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The carbonization process of a single domak2reconstructed 802 vicinal surface(5° off axis from
[001] in the [110] direction in acetylene has been studied by combiningsitu surface science techniques
(x-ray photoemission spectroscopy, x-ray photoelectron diffraction, reflection-electron energy loss spectros-
copy, low-energy electron diffractigrmndex situanalytical technique&'?C and?H dosing by nuclear reaction
analysis, scanning electron microscopy, and reflection high-energy electron diffyattienfound that at a
growth temperature of about 820 °C a variety of growth mechanisms can be observed, particularly during the
first step of carbonization. An analysis of € &nd Si D core-level shifts and of the respective intensities of
them, combined with the examination of photoelectron diffraction curves, gives evidence for a penetration of
C atoms into the silicon substrate, to form a nonstoichiometric compound. Contemporaneously 3C-SiC nuclei
form, aligned with respect to the substrate. Then a quasicontinuous 3C-SiC film grows heteroepitaxially
(“cube on cube” unstrained growjton the substrate up to a thickness-ef0 A. C 1s and Si 2 photoelec-
tron diffraction patterns, compared with calculated ones, show that the single domain initial surface does not
necessarily force a preferential alignment of one of the two inequivaleqtL 88 planes with respect to the
(110 Si plane. Consequently, such vicinal®11) surfaces are not necessarily templates, as often reported in
the literature, for the growth of crystalline films free of antiphase boundary domains. Finally, we have observed
that an imperfect coalescence of 3C-SiC nuclei leaves easy paths for Si out migration from the substrate and
SiC polycrystalline growth, even at a temperature as low as 820 °C. The current model30dj Sarboniza-
tion are examined and compared to our experimental findings. Especially for the very beginning of carbide
formation, a unified picture is lacking, as the role played by the steps and terraces of the initial surface remains
unclear.[S0163-182607)01931-7

I. INTRODUCTION surface(under the form of H molecule$ and carbon atoms
bind to silicon atoms. The behavior of ethylene (#8,) con-
Since the pioneering works of Yoshinobu and trasts with that of GH,, although it is also ar-bonded hy-
co-workers? on acetylene adsorption on (811) and  drocarbon: most of the molecules desorb intact from the
Si(002), there is a continuous interest in the surface sciencgurface at 330 °G] However, the above-mentioned experi-
community for studying the interaction of smattbonded  mental techniques do not allow a detailed understanding of
hydrocarbons with silicon surfaces, both at experiméntal how C penetrates into the substrate. It is clear that the need
and theoretical level.™*In particular, the thermal decom- for more fundamental research proceeds from the fact that
position steps of acetylene, molecularly chemisorbed at cryothese molecules can be carbon sources for the heterogrowth
genic temperature on ®01), have been followed by high- of silicon carbide on silicon substrates.
resolution electron energy-loss spectrosédpya vibra- Indeed, silicon carbide is a wide-gapbout 2.35 ey
tional spectroscopy—and thermally programmed desorpsemiconductor, and thus it is a potentially important material
tion.>” A common scenario emerges from these experimentdpr fabricating heterobipolar transistofidBT).** Until now,
although some interpretations may differ. Above 530 °C,the conventional approach to the growth of 3C-SiC crystal-
most of the acetylene molecules remain on the surface arléhe films on Si was the chemical vapor depositi@ivD)
undergo dissociation. At 660 °C, all the hydrogen has left theechnique, carried out at high temperature, in the range of
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3.08 A opening of a bare Si double atomic-height steg®isteps andsingle 2x1 recon-
<> o @ surlace structed surface domaiterraces. However, the analogy with
9 C.) 9 9 @ ~«mmshiinkage + GaAs epitaxy on $001) is not fully significant. As atoms
sc 9 9 C.) 9 (.? /' cap the outermost Si plane of the initial terraces in the GaAs/
O O O O O Omonoser Si(001) epitaxy, and growth can proceed by the alternate
O O _ O O o= O O deposition of Ga and As. In the case of SiC growth on Si,
Si 8 8 8 (Q 8 8 % there is no reason to imagine that the outermost Si plane of
O O o O - O O 0O ~ e the single domain terraces is systematically terminated by a
> layer of carbon. C indiffusion in the Si lattice can lead to
3844 01 uneven carbonization depths, and thus to APB’s. Again the
shrinking (1100 row mechanism, although leading to an
I (o] O sicon ® Carbon abrupt Si/SiC interface, will create silicon single atomic-

height stepgmonosteps as clearly shown in Fig. 1, when a

FIG. 1. Schematic picture of the(t10 shrinking row model” ~ receding Si row leaves a bare Si surface, with silicon bond

after Ref. 26[projection in the(110) pland. directions rotated byr/2 with respect to those of the shrunk
row. This will in turn favor APB formation, unless there is a

1200-1400 °C#~1¢ propane(a saturated hydrocarbpmnd  strong asymmetry in the shrinking direction. Such a growth
silane are cracked at the same time over the Si surface, aftetode should exist in special growth conditioftkat is a
the growth of a “buffer” layer by direct thermal carboniza- preferential shrinking perpendicular to the initial bistep di-
tion in propané./8 This route becomes clearly impractical rection: an APB free SiC film was obtained by Kitabatake
for HBT fabrication as dopant redistribution in the silicon and Green# after the appropriate carbonization step of a
substrate during thermal treatments must be avoided. Conseicinal Si(001) surface, cut 4° off thd001] axis towards
quently, processing temperatures have to be reduced beld&10], with a combination of acetylene gas and solid carbon
1000 °C. Insofar as the reaction probability of unsaturatedsource. However, Stoemenes al*?> have shown that the
hydrocarbons on Si at moderate temperatures is much hightigh-temperature CVD deposition on off-axis substrate does
than that of saturated hydrocarbdisSiC thermal growth in  not necessarily succeed in eliminating APB's.
acetylené’?2 and ethylen®2° has been the subject of  In this study we have exposed a vicinal(&l1) surface
many works.(Note that SiC growth rate obtained byt  (cut 5° off the[001] axis towards110]) to acetylene in a
gas is larger than that obtained byHG gas'®) temperature range of 820—900 °C. However, we report here

According to Bozscet al,?® stoichiometric SiC grows at essentially on the reaction of acetylene with silicon at
temperatures higher than 670 °C. At such temperatures, &20 °C. Indeed, exposures at temperatures higher than
already mentioned, hydrogen leaves the silicon surface and 830 °C led to the rapid formation of a continuous SiC film,
atoms remain. Consequently, the molecular-dynamics simuwwith characteristic square-shaped voids in the Si substrate,
lation of Kitabatake, Deguchi, and Hirfovhere the starting that were clearly evidenced by scanning electron micros-
configuration consists of a layer of C atoms placed over &opy. These macroscopic defects are well-known, and Li and
Si(001)-1x1 surface, provides reasonable scenarios for th&teckl have given an explanation for their appeardfc@n
growth of 3C-SiC on Si. According to the simulation, two the other hand, by lowering the temperature to 820 °C, we
possible mechanisms can occur. In the first scenario, advere able to follow a variety of phenomena in relation with
sorbed C atoms break Si-Si backbonds in the upper layerghe chemistry of silicon and carbon and the growth mode of
thereby allowing Si atomic row spacing to shrink alddd®  SiC. The choice of a vicinal surface derives from the above
directions in order to accommodate the Si-C bond lengthgconsiderations about the role that single domain Si surfaces
which is 20% shorter than the Si-Si bond. This is the so-may play on SiC single-crystal growth. The carbonization
called “shrinking ${110' row modeJ” which leads to a lo- process was studieih situ by various surface techniques:
cally abrupt SiC/Si interface. A schematic picture of thislow-energy electron diffractiodLEED), reflection electron
model is given in Fig. 1. In the second scenario, C atoms carnergy loss spectroscopfREELS, x-ray photoemission
diffuse into the silicon network, destroying the Si lattice onspectroscopy(XPS), and x-ray photoelectron diffraction
their way in. This suggests that “Si,C, alloy” phases (XPD). The present work can be thus compared to previous
could form, although, according to the silicon-carbon phasesurface studies on silicon carbonization, where XPS/REELS
diagram?’ stoichiometric SiC is the only thermodynamically (Ref. 23 (carbonization in GH,) or XPS/XPD (Ref. 33
stable compound. The latter point would be all the more(carbonization in activated CiHwere also used to give in-
likely because the lower growth temperature reduces kineticormation on the chemistry and growth kinetics. By itself
phenomena on the surface. XPS is certainly a very powerful tool to characterize the

Both 3C-SiC and GaAs have a zinc-blende structure andhemistry of the surface. However, the estimation of the
grow on S{001) with the relationship001]eyayel[001]s;  growing film thickness means thé the film is continuous
and (110xpjiayel[110]s. So, by analogy with the GaAs/Si and has a constant thickness &jidl that the photoelectron
case, it is believed that stepped Si surfate8should facili-  escape depths in the substrate and in the film are known. If
tate, under high-temperature conventional CVD conditionsthese requirements are not fulfillgoh particular point(i)],
the epitaxial growth of 3C-SiGingle-crystal filmseliminat-  growth kinetics obtained from XPS measurements become
ing antiphase boundaryAPB) domains. Indeed, 801  unreliable. This is why complementagx situcharacteriza-
vicinal surfacegcut more than 2° off thg001] axis, towards tions were also carried out: nuclear reaction analysis
the [110] direction are known to form a regular array of (NRA) to measure the amounts of fixééC (and eventually
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the amount of deuterium, when,, gas is introducex sis chamber, without breaking the UHV conditions, where
scanning electron microscog@EM) to follow the morphol- ~ XPS/XPD and REELS measurements were made. To get fur-
ogy of the growing layers; and finally reflection high-energyther insights into the role of hydrogenated species during
electron diffraction(RHEED) to determine the film crystal- carbide formation, several Si wafers were treated in 99%-
lography. enriched GD, gas in order to perform subsequest situ

We have evidenced an initial growth regime, up to aNRA. As a matter of fact, exposure of the sample to air
thickness of about 40 A, leading to a quasicontinuous 3Cprecludes any reliablex situdosing of *H hydrogen, as the
SiC film aligned with the substratéwinning is also present  syrface will be covered by hydroxylated species. Aft4€
The main observation is that the initial array of bisteps anchng D dosing by NRA, the crystallinity of the grown layers

terraces is immediately destroyed by the carbonization progas investigated by RHEED, and their morphology was
cess, as shown by LEED. Contemporaneously C atoms pegy,died by SEM.

etrate into the silicon lattice to form a nonstoichiometric
compound, as shown by a detailed XPS core-level shift
analysis. However XPD curves show that C atoms, which
entered into the Si substrate, likely maintais g configu- )
ration. A long-range-order probe like RHEED points also to ~ 1he x-ray photoelectron spectra of core leveds 2p, C

the nucleation of 8-SiC crystallites. Then SiC growth pro- 1S) and of the valence band have been obtained with a non-
ceeds until the quasicoalescence of the nuclei. Experimentaionochromatized Md¢a source fiv =1253.6 eV), operat-
XPD curves compared with calculated ones confirm the abing at an anode voltage of 15 kV and an emission current of
sence of preferential orientation of one of the two nonequiva20 or 30 mA. The hemispherical analyzer is a KRATOS
lent SiG110 planes with respect to the initial silicon surface XSAM800, operating in the so-called “fixed analyzer trans-
bistep direction, which is naturally detrimental for APB mission mode,” with a pass energy of 40 eV. The energy
elimination. Consequently, the asymmetric “shrinking row” resolution in this case is such that the full width at half maxi-
mechanism of Kitabatake and Greene cannot be applied imum of the Ag 35, line is 1 eV. The binding-energy scale
all generality to the carbonization of the vicinal surfaces. Inis calibrated from the Au #,, line at 84 eV. Angle-resolved
the present temperature and pressure conditions, we hagt 2p and C Is spectra have been also recorded, with the
never observed the formation of a pure Si top layer floating110] step edge direction either parallel or orthogonal to the
over the carbide layér:*® On the other hand, pure carbon analyzing plane defined by the direction of the incident pho-
forms at the growth surface: this carbon layer may haveons and that of the emitted electrons, these two directions
been ignored until now, because of insufficient G 1 making a fixed angle of 60°. The experimental geometry is
resolutio® or contamination by hydrocarbons after re- given in Fig. 2. In the following, polar scans parallel and
exposure to air before XPS measureméfsinally a second orthogonal to the[110] step will be called “para” and
growth regime, under which polycrystalline SiC forms at“ortho,” respectively. The polar angl€is varied by rotation
easy paths for silicon diffusion—as shown by RHEED andof the sample holder around an axis perpendicular to the
SEM—succeeds to the former one, although XPD curvesinalyzing plane. In the “ortho” geometry the scans are per-

B. X-ray photoemission

continues to evidence a textured growth. formed in the(110 silicon plane: 6,4, is equal to zero
when the crysta]001] direction is aligned with the analyzer
Il. EXPERIMENT axis and is positive when the analyzer looks from upstairs. In

the “para” geometry, the scans are performed in the plane
defined by the normal to the optical planeand the[110]
Phosphorus-doped wafergesistivity in the range of direction. Thengp,.,is equal to zero when the analyzer axis
0.002—-0.0052 cm) purchased from SILTRONIX SA, mis- is parallel ton (n is then inclined by 5° downstairs from
cut by 5° towardg110] off the [001] axis, were cleaned by [001]). The electron acceptance of the electrostatic lens is not
flashing directly the wafer for 10 s at 1100 °C by Joule heatspecified by the manufacturer. However, polar angle features
ing in an ultrahigh vacuum preparation chambiease pres- of full width at half maximum(FWHM) of less than 5° have
sure mid 10 Torr range. Temperatures were measured been observed on clean reconstructg@@®i)-2 X 1 surfaces.
with an infrared pyrometer. After cooling down to room tem- The angle resolution is thus comparable to that of Ref. 36.
perature, single domain @1 patterns were observed by XPS data treatments are carried out as follows. A Shirley
LEED. The successive carbonization steps of a silicon wafebackground is subtract&dfrom the raw C & and Si D
were carried out at 820 °C and under pressures of acetylerspectra. For clarity, the Sif®,, component of the Si 2
in the 5x10 '-5x 10 °® Torr range. Acetylene pressures doublet is numerically stripped assuming a spin-orbit dis-
were measured with a ionization gauge whose reading wagnce of 0.6 eV and [2;,,/2ps, branching ratio of 0.8% The
corrected by a sensitivity factor of[2he sensitivity factor is  experimental curves are fitted with sums of Gaussians con-
1 for N, (Ref. 34]. The exposuresQ are given in voluted with Lorentzians which have fixed FWHM equal to
molecules/crh using the relationQ=(Pxt)/27mkgT, 0.3 eV. This latter value is not the core-hole lifetime broad-
whereP is the pressure, the dose timem the mass of the ening which is much small€P, but simply accounts for the
molecule, kg the Boltzman constant, and the room form of the instrumental function when one uses a nonmono-
temperaturé® During all acetylene exposures the samplechromatized MdK,1 2 line. The XPD polar curves are taken
was cooled down to room temperature while still in acety-with angular steps of 2.5°. For each angular position the Si
lene. After each carbonization step, the gas was pumpe2p and C Is spectra are recorded and after background sub-
down, and the sample was directly transferred into the analytraction, the peak area is measured. Curve fitting, when it

A. Silicon surface preparation and carbonization
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D. Complementary ex situ characterizations

The nuclear reactiont®C(d,p)*3C induced by 970 keV
deuterons at 6,,=150°, a TaOg standard and the
160(d,p;)*’0O reaction induced by 850 keV deuterons at
0i.p=150° are used to measure the absolute numbéerof
per cnt incorporated in the carbonized film, knowing the
amount of %0 in the standardaccurate within=3%) and
the differential cross-section ratio defined aB¢o
=(do“1dQ) 970 kev/ (Ao dQ) g50 kev=5.565 recently mea-
sured by Quillet, Abel, and Schéttwith an accuracy better
than £5%. The amount of deuterium is measured with the
D(®*He,p)*He reaction induced by a 700 kefHe* beam at
0,ab=150° (Ref. 42 and aD containing standar¢accuracy
+59%). The oxygen contamination after exposure to air is
controlled using thet®O(d,p,)’0O induced by a 850 keV
deuteron beam afl,,=90°. NRA measurements are aver-
aged on the surface ¢23 mnt) probed by the ion beam.

SEM images are taken in the so-called “secondary elec-
tron mode.” RHEED patterns are obtained at grazing inci-
dence with a JEOL 100 CXII microscope operated at 100
kV.

. . lll. RESULTS AND DISCUSSION
FIG. 2. XPS/XPD experiments in the “ortho” and “para” ge-

ometries. In “ortho” geometry the analyzing plane is perpendicular  A. *2C and D content, morphology, and long-range order

:ﬁet:etﬁtlo]of;pasdﬁj d"ﬁgt'?nne::frecc?'}i':f tggg(l)]l]dgifst'orr; Several samples have been treated in deuterated acetylene
P g'ortno : at 820°C (and at 840°C in the 0.5<10 °-2.1

“para” geometry the analyzing plane is parallel to the step edge "6 . T
direction, the[001] axis is 5° off (upstair$ and thusfpg,is mea- X 10 ° Torr range for various lengths of time: the corre-

sured from the normal to the optical planeThe angle between the _spondlnngC and D C?”te”ts’ measured by NRA, are given
incidence of light and the analyzer axis is constant and equal to 6041 Table 1. We underline that these values are mean values,
In all geometriesh belongs to the analyzing plane. as the films may not be uniform in thickness, especially for
the longest dosetsee below. A slight oxidation during the
, , transport in air is measurethbout 3< 10' O atoms/crf).
makes sense, is also used to separate the various chemiggl, carhon contamination adsorbed during the transport, es-
contributions, whose intensity variations are then plotted Versimated to a few 18 C atoms/crh, makes that the carbon
susé. content determined for the shortest exposure is an upper limit
of what is actually fixed by the carbonization process. At
constant pressure-2x 10~ ® Torr corresponding to a flux of
~8x 10" molecules cm?s™Y) and temperaturé~820 °Q
Electron energy losses are measured in reflection geonthe growth kinetics follows a rather parabolic IaMF,zKpt
etry. The primary beam makes an angle of 60° witlwhich ~ where X is the equivalent SiC thickness obtained from the
is aligned with the spectrometer axi@£0°). A pass energy '%C measurements ant the carbonization duration. The
of 10 eV is used, such that the elastic peak FWHM is 0.4€parabolic constari, is about 3.% 10" cn® s~ ! and if we
eV. Reducing the primary beam energigs from 1000 to  assume, as in Ref. 43, that the mobile species is silicon, we
100 eV, the electron penetration degémd hence the probed obtain a diffusion coefficient of about @0 '°cn? st
thickness decreases from-20 A to about~5 A.4° for Si.

C. REELS

TABLE I. '%C and D amounts measured situby NRA after thermal carbidization inD,. Taking the
bulk carbon density in 8-SiC (4.83x 10?2 C atoms/cr), 10'°C atoms/crf correspond to an equivalent
thickness of 2.07 A.

P (x10°® Torr), Dose 12C amount D amount

T (°C) (10" molecules/crf) (10% atoms/crf) (10* atoms/crf)
0.5,820 0.25 6.80.7 2.1+0.3
2.1,820 1.2 262 2.8+0.35
2.1,820 14.8 12212 4.8-0.5
2.1,820 44.6 19820 6.1+0.6

2.1,840 59 23%22 4.1+0.5




4270 G. DUFOURet al. 56

Photo No.=1 “Photo No.=5 388nn

Photo No.=11 jeenm ——ro

FIG. 3. Scanning electron microscofsecondary electron moglat a magnification of 90 000 of carbonized silicon surfaces for various
acetylene exposure3 (in 101" molecules/crf):  (a) 0.25,(b) 1.2, (c) 14.8, and(d) 60. The growth temperature is 820 °C f@—(c) and
840 °C for(d). (For the 2C content see Table)l.

We also observe that deuterium is present inthe contrast of the protuberances is smaller, although their
C,D,-carbonized films, but in extremely small amounts, adensity is much the same as for the previous micrograph. A
few 10 D atoms/cr, i.e., a fraction of a monolayéf.This  new feature is the aperture of black “wells” with density
content increases slowly with increasing thicknesses at a5x10° cm 2 that are drilled through the surface. For
given reaction temperature. However, the present techniquauch higher exposure@bove 18% molecules/crfy equiva-
does not allow the reader to know where deuterium is lodent thicknesses 200 A) the film morphology changes dras-
cated. If hydrogen remained at the interface between Si antically. Volcanoes grow ugdFigs. 3c) and 3d)] above a
SiC, its amount would be sufficient to passivate eventuaflatter surface. Their areal density, which is the same as that
broken Si bonds at cores of misfit dislocations: indeed thef the black wells of Fig. &) suggests that they continue the
lattice mismatch between SiC and Si produces misfit dislowells themselves.
cations along the Si/SiC interface with a density of 6.5 The crystalline order of the carbonized layers is examined
x10° cm™! (Refs. 17 and 3llalong a(110) direction. The by RHEED. The diffraction patterns, taken in the silicon
passivation of dangling bonds by hydrogen at the interfacé110 azimuth(or close to i}, are shown in Fig. 4. For ex-
could also have profound implications in the band alignmenposures Q=<1.2x 10'” molecules/crA 3C-SiC diffraction
of Si/SiC heterostructures. spots and streaks are superimposed on the streaked pattern of

The SEM images of the carbonized silicon surfaces aré¢he silicon substrate characteristic of {id0) azimuth[Figs.
presented in Fig. 3. The angle of view is at 45° from the4(a) and 4b)]. Positions of the SiC reflections correspond to
surface normal. Although the fixed carbon amount is rather “cube on cube” alignment with the substrate, following
low (<6.8x 10" atoms/cm or an equivalent thickness of the (nonstraineyl heteroepitaxial relationship:
~14 A), Fig. 3a) shows that the surface is far from being
featureless. The surface is covered by protuberances with a . ) —
surface density of~-2x10° cm 2 They seem to be coni- Sic[001]iSi{001] and Si¢110] (or [110])ISI[110].
cally or pyramidlike shaped, with an average base-diameter
of ~400 A. The presence of G-SiC nuclei evidenced by However, the orientation of carbide crystallites is not unique,
RHEED may be the cause of a strong deformation of theas twinning is also preserfFig. 4(c)]. Twinning during
silicon substrate around them. For an exposure of 1.BC-SiC growth is indeed frequently observ&®! For the
x 10' molecules/crh  (carbon  content of ~20 long exposures, which correspond to the volcanolike growth
X 10'° atoms/cri, equivalent thickness-40 A) [Fig. 3b)],  observed by SEM, we obtain ring patterns, characteristic of
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FIG. 4. RHEED patterns taken in the [Qi10] azimuth for silicon surfaces carbonized at 820 °C for various acetylene exp@3uies
107 molecules/c): () 0.25,(b) 1.2, and(c) 44.6.(For the >C content see Table)l.

completely randomly oriented@-SiC microcrystallites. Fig- the electron-beam energy. This indicates foat {11n} fac-

ure 4d) shows a pattern typical of such films. ets have formed. Facetting may be related to the protuber-
ances observed by SEMFig. 3@] at the beginning of car-
bonization. For higher acetylene doses the LEED patterns

B. Surface crystallography can no longer be observed

The clean vicinal surface is characterized (1) ter-
races, separated by bisteps whose edges are parallel to the
[110] direction. Surface silicon atoms rebond two by two to
form dimers, whose rows run perpendicularly to the step XPS C 1s and Si 25, spectra for increasing acetylene
edges, giving asingle 2X1 domain we have observed by exposuresQ (in the range 1¥-10® molecules/crf) at
LEED [Fig. 5a)]. 820 °C are shown in Fig. 6, along with curve reconstructions.

After each step of carbonization LEED is used to characSpectra from a thick continuous carbide film grown at
terize the surface. For acetylene exposures smaller tha880 °C, termed “reference SiC” are also given in Fig. 6 for
~ 10" molecules/cra[Fig. 5b)], we observe the loss of the comparison. The observed binding energy differences of the
half-order spots of the original’21 reconstruction and that various structures, as a function of exposure, are given in
of the doublet splitting characteristic of a regular bistep ar-Fig. 7.
ray. The LEED patterns contain the nonsplitted integral order First let us focus on the Cslspectra. We notice its asym-
spots(those of silicomand other spoténot the specular sppt  metry for all exposures. Two components can be clearly dis-
that move along the fouf110 directions when we change tinguished: the first one, of FWHM 1.9 eV and spectral

C. Electronic structure
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“SiC reference”

Q inmolecules/an?

5.7x10%8 g3

1.4x1018

1.2x1017

9.9x1016 479,

Photoemission Intensity (Arb. Units)

3.6x1016 449,

clean silicon
|||||I.I|L,1,I|I?°/°I !
288 286 284 282 280 278 106 104 102 100 98 96
Binding Energy (eV)

FIG. 6. Nonmonochromatizedg K«) C 1s and Si 25/, core-
level spectrgdotg of the clean and acetylene-carbonized surface at
820 °C.Q is the acetylene dose. The “SiC reference” is a surface

FIG. 5. LEED patterng72 V) from the Si surfaces inclined by exposed at 880 °C to a dose ofk@0' molecules/crh Best fits
5° from the (001) plane towardg110]. (&) Clean stepped §101)  (solid curvegare also given: the Lorentzian FWHM is 0.3 eV, the
showing a single X1 reconstructed surface domain: half order Gaussian FWHM is 0.8 eV for Si(elemental Si 1.55 to 1.21 eV
spots due to Si dimerization are observed alphtf], a direction  for Sic (Si bonded to @, 1.06 eV for G; (C bonded to Sj and 1.73
parallel to the bistep edged)) carbonized $D01) surface, exposed eV for C. (C bonded to & The corresponding spectral weights of
at 820 °C to an acetylene dose of 8.60'° molecules/crfy show-  Cg; and Si components are indicated in the figure. All spectra are
ing four symmetric{11n} facets. taken at a polar angléorn, OF fpard €qual to zero.

weight 14—34 % is clustered at284.3 eV, while the other (for Q=<10'" molecules/cm?) to ~283.2 eV for the longest
one, of FWHM 1.23 eV is separated from the former by atexposures(in the 103® molecules/crh rangd, the latter
least 1.2 eV towards lower binding energies. Under the sampinding-energy value being the one of the “reference SiC”
analysis conditions, we have indeed found € deaked at film.
284.35+0.05 eV for a highly oriented pyrolytic graphite The corresponding Sif,, core levels of the films grown
(HOPQ sample. Hydrocarbon polymers are expected att 820 °C present two components. The one at lower binding
284.8-0.3 eV as indicated in Ref. 48or a spectrometer energy(at~99.3 e\) and of FWHM 1 eV(denoted Sj) is a
tuned to Au 4,,=83.95-0.05 eV as in the present work contribution from the silicon substrate, which does not dis-
In view of the very small amount of deuterium detected inappear even for the higher doses corresponding to mean
the films, it is reasonable to attribute the 284.3 eV peak tdNRA thicknesses greater than 400 (8ee Table )L In all
carbon bonded to carbaienoted here @ and not to hy- cases this contribution is attenuated at glancing photoelec-
drocarbons as reported in Ref. 46. REELS spe(fig. 8  tron emission(see below. As we already know from SEM
give complementary information on the nature of the C-Cimages that the SiC films are extremely inhomogeneous in
bond. The spectra of the carbonized Si surface, taken both iickness for the exposures abovet®lfolecules/crfy this
bulk- and surface-sensitive conditions, never exhibit themeans that the gaps between SiC hilis volcanoes are
characteristic energy loss ef? carbon at 6.5 eV that shows zones covered by a thin carbon-silicon compound [4Yer.
up for HOPG (upper curves of Fig. )J8and also for the The other componentdenoted Si) situated at higher
graphitized T-SiC(001)-1x 1 surface’’ This points to the  binding-energy is attributed to the compound formed be-
likely formation of asp® bonded pure carbon layer. tween silicon and carbon. Fa@=<10'" molecules/crh its

The low binding-energy component of G 1s attributed FWHM 1.7 eV is larger than for the highest exposures
to the growing carbon-silicon compourdenoted G). A  (FWHM~1.4eV). The binding-energy differencé;=Si
comparison with C % binding energies of SiC in literature is 2p4,(Sic)—Si 2p4(Sis;) plotted in Fig. T1a) increases with
made difficult, because of the considerable spread of the daiacreasingQ (from 0.6 to 1.5 eV. But it would be naive to
[C 1s ranges from 282.3 to 283.6 ellRef. 48], that arises interpret these increasing shifts only in terms of chemical
from band bending differences between samples. We obsenghanges in the growing layer as a correlative increase in C
an increase in the binding energy of;Grom ~282.7 eV  1s(Cg) binding energies is also observed. The binding-
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FIG. 7. Variations ofA,=Si 2p3, (Sic)—Si 2p3(Sis;) [panel
(@], of A,=Si 2p;,(Sic)—C 1s(Cg) [panel(b)] and of the equiva-
lent stoichiometry SiC[panel(c)], as a function of the exposu(g@
(T=820"°C), deduced from curve reconstructions of Fig. 6.

energy differenceA,=Si 2p;(Sic)—-C 1s(Cg) will be

much more suggestive of real variations in the chemicaE

bonding. Indeed\, is independent of any energy reference
(changes in Fermi-level position, charging effects).etthe
variations ofA,, A(A,), can be written as

+AV(Sic) — AV(Cg) + AR(Sic) —AR(Cyg)),

where AV and AR are the variations, respectively, in the
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FIG. 8. REELS spectra, taken Bf,= 100 eV (surface sensitiye
andE,=1000 eV (bulk sensitive, for the clean Si surface, the car-
onized surface at two exposures, and a clean HOPG surface. SiC
ulk-plasmon, Si bulk- and Si surface-plasmon losses are at 22, 17,
and 11 eV, respectively.

may be the hint of a departure from bulk SiC chemical ar-
rangement foQ=<10" molecule/crA.
The composition of the silicon-carbon compound may be

initial state(e.g., changes in the nature of the ligands aroun@Vvaluated from the measureds@-Sic intensity ratio

a given atom and in the final statéchanges in the extra-
atomic relaxation energy As it seems natural to presume

ICSi/I Sic corrected by a suitable sensitivity factor calculated
from tabulated values of the Csland Si 2 cross sections

that C 1s and Si 2 holes experience the same extra-atomicand from the analyzer transmissivity. Rather than calculating

relaxation in the carbonized layex(A,) is approximated by
+AV(Sic) —AV(Cg). A measurable variation ofA,,
A(A,)=+0.40+0.15 eV, is clearly seen in Fig.(B) be-
tween the first steps of carbonization and th@
~10'® molecules/crh exposures for which\, stabilizes at
—182.3-0.06 eV. For the 880 °C filmA, is equal to
—182.27:0.05 eV. Takagaki, Igari, and Kusundkiafter
carbonization of silicon in ethylene at 850 °C fiag equal
to —182.2 eV. Recently published Sp2and C s Al K«
spectra of a clean G-SiC surfacé® give a value ofA,
=100.3-282.5=-182.2 eV. ConsequentlyA, variation

a theoretical sensitivity factathe cross sections are calcu-
lated data, the transmissivity is not given explicitly by the
manufacturer and the escape depth ofCahd Si % elec-
trons are estimated valuese prefer to determine an experi-
mental sensitivity factor. Here we have considered the “ref-
erence SiC” layer formed at 880 °C: the G(LCg) to Si
2p3(Sic) intensity ratio as a function of the polar angle
(between 0° and 7Q%scillates by=5% around an average
valuer=1.31 essentially because of photoelectron diffrac-
tion effects(see below. Dividing the experimental &to-Si-
intensity ratio by ther factor, we pIotx=(ICSi/ISiC)><r‘l
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versus the exposur® [Fig. 7(c)]. Obviously this comes DAL AL kALl e A LAY il i
down to plotting, an equivalent stoichiometry Si@ith x - Q= 1.2x107 molecules/em? J
equal to one for the 880 °C grown film. We notice that for 30000 - -
low Q (<10 molecules/crf), x values cluster around 0.6, > [ Cq, ]
while for largeQ (Q=2x 10" molecules/crf) an equiva- £ 25000 - -
lent stoichiometry of 1 is reached. This parallels the changes £ F Sic ]
of the A, parameter withQ [Fig. 7(b)]. If we assume that in S 20000f- -
the substoichiometric laye€ remains bonded to four silicon é :S'S‘ ]
atoms and that the Cslinitial state is not modified by 2 15000 - .
changes in atomic coordination beyond the sphere of the first 2 - .
neighbors, ther\ (A,) further reduces taAV(Sic). The in- & 10000~ x1.3) ]
crease ofA(A,) suggests that Si bonds to an increasing C ]
number of more electronegative C atofits Pauling’s elec- 5000 [.UC %eee oestfeststuiyases Toutss 3

tronegativity scal@(Siz_l.IS’_ andyc=2.5 (Rgf. 5])].. Co'nse- 10 0 30 20 30 40 50 80 70
quently, at 820 °C an initial phase of C dissolution into the
silicon substrate is likely to precede the formation of the
stoichiometric SiC film. Although a detailed analysis of the  F|G. 9. Polar angle variatiofin “para” geometry of the S

XPS spectra is indicative of the presence of a substoichioand S components of the Sify, line on the one hand, and of the
metric “Si-C alloy,” the REELS spectra seem not to confirm C. and G; components of the Cslline on the other hand, for a
such evidence. In Fig. 8, for the shortest expospe=0.9  silicon surface exposed to a dose of X 20'” molecules/cm? at

X 10'® molecules/crf), we find, working in bulk sensitive 820 °C.

conditions €,=1000 eV), three peaks at 22, 17, and 11 eV,

that are the fingerprints of bulk SiC plasmdXidulk Siplas-  from the corresponding Sif, core levelgFig. 6) and from
mons and surface Si plasmotfsiespectively. Reducing the the VBM's (the valence-band spectra are not shpvior the
primary energy toE,=100eV, in order to work with a reference 880 °C grown SiC film and for the clean Si sur-
greater surface sensitivity, we still observe the Si surfacdace, respectively: we find it equal to 0.58.20 eV. If the
plasmon at 11 eV and a second broad structure 20 eV~ previous assumption were correct, thed.4 eV change in
between SiC and Si bulk plasmons. The20 eV structure A; should be entirely due to an equivalent increase of the
was attributed by Bozso and co-work&ro a Si-C alloy that  valence-band offset. It is however, much more reasonable to
forms at 650 °C and that separates into Si and stoichiometrigdmit that the “unbent-band” assumption is not valid when
SiC by annealing at 830 °C. In the present case, the appednundreds-of-A-thick carbide hill§Fig. 3(c)] develop and
ance of a broad structure at20 eV is trivially due to the that a strong band bending downward, or even a charging
merging of the 17 eMbulk S and 22 eV(bulk SiC) plas- effect, are present in the SiC probed layers. Thus, VBO can
mon losses, because the Si peak intensity decreases with fge  estimated only for the thin layer Q&1.2
spect to that of the SiC peak with decreaskg as the Si-C X 10" molecules/crf), and amounts to 0.370.25 eV. This
compound is formed at the sample surface. Our interpretavalue can be compared to Robertson’s tight-binding
tion could also apply to the spectra given in Ref. 23, whichcalculations® (0.85 eV in the pinned limjtand to VBO mea-

are indeed very similar to ours. However their poorer energypurements oh-Si/a-Si;_,C, :H and a-Si/a-Si; _,C, inter-
resolution may have rendered their analysis more delicatéaces given by Fang and L& (for x=0.5, VBO of 0.8
(the elastic peak FWHM was about 3 eV instead of 0.46 eV+0.1 eV and 0.4& 0.1 eV for the hydrogenated and dehy-

Opara (deg)

in this work). drogenated material, respectively
Another puzzling point is the observation of a strong in-
crease iMA, [by 0.4+0.1 eV, see Figs. 6 andd] from Q D. Short-range order as probed by XPD

=1.2x 10 molecules/cth (mean '°C content of 20
X 10 atoms/cm or an equivalent thickness of40 A) to
Q=1.4x 10" molecules/crh (mean *°C content of 122 As stated before, the Si2and C Is core levels can be

X 10'° atoms/cri), while the equivalent stoichiometry in decomposed into two chemically shifted components Si
both cases is close to [Fig. 7(c)] and A, values coincide and Sg on the one hand, andGnd G; on the other hand.
within the experimental error. Under the assumption of aChanges in their intensities as the photoelectron emission
negligible band bending over the region probed by photoangle increases will be informative, first of their relative in-
emissionthe escape depth of Gland Si 2 photoelectrons depth distribution, second on the degree of orientational or-
is in the range of 20—30 ARefs. 23 and 4(, A; and the der through intensity modulations arising from photoelectron
valence-band offset(VBO) between the valence-band diffraction effects. Indeed in the photoelectron kinetic energy
maxima(VBM) of the SiC film and of the silicon substrate of interest(~1153 eV for Si 2 and 970 eV for C §) the

1. Experimental XPD patterns

are directly related by the relationsfip dominant effect is the forward focusing, and the prominent
peaks are expected at angles corresponding to atomic row
A, —[EEM(sic)— EZEM(SI)], directions®® A representative case is given in Fig. 9, where

the angular behavior of the various chemical states of Si
whereEZPM(SIC) andE{PM(Si) are the Si P3,—VBM en-  2ps, and C Is are plotted for an exposur€® of 1.2
ergy separation for SiC and Si, respectively. X 10" molecules/cry i.e., for a thin film of equivalent
[ELEM(SIC)-ELEM(Si)] is a constant, and can be measuredthickness about 40 A. While the intensities of;SSic, Cg;
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all exhibit modulations due to photoelectron diffraction ef-
fects, that of G is featureless. Moreover, thegSintensity
decreases with respect to that ot S$is the polar angle
increases: this behavior clearly indicates that the elemental
silicon is buried under the growing carbide and does not
“float” as often reported in this range of carbonization
temperaturé>3® On the other hand, the Cline intensity
does not vary much witl#: this can be assigned to a dis-
continuous overlayer, e.g., carbon particles at the surface. At
higher exposures, theCelative intensity increases with in-
creasing values o#f, indicative of its presence in the top
layers.

We report in Fig. 10 the angle-dependent modulations of
the clean substrate icomponent and those of the carbon-

ized surface Qi component, when the intensity of the latter @
has been extracted by the fitting procedure. This is done for §
Q=1.2x10" molecules/cri when S weight is clearly g
sufficient. The Si polar curves, whatever the exposure and <
the azimuth pland“ortho” versus “para”) present similar P
diffraction structures. All of them exhibit peaks at angles &
corresponding to the crystallographic directi¢@61], [114]/ g
[114], [112]/[112)], [111]/[111] of the silicon substrate. This g
means that a conspicuous fraction of the carbon-bonded siIi—'g

con atoms pertains to atomic rows aligned with major direc-
tions of the underlying silicon substrate even in cases where
a long-range probe like RHEED indicates a disordered poly-
crystalline growth. One important parameter is the contrast & | silicon
frniy Of @ given diffraction peak referred to a substrate di-
rection[ hkl], and defined asl fyax— I min)/! max, Wherel paxis :
the intensity maximum andl,,, that of the corresponding L | el
first minimum. Our data show thal ;4 in particular is uutuu
larger for Q=1.2x10" molecules/crh (20X 10 -para” [001] !
atoms/cm) than for the subsequent exposures.

In contrast with the Si B(Sic) signal, which at very low
coverage is obscured by the substrate contribution, the
largely dominant C &(Cg) component allows us to observe
the appearance of angle-dependent modulations from the
very beginning of growth(Fig. 11). One can observe two
“peaked” structures in directions aligned witf001] and
[111]/[111] substrate directions, and a broad structure in be-
tween. Again, the general trend is that the contrast,
diminishes(by a factor of~3) with increasing thicknesses.

hotoemi

NP S O ~{ P

-10 0 10 20 30 40 50 60 70

For small acetylene dosesQ& 10'" molecules/crf), the Bortho OF Opara (deg)

dominant diffraction peak is in th€111) substrate direction.

This indicates that in the initial carbonization step also, car- FIG. 10. Polar angle variations of the Sz, componentgSis;,
bon is likely to be surrounded by silicon scatterergial)  Showr Sic) for increasing exposured expressed in molecules/ém
substrate directions, that is, Csg® bonded to silicon, with- ~ S¢ans in the “ortho™ and “para” geometry are given, thatis, in the

Ll

out measurable tetragonal distortion. Si(110 azimuthal plane and close to the (&il0) azimuthal plane,

Diani and co-worker338 have recently published experi- respectivenly. The XE’D curves pf the clean s_urface and of the “SiC
mental XPD data on carbonized (81) and on X-SiC. reference”(the 880 °C-grown filmare also given.
Their analysis conditions are equivalent to ours, in particular
the XPD curves of the clean ®01) surface in the{110G methane, but they remain much smaller than the ones ob-
azimuth plangFig. 5 of Ref. 33 and Fig. 3 of Ref. 3Gre tained for the SiC crystdlup to a factor of 4 smaller for the
very similar to the curve we report in Fig. 1&e have found largeQ films). Consequently, experimental contrasts that de-
the same contrast in tH&01] direction. Thus, we report in  part from those of the single crystal give a clear indication of
Table Il the contrast factor§ obtained for polar scans in a SiC growth not well registered with respect to the sub-
{110 azimuth planes for a film grown at 850 °C with acti- strate.
vated CH,*? of estimated thickness-37 A (by XP9, and Even for films indicated as polycrystalline by RHEED,
for a state-of-the-art @-SiC single-crystalfilm of thickness we continue to observe diffraction peaks precisely in the di-
5.7 um.® The contrasts we fintespecially for smalQ) are  rections expected when forward scattering dominates, under
close to the ones given for the thin-film grown in activatedthe assumption that the “cube-on-cube” heteroepitaxial re-
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nent being still detected a=0°) and ordered with respect
to the substrate.

i = [001] [174] [172] [5141_13 A Let us now come back to one of the major interrogations
Q in molecules/cm? : : of our study: Does the initial array of asymmetrically

shaped terraces and bisteps act as a template for the oriented
growth of SiC? Indeed a peculiarity of the ZnS structure is
that the(110 and(110) planes_are not equivalelsee Fig.

12). If one SiC plane(110) or (110), is preferentially aligned
with the (110 substrate plane, different XPD patterns are
expected in the “ortho” and “para” geometries, for Si
2p(Sic) and especially for C 4(Cg), as the XPD pattern
simulations, given below, will show it. A comparison with
already published experimental data from “single” crystals
is certainly useful. Nevertheless, there is always some uncer-
tainty concerning the degree of elimination of APB’s, even
in the best commercial filméee Ref. 3 Thus a compari-
son with calculated XPD patterns of23SiC in well chosen
azimuths is necessary. That is why we have calculated the
polar diffraction patterns of a G-SiC(001) crystal in the
(110 and(110) planes[denoted in the following Si(110

and SiQ110)], considering that the ‘“cube-on-cube” het-
eroepitaxial relationship of @-SiC on Si is the most likely,

as indicated by RHEED.

2. Theoretical XPD patterns

A refined analysis of experimental data requires the con-
sideration of several problems relative to the calculation of
XPD patterns. Namely, (i) cluster convergencdiji) the
use of a realistic value of the mean-free path, @ingleffects
induced by multiple scattering. Theoretical problems are
constituted by the convergence in the number of atoms
needed to reproduce the observed photoemission intensity. In
the past, substantial discrepancy has been found in the com-
parison of the experimental data with a single-scattering
theory for clusters whose dimensions were comparable with
the estimated value of electron mean-free-path in the solid,
even for the high kinetic-energy regime. This is probably due
to a greater complexity of the process underlying the loss of
coherence of the primary photoelectron wave. A more real-
istic picture could be achieved by introducing defocussing
effects, first discussed by Poon and TSRAgyhich affects
diffraction along rows of atoms in the crystal. The introduc-
tion of additional scattering events proved to be crucial in

obtaining cluster convergence at “physical” sizes and good
comparison with the experiment. Very recently, a similar
breakdown of single-scattering analysis has been evidenced
by Chenet al>®

The whole calculations presented here are based on a
scattering matrix method derived by that of Rehr and
Albers? and recently applied in Ref. 61. This method re-
lation is fulfilled. It is clear that if all crystallites were ran- places the plane-wave scattering factor by scattering matrices
domly oriented with respect to the substrate, featureless exhat account for the spherical character of the incoming and
perimental XPD curves f0) would result. So we can outgoing photoelectrons waves. We set the dimension of this
hypothesize that a substantial fraction of the probed materiahatrix up to 6, which, as we checked by increasing this
remains aligned with respect to the substrate, the remainingalue, leads to results almost indistinguishable from the full
part being randomly oriented. On the basis of these resultspherical wave calculation. Due to the pronounced peaking
we conclude that the polycrystalline ring-shaped RHEEDof the scattering factor in the forward direction, we may
patterns are essentially produced by the volcanoes. Theeglect all the multiple scattering pathways with scattering
structured XPD signal may originate from the flat areas inangle larger than 30°. Complex phase shifts have been cal-
between the volcanoes, covered with a SiC layer which reeulated up to a maximum value of the angular momentum
mains very thin(a few tens of A, the substrateScompo-  (I,1a) €qual to 23 by means of a Hedin-Lundqvist potential

FIG. 11. Polar angle variations of the@€omponent of C & for
increasing exposure® expressed in molecules/émScans in the
“ortho” and “para” geometry are given, that is, in the @iL0O) Si
azimuthal plane and close to the(Bl0) azimuthal plane, respec-
tively. The XPD curves of the clean surface and of the “SiC refer-
ence” (the 880 °C-grown film are also given.
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TABLE II. Contrastff‘hk,] for a given chemical componeXi, referred td hkl] directions of the substrate
for carbonized §D01) surfaces or those of the Si@1) single crystal. “Eq. thick.” stands for “equivalent
thickness.”

Experimental

contrast f[s(;%l] ff‘l'ci]> fﬁ)s[;l] f<cls1‘1>

SiC crystat 43% (110 ~36% (110 ~30% (110 ~35% (110
45% (110) ~36% (110) ~34% (110) ~40% (110)

Activated ~14% ~16% ~8% ~20%

CH,/SP

C,H, /S

Eq. thick=<40 A ~13% ~16% ~7% 31-17%

Eq. thick>200 A ~9% ~10% ~7% ~10%

8From Ref. 36.

bFrom Ref. 33.

“This work.

as recently applied to x-ray absorption st¥dyn some par- mentally by Juillagueet al,*® is the reason for the different

ticular scattering conditions, the calculated electron meanbehavior of Si and C with respect to the number of scattering
free path, which is almost isotropic in its definition can fail events used in the approximation. While the Si atoms are
in reproducing the strong anisotropies observed in somenly slightly perturbed by the C atoms, with the net result of
cases both in scattering and damping of the electronic waves. photoelectron diffraction Sif2 pattern almost completely
A surface slab containing six double Si{@r C/Sj planes due to the Si atoms fcc sublatti¢gig. 12, the carbon atoms
is considered in the calculations which are performed both ineceive a great influence from Si atoms lying close to the
the single-scattering approadi®S and in the multiple- scattering planes but having greater scattering power. The
scattering(MS) approach. To our knowledge, only SS calcu- consequence of this picture is that while Si atoms are far
lations of 3C-SiC XPD patterns have been publisfedntii  enough to feel a reduced influence from the MS, the carbon
now. Such a cluster size corresponds to a mean-free path feels strong effects from collinear Si atoms. The MS calcu-
the solid of the order 15—20 A traveled by electrons havindations have been done up to the third order of scattering
kinetic energy of 1100—-1400 eV and a number of atoms ofsuitable for the range of kinetic energy used, as put in evi-
the order of 500—700. The theoretical XPD curves of i 2 dence from Kaduwela, Friedmann, and Faﬁ?}syvith an ac-
for polar scans in the Si€10 and SiC planes are reported ceptance cone of scattering, i.e., the half-opening angle of
in Fig. 13. The corresponding Cslsimulated patterns are the cone around the forward-scattering direction inside
reported in Figs. 14 and 15. which a scattering event has a nontrivial probability to occur,
With respect to the SS calculations, the main effect of theof 30°.
MS approach is to reduce the peak intensity along main crys- The greater scattering power of silicon atoms with respect
tal directions, especially in the case of G fthotoemission. to that of carbon atoms means that the calculateds @ait-
The strong element dependence of the photoelectron diffraterns are also very sensitive to the surface termination of the
tion in SiC, previously evidenced theoretically and experi-SiC crystal, i.e., C-terminated or Si-terminated. Interferences

(a) fec lattice in (1i0) plane (b) 3C-SiCin (110) plane (c) 3C-SiCin (170 plane
0= 0° 19.5° 35.3°  54.7° 252° 547° 15.8° 40.3° 54.7°
[001] [114] 1121 (11 [113] [111] [115) [335] [tH]

_FIG. 12. Side views of the atomic structures fay (110) plane of the fcc lattice accounting for the Si or C sublattices in 3C-&iC.
(110) plane for the zinc-blende SiC structufe) (110 plane for the zinc-blende SiC structure. Small and large circles represent Si and C
atoms, respectively. Black and gray circles represent emitters and scatterers, respectively. Not€)thatl(110) planes are equivalent in
the fcc structure but not in the ZnS one.
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FIG. 13. Calculated XPD patterns of Sp2n the SiG110) FIG. 15. Calculated XPD patterns of G in the SiG110) plane

plane, in the SiCL10) and averaged on both plandSsS, single  (ayerage of the two patterns of Fig.)14n the SiG110) and aver-

scattering; MS, TU“'F"’? scatteringAn experimental Si P(Sic) aged on both plangSs, single scattering; MS, multiple scattebing
XPD pattgm in “para” geometry is given for compariso®Q(  an experimental C §(Cs) XPD pattern in “para” geometry is
=1.2x10" molecules/cr). given for comparison@=1.2x 10'” molecules/crf).

induced by Si scatterers in the C fcc sublattice, in particulaPlane given in Ref. 36 present a U-shaj@@1] photodif-

for scattering along thEL17] direction of the SiC110) plane fraction peak, although the LEED pattgrns were indicative of
modify the shape of the diffraction peak in tf@01] direc- 2>_< 1 _reconstrgct_ed single domain, attributed to a surface ter-
tion. This is shown in Fig. 14 where calculated €datterns ~Mination by Si dimers. _ _ _ .

in the SiQ110) plane are reported for the two different ter- ~ AS XPD patterns calculated in the inequivalent &)
minations of the surface. It is clear that the Si terminatecnd SiG110) planes, exhibit sizable differences, both for Si
surface, with the last Si atoms as scatterers in[1i&] di- 2P and C 15, we can in principle determine the orientation
rection, produce &-shaped001] diffraction peak. This ef- ©Of the growing SiC crystallites, in the case of a “cube-on-
fect disappears when the surface is terminated by C atom§Ube” heteroepitaxy, that is the orientation of a given
The (110 calculated pattern given in Fig. 15 is the averages'c{llo} plane with respect to the initial Si bistep direction
of the two C- and Si-terminated curves. We note, however{{110)). For both Si¢11Q planes, the calculated Sip2
that for a reconstructed Si-terminated SiC surfaeg., with ~ curves(Fig. 13 exhibit maxima close to angles correspond-
Si dimer$ the interference effect, leading to a U-shapedind_to the fcc_Si-sublattice atomic rowg.e., SiC [001],
[001] peak, should be strongly reduced. Nevertheless, calcd114)/[114], [112]/[112], and [111}/[111]). However, the

lated and experimental CsIXPD patterns of the Si@10 ~ SIC(110 and SiG110) patterns are not identical. In particu-
lar in the SiG110) plane the diffraction peak due to thel1]

collinear scattering with the very close C atdsee Fig. 12
Cls SIC(110) plane  MS has a greater intensity than that{@fL1] peak in the SiCL10)

Si termination plane. On the other hand, the low intensity in the calculations
along the direction114] in the SiG110) polar pattern could
be explained in terms of a too strong complex potential,

damping the scattering events between_the two far Si atoms

. Calculated XPD Intensity (Arb. Units)

2N PR LY C termination (9.2 A) involved. In the case of the S{C10) polar pattern
. oo ‘\(,’ \\ ,,/".J~ . some contributions to the intensity in thel4] direction are
* possibly provided by interference with Si-C scattering along
e b b b b [113] direction, which is favored with respect to th&l5]
20 0 20 40 60 80 . . . B
Polar Angle (deg) scattering happening in the case of the @) patterns,

because of the shorter distance between emitter and scatterer.

FIG. 14. Effects of Si and C surface termination in the case of a In comparison with calculated Sip2patterns, the calcu-
XPD theoretical pattern of Csl in the SiG110) plane.(MS, mul-  lated C Is curves(Fig. 15 exhibit many marked differences
tiple scattering according to the considered azimuths: indeed in the
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SiC(110) plane, thd111] peak crushes down the other con- experimental conditions, of a “biased” shrinkage mecha-
tributions, while in the SiCl10 plane three structures of nism in a direction perpendicular to the initial silicon bistep
equivalent contrast are foreseen. This can be simply exedges, as proposed in Ref. 31. Apparently neither the asym-
plained as follows. In the Si@10) polar pattern, th¢113]  metry in the terrace shape nor the presence okd 2econ-
peak and those close to this of&]7] and[337], connect the  structedsingle domain can allow silicon carbide to grow
C emitter and Si scatterers at a distance which is mucMith a preferential orientation of one of the two inequivalent
shorter than that relative {d19] and[113] scattering direc- SiC{110 planes with respect to &i10).
tions in the Si€110) plane which present a sizable decrease
of the scattering intensity. Once more, the strong reduction
of intensity at~54°, in the[111] direction in the SiC110
plane, corresponding to a long-distance scattettg A),
should be due to a too strong complex potential along this
direction, inherent with the quasi-isotropic modelization of = Both on experimental and theoretical grounds, Kitabatake
the loss processes inside the solid. Apart from the relativend co-workers in their more recent papjeonsider that the
diffraction peak intensities, the main features of the present[110] shrinking row” mechanism, described in the intro-
C 1s patterns, calculated with the MS approach, are similaductory part of this paper, is the main process leading to SiC
to the calculated curves of Ref. 36. However, strong discrepgrowth. If such a mechanism is the only one to exist, an
ancies with the experimental CsIXPD patteri® can be  abrupt Si/SiC interface must result. This is in sharp contrast
noticed, especially in the S{C10) plane, for which th¢001]  with the evidence we have of an initial carbonization step,
and [111] diffraction peaks have similar contrast factors where C atoms diffuse from the surface into the silicon lat-
(Table 1l). This may be due to the fact that the SiC film usedtice, to find sites characterized by a clear chemical order.
in Ref. 36 is not entirely a single crystal. Indeed, XPS C & binding-energy position gives evidence

Let us now examine if our calculated XPD patterns canfor C atoms bonding to Si atoms, and XPD curves show that
give evidences for a “hiased” SiC growth due to a prefer-these carbon emitters have scatterers in(figl) directions
ential shrinkage of th¢110] Si row (perpendicularly to the of the silicon substrate, although a strong distortion of the Si
initial bistep edges as proposed by Kitabatake and lattice around an isolated C atom is expected, due to the
Greene In such a case, B-SiC should_form with Si-C-Si large bond-length difference between Si-C and Si-Si. This
bonding directions along the substrdtl0] direction (see  important issue has been addressed recently bgk&u
Fig. 2. This means that Si@10) XPD patterns should be et al,5% both theoretically and experimentally. These authors
obtained for “ortho” scans and SiC10) XPD patterns for have reported on strained stabilized SiC, (with y up to
“para” scans (see Figs. 2 and }2First we consider the 20%) layers on Si, grown by MBE at 600 °C and devoid of
experimental Si P(Sic) pattern obtained in “para” geom- SiC precipitation. Their calculationgbased on density-
etry for the ~40 A thick “heteroepitaxied” SiC film Q  functional theory and a Keating moglgredict that embed-
=1.2x 10" molecules/crf), given in Fig. 10, and reported ded layers with stoichiometry Si,C (with n=4) are con-
in Fig. 13 to ease comparison. It is impossible from the relasiderably more stable than isolated C impurities. In their
tive peak intensities in th€114) and (111) directions to  model, nearest-neighbor C-C pairs are excluded, because of
choose any of the two possible growth orientation. Insteadihe too short C-C bond length. Rather, C atoms tend to ar-
the theoretical curve averaged on the two {@ifl} planes range as third-nearest neighbdfsr n=5), in a sixfold ring
bears a closer resemblance to the experimentalpBlar  where two opposite Si are replaced by two C atoms. Then
scan. the bond lengths relax while maintaining the ideal tetrahedral

The experimental C §(Cg) patterns should be more in- bond angles. This could explain why we still observe intense
formative. If the asymmetric shrinkage is acting perpendicudiffraction peaks for the § component in th€111) direc-
larly to the step edges, then a dominatiid 1] diffraction  tions. We believe that such configurations can explain the
peak must be observed in “para” geometry and three struceeparture from stoichiometry we infer from both the %
tures of equivalent intensity in “ortho” geometry. For the Cg;ratio and the change in the binding-energy differefige
small acetylene dose® (till 9.9%x 10'® molecules/crf), no  We note that the molecular simulatiorfigublished in the
appreciable differences between the experimental XP[paper of Kitabatake, Deguchi, and Hifdodid not exclude
curves(Fig. 11 are observed, as a stroffjll) diffraction that, in some circumstances, C atoms can penetrate in the
peak is seen both in the “ortho” and “para” geometries. It silicon subsurface. Let us mention that Auger spectroscopy
can been argued that, in this case, the stoichiometric conand thermally programmed desorption, used in combination
pound is not yet produced and that a comparison withto study the thermal stability of a layer otig, chemisorbed
3C-SiC calculated data is not entirely relevant. On the otheon S(001), allowed Yates and co-workers to show that the
hand, the XPD pattern of the-40 A thick “heteroepitax- carbon atoms penetrate into the silicon bulk immediately af-
ied” SiC film (Q=1.2x 10" molecules/crf) measured in ter the beginning of Kdesorptior®
“para” geometry can offer a good test for the asymmetric The loss of the regular array of bisteps can have a mani-
shrinkage model. As thig111] diffraction does not dominate fold origin. It can be due to the formation of terraces and
over the other diffraction peak&igs. 11 and 1f there isno  steps having, respectively, a large distribution of widths and
hint of a preferential shrinkage in a direction perpendicularheights. Silicon step edges can move because of Si surface
to the initial bistep edges. diffusion and consumption by the carbonization proc@ss

In conclusion, the comparison of theoretical and experibecause of etching by atomic hydrogen released by the de-
mental XPD patterns does not give evidence, in the presermomposition of the molecule, see Ref)2d coalesce when

E. Growth mechanisms
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they reach pinning cente(SiC nuclei, for example As fac-  nuclei—even at a temperature as low as 820 i@deed hill-
etting is observed in the foyl10 azimuths, this means that ock formation has already been observed and described by Li
there is no preferential reorganizatiébhunching of [110]  and Steckk® but for carbidization of silicon at 1300 °C in
oriented steps, as one would expect, given the initial misoripropane. Cross-sectional SEM observations shown in Ref. 18
entation. This suggests that steps, oriented a[ddg], are  prove the existence of unsealed channels at the center of the
also formed. Provided that shrinking is not biased in a parhillocks, that permit the out migration of Si atorttke image
ticular (110 direction (see the introductory section and Fig. of a volcano is then rather soundindeed, it is expected that
1), the “shrinking row model” gives a simple explanation the SiC crystal is a diffusion barrier to &nd Q and that Si
for the production of steps both alorfd10] and [110]  migration should occur along easy paths. If we follow the
(monosteps are formed conclusions of Li and Steckl on the carbonization of silicon
Actually, there is no definite incompatibility between both jn C;Hg ambient, the use of a higher acetylene pressure
envisioned scenarios. In order to allow the growth a SiCshould increase the density SiC nucleation centers and in

crystal, the(110 row shrinkage mechanism needs to be acyrn favor the coalescence of a continuous hole-free thin SiC
companied by silicon transport onto the growth surface: W8ayer.

note that in the first version of their model, Kitabatake, De-
guchi, and Hira®® suggested that surface diffusing Si atoms
could precisely originate from those silicon substrate zones
disordered by the diffusion path of C atoms. Thus, in the
present experimental conditions, the ordgveatwe see
against Kitabatake’s “shrinking row” mechanism are the IV. CONCLUSION
following: first, it cannot be the only mechanism which is . . .
operative(since C in-diffusion has been evidengefecond, Th? aim of t.he present WOH.( was to myest,gate, by a
the very narrow width of the initial terraces-@1 A) does cpmbmatlon ofin gltu and ex situ characterization tech-
not imply necessarily that the shrinkage mechanism occur@idues, the chemistry, order, morphology, and growth
only in the direction perpendicular to the initial step edgesMechanisms of films formed by reaction of a vicinal Si sur-
Moreover, for a vicinal surface with bisteps, the danglingface (Si(001)-57110]) with acetylene at 820 °C.
bonds of the top layer silicons are contained in a plane par- This “moderate” temperature, compatible with silicon
allel to the bistep edge direction. Consequently, if carborfechnological processing, allowed us to observe a variety of
atoms are deposited on the surface~8—Si bonds should growth processes. During the very initial step of carboniza-
form, oriented in a direction parallel to the bistep edges, andion we have evidenced, by examination of the XPS core-
shrinking should also occur in that direction. The situationlevel shifts and of the XPD curves, that a mechanism of
changes if C atoms replace Si atoms of the top layer, througbarbon dissolution into the silicon substrate acts in parallel
a place-exchange mechanism. Then shrinking occurs in with the formation of heteroepitaxiglunstrainegl 3C-SiC
direction perpendicular to the bistep edge. However, thiswuclei observed by RHEEDwinning is also active A di-
possibility has not been envisaged by Kitabatake and corect consequence of the atomic transport leading to carbide
workers. formation is the destruction of the original array of bisteps
At the very beginning of the carbonization process, theand singly oriented terraces of the vicinal silicon surface, and
LEED patterns do not exhibit the ®D1)-c4xX 4 reconstruc- its facetting (LEED). For their part, C & and Si2 XPD
tion observed by Takaoka, Takagaki, and Kusuffbliter ~ curves, obtained from &40 A film, are also characteristic
an exposure of a §101)-2X 1 surface to ethylene at a tem- of an oriented growth, but a comparison with calculated
perature around 600 °C, leading to a carbon coverage afurves does not indicate a preferential orientation of any of
about one fourth of a monolayer. Indeed, only €81) 1  the two nonequivalent G-SiC{110} planes with respect to
X1 reconstruction is seen. Moreover, when the SiC layethe initial bistep edge direction. Thus off-axis silicon sur-
grows we do not observe any of the Si-rich or C-richfaces, exhibiting a single Si bond orientation in the outer-
3C-SiC(001) reconstruction observed by Kapl&hWe at- most plane, cannot act systematically as templates for car-
tribute this general absence of characteristic LEED patterndjide growth—with obvious negative consequences on the
all along the carbonization process, to the presence of @limination of antiphase boundary domains. We conclude
adatoms in excess on the growth surface, forming a disorthat the “asymmetri¢110] row shrinkage” model, proposed
dered carbon layer. very recently by Kitabatake and Greettegannot be applied
In almost all existing processes, the term “buffer layer” with all the strength of generality to the carbonization of
is generally used for the first layer grown by direct carbon-vicinal surfaces. The role of easy paths for bulk Si out mi-
ization. The term “barrier layer” should be more appropriate gration through a crystalline carbide quasicontinuous thin
as “buffer layer” evokes a compositional graded interface,film, has also been evidenced at a temperature as low as
accommodating the lattice mismatch between Si and SiC820 °C, as polycrystalline carbide grows, precisely where Si
Indeed the essential role of the “barrier layer” is to block atoms emerge.
the out diffusion of silicon atoms from the substrate during As a comparison with previous works shows that we lack
the high-temperature CVD procesges~ 1300 °Q and the a unified picture explaining how SiC nucleates on the silicon
correlative formation of voids. The volcano growth regime surface, mass transport phenomena on the surface, and nucle-
that supersedes the initial growth regime, during which aation processes during carbonization with hydrocarbons de-
film of ~40 A grows, points to the crucial role played by serve an extensive study. These are directions for a future
open channels—left by an incomplete coalescence of Si@ork.
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