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Identification of carbon interstitials in electron-irradiated 6H-SiC
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Samples of 6H-SIiC have been electron-irradiated with electron energies in the range 100—300 keV in a
transmission electron microscope. After irradiation the samples were transferred to microscopic low-
temperature photoluminescence spectrometers and excited by 325-nm, 488-nm, and 514.5-nm lasers. Optical
centers were observed that had high-energy local modes and, when samples that had been enriéf@d with
during growth were examined, these local modes were split into triplets. The observations are interpreted as
C-C dumb bells created from C interstitials generated during the irradiation process. This is the reported
identification of self-interstitial atoms by photoluminescence in SiC.
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[. INTRODUCTION when this occurred, the existence of a dumb-bell-shaped split
self-interstitial configuration was inferred, although no de-
At present relatively little is known about self-interstitial tailed atomic model yet exists for any of these centeZal-
atoms in SiC, but they are unavoidably involved in the pro-culations indicate that the stable interstitial in diamond is a
cessing of the material by ion implantation, oxidation, and(100 split dumb bell. Threefold splitting of local modes has
annealing. Even in the case of elemental silicon there is stilalso been found by the infrared spectroscopy of GaAs con-
considerable uncertainty about their interstitial configurataining oxygen and here the atomic model advanced to ex-
tions, aggregations, motions, and involvement in diffusionplain the results is a Ga-O-Ga bridge associated with a8/
processe$.In SiC, which can exist in several different poly- center with®Ga and”'Ga isotope$.Till now the only local
types, where both silicon and carbon interstitials may be cremodes(as distinct from gap modgseported in SiC are as-
ated in a variety of different atomic environments, the situa-sociated with hydrogenated and deuterated sarhpesl
tion is much more complex, and there are relatively fewthese were rather short-lived under laser excitation. In this
relevant theoretical calculations or definitive experimentalwork we present the first evidence of luminescence centers in
results. It is therefore of particular interest to make the first6H-SiC that have triplet split local modes iFC-enriched
direct observations related to the introduction of C intersti-material. Evidence will be presented that leads us to con-
tials and their migration during electron irradiation. clude that the local modes are caused by split carbon self-
The technique that has facilitated this development idnterstitials in the form of dumb bells.
local-mode spectroscopy in low-temperature photolumines- In the past, in the absence of detailed calculations, simple
cence characterization of 6H-SIiC. Local-mode spectroscopyprmulas based on the vibrational modes of diatomic mol-
normally performed by infrared absorption or Raman spececules have frequently been used to interpret local-mode data
troscopy, has proved a very fruitful means of obtaining in-from crystalline solid$:® We shall follow this approach in
formation about point defects in semiconductésge, for attempting to interpret our results.
example, Ref. 2 and references theyeBince they have en- Considerable effort has been directed at luminescence
ergies greater than the highest-energy longitudinal-opticadpectroscopy of irradiated SiRef. 8§ but, while a number
modes of the bulk materials, they must be associated witlf centers have been identified, on the whole atomic models
lighter atoms than the host or greater local stiffness, or bothare lacking. In the infrared region of the spectra, centers have
Much less common is the study of local modes associatebeen associated with neutral silicon vacanéid@he short-
with electronic transitions, though a considerable number ofvavelength part of the specimen of irradiated 4H- and 6H-
local modes have been studied by absorption or photolumiSiC, from 400 to 500 nm is much more complicated and not
nescence spectroscopy of electronic transitions in sificonwell understood. A recent careful study has identified a large
and in diamond.As a general rule, local modes in both thesenumber(34) of sharp zero-phonon lindZPL’s) with associ-
materials have been deduced to be associated with in terstited vibronic structure in electron-irradiated 4H-SiC that can
tial atoms, leading to an increase of lattice stiffness locallybe grouped into twos, threes or fours by photoluminescence
and hence higher vibronic frequencies. In the case of diaexcitation spectroscopy  performed at  different
mond, but not silicon, examples of threefold splitting of local temperature$® These have been named the “alphabet” lines
modes have been recorded for mixed-isotope material anénd the relevant region of the luminescence spectrum labeled
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Ea by Egilssonet al,, who draw attention to a related set of =~ TABLE I. Zero-phonon line wavelengths and energies for natu-
lines in the equivalent spectral region of 6H-SiC. The alphalal abundance 6H-SiC samples.
bet lines were deduced to arise from isoelectronic centers. \?ﬁPL

performing electron irradiations with electron energies belo Wavelengthinm) Energy(eV)
the silicon displacement energy we have shown that thesg 502.34 2 4674
alphabet lines are related to carbon displacements. We hayg 510.12 2 4208
also undertaken a careful correlation of results from thesgg20 510.79 2 4266
two polytypes that will be published independently. The cen- 513.40 24142
ters to be reported here have not previously been described 51457 2 4087
the literature, although they exist in all the samples of 6H- ° ' '

. . . . Ug 525.15 2.3602
SiC that we have examing@f which the samples forming

. . . Vg 521.5 2.377

the basis of this study were just a subs&he results that are 519.9 5417

presented here were extracted from several thousands b¢
spectra generated from the irradiated samples. Details of the

irradiation procedure are given elsewh&fe. argon-ion laser. The spectra exhibited in this paper have

In summary, circulz_ir regions of electron rgdiation damagegy, o changes{0.05 nm) in calibration over the period in
of about 100 «m in diameter were created in the TEM and \hich they were acquired but the energies quoted in this

subsequently e'xanjined microscopically sometimes by areﬁaper for local modes are accuratet®.2 meV. After ini-
scans(each point in the scan generating a specjramd

) by I Ui d of btial investigation, some of the irradiated, naturally abundant,
sometimes by line scans. Line scans were composed of bey,q isotope-enriched samples were annealed at a variety of
tween 20 and 200 spectra generated at equal inteftyqls

) . ; . temperatures up to 1300 °C and then reexamined by photo-
cally 10 uwm) along a line crossing the irradiated areas. Vi- b P yPp

) luminescence microscopy.
sual deconvolution of the data was performed subsequently Py

to associate vibronic structure with prominent ZPL's. In the
case of two-dimensional spectral arrays, wavelength-selected
maps (sometimes referred to as spectra images in electron The irradiated specimens yielded a rich variety of spectral
microscopic studigswere computer generated and spatialfeatures with 325-nm, 488-nm, and 514.5-nm laser excita-
correlations established the relationships between vibronigons. The majority of the features observed after 325-nm
structures and ZPL's. Although the spectra are admittedlyxcitation were similar to those in the spectral region from
quite complex the process of visual deconvolutida be 470 to 490 nm, nameH, by Egilssonet al!® and, in detail,
describegl was remarkably effective, many of the subsidiary closely related to the so-called alphabet lines of 4H-SiC.
peaks varying greatly from one region to another, while thesiight shifts of the spectral lines occurred, similar to those
individual peaks of a particular vibronic structure remainedreported by Sadowskit al1* for the N-bound exciton emis-
in fixed relationships to each other and to the relevant ZPLgjon as a result of3C enrichment. We shall not be concerned
with the alphabet lines here but analysis of our results is the
Il. EXPERIMENTAL DETAILS subject of a separate publication.
In addition to these spectra a number of somewhat longer-
The isotope-enriched 6H-SiC specimen investigated wagavelength lines were found, which have not been reported
grown by the modified Lely method using a mixture of 99% previously. They could all be observed with 488-nm excita-
pure 13C powder and natural silicon powder as source matetion but only one of them, the 525-nm system, was also
rials in a graphite crucibl& It was found to have approxi- found with 325-nm excitation. Most of the spectra presented
mately 30% of its carbon atoms replaced biC as deter- and analyzed here were obtained with 488-nm excitation.
mined by Raman spectroscopy.The 6H samples with Table | gives the chief zero-phonon lines that occurred. We
natural abundance of C isotopes were both N-doped and Akhall concentrate oRy, Qq, Ry, Sy, To, andU,. They were
doped epilayersat about 5<10' c¢cm ®) obtained from generally observed in the-type specimens in the as-
Cree and high-qualityn-type substrate material obtained irradiated condition but were normally absent from the
from the loffe Institute, St Petersburg. Several room-p-type specimengbut there was one case when they were
temperature irradiations were performed, mainly at 300 kVpresent in gp-type specimen The spectra are, at first sight
but also down to 90 kV, with doses in the range from 5enormously complicated and we therefore start by describing
x 10" ecm 2 to 3x10?%° ecm 2 in an ion-free Philips how they were deconvoluted into their separate components
EM430 TEM. Altogether, more than 20 different irradiated by a different method that relies on the microscopic approach
areas were investigated. After irradiation the samples weré optical spectroscopy that we have adopted. In view of this
transferred for photoluminescence studies to one of two Rermethod, we start with a description of this procedure.
ishaw micro-Raman systems fitted with Oxford instruments A typical low-temperature photoluminescence microscopy
microstat cryostages capable of operating down to temperaxperiment involved generating spectra with the 488-nm la-
tures of about 7 K. This was the temperature at which all theser in the spectral range 460—900 nm at equally spaced
spectra presented in this paper were obtained. One of thgoints across the irradiated region and extending well outside
Renishaw systems was operated at 325 nm using a He-Gd The result, called a line scan here, is a sequence of 20 and
laser, the other was operated at 488 nm or 514.5 nm using &00 individual spectra. More than 50 such line scans were

IIl. EXPERIMENTAL RESULTS
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30000 | & T very slowly outside the irradiated area whilgy), Ry, Sy,

' | " To, andV, drop off more rapidly. By contrast, andU, are

) - W negligible in the irradiated region but build up outside it.
20000 W——AM/ From other data, on different samples with different irradia-

W tions, the relative heights ¢¥,, Qq, Ry, Sy, andT, change.
In particular, some spectra are dominatedy others have
very strongT,. However, certain subsets of peaks, such as
Py, Py, andP, and Ty, T4, andT, in Fig. 1, are found to
B, i ‘R, appear in fixed intensity ratios. Measurement of the energies
0 L QjR' . ' . : i of the peaks gives almost the same energy difference of
50 510 520 530 540 5% 560 570 about 133 meV for Py—P4) and (To—T,) and around 179
Wavelength (nm) meV for (Po—P,) and (T,—T,) (more accurate values ap-

Jear in Table IJ. Having established these energy differ-

sample of 6H-SiC with natural abundance of C. The spectra wer€"Ces: _Slm”ar ConneCt_lonS can be found bet\r’]\’@%ml Q,l’
excited with a 488-nm laser line with the specimen temperatur@ndQZ' Ro, Ry, andR;; andSy, S, ands,. As the relative

~10 K. The spacing between the points at which the spectra wer&€ngths 0Qo, Ro, andS, vary from one region to another
recorded was 25um. Peaks labeled ds are Raman peaks. The and from one irradiation to another, the relative heights of
zero-phonon lines discussed in this paper Bge-U,, with local  Qq, Qq, andQ, stay approximately the same as g, R,
modesP;—T, and P,—T,. Note that theU, andZ, systems exist and R, and S;, S;, and S,. On this basis, one can then
largely outside the irradiated region and that there is a small waveattempt to identify some of the weaker spectral features
length difference between peaRg andZ;. (much more is made of this point later in the papsw that
the second-order peak$2, 2Q,, 2R, andP;+ P, can all

studied in order to arrive at the conclusions reported here. Abe labeled. One additional experiment was performed to con-
an example we show in Fig. 1 part of a line scan with spectrdirm the validity of the above assignments. As the ZPL of the
recorded at points spaced by 2bm. The lower four spectra T, system occurs at a wavelength of approximately
were recorded from the irradiated region itself, which was514.5-nm in the natural carbon sample, an attempt was made
approximately 100um in diameter. The spectra above areto excite this system resonantly by adjusting the argon-ion
from unirradiated regions. By examining these results it idaser to 514.5 nm emission. When this was carried out the
possible to conclude that there are ten significant contriburesulting spectra revealed strong enhancement of thend
tions. Those labeled are the well-known Raman lines of T, local modes as well as the sum modes corresponding to
6H-SIiC and are independent of irradiation. The centys T,;+ T, and 2T, (Fig. 2) in agreement with the peak analysis
and Z, were not central to this work. They were relatively that has been described. The existence of thisHT,) sum
easily distinguished from the other centers and had rathgseak and theR,+ P,) sum peak referred above confirm that
different properties. All the other centeBgy, Qq, Ry, So, the two local modes summed come from a common ZPL.
Ty, and U, have associated vibronic structure that will be The energy of the sum peak agrees with the sum of the two
shown to account for the remainder of the spectral lines irenergies to within 0.1 meV.
the figure. As the centerBy, Qq, Ry, Sy, and Ty were As 133 meV and 179 meV are greater than the energy of
hardest to disentangle we start by discussing theg.al-  the most energetic longitudinal-optic phongd20 me\j in
though rather different from these centers in some respect6H-SiC, we conclude that these are local modes. That being
had similar local-mode splitting and is therefore discussedhe case, it follows that spectra related to these local modes
towards the end of this section and is included in the tabulashould exhibit the characteristics that are well known for
tion of results. such modes. These characteristics are concerned with the

To start with the most obvious conclusior®, drops off  relative intensities, energy separations, and linewidths of

10000 4

Intensity (arbitrary units)

FIG. 1. Line scan across an electron-irradiated region of

TABLE Il. Details of the local modes of the zero-phonon liig®L's) P,—U,. S, is the value of the Huang-Rhys factor for thih local
mode andw, /wj is the ratio of width of thenth first-order local mode to that of the ZPW. is the width of the second-order local mode.
* indicates resonant excitation; note the higher accuracy achieved and the additiondl, daté,.,, is the ratio of the intensity of the
second-order local mode to that of the first-order local mode.

LM, Wy /Wg S, LM, (2LM,—LM>) W, /Wy w'/wy S, lorm/lim
(meV) (meV) (meV)

P 133.2 1.910.14 0.43:-0.06 179.3 176.8 1.370.06 0.7%0.15

Q 132.7 1.610.23 0.3G:0.07 178.1 175.6 1.280.04 0.63-0.09

R 132.3 1.24-0.05 0.22-0.01 180.2 177.6 1.370.15 0.69-0.15

S 133.0 1.6:0.23 0.39-0.14 178.9 1.350.19 0.58-0.13

T 132.9 1.66:0.14 0.34+0.07 178.4 176.2 1.340.07 2.18-0.06" 0.71+0.09 0.35-0.07

) 246.6 245.1 1.580.07 1.610.13 0.96-0.11 0.210.03
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FIG. 3. Two spectra from the isotope-enhanced specimen of
FIG. 2. Resonant enhancement of tfiesystem by use of electron-irradiated 6H-SiC with very different relative intensities of
514.5-nm laser excitation with the sample-at0 K. Peaks labeled the P,—U, zero-phonon lines. The spectra were recorded at
L are Raman peaks. A sum modg, (- T,) and a second-order local ~10 K using 488-nm excitation.
mode (2T',) are marked. This result is a significant step towards the

deconvolution of the spectra under investigation. all. When ap-type sample was annealed to 1300 °C the
luminescence became very strong within the irradiated re-

successive orders of local mod&sThe rate of drop-off of )9ion but dropped off rapidly outside.

intensity of successive peaks is measured by the Huang-Rhys 5 parallel set of experiments was performed on the

factor (S). If the ZPL has intensity, at frequencywo and  jgotope-enriched sample and Fig. 3 shows two spectra ob-
the first-order local mode has intensity at frequencyw:  tained from different samples where the relative strengths of
thenSis given by the ZPL's Py—T, varied considerably. Careful examination
3| of these results, to be described, leads to the conclusion that
S:<ﬂ) 1 (1) the 133-meV local mode of each B, Qq, Ry, Sy, andTy

wy) lo splits into two approximately equal components in the
. . isotope-enhanced specimens while the 179-meV local mode
Anharmonlc eﬁ?CtS cause a reduction in the energy.separngms into three with intensity ratios of approximately 1:2:1.
tion of successive orders of local mode that, to a first apg; .ot e consider the lower of the two spectra in Fig. 3. The
proximation, is linearly related to the order and an increas%ighér-energy peak of the doublet in the region marked
in linewidth (w) that is also linearly related to the order of S, /T, is at approximately 133 meV frorf,: the highest-
the local mode. The data in Table Il illustrate that, as far a r11ergly peak of the complex in the region r%:':lr@de is at
can be determined from only tV\,'O orders of Io_cal mode atapproximately 179 meV fror. By peak fitting the spectra
most, the systems based on ZPEg-U, are consistent with in these regions, and also in the other regions indicated in

these characteristics. . . . i
X ; . . Fig. 4, the peak energies were determined and interpreted as
Having thus explained the methodology on which this pa-_ . . ; ; :
; ting f ZPL -T h the f A
per is based we now concentrate on the ZRgs-U,. It has originating from $Qo=To as shown in the figure

not been possible to obtain the complete spectrum of each gfmllar procedure was also carried out for the upper spectrum
the systems associated with these ZPL's uncontaminated bv
others, but their relative strengths were found to vary from
sample to sample, from one region to another and with an-&
nealing. In particular, although all of the centers were found S
in the as-irradiated condition, there was some difference be-g 10000 -
tween the annealing behavior of and p-type samples. In
p-type samples thE, center was greatly reduced in intensity
after a 900 °C anneal and the cent€s-T, had gone com-
pletely. Inn-type samples the intensities of tiky—T, cen-
ters were unaffected by annealing to the same temperatureg 6000 4
Both n- andp-type samples exhibited considerable growth of —
Uy (and Zp) luminescence after annealing to 900°C and
these centers were stable up to 1300 °C, the highest annea
ing temperature used. Accompanying this growthJgf in-
tensity there was a marked change in its distribution, with the
maximum intensity occurring at the center of the irradiated FIG. 4. Assignments of the spectral details in the region 530—
region whereas it had been confined to regions outside th&10 nm of the lower spectrum in Fig. 3 to local mode<yf, Ry,
irradiated region itself, in the as-irradiated state, if present as,, andT,,.

12000

nsity (arbitr:
3
8

4000

T T T T T T T
540 550 560 570 580 590 600 610
Wavelength (nm)
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4000 TABLE Ill. Details of the lower-energy local modes of zero-

. phonon linesPy,—T, in the isotope-enriched sample.
(72
S 3000 1so (13) Iso (12) Natural Ratio
2 (meV) (meV) (meV)
B ool P 128.67 133.0 133.2 1.034
E Q 128.45 132.7 1.033
= R 128.03 132.3 1.033
& 1000 S 128.6 133.0 1.034
£ T 128.41 132.94 132.9 1.035

0 T T T T - . . -

535 540 545 550 555 peak fitting of the region$s, /T, of the spectrasee Figs. 3

Wavelength (nm) and 4 was also in agreement with this conclusion, the

shorter-wavelength peak being slightly less intense than the

FIG. 5. Assignments of the spectral details in the region 535-longer-wavelength peak. Peak fitting of the regi®$T, of
558 nm of the upper spectrum in Fig. 3 to local modeQgf Ry, the spectra led to the conclusion that the triplet peaks were
Sp, andT,. approximately in the ratio 1:2:1see, for example, Fig.)6

but with the shortest-wavelength peak of slightly lower in-
in Fig. 3 where theP, ZPL was particularly strong. Figure 5 tensity (by about 10% than the longest-wavelength peak in
shows the relationships to the ZPLRy—T,, which were the triplet.
deduced as a result. A detail of this fitting procedure is Whereas the ZPL's labeley, Qo, Ry, Sp, andT, have
shown in Fig. 6 from the most complex spectral region, thatather similar values for their local modesg exhibits quite
of SZITZ in the upper Spectrum of F|g 3. It can be seen thaﬁifferent behavior. Since the annealing conditions for Opti-
this is well fitted by triplets of lines in the ratio of approxi- mizing theU, system were rather different from those for
mately 1:2:1 as indicated in Fig. 5. The single exception isPo—To emission, there was no difficulty in separating out the
the highest-energy line of th, triplet, which is consider- features of its spectrum from tH&,—T, systems. However,
ably more intense than the two lower-energy lines of thethe system associated with tdg ZPL tended to increase on
triplet. We believe that this discrepancy is explained by arannealing, together with thg, system(Fig. 7). However, in
additional unrelated peak at the same wavelength. As a resuspme regionsZ, could be found with virtually ndJ, and
of these peak-fitting procedures the energies of the variougence its associated peakg-Z,4 could be identified easily
local modes were deduced and they are given in Tables Il{Fig. 8). TheU, spectrum has a well-defined vibronic struc-
and IV. ture (underlined in Fig. Y with a very strong local mode ;

Although the spectra obtained were too complicated taat 246.6 meV fromJ, and a second-order local modé) 2
yield accurate values for the relative intensities of the lines inThere is apparently no local mode of lower energy than
the doublets and triplets, approximate values can be derivedhe vibronic structure of the systefanderlined is repeated
For example, the doublet marké?} in the upper spectrum as sum peak&lso underlinefito the local modeJ, but the
of Fig. 3 has two lines of approximately equal intensity. OurZ.—Z,4 peaks are not, as anticipated. The second-order local
mode occurs at 245.1 meV from the first-order local mode.

In the case of the electron-irradiated isotope-enriched
specimen, triplet splitting of the 246.6-meV local mode was
observed(Fig. 9). Values for the local-mode energies mea-
sured are given in Table IV. It is notable that, in this case, the
intensity of the shortest-wavelength local mode is signifi-
cantly higher than that of the longest-wavelength local mode.
No splitting of spectral lines was observed for #yesystem.

The involvement of carbon atoms in these optical centers
is established not only by the isotope-dependent shifts but
also by the electron energies at which the centers have been
created. In previous work it has been established that silicon
vacancies are not created at electron energies of 225 keV and
below in 4H-SiC8 Similar results have also been obtained in
the case of 6H-SiGto be published independenkliput the

— ' . critical energy for Si displacement is around 200 keV. How-
548 550 552 554 556 ever, theP,—T, centers have been found in samples irradi-
Wavelength (nm) ated at electron energies of 170 keV, below the silicon dis-

placement threshold.

FIG. 6. Peak fitting for the local-mode peaks in the region The question arises whether the centBs-T, are all
Q,-T, of Fig. 5. independent of each other. The main evidence that they are

2400 -

2200 -

Intensity (arbitrary units)
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TABLE V. Details of the higher-energy local modes of zero-phonon liRgsT, and of U, in the
isotope-enriched sample.

Ratios
Iso (13) Iso (12/13 Iso (12) Natural 12-12/12-13 12-12/13-13
(meV) (meVv) (meV) (meV)
P 172.2+0.1 175.9-0.1 179.5-0.1 179.3 1.020 1.042
Q 170.4+0.5 174.6-0.2 178.1+0.1 178.1 1.020 1.045
R 172.0:0.7 176.0:0.4 179.70.7 180.2 1.021 1.045
S 171.7£0.2 175.8:0.7 179.6:0.8 178.9 1.018 1.043
T 171.4:0.15 175.6:.05 178.7.05 178.4 1.021 1.043
u 237.4 242.1 246.6 246.6 1.019 1.039

comes from the fact that, although each of these five zerthe basis of energy addition. A sixth was by the use of
lines were generally present in the as-irradiated conditionsamples with C-isotope enhancement. Another challenge was
their relative strengths varied considerably between samplethat of relating the individual optical centers to atomic mod-
The most frequently encountered situation was where thels. For this exercise the C-isotope enhanced material was
intensity ofQ, was considerably less than thatRy and that  invaluable. The splitting of local modes indicated how many
of Sy considerably less thafi,. However, spectra were re- C atoms are involved in a particular mode of vibration. The
corded withS, but virtually no T, and withQg, andR, at  energies of the splittings observed could be directly related
approximately the same intensity. Spectra were recordetd the change of C mass.

where the intensity oP, was much greater tha@,—T, and The shifts of the ZPL's of each of the optical centers stud-
others hadP, much less tha®Qy—T,. ied here was to shorten wavelength in the
13C-isotope-enhanced material. These shifts were small, in

IV. DISCUSSION OF RESULTS the range 1-2 meV, comparable with, but slightly smaller

than, C-isotope-related shifts of ZPL's of interstitial-related
One of the chief challenges confronting this investigationcenters in diamondf There are several contributions to these
was that of splitting up the complex spectra observed intQncreases of energy, including the decrease in lattice volume
separate components. One means of achieving this was changing from!2C to 13C and the anharmonicity of vi-
spatial correlation, another was by measuring the relativ@rations centered on the deféétWe shall not pursue the
intensities of spectral lines in different spectra. A third meansnterpretation of the shifts that were recorded in this work.
was by resonant excitation of a specific ZHig. 2), fourth The main interest of this work is the properties of the
one was measurement of energies and linewidths of locabcal modes that have been reported. The number of compo-
modes, and a fifth was by the identification of sum modes, ofments that a local mode splits into in the case of the isotope-
enriched specimen indicates the number of carbon atoms in-
U, volved. Thus the twofold splitting of the 133-meV modes
indicates the involvement of one carbon atom and the three-
0 fold splitting of the 179-meV and 247-meV local modes in-
dicates the involvement of two carbon atoms.

1500012

100004

10000

50001

Intensity (arbitrary units)

7500 4

T T T T T T T
510 530 550 570 590 610 630 650 670
Wavelength (nm)

’Eensity (arbitrary units)

FIG. 7. Typical spectrum obtained from a 6H-SiC specimen
with natural C abundance, annealed at high temperatureS 5000+
(900-1100°C) after electron irradiation. Two spectra, with ZPL's
Z, and Uy, are superimposed. Subsidiary peaks of ZgeZPL are 510 520 530 540 550 560
labeledZ -7, (see Fig. 8 First- and second-order local modes of Wavelength (nm)
the Uy, ZPL are marked. The regions underlined are the vibronic
structures, up to the bulk phonon cutoff, of the ZPL and the first- FIG. 8. Z photoluminescence system with only very snll
order local mode. Spectrum is recorded~at0 K using 488-nm intensity at 525 nm. Spectrum is recorded~&t0 K using 488-nm
excitation. excitation.
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7000] U, (150 keV) well below the Si displacement threshblend
could be observed without annealingy Iiminescence was
6000 not observed.

As these are the only relevant calculations, we have to
resort to molecular models in order to analyze our results in
4000 more detail. Justification for this approach can be found in its
success in previous works for centers in diamdnand
U, GaA? and also from a comparison of results for the local-

2000 mode energies calculated by Breuer and Bridfonith
1000 ] Z t those for a C-C diatomic molecule. Their numbers for
| e 18¢-13¢, 12c-13%¢, and *?C-1°C isotope pairs agree quite ac-

curately with values deduced from the square root of the
relevant mass ratios. We have, therefore, included in Table
IV values for the ratios of the local-mode energies. These
ratios should be compared with 1.020 for the reduced mass
FIG. 9. U luminescence system obtained from the isotope-fatio of equal proportions ot*C and *°C to 3C and 1.041
enhanced sample after electron irradiati#88-nm excitation, for the '3C to *?C mass ratio. The close agreement with
~10 K). Weak contamination of this spectrum withlumines-  experiment clearly indicates that the higher-energy local
cence is indicated. Note the triplet splitting of the local mad#ie  modes of optical centerBy,—T, are caused by C-C split-
and the vibronic regiofunderlined of U, terminated at an energy interstitial dumb bells.
corresponding to the highest-energy bulk longitudinal-optic  Although the intensity ratios of the two lines of the
phonons. ~133-meV doublet and the outer lines of the 179-meV trip-
let were not very accurately determined, the slightly smaller
In order to arrive at conclusions about the above configuintensity of the shorter-wavelength lines indicates a smaller
rations of the optical centers giving rise to these local modesoncentration of*3C than of *2C. Using intensity values
it would be helpful to have detailed calculations for local- from theP,, R,, andT, triplet splittings for a sample with a
mode energies. The existence of the local modes indicate®mposition oft3C, '°C,_, we expect the outermost inten-
the involvement of interstitial atoms rather than vacanciessity ratios to bex?:(1—x)2. Our results indicat&x~0.47, a
The high energy of the local modes indicates the involvevalue considerably higher than that derived from the Raman
ment of light atoms and increased stiffnesses. This concluexperiments? The samples were shown in Ref. 13 to have
sion is consistent with the association of the optical systeman x variation with depth, but even so our value is signifi-
with carbon atoms, on account of the low electron energies atantly higher than the highest value determined by the earlier
which the centers are produced. Calculations for selfexperiments. We lack an adequate explanation for this dis-
interstitials in SiC have been published only for the cubiccrepancy at present.
polytype. It was found that C-C split interstitials in both It has been established that the split self-interstitial in dia-
(100 and(110) orientations were stable, but that ttd00)  mond takes the form of a dumb bell aligned alqi®0 but
orientation had a much lower energy of formatidrRecent in silicon the(110) orientation has been found to be more
calculations for the doubly positively chargéd00) split  stable?®* One possible explanation of the five centers could
C-interstitial in 3C-SiC gave a single local vibrational mode be that theA, center is aligned in 6H-SiC along the direc-
with an energy of 219.4 me¥? In the same work other in- tions equivalent tq/100) in the cubic lattice and the other
terstitial complexes in 3C-SiC were investigated including afour centers are produced by dumb bells along directions
(100 oriented C-C dumb bell with the carbon atoms replac-equivalent to{110) in the cubic lattice. Three of these lie in
ing a Si site. This defect was found to have five local modesthe basal plane, three are at approximately 60° to those in the
the highest energy varying from 176.7 to 179.4 meV dependbasal plane. Pseudocubic  or pseudohexagonal
ing on the charge statérom + + to — —). Two of the other  environment¥ could give rise to slight splitting of the ener-
local modes were calculated as 135.2 meV in the doublgies of the centers. Thu3, andR, might correspond to one
negative charge state and another varied from 126.7 to 128 the two different{(110 orientations and&, and T, to the
meV as the charge state changed frem- to 0. Although  other. The fact that the electron beam was incident along
these energies are close to those observed here, detailed cf@001] might indicate thatS, and Ty, which were always
sideration indicates that agreement between these modedsmewhat more intense th&y and Ry, correspond to the
and our experiments has not yet been achieved. First, we doclined (110 directions andQ, andR to directions in the
not have centers with either just one, or alternatively, withbasal plane.
five local modes. Second, t§@00) C-C dumb bell occupy- In the cubic(100) and(110 split-interstitial models, Fig.
ing a Si site is showi{ to be a reasonable model for thg D 10, each of the carbon atoms is involved in a Si-C-Si btdnd.
center. This not only has a ZPL at a shorter wavelength inn the case of th€100 split interstitial in diamond the semi-
6H-SIiC but it is chiefly created by ion implantation with angle between the bonds is calculated as 78 5ibrational
subsequent annealing to about 1000°C. Our own resulthodes involving this particular bond3(in diagram have
were created by low-voltage electron irradiation, and theonly one C atom and might therefore account for the 133-
centers discussed here were created with electron energigseV local modes that split into two approximately equal
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T T T T T T
520 530 540 550 560 570 580
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region by the incident electron beam but would diffuse back
\ again on annealing. It is also worth pointing out that our
b \ results indicate that the interstitial atoms created during the
\ { irradiation process migrate significant distances outside the
ao ,_O_’_\ actual region of irradiation. After high doses of the order of
O O T 3x10%% cm 2 these migration distances are several tens of
B/ micrometers. This result is similar to that previously reported
B in diamond after similar electron dogeand is the subject of
an independent publication.
The absence oPy—T, luminescence from spectra gener-
(@) (b) ated by above band-gap exqitation probably explqins why
these centers have not previously been reported in earlier
FIG. 10. Atomic models fofa) the (100), and(b) the (110 C  work. The implication is that the centers undergo a change of
split-interstitial dumb bells. charge state either by ionization or by the availability of free
carriers. In view of the loss d@y—T, luminescence and the
components in the isotope-enhanced speciftti@existence reduction ofP, intensity inp-type material after 900 °C an-
of just two components implies that any defect-relatednealings, it is likely that this change of charge state is in-
symmetry-breaking distortions are smalis a test of this duced by the presence of free holes in the material. On irra-
hypothesis we have investigated the modes of a hypotheticdliation, the damaged areas pitype material experience a
Si-C-Si molecule according to the analysis of Herzbeapd ~ shift of Fermi level towards the middle of the band gap,
its use in the interpretation of the Ga-O-Ga bridgeor a  eliminating or reducing the generation of holes under
symmetricalXY, molecule where the bond angle i® there  488-nm excitation, but on annealing, the damage is reduced
are two symmetrical and one antisymmetrical vibrational(many of the alphabet lines are eliminateghd holes are
modes. For the antisymmetrical mode the vibrational fre-once again generated.
guency has an analytical form expressed by

V. SUMMARY
1 2sirre :
poc [ —+ ) 2 We have presented results of a different method for gen-
my my erating and investigating point defects in semiconductors that

is able to discriminate between carbon and silicon displace-

pret heir rescits, Substtuting values into tis expression g e iN SH-SIC. The properties of this method have been
P e 9 o : P . exploited to deconvolute complex low-temperature photolu-
ing an approximate valu@=70° we obtain av,/ v ratio

inescence spectra into individual ZPL's and their associated
of .1'033 somewhat lower than that.for the C-C bqnd a.nc{gcal modes. As a result, five closely related new centers
quite close to the relevant values in Table Il. While this

qualitative approach should not be taken too seriously, i ave been discovered each with local-mode gnergies of ap-
. ' ‘proximately 133 meV and 179 meV. Observations of local-

does support the _cpnclus_pn that th—T, centers are mode splitting in a sample with its carbon component en-

caused by C-C split intersitials. riched by **C substitution have allowed us to identify optical

The next result to discuss is the triplet splitting of the : . o - .
- .~ centers associated with C-C split interstitial dumb bells in
247-meV local mode olJ,. The threefold splitting again 6H-SIC. The 133-meV modes? are identified as Si-C-Si

indicates the involvement of two carbon atoms in the centegtretChing modes and the 179-meV modes as C-C stretching

bUI’O'In this case,ttheltrﬁt;?] of tht? Ioc:llt-rznode energlestls ?(),{L'r?nodes. The implication of these results for future studies of
good agreement wi € ratio ol Ine square root of Myt sion, accumulation, and loss of carbon interstitials in

. 1 H
masses of “C and **C. The remarkably high energy of the 6H-SIC are significant. Possible reasons for the existence of

local modes of thd.JO center, more than twice t_he highest five different but closely related centers have been advanced.
energy of the longitudinal-optic modes of 6H-SIC, has also In addition, one further new optical center has been iden-

to be_ exp_lained. Resorting, once again, to cpmparison. Withiied. This differs considerably from the other five in having
the vibrational modes of molecules the most likely candidate, . - higher local-mode energy of 247 meV. Threefold
for such a high energy is the involvement of hydrogen in the plitting of this mode in the isotope-enhanced sample indi-

center. This conclu_smn_ IS s_upported by recent t_heoretlc ates that it also involves two carbon atoms but, in this case,
work on the stretching vibrational modes of H in SiC Whereci;‘tl

; ese are not in the form of a C-C dumb bell and there is no
energies comparable to those found here as well as mu

hiah . &S . i for thi uivalent of the Si-C-Si stretching mode.
igher energies are report€iSupporting evidence for this Under the irradiation conditions used in these experiments
conclusion comes from the observed spatial distribution o

) ; . nterstitial carbon atoms were found to migrate several tens
these centers. When they occurred in the as-irradiated con g

. i . f micrometers outside the electron-irradiation region itself.
tion, which was not always the case, they were restricted to

the periphery, outside the actual area of irradiation. On an-
nealing above 1000 °C thg, center became quite strong
and was concentrated at the center of the irradiated region. H We wish to thank Dr. J. M. Hayes for critical reading of
atoms, being light, would be displaced from the irradiatedthe manuscript.
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