate The inset compares three undoped samples of different thicknesses.
the line at 584 cm! in the Raman spectrum of our C-doped
samples. The frequency of this mode is contained in the gagoped samples. In the main part of the figure this reference
between the zone-center TO and LO modes and occurs ats&@mple is compared to two doped samplBsandG), cho-
point where the density of vibrational states is low. Thus, thesen because they have, respectively, the smallest and largest
results of the calculation strengthen the assignment of thinewidths of the samples under stutiee Table)l Here we
Raman line as being the signature of the resonance vibraticsee that both C-doped samples have thinner lines and, there-
of a C atom occupyig a N site in the GaN lattice. fore, better crystalline quality than the undoped reference
HR-XRD w-26 scans of th&002) Bragg reflection of the sample. This evidence reinforces the picture of carbon incor-
GaN layers were taken in order to evaluate crystalline qualityoration suggested by the Raman data. Other optical mea-
of the samples. Typical results from the undopedll( surements show significant evidence in the same direction.
throughA3), and two doped andG) samples are shown We shall discuss this evidence in what follows and postpone
in Fig. 4 and its inset. The peak positionf2and the full @ quantitative discussion of linewidths vs carbon concentra-
width at half maximum [) for each sample were obtained tion until PLE data have been discussed.
by fitting the experimental data by the least-squares method The PL spectra of samples with different C contént
using pseudo-Voigt functionsshown by the solid lines in cluding samples#Al andA2, with no intentional C doping
Fig. 4). The values of peak positions and linewidths obtainecr® shown in Fig. 5. No qualitative difference is found be-
from this fit are listed in Table I. The peak positions are very
similar in samples of comparable thicknesses and therefore,
its value does not provide an indicator of differences in crys-
talline quality among them. On the other hand, linewidths
vary considerably from one sample to the other and this can
be used as a criterion to compare crystalline quality. Larger
linewidths indicate a wider distribution of interplanar dis-
tances, resulting from poorer crystalline quality. In the inset
of Fig. 4 we display data for undoped samples of different
thicknesses. The linewidth of the thinnest samf@ample
Al with d=185 nm) is much larger than those of the thicker
ones(samplesA2 andA3 with d>600 nm), as can be seen
by direct inspection of the figure or from the values of their
linewidths listed in Table I. We believe that this is a conse-
guence of stress relaxation and a reduction of stacking faults,
which occurs as the GaN layer grows away from the
substraté! Sample A2 exhibits the smallest linewidth
among the undoped samples and will be used as a reference FIG. 5. PL spectra of representative undoped and C-doped cubic
sample when comparisons are made between doped and uBaN with different carbon concentrations.

GaN:C |
| 10K

PL Intensity (arb. units)
o

1:6 2:0 2:4 2:8 3:2 3,6
Photon energy (eV)
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FIG. 6. PLE spectra of representative samples of cubic GaN

films with and without carbon doping. FIG. 7. Log plot of the absorption edges of three cubic GaN
samples: The reference undoped samf®eand the two C-doped

tween the spectra of the two undoped samples, just an insamples with the smalle¢B) and largestG) linewidths (see Table
provement in the PL intensity when going from sample I). The open symbols represent experimental data and the solid lines
to sampleA2, in consonance with the results on crystallineare least-square fits performed as explained in the text. The inset
quality shown by the XRD data. A detailed discussion on thesShows the behavior of the relative linewidth of PLE and XRD lines,
relationship between carbon content and the PL spectra frofigPresented by open and close circles, respectively. The solid and
carbon dopea-GaN samples can be found in Ref. 8. Heredotted lines are guides to the eye.
we shall concentrate our discussion around two features of
these spectra. The first is the sharp peak at 3.15 eV, markewell below the absorption edge of cubic GaN. For undoped
by the arrow in Fig. 5. This peak is attributed to donor-and lightly doped samples, the best results were obtained
acceptor Dy-Ag) transitions, occurring as well in all when this centering was done at the PL peak of 2.86 eV. For
samples of cubic GaN not intentionally dop&dr n doped®  the more heavily doped samples this centering was done
In these samples there is always a residual acceptor concearound the C-complex band at 2.1 eV. The resulting PLE
tration, attributed to the large dislocation density spectrum mimics the absorption spectra. For samydle it
(~10™ cm?) present in the films, which are involved in the closely resembles a broadened step function, a line-shape
Do-A, transition at 3.15 e¥2® The second feature appears characteristic of arM, singularity with an exciton that is
as carbon concentration increases and is composed of lmoad enough to merge with the continuéfrFitting this
broad structure around 2.1 eV. This structure grows in intenspectrum with a broadened step function, we obtain for the
sity as the C content increases and eventually dominates thehoton energy of the absorption edge and broadening param-
spectrum for the most heavily doped samples. This feature igter (full width at half maximum the values:E,=3.26 eV
attributed by the author of Ref. 8 to the formation of a com-andI"=50 meV, respectivel§’ The absorption edge profile
pensating dicarbon split-interstitial center, i.e., a complexof the other samples has the exciton well resolved from the
formed by a carbon atom occupgim N site and a second C continuum, as a result of their improved crystalline quality.
atom in an interstitial position. We want to highlight one This profile is well fitted with the combination of a Gaussian
particular aspect of the trends illustrated in Fig. 5; namely(exciton absorption and broadened step functiofton-
the fact that in the C-doped samples, upon increasing the @nuum). The result of this procedure yields values for the
concentration, the intensity of the originBly-A, transition  excitonic and absorption edge critical energigs, andE,,
decreases and all but disappears for the most highly dope#spectively and full widths at half maximal{c.. andI’g).
sample(Compare curveB, F, andG in Fig. 5). In principle, = The parameters resulting from fitting the PLE spectra of all
this can be caused by the disappearance of the donor levadsir samples are listed in Table I. The clear separation be-
resulting from heavyp-type doping. On the other hand, this tween exciton and continuum begins to blur as carbon con-
is also consistent with the reduction of the lattice distortionscentration increases beyond a certain point, as a consequence
provoked by the N vacancies. Since these distortions aref the increased broadening of the absorption edge. This is
thought to be responsible for the donor levels involved in themade explicit in Fig. 7, where the log of the absorption co-
3.15 eV transition, the reduction in their number would resultefficient is plotted as a function of photon energy for the
in the observed decrease in intensity of this line. The lattereference sampleA2, undopedl and for the doped samples
interpretation is in agreement with the XRD and Raman rehaving largest(sample G) and smallest(sampleB) line-
sults discussed in the previous paragraphs. widths. In this figure, open symbols represent experimental

PLE spectra of representative samples, around the absorgata while continuous lines are least-squares fits to the data
tion edge region, are shown in Fig. 6. These spectra werasing the line shapes previously described. Visual inspection
obtained by centering the analyzing spectrometer at PL pealdf this figure shows that for low carbon concentrations, the
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absorption edge becomes sharper than in the undoped refé?LE and XRD, are consistent with one another and with the
ence samplécompare curves for sampl&and A2). For  picture suggested by the other optical measurements.

high carbon concentrations the opposite happens, as can be The results from all our measurements agree on the point
seen by comparing the curves of sam@ewith the other that crystalline quality increases as carbon concentration in-
two. The evolution of the linewidth with carbon concentra- Creases, up to a certain critical value. Above this concentra-

tion can be followed systematically by examining the behav4ion crystalline quality begins to deteriorate again. This be-
ior of the function: havior is consistent with the picture of the way in which

carbon impurities are incorporated in the GaN lattice during
AT growth by rf-plasma assisted MBE, in which C atoms enter
—=(I'-Ty), preferentially into the sites of N vacancies. This is not sur-
I prising in view of the similarity in size between C and N.
Also, ab initio self-consistent electronic structure calcula-
whereI" is the linewidth derived from the spectrum of a tions show that the formation energy for carbon replacing N
given sample and’y is the I' obtained for the reference in GaN is much lower than when it replaces Ga or when it is
undoped samplé2. This definition allows the results from incorporated interstitially®—3* However, as carbon concen-
fitting the PLE and XRD spectra to be plotted in the sameration increases, C atoms begin to incorporate nonsubstitu-

graph. In the inset of Fig. 7 we plot this relative variation in tionally and form complexes, degrading the crystalline qual-
linewidth againste-beam power, which is a measure of car- ity once more.

bon concentratiorisee Table ). Open(closed dots are re-

sults obtained from the PLEXRD) spectra of our samples. IV. SUMMARY AND CONCLUSIONS
The solid(dotted lines are meant to guide the eye and illus- . .
trate the overall trend. The data for both types of experimenta tW?h htavg prestented_ zxpetrllmenft:;I] I-:Rt:['XRD.tand optu_:a(lj
follow the same general tren&I'/T"; initially decreases as ata that give a strong Indication ot tne fattice sites occupie

carbon begins to be incorporated, passes through a minimuﬁf’ carbon during growth of carbon doped cubic-GaN by rf-

and then increases again as the carbon concentration contiaSma assisted MBE on semi-insulatit@l) GaAs. Al-

ues to increase beyond this point. The PLE curve has a minf-hough each result by itself gives merely a suggestive evi-

mum at lower concentrations, and rises in a steeper mann ence, the agreement between the results of the four distinct
after that, than the one corr,esponding to XRD data. TheYP®S of measurements, supported by a model qalculatlon n
' he case of the Raman results, form a compelling body of

XRD curve correlates with the distribution of interplane dis- "~ ™ ) .
tances and is, therefore, an indicator of the quality and regugwdence in favor of the proposed picture. These results lead

larity of the lattice. Hence, its minimum corresponds to thels to the following picture for the carbon incorporation into

carbon concentration which produces the best crystallinéhe C'Gf”‘N !att|ce: th? c atoms initially enter t.he sites of N
vacancies in the native material, thus improving its crystal-

quality. The broadening of the absorption coefficient, hOW-Iine quality. The higher thee-beam power used dufing

ever, contains two distinct contribution§) a reduction in .
broadening resulting from improved crystalline quality andgrOWth’. gnd therefore the C concentration, the better the
crystallinity of the sample, up to a critical power 00 W

(i) an increase in the broadening resulting from the forma- tem At high C at bedin 1o i
tion of band tails associated with increasing concentrationd! OUr SYS ent 'gher powers, £ aloms begin 1o INCorpo-

of the doping impurity. The latter effect has been extensivel)fate no_nsubsut_utlonally and form complexes, degrading the
discussed in the literatu#® and is more easily observed crystalline quality once more.

when plotting the log of the absorption coefficient versus
photon energy(Fig. 7). The curve representing the relative
difference in linewidth of the PLE data has its minimum  Financial support from th&unda@o de Amparo aPes-
before the carbon concentration reaches that correspondingiisa do Estado de”®aPaulo (FAPESP (Grants No. 01/
to best crystallinity(minimum of the corresponding line for 01067-4 and 98/12779y0s gratefully acknowledged. The
XRD datg because both contributions to the linewidth havesupport from theConselho Nacional de Desenvolvimento Ci-
opposite directions as carbon concentration increases. Bentfico e tecnolgico (CNPg and Deutsche Forschungsge-
yond this point, the PLE curve rises more steeply than theneinschafiDFG) is also acknowledged. The authors would
XRD one because both contributiorfband tails and de- like to thank Professor J. C. Galzerani fradniversidade
crease in crystalline qualitynow combine to increase the Federal de Sa Carlosfor the use of his laboratory and Dr.
linewidth. So the results from both types of measurementd\. T. O. Silva for his help with the Raman experiments.
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