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characterized by x-ray photoelectron diffraction and Raman spectroscopy
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The local order around carbon atoms in epitaxialL$C, alloys (with y around 1% grown by Si molecular-
beam epitaxy and thermal decomposition gHg on S(001) or Si(111) has been studied as a function of
growth temperature. To this end, information from local probes such as x-ray photoelectron spectrossopy C 1
binding energies, experimental and simulated<Ccaire-level x-ray photoelectron diffractidiXPD) distribu-
tions, and Raman spectroscopy are compared. Between the growth conditions leading to a solid solution of
substitutional C at lower temperature and those leading to SiC precipitation at higher temperature, original
metastable and ordered C-rich alloy phases appear, which may be coherently embedded in Si without degrad-
ing crystal quality. The results for such phases probed by the two latter techniques are indicative of a crystal-
line order implying concentrated third-nearest-neigh@d) carbon pairs. The comparison of experimental
XPD distributions recorded in different azimuthal planes with simulated ones with C either in substitutional or
in interstitial sites is in favor of substitution with a local contraction of the first-neighbor Si-C bond length
between 10% and 20%. If we admit that the surface ordering of the C atoms in@@d)Siurface layers is the
extension of such particular bulk arrangements in third NN C pairs we are able to explain an experimentally
observedc-(4xX4) low-energy electron diffraction patterf50163-182€07)06839-2

I. INTRODUCTION was proposed by TersoffSurface stresses associated with
the atomic relaxation in top layers should locally increase by
Many recent works have been devoted to the carbon adeur orders of magnitude the solid solubility of the carbon in
commodation in epitaxial $i,C, alloys grown on §001)  the first monolayers, which may be kinetically frozen into
and S{111) substrates. They have been essentially spurrethe bulk during the growth. Another nonequilibrium process
by the possibility of obtaining tensile strained epilayers re-such as carbon implantation, studied by Stratel,> al-
sulting from the strain field induced by the smaller size of thelowed the obtainment of &i,C, alloys whose annealing
carbon atom in comparison with that of silicon. Carbon isevidenced unambiguously the relation between the pseudo-
expected to be incorporated as a solid solution, i.e., in dimorphic strain relaxation and the C precipitation in SiC
luted, randomly distributed substitutional sitesg(ff until nanoclusters.
now ascertained by a local vibration mode near 604%tm Different groups pushed their investigations to examine
seen in infrared(ir) or Raman spectroscopiésBean and other routes of C accommodation when temperature or ki-
Newmar! studied the carbon impurities in Czochralski sili- netic growth conditions are discarded from those leading to
con and determined the very low equilibrium solid solubility the expected ,, sites. In a pioneering work Watkins and
of carbon in silicon (10%%). In spite of this, lyeretal®>  Browerf observed an electron-spin resonance signature of an
obtained metastable strained pseudormorphic 8}, layers isolated interstitial carbon complex in silicon. Demkov and
with carbon contents up to 1% by molecular-beam epitaxySankey showed that in strongly C-enriched alloys two dif-
(MBE) growth of carbon and silicon supplied by solid ferent types of Si-C bonds may appear with Si-C bond
sources. More recently, an explanation of the nonequilibriuntengths either near 1.86 A, as in bulk SiC, or much shorter
process allowing the incorporation of rather large C amount$1.65 A), as in a near-planar $gonfiguration. Recently, on
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the one hand, Rakeret al.,? usingab initio calculations and ments allows us to explain the (4x 4) surface reconstruc-
a Keating model, predicted the existence of other Si-C location recently observed by low-energy electron diffractfon
orderings, intermediate betweeg,gand thermodynamically (LEED) on S{001) surfaces exposed to,B,, precisely at
stable SiC clustering, in the form of highly C-enriched third- 600 °C.

nearest-neighbors C-C pairs of carbon atoms. Tentative ex-

perimental displays of such phases, labelegCSiwith n Il. EXPERIMENTAL PROCEDURES
=3,4..., have been made using cross-section transmission _ _
electron microscopyXTEM) by Ricker et al® and Ruvi- Si;—,Cy layers are grown in an ultrahigh vacuum system

mov, Bugiel, and Osténin the course of sequential MBE both on S{001) and S{111) faces. Silicon is supplied by
deposits of Si and C layers at room temperature followed byglectron-beam evaporation and C usingigthermal crack-
annealing at 600 °C. This group has also theoretically deteing on the substrate surface held at temperatures between
mined the phonon vibrational responses of such isolate§00 °C and 650 °C. More details are given in Ref. 13, par-
third-nearest-neighbors C-C patfsOn the other hand, while ticularly the relation between gas pressure and the mean car-
these studies were under way, our group has been able &9n concentration measured by secondary-ion-mass spec-
synthesize, also at 600 °C, thidR00-nm) and defect-free troscopy for a given silicon deposition rate and each Si face.
Si;_,Cy layers made of C-rich nanoclustefs—3 nm em- All XPS spectra are acquired using a Mg, radiation. As
bedded in a nearly unstrained Si mattt? We tentatively ~ the polar angle of the analyzed electrons could be varied by
interpreted these results as an obtainment, in the course g#tation of the sample holder around a rotation axis, polar
continuous alloy growth, i.e., with constant C and Si sup-angle scans of specific core-level intensities could be
plies, of the SiC phases predicted and characterized in Refsachieved. These data, also named XPD angular distributions,
8 and 9. Another surprising characteristic of the layers weprovide the surface crystallographic information. The dis-
had grown consisted in a spontaneous and periodic selPlayed XPD modulations are essentially collected in the po-
organization of the C-rich nanoaggregates in two-lar planes along—1—12) and(11—12) azimuths for the
dimensional layers like in a natural superlattice parallel to(111) face and(110 for the (001 face. The solid line relat-
the growth direction as seen by XTEM contrasted “stria-ing the data points is obtained using a conventional smooth-
tions” correspondingd a C composition modulation along ing procedure. The scatter of the experimental points in the C
the surface normaf-'2 1s curve is the consequence of the low carbon photoioniza-
Another report has already been devoted to the drivingion cross section and concentrati@bout 1% in the alloy
forces governing the formation of the nanoaggregates ankgading to rather long acquisition times. XPD simulations are
their self-organizatiolr? and to make a link between the carried out on the basis of single scattering calculations using
points of view of Tersoff and Ricker et al® in favor of  the model described by Konet al™ All calculations are
surface kinetics and bulk properties, respectively. Thedone with clusters of 60 atoms. We do not use larger clusters
present paper is aimed at addressing the unsolved questiongifice our angular resolutiofof about 5 and the unavoid-
the local order inside these nanoaggregates and to compareaigle aforementioned scatter of the experimental points pre-
with the better known order in the other forms of C accom-clude the observation of experimental fine structures on the
modation(C,,and SiQ. We present here the results of local forward-scattering peaks. As a consequence, a cluster radius
order probing associating Cslcore-level binding-energy of 8 A is sufficient to reflect the experiments. The XPD
measurements by x-ray photoelectron spectros¢¥pyp), C ~ measurements are performed on 100-A-thick layers, while
1s x-ray photoelectron diffractiofiXPD), and Raman spec- the recording of Raman spectra required thicker lay2090
troscopy. These techniques provide information about thédb).
chemical and structural environment of the carbon atoms lo- The Raman measurements are carried out at room tem-
cated either in the C-rich nanoaggregates or in more dilute@erature using a Dilor XY spectrometer and a charge coupled
(Csup OF more concentrate€SiC) environments. device multichannel detector. The spectra are excited with
The paper is organized as follows. After details of thethe 530.9-nm line of a Ki-ion laser and recorded in the
experimental procedure we present a significans@dre-  Z(x,y)Z backscattering geometry. The Raman probing depth
level binding-energy shift, reflecting chemical changes, withis almost 10 times larger than the, SjC, layer thickness.
growth temperature, arodra C emitter. Then we focus on a Owing to the small C contents, the C-related Raman features
careful experimental and theoretical XPD study allowing usare weak(typically =5, of the intensity of the Si optical
to reach structural angular indications about the C nearegthonon and long accumulation times are required. Further-
neighbors, successively around diluteg,3ites, in coherent more, the presence of a silicon two-phonon combination near
cubic- or B-SiC clusters and in the presumed intermediate617 cm ! complicates the observation of the C-related Ra-
Si,C phases grown at 600 °C whose structure and C locatioman features. In contrast with two phonon overtones, this
are presently unknown. In the latter case we will thus be ableombination is observed whatever the light polarization con-
to choose between interstitial and substitutional incorporafiguration. Following Rueker et al,'° to separate the Raman
tion of the C atoms and address the problem of the C ordersignal of the local vibrational modes of carbon, a silicon
ing in these phases. Particular arrangements of the C-C paireference spectrum was subtracted from the I, /Si
for both (001) and (111) growth faces will be proposed as spectrum. The silicon reference spectrum was measured on
best fits of our experimental results and Raman signatures @n uncovered part of the substrate sample used for the
the 600 °C grown layers are discussed in conjunction wittSi, ,C, growth. This provides a means of successively re-
the previous XPD results. Finally, a speculative extensiorcording the two spectra on the same sample under identical
into the(002) surface plane of the preceding bulk C arrange-experimental conditions.
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relative plot provides a better accuracy for the €variation

T " T " T i T T as the low mean C content in our samplabout 1% leaves
the overall Si @ peak position unchanged with respect to
pure Si. When the growth temperature is increased from
(a) 500 °C to 850 °CAgg(C 1s—Si 2p) decreases from 184.0 to
183.3 eV. As shown by us in a previous papethe low-
temperature side, with BE differences near 184.0 eV, ac-
counts for carbon in isolated substitutional sites in the silicon
matrix. This is ascertained by the observation of an infrared
local vibration mode at 604 cit on a 2000-A-thick Si_,C,
sample grown at 500 °C. The BE difference at the high-
temperature sideT(>650 °C) is consistent with the litera-
ture value$”8of C 1s in B-SiC (283.1 eV} with respect to
the Si 2 in Si (99.8 e\) leading to the measured BE differ-
ence of 183.3 eV. This SiC assignment is confirmed by an
infrared absorption banfiat 794 cm®. SiC clusters must
therefore be formed in this temperature range in our kinetic
104 o growth conditions_. o _
(b) Also to be noticed in Fig. (B) is the “anomaly” in the

15th-n [111] BE evolution between 580 °C and 620 °C where the differ-
ence remains constant near 183.4 eV. This temperature win-
dow corresponds exactly to the condition of appearance of
the original growth mode on @00 and S{111) surfaces
described in Refs. 11 and 12 and recalled in the Introduction
ondy 1 [110] for which XTEM clearly evidenced C precipitation in C-rich
nanoclusters self-organized in a pseudosuperlattice. Surpris-
0 ingly, in spite of an XPS BE very near the SiC signature
(excluding direct C-C bondsno SiC signature is obtained
by infrared for samples grown in this temperature redfon.
In the following sections we focus on other local order
probes, namely, XPD and Raman spectroscopy, in order to
elucidate the crystallographic order of the carbon and silicon

FIG. 1. () XPS binding-energy difference between €dnd Si atoms inside these C-rich inclusions. Particular signatures
2p core-level components as a function of the growth temperature ’ 9

for Si;_,C, alloys deposited or{111) and whose mean alloy C wil be_ obtained in this ca;e with respect tq,tand Slc.:
content is maintained approximately constant around 1.69. formatlons at lower and h|g_her temperatures, respectn(ely.
Contrast or anisotropy factor of the previous deposits for € 1 1HiS may also sheg some light on a recent work of Kim,
core-level XPD angular peaks probed along the azimutal ~ Lippert, and O_Steﬁ- They reported, in spite of an overall
—2) direction. It is measured on the forward-scattering peaks at absolute BE discrepancy with our results, on a similar BE
=0° (circles and 35.5°(squaresand probes the local order of the decrease in the course of, S| C, substitutional alloy growth
first- (1st NN) and the secondi2nd NN) nearest-neighbor atoms at different temperatures ranging from 350 °C to 600 °C. In
around a carbon emittésee, for instance, Fig. 2 for the neighbor the absence of any other structural information and in spite
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definition). of BE values very close to the SiC value, these authors as-
signed their decrease to the formation of clusters of intersti-
lIl. RESULTS AND DISCUSSION tial C sites at the highest growth temperatures.
A. XPS

Figure 1 is first aimed at proving the general critical role B. X-ray photoelectron diffraction

of the growth temperature in the accommodation of carbon XPD is presently a well-known technique, abundantly re-
in Si;_,C, alloys deposited on a @i11) surface and second viewed in the literaturé® It is a crystallographic subtech-
to notice a particular behavior of the plotted parameters nearique of XPS consisting in azimuthal or polar angular scans
600 °C, which we will assign later to a specific ordering andof the photoelectron intensity of specific core lin€s1s or
phase transition for the C atoms at this temperature. To thiSi 2p in the present cagdor monocrystalline compounds.
end we compare the XPS binding ener@®E) difference  The dominant effect of the interference process between the
between the C 4 and Si 2 core leveld Age(C 1s—-Si 2p) | emitted electron wave and the waves scattered by all sur-
[Fig. 1(@)] and XPD peak contrast evolutiofBig. 1(b)] in  rounding atoms is to provide intensity maxima along the
the same range of growth temperatures. These contrasts direction of the nearest atomic neighbors of the emitter. This
anisotropy factors of the second part of Fig. 1, which aremain effect, termed forward scattering or focusing, allows a
direct local order parameters of C atoms, can only be disdirect angular vision, in real space and originating from the
cussed after a general presentation of the relevant XPD paxPS probing depth, of the atomic structure, in general, and
terns in Sec. Ill B. For this reason we restrict temporarily ourof the nearest-neighb@NN) directions or low index atomic
discussion to the XPS BE difference in Figiall Such a rows in particular.
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FIG. 3. Experimental C 4 core-level XPD of Si_,C, layers
grown on Sf111) measured along azimuthét1—12) (left-hand
side and(11-2) (right-hand sidg directions at &+ b) 500 °C or
(c) 650 °C. The corresponding simulations are representea'in (
+b’) and ('), respectively. On the right-hand side a’'(+b’)
we also define the contradtl /| ,,,, for the[111] XPD peak.

FIG. 2. Side views of theoretical atomic structures with ex-
pected main forward focusing features and relevant angular direcific C emitters and their next NN, sometimes indexed by the
tions in (1-10) probing planes for isolated substitutional carbonnumbers of the NN orders. These directions in general will
atoms in Si with C location either o(@) top or (b) pedestal sites correspond to forward-focusing peaks in the XPD angular
with respect to Si first-NN atoms in t&11] growth direction, and  scans as it will be shown below.
C atoms ing-SiC with the precedingc) top and(d) pedestal dis- In each of the previous chemical situatio€,,, or
posals. B-SiC) two different local atomic environments must be en-

: . . visaged depending on whether emitting C atoms are located

XPD makes a direct correlation between crystallographicyiyor o todFigs. 2a) and 4c)] or pedestalFigs. 2b) and

atomic row directions and angular peak positions in the €X2(d)] sites with respect to the first-NN Si atoms in {1e.1]

perimental angular distributions. This crystallographic teCh'chains along the growth direction. As a consequence, each of

nique also presents the advantage to be chemicglly SeleCtiVﬁlese inequivalent sites will generate a specific XPD contri-
€., to'p_robe exclusively the crystallogrqphm enqunment of ution leading to a final distribution averaged by both con-
an emitting atom selected by the analysis of a particular XPgy, ions in proportion to the respective C amounts in each
core level. This make_s t.h's teChF"q“e well suited f0 our Casgje | the particular situation of { with equal amounts of
where crystallograp_hm mformgt_mn must be obtained _from and (b) sites, the geometric structure “seen” by the C
aggrggates presenting a speuﬁc ord(_ar!ng embedded_m a g?oms would be identical to that seen by Si atoms in Si.
matrix. As C atoms exclusively precipitate in these InCIu'Hence, except for negligible effects of emitter kinetic-energy

sionﬁ the reIeva_nt.CSLXPDr?Iistrihbu'gions only Te'atef t(r)] the_sg difference between Csland Si 2 and for peak amplitude
sma nanomtt)atrlc |t(cejrrt1)s, vr\]/ lle the mt&arpretagoq oft ?Sﬁl b ariation due to possible first-NN Si-C bond contractions, the
patterns Is obscured by the averaged contributions of SI bOtppy ¢ 15 gistributions must be identical forgp in diluted

in the matrix and in the C-rich phases. This explains why WeaIIOyS to Si 2 ones in a Si monocrystal. Conversely, pos-

present here only XPD Csland no Si  angular distribu- sible obtainment of experimental distributions, correspond-

tions frombdlfferentgfaltamalgLyCy alloyz in order to dis- j, either to form(a) or (b), would indicate that the site
criminate between dilierent -accommodation routes. equipartition condition is not fulfilled and hence would in-

. Three different sets of XPD patterns will be su_ccessivelyfOrm about the type of the dominant site.
discussed corresponding to the three aforementioned C ac-
commodation modes at various temperatures, namely, C
B-SIC, and SiC. Prior to the presentation of each set of
XPD distributions, let us focus on the crystallography rel- The experimental XPD distributions of the Cs kore
evant to the two well-known former cases. Figure 2 showdevel from deposits made at 500 °C onHil), i.e., with C
side views of the atomic structure in tkle—10 polar analy-  presumed in G, form, are given in Fig. 3+ b) for analyz-
sis planes for C atoms either in isolateg §fFigs. 2a) and  ing planes along(—1—12) (left-hand sidg¢ and (11— 2)
2(b)] or in 8-SiC(111) sites[Figs. 4c) and Zd)]. The arrows  (right-hand sidg azimuths. The presence of XPD modula-
indicate the crystallographic angular directions relating spetions together with a X1 LEED pattern at the surface

1. C,,p XPD signatures
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[ siqi<iiz> sSidln<1iz> of the [110] broad peakdue to the inversion of the pertur-

‘§ bation generated by the relative positions of the parallel Si

£ (a'+b') [120] chains shown in Figs.(3) and Zb)). Regardless of a

\“; general intensity decrease with increasing polar angle due to

g the electron attenuation and instrument function, the addition

‘E @) of curves @’')+(b’) makes the peak positions symmetric

§ g with respect to th¢110] direction[right-hand side of Fig. 4

3 (a’+b’)]. That is what we experimentally obserjeght-

g hand side of Fig. 34+b)].

£, In the opposed azimuthal directidn-1—12) [left-hand

= (b side of Fig. 3 &+Db)], the site exchange leads to more dif-

% f ferentiated patterns due to the lower symmetry in this case

Lg 1 f T I [left-hand sides of Figs.(2) and 2b)]. Except for thg 111]

2 (#=0°) and[001] (#=—54.7°) directions, which always

© R I L A UL provide clear forward-focusing features, both experimentally
oSi [left-hand side of Fig. 3 d+b)] and by simulation[left-

hand side of Fig. 44’) and 4 @’)] the modulations are

S0-60-do-J0 0 20 2o 0 20 4o 60 80 rather complicated by the site exchange in the intermediate
angular region. Especially the third NN in the atorhld 3]
direction (=—29.5°) of the top site situatiofFig. 2@)]
has no equivalence in the pedestal situafieig. 2(b)]. This
leads to the well-known dip in the averaged spectrum of Si
near = —29.5° 152122 ghserved here for &, [Fig. 3 (a
+b) or (a’+b')] and generated by the lack of atoms in the
[113] direction in the pedestal configuratipiRigs. 2b) and 4
gp")]. All these agreements between experimental distribu-
tions and theoretical Si atom positions compel us to conclude
in favor of C atoms in a Si lattice in place of Si atoms, i.e.,
o ) in the G, position for growth at 500 °C. In addition, as an
clearly prove the epitaxial character of these deposits. Let Ugyiginal result, XPD spectra agree fairly with equally
now also demonstrate that these experimental patterns actyymighted C amounts in top or pedestal sites alond t1d]
ally reflect diluted G,, environments with nearly equal direction of the Si structure.
amounts of C atoms in top or pedestal sites. To this end,
simulated spectra have been computed for the geometrical . _
situations of Figs. @) and Zb). The results are given in Fig. 2. B-SIC XPD signatures
4 (a') and 4 p'), respectively, together with the distribu-  Similar arguments stand for explaining the relevant ex-
tion 4 (&’ +b’) resulting from the addition of the two pre- perimental distributions in Fig. 3cj of the alloys grown at
ceding ones. The latter distributions are reported in Fig. 350 °C and corresponding to infrared SiC signatures. These
(a’+b") for direct comparison with experimefiig. 3 (@  distributions are significantly different from the preceding
+b)]. Obviously, the addition corresponds to the best fitsones when the sam@11) surface is probed along the same
proving a nearly equally averaged presence of C sites 2 azimuthal directions. In order to reproduce these signatures
and 2Zb). In addition, this signifies that the experimental by simulation we have now computggSiC contributions
spectra 3 4+b), as previously suggested, are very similarfor both C sitegFigs. Zc) and 2d)] resulting in distributions
to those obtained for Sidistributions in Si. As Si spectra (c¢’) and (d’) in Fig. 5. Distributions ¢’ +d’) still account
have been shown in many previous works, they are not refor their addition in case of equiprobability of top and ped-
called here, but this point can easily be checked in Refs. 1@stal sites. At variance with the previous case gf,@or
and 21. Our statement can also be justified by examining thevhich site averaging occurred, the experimental patterns
detail of the forward-focusing events at the origin of the[Fig. 3(c)] are presently only fitted by distributiorc() in
whole distributions in relation with the atomic structures in Fig. 5. This signifies the presence of C atoms dominantly in
Fig. 2. top sites and by no means in pedestal difég. 5 (d’)] and

For the polar plane analysis along th&l—2) azimuth  corresponds to the normal nucleation mode of epitaxial
(right-hand side of Fig. 3 the main features correspond to B-SiC on a Si surface whosd 11) face is normally termi-
the [111] (#=0°), [11-1] (#=70.5°), and[110] (# nated by pedestal sites, leaving C to initiate SiC growth on
=35.3°) alignments, reflecting either the first Nfor the  top sites. In fact, at 650 °C Si is known to grow in a step flow
two former directions or the second NN fof110] [see the mode, which would mainly favor impinging and nucleation
right-hand side of Figs.(2) or 2(b)]. The effects of top and of C atoms on well-ordered pedestal Si terraces. This must
pedestal site exchange on the simulated pattEm&ig. 4  be in contrast with growth at 500 °C, where diffusion is
(a’) and 4 @')] are to invert, on the one hand, the peakmuch slower. That should occasion island nucleation on ter-
amplitudes in thg111] and[11—1] directions(in confor-  races with much more mixed Si sites of surface terminations.
mity with the distance changes of the first nearest scatterings C must be incorporated at its impinging place, this would
atoms in these chaihand, on the other hand, the asymmetryform mixed environments. For the sake of comparison with

Polar angle 6 (Degrees)

FIG. 4. Calculated XPD C 4 core-level distributions for the
(119 surface probed along the-1—12) (left-hand sid¢ and (11
—2) (right-hand sidg azimuthal directions when emitting carbon
atoms are isolated in substitutional sites in a silicon matr@) (
corresponds to the C top configuration of Figa)2 while (b’)
relates to the pedestal configuration of Figb)2 (a’+b’) corre-
sponds to the addition of these two components assuming equ
amounts of the two preceding C sites.
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of Fig. 3 (c)] can only be due to thec() form generated by
atomic disposal in Fig. (), as it is nearly vanishing in simu-
lation(d”) in Fig. 5 originating from 2d) atomic disposal.
(c+d' Moreover, the broad volcano shalpeft-hand side of Figs. 3
(c') and 3 €)] in the [001] direction is well characterized in
SiC as it was already observed on the ®i@) face®? for
which this feature appears along the surface normal. It was

<°'>3 ' explained by the strong lateral perturbation on [ib@1] for-

B-SiC(11)<TT12> B-SiC(111) <112 >

‘ ward scattering induced by the third NN out of row Si scat-
[ terers[labeled “3” in Fig. 2(c)] on both sides of the weak C
f001] o1 [ scatterer involved in the C-C forward scattering along the
(d')f [001] chain (9= —54.7°). To conclude, theoretical XPD dis-

tributions of B-SiC crystals well reproduce the experimental
ones for samples grown at 650 °C provided only one type of
cluster domain with C atoms in top sites along {H4.1]

Calculated C 1s photoelectron intensity (arb.units)

°§. chains is selected.
O 1
80-60-40-20 0 20" 20" 0 20 40 60 80 3. XPD signatures of SjC phases formed at 600 °C
Polar angle 6 (Degrees) Let us now discuss the XPD patterns of the samples

grown in the intermediate temperature regi¢p80 °C—
620 °Q relevant to the BE anomaly shown in Figal Our
purpose is now to relate it to a concomitant anomaly on the
XPD contrast or anisotropy factor. This parameter, which is

Figs. 2c) and 2d), respectively. Distributionsd( +d’) correspond defined asA /1 pax, Wher_eAI is the mtensﬂy_vana_ﬂqn be-
to the addition of ¢’) and d') assuming equal amounts of the two tween a forward-;cat.terlr?g pe%ax :’?nd the first minimum
C sites. [see the explanation in Figs. &'(+b’)] allows us to quan-

. ' S _ tify an ordering. For a defined atomic structure, it increases
experimental spectra 3cJ, the simulated distributions in all the more with a better crystallographic arrangement of the

FIG. 5. Calculated XPD C 4 core-level distributions for
B-SiC(111) probed along the —1—12) (left-hand sid¢ and (11
—2) (right-hand sidg azimuthal directions when emitting carbon
atoms are located in either the top’) or pedestal d') sites of

Fig. 5 (c') are reported in Fig. 3(). atoms around each C emitter. Figurg)lshows such con-
In order to understand the detail of the SiC spectra, werasts for the directiong111] (6=0°) and [011] (@
have to revisit one of our previous wofkslealing with XPD =35.5°) observed by polar scanning along the azimuthal

on the B-SiC(001) face instead of th¢111) one. Each C direction(11—2). They probe the ordering of the first NN in
atom is now surrounded by four Si first NN’s, which are the direction{111] and the second NN alorid10] [as shown
stronger diffusers than C atoms in a specific chain. That isn Fig. 2@) or 2(b)]. The general decrease of the first-NN
why, in addition to the geometry, a supplementary parametegontrasts from low to high temperatures is attributed to the
must be taken into account in the distribution interpretationexclusive presence of C atoms in top sites at high tempera-
namely, the differentiated chemical nature of the diffusersture (SiC) along[111]. In this case forward scattering is no
This has clearly been established in Ref. 22. Particularly, thqbnger ensured by the first Nfst a distance ofiv3/4) but by
forward scattering along chains only formed by C atoms isother neighbors alond111] located at higher distances
much weaker than that for chains including, or exclusively[3av3/4; see Fig. &)] and generating a weaker forward
formed, by Si atoms. This point is illustrated by a muchscattering that decreases the contrast aldrdl]. But the
stronger asymmetry in the 10] direction[Fig. 5 (c') and 5  most interesting observation in Fig(b) consists in a sharp
(d")] ((11—2) azimuth between top and pedestal sites thancontrast peaking, for both NN's, in a restricted range of tem-
in the case of G,,[Fig. 4 (@") and 4 @')] due to an exclu- perature centred near 610 °C, in a general evolution of this
sive presence of C atoms in this direction. Thus, in case parameter with temperature. Lesser ordering seems to prevail
(c"), for instance, the presence of strong Si diffusers in theon both sides of this critical temperature. In fact, owing to
equivalent paralle110] Si chain at higher polar angl¢see  the mean C content in the alloy$—1.5 % and to the low

Fig. 2(c)] shifts the weak forward focusing along C chains XPS photoionization cross section of this element, thesC 1
(normally at #=35.5°) towards somewhat higher angular signal is weak and the XPD modulations difficult to extract.
values(about 405. This shift is inverted by C site exchange Thus the contrast peak near 600 °C actually simply reflects
[Fig. 5 (d") and 2 @d)], the adjacent Si chain now strongly the easier observation of coherent XPD modulations. In spite
perturbing at lower polar angles. Thus the presence of strongf the difficulty of these measurements we repeated them and
experimental features near 4Qfight-hand side of Fig. 3 came each time to the conclusion of a better organization
(c’)] and at—29.5° in the[113] direction[Fig. 2c)] for the  near this critical temperature with respect to slightly lower or
opposed azimutfleft-hand side of Figs. 3d’) and 5 €')] higher temperatures. We are therefore inclined to consider
ascertains the formation of SiC clusters with C atoms mainlithe occurrence of a phase transition in this region, which
in top sites. The varying amplitudes in the two other mainmay reveal a new arrangement of C atoms in the C-rich
directions of forward scattering alond11] and [11—1] inclusions observed by TEM and mentioned above.
(azimuth(11-2)) and[111] and[001] (azimuth{—1—12)) This new phase is obviously ordered as it corresponds, as
also follow what we can expect from situatiors) (or (c'). seen above, to significant first- and second-NN contrasts de-
Thus the strong experimental1— 1] peak[right-hand side duced from the experimental distributions given in Fig. 6
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2™ pon

Si(111) <1712 > Si(111) <112 >

©

C 1s photoelectron intensity (arb.units)

{11 [110] [T

80 -60 -40 20 0 20-20 0 20 40 60 80 FIG. 7. 3D view of a §jC structure compatible with our XPD
data implying third-NN C pairs in a layer grown at 600 °C along
[111]. In the right bottom corner the local first-NN distortions
FIG. 6. (a)—(d) Simulations of XPD C & core-level distribu- around a particular C atom are represented. The other C pairs are
represented without distortions. The distortion created by the pres-
ence of the G atom (in the third-NN position of ¢) removes the
econd-NN Si atom of the emitting; @tom from the[110] direc-

Polar angle 6 (Degrees)

tions along( —1—12) and(11—2) azimuthal directions when car-
bon atoms are organized in,Si phases with third-nearest-neighbor
C pairs as schematized in Fig. 7. They are done with changin
contractions of the Si-C first-NN bond length ardua C atom
relative to the Si-Si one in silicof2.431 A). The changes areaj
0%, (b) 10%, (c) 20%, and ¢l) 15%, respectively.€) Experimen-
tal C 1s core-level distributions along the preceding azimuths for ain this direction[left-hand side of Fig. 6€)]. Nevertheless,
Si;—yCy layer grown at 600 °C on a Qi1]) face. at variance with G,, in place of the[113] dip of the Si
structure[Figs. 3 @+b) and 3 @'+b’)], a rather compli-
cated structure now emerges in this angular region also char-
(e). These modulations prove the general epitaxial characteicterized by a strong feature @t —39°.
of the 600 °C growths and more particularly inside the ag- In order to explain these trends we have to find out a C
gregates in which the probed carbon is now located. In ordesrganization reflecting concomitantly a lower C content than
to come to these previously unknown Si and C arrangemenig SiC with a probable loss of C pairings in the second NN,
inside these inclusions, let us list the points really differenti-a more C-enriched phase than in dilutegiCno dominant C
ating B-SiC or G, distributions from those observed in this presence in the fourth NN C location alternating in top and
intermediate region and shown in Fig. €) ( Considering the pedestal sites, and a decrease of the second-NN forward scat-
(11-2) azimuthal scan, a first teaching of experimental dis-+tering. Following the theoretical assumption ofdRaret al®
tributions in Fig. 6 &) (right-hand sidgis a recovering of in favor of an energetic preference of third-NN pairing be-
the symmetry of th¢110| broad feature as for G, but with  tween C atoms, we have computed different XPD distribu-
a lower intensity with respect to the,{; situation. This sig- tions of the structure schematized in Fig. 7 for which the
nifies a general forward-scattering reduction along thefollowing ingredients have been incorporated: C next-nearest
second-NN direction in comparison with,gtogether with a  pairing appears exclusively as the third NN, which obligato-
reduction of the asymmetric character of SiC that we relatedily inverts top and pedestal sites for adjacent C atoms as
to the exclusive presence of top sites. In brief, the doubleshown in Fig. 7, and a local and symmetric bond length
[110] chains must now contain more C atoms than i,C contraction betwae a C atom and its four first NN's, ac-
and less than in SiC and distributed in both top and pedestalounting for the lower Si-C bond length with respect to Si-Si
sites. Along thg 11— 1] azimuth the peak intensity is lower bond length in a Si matrix.
than in SiC and is comparable to thg grase indicating also As a 20% bond length difference exists between Si and
a decreasing C content and/or a decreasing C amount in td&giC, simulations have been tried with varying bond length
sites in these chains with respect to SiC where C atoms atontractions of 0%, 10%, 20%, and 15%, leading to the com-
ternate with Si ones along this directigfig. 2(d)]. This  puted distributions in Figs. 6af), 6 (b), 6 (c), and 6 (),
latter observation is in agreement with the former one. respectively. In Fig. 7 we schematize such a distortion ex-
Considering thé —1—12) azimuthal scafleft-hand side clusively around one C atorfibottom right corney, the pre-
of Fig. 6 (e)], we observe a further loss of the SiC charac-sentation of a structure taking all contractions into account
teristics, namely, the volcano shape in {lé®1] direction, being too complicated. The main effect of these contractions
which confirms that these chains too are no longer formed bis to pull out the Si second NN of a;Gite from the[110]
exclusive C atoms, like in SiC, but by Si diffusers, like in direction. Such a Si atom must indeed be considered as a first
Csur A strong forward-scattering feature is indeed observedNN of a G, site, itself the third NN of the Csite. As shown
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C 1s Photoelectron Intensity (arb. units)
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Polar angle 6 (Degrees)
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FIG. 8. Experimental C 4 XPD distributions along the azi-
muthal(110) direction for S{_,C, grown on S{001) at (a) 500 °C
and (b) 600 °C. @' +b') is the simulated distribution in the same
azimuth resulting from the addition of distributioia’) and (b")
(not shown corresponding to the structuré® and (b) represented
in Fig. 9.

FIG. 9. Side views of the atomic structures with expected angu-
lar directions for the main forward focusing features alongfii€)
azimuth of a Si001) surface, for the two types of substitutional
sites (@) and (b) with carbon atoms organized in the third- and
fourth-NN C pairs as shown ift).

in Fig. 6 (right-hand sidg this distortion results in a lower-
ing of the forward-scattering feature alofi$j10] with in-
creasing bond length contraction frora)(to (c). The left-  formed alond111], indicates a growth-dependent C arrange-
hand side of the same figure displays the relevant changesent at least partially governed by surface kinetics.
occurring in the[113] direction in the opposite azimuthal Retaining a third-NN local C ordering, these pairs must now
polar scanning plane. As experienced, fid—1] peak is be configurated as represented in Figs),99(b), or Yc) in
also correlatively increased. The best general experimentalrder to suppress th@®01] feature. The simulated descrip-
agreement is obtained for a Si-C bond length contraction ofion of such a phase is given in Fig. 8'(+b’), which well
15%]Fig. 6 (d)]. Contractions of 10% and 20% lead to Si-C restitutes the absence of any noticeable forward-scattering
bond lengths of 2.12 and 1.88 A, respectively. To concludepeak except for thgl11] first-NN peak as given by the ex-
our experimental XPD distributions of samples grown atperiment. This distribution is the result of the addition of the
600 °C are in fair agreement with the assumption ofcomputed contributionsa() and (') (not representedof
third-NN C pairing even if the present scatter of the experi-two inequivalent C sites in these structures as shown in Figs.
mental points does not allow a firm statement about the oned(a) and 9b).
ness of the proposed structure in interpreting our data. The last point that we would like to raise in this section
Let us now discuss the growth on the((Bi1) surface. devoted to the XPD results concerns the possibility to ac-
Figures 8 &) and 8 () correspond to experimental GS1 commodate C in interstitial sites ()C During the prepara-
XPD distributions of Si_,C, layers, grown at 500 °C and tion of this work workers have come to such a conclusion on
600 °C, respectively, and scanned in the plane along ththe basis of XPS BE evaluatiofisand the lack of ir
(110 azimuth. At 500 °C, we find, provided tH€01] and  signature’ in the course of §i,C, growth at varying tem-
[111] angular axes are inverted, one more time the substituperature using C and Si solid source supplies. Even if there is
tional response already discussed and shown in Figa 3 (no reason to expect an accommodation scheme identical to
+b) (left-hand side for the azimuthal scanning direction ours, which relates to samples obtained with a gas C precur-
(—=1-12) in the[111] growth direction. At 600 °C the XPD sor, we have nevertheless been interested in testing such a
pattern is now characterized by the absence of forwardform of C sites by XPD simulations and compare it with our
scattering peak in the growing directi¢f01] at 6=0°, a  experimental XPD patterns. To this end we report in Fig. 10
fact not observed on the equival€i®01] direction atf= the simulation of the C 4 emission in the usual polar scan-
—54.7° wher{111] is the growing directioiFig. 3 (a+b)].  ning planes for C atoms lying all in diluted interstititlsites
In spite of similar TEM pictures (superlattice self- as describedby Watkins and BroweiOn S(001) [Fig.
organization of the C-rich nanoclustgfer both[001] and  10(a)] the particularity of such an arrangement is to find C
[111] growth direction$'*and similar BE differences as a atoms in[001] chains very closely alignetht a distance of
function of growth temperature, the lack of @01] forward-  a/2) with Si neighbors. This should result in a strof@1]
scattering feature, nevertheless seen when growth is peferward-scattering featurg¢Fig. 10@] (stronger than in
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FIG. 10. Simulated C 4 XPD distributions for carbon atoms in
interstitial T sites(schematized by dark circles in the insker (a) a
Si(001) face or(b) a Si111) face when (1-10) planes are probed.
The carbon positions with some expected forward scattering direc-
tions are schematized in each case. We must notice the absence of 580 600 620 640 660
any atomic row in th¢110] direction for a G site in casgb). Raman shift (cm'l)

Coup), Which is precisely not observed in our samgE&y. 8 FIG. 11. Raman spectra performed on 200-nm-thick JI,
(b)]. On S(111) [Fig. 10b)] similar G induced changes in layers grown at 600 °C on @®01) and presenting increasing C
the NN atomic positions generate XPD patterns also greatlfontents measured by SIMS.

different from those experimentally observed by[&gy. 6

(e)]. More precisely, Csites nearly completely suppress the

[110] feature, which is a constant characteristic of all ourtra obtained(after the subtraction described in the experi-
substitutional spectra, in, as well as in SiC and SiC. The mental procedurgsrom Si,_,C, samples grown at 600 °C
reason for this becomes obvious in the inset of Fighld  on S(001) with different C concentrations determined by
we notice the lack of diffusers in this direction for g C secondary ion mass spectrometry. The main peak at
emitter. All these arguments allow us to completely excludes05 cmi't and the shoulder at 623 crh are related to the
any tentative interpretation of our experimental XPD distri-local vibrational modes of carbdfi. The intensity of this
butions and hence the local C order in our samples in termshoulder increases with. We also observed weak features
of interstitial carbonT sites. Our conclusion must neverthe- gt 470 and 495 cm, corresponding to Si-Si vibrations in
less be damped by the fact that only the simpliest interstitiajhe vicinity of carbon atom¥ Neither SiC-like nor C-C
site has been probed by XPD and that many other interstitighond Raman features are observed. All these Raman data

configurations may exist. But other arguments can bndoubtedly demonstrate the presence of substitutional car-
brought forward in order to discard interstitial accommoda-pgn.

tion. On the one ha.nd, we think that the XPS € BE at Rucker et a|_10 showed that by Combining Raman spec-
600 °C is too close to that of SiC to be able to account for theroscopy and theoretical calculations for local Si-C modes in
strong bonding Changes involved in interstitial bonding Wlthd”ute S.h—ycy a||oys (Qul)y information Concerning the
respect to the SiC phase. On the other hand, contrast analyhort-range order can be obtained. They simulated the Ra-
ses performed on our C-rich nanoaggregates by highman response of such alloys by superposing the vibrational
resolution TEM(Ref. 11) show a smaller mean atomic num- signatures of single C atoms and isolated second-, third-,
ber than in the surrounding Si matrix, a fact that seemsgoyrth-, etc., NN C pairs. The Raman peak due to single C
definitively eliminate the possibility of dominant; Gites in  gtoms lies at 605 ciit. The Raman responses of isolated
our samples grown at 600 °C. The absence of any C-relateqdN carbon pairs depend much on the local coordination. As
vibrational signature at 600 °C has been put forth by Osten example, a third-NN C pair gives three small peaks: Two
et al* as an argument in favor of, CThat is now the point  are located around 605 cthand one at 624 cfit. It is note-
we would like to discuss in the light of our own results.  orthy that the latter can account for the shoulder we ob-
serve even if the vibrational signature of interacting
third-NN pairs in a SjC structure as proposed by XPD has
C-related vibrational signatures are now investigated byiot yet been calculated. The possibility that the shoulder
means of Raman scattering. In Fig. 11 we show Raman speoriginates from C atoms outside the C-rich nanoaggregates is

C. Raman scattering
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also unprobable if we consider the small residual stfaind
hence G,, content in the Si matrix that probably precludes
any statistical presence of third NN there.

Moreover, the analysis of the linewidths of the peak at
605 cm ! provides other relevant information. For the layers
grown at 600 °C, this linewidth is small (8 cf) and almost
unchanged with carbon content This differs notably from
the data we recorded on,Si,C, layers grown at 500 °@ot
shown hergwith C in solid solution (G,) and characterized
by linewidths increasing continuously with Consequently,
for comparable carbon contents, the linewidth is typically
twice as large at 500 °C as at 600 °C.dReret al1° showed
that in Si_,C, solid solutions the linewidth of the peak at
605 cm ! results from the superposition of the contributions & &
of the different NN carbon pairs and must therefore increase o o

[110]

with the chemical disorder. On the contrary, the much a. 0 e
smaller, and almost constant, linewidth at 600 °C can be in- — o o o 2a¢ _© _©
terpreted as the signature of a chemically ordered phase = e O o o

Therefore, these Raman data give further support for a phas [100]
with Si,C cluster growth, as used for the XPD simulations.

(b)
D. LEED on Si;_,C, alloys grown on S{001) B ow B o« Cspotsixi
Usually a Sj_,C, epilayer grown on $001) at 600 °C +%6°%+%:% )
allows us to observe21 LEED patterns at an energy of 42 (©) 6’+°m’ +’m o Spots 2+/2x+/2 R45
eV with more or less bright spots depending on the growth +%0%4:% %, +2x242
quality, which in turn depends on C concentrationSome- o’ +°a’+"n T Spots2xl & 152

times, ac-(4x4) pattern may be observed at 54 eV as dis-

played in Fig. 12a) for very flat samples. Such a pattern has  F|G. 12. (a) Experimental LEED pattern obtained at 54 eV on
already been observed by us in the course of wegk,C sj_ C, alloys grown at 600 °C on a &i01) substrate(b) Plane
exposures of a clean Si surface held at 600 °C resulting ifiew of the surface structure deduced from the bulk structure pro-
submonolayer C coverages. It has also been obtained by difosed in Fig. &) and(c) the expected LEED pattern.

ferent author¥ 2" on S(001) surfaces by a number of other

surface treatments that all involved more or less prolongedact that third-NN C-C pair arrangements are able to explain
surface annealings around 600 °C, only some of them guesboth bulk XPD patterns and this particular LEED pattern on
ing a possible relation with C adsorption. Only recently Si(001), as a result of this bulk arrangement at the surface, is
Takaokaet al** have established a clear connection betweera noteworthy coincidence even if other experiments are nec-
this pattern and C uptake at the surface at 600 °C as a conessary to confirm the interpretation of this LEED pattern.
mon denominator. They do not exclude the possibility to
attribute this pattern to a C-added surface structure.

We are now able to make a speculative but striking cor-
relation between all these dispersed observations and the pre- To sum up, the critical role of the temperature in the C
ceding SiC bulk phase we have deduced from the XPDaccommodation mode during epitaxial SjC, layer growth
investigations on samples grown on((&l1). Figure 1Zb)  on (111) and(001) Si surfaces has been shown. By a main
shows the view plane of the surfa@@01) that would result focus on XPD investigations we demonstrate that C accom-
from the bulk organization of the carbon pairs proposed inmodation evolves with increasing temperature from a solid
Fig. 9(c). This surface arrangement can be organized in twaolution of C in diluted substitutional sitg¢hat occasions
perpendicular directions similarly to the bidomaiix2 and  strain at 500 °C to coherer(strain relieving phase precipi-
1X 2 reconstructions usually observed ofi0Bil) clean sur- tations at 600 °C and above. The local order around C atoms
face. For a single domain, the periodicity of the carbon surin the latter forms evolves from a new form of third-nearest-
face arrangements along the directi¢th®0] and[010] isa  neighbor C pairing at 600 °CSi,C phasgto the well-known
and 2a, respectively, whera is the silicon lattice parameter. second-nearest-neighbor pairing®SiC above 650 °C. Ra-
The deduced LEED pattern would be avf2Xv2)R 45°  man signatures of samples grown at 600 °C support this as-
represented in Fig. 1B). These LEED spots must be super- sumption in favor of intermediate forms with third-NN pair-
imposed to the LEED X1 that results from the surface ing. Moreover, a connection between a previously observed
silicon regions exempt from clustered C-rich phase patchesEED pattern for slightly carbonized Si surfaces precisely at
[Fig. 12c)]. This leads to the experimental pattern shown in600 °C and a surface extension of the proposed bulk Si
Fig. 12a), which corresponds te-(4x4) LEED diagram phases could be made. The possibility to obtain C interstitial
observed by several groups. complexes is also discussed and excluded in the light of

Finally, our purpose is not to give here a definitive con-comparisons between experimental and simulated XPD dis-
clusion about this particular LEED pattern. Nevertheless, théributions. Apart from the study of these phase transitions,

IV. SUMMARY
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