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Carbon bonding site in S{001)c(4X 4) prepared by hydrocarbon decomposition
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We have reexamined the structural models §0&1)c(4 X 4) induced by carbon, which is important for the
initial C incorporation, using high-resolution photoemission. Through a proper thermal treatment after the
thermal decomposition of the typical carrier gas molecules#fand GH,, a well-orderect(4 X 4) surface
was reproducibly prepared, which exhibits only a single well defined éiponent with a binding energy of
282.8 eV. This indicates that th#4 X 4) surface is made of a unique C bonding configuration in contrast to
some structure models. From the angular variation of thes @hbtoemission intensity, we confirm that the
unique C bonding site corresponds to the incorporation into the subsurface layers rather than a metastable
surface adsorption.
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An investigation of the initial reaction of carbon with sili- nies most of the available structure models containing sur-
con surfaces provides a fundamental understanding of thiace C species as their building block.
heteroepitaxy of the important materials such as diarhénd  We measured core-level photoemission spectra on a soft
and silicon carbide and of the formation of $i,C, and  x-ray beam ling BL-8A1) connected to an undulator of the
Si;_,GgC, alloy films for noble electronic devicés. synchrotron radiation source at the Pohang Accelerator
The Si—C complexes on Si surfaces have been preparddiboratory (PAL) in Koreal® The endstation is equipped
by using various C sourcebut typically by thermal decom- with a high performance electron analyz&CIENTA-2002,
position of unsaturated hydrocarbon molecules. In that casé3amma Data, Swedgh’ Before exposing to §H, or CH,,
the initial surface reaction proceeds roughly through threé well-ordered D01)2X 1 low-energy-electron diffraction
different stepsii) the initial adsorption of C sources on Si (LEED) pattern was observed after a typical cleaning proce-
surfaces(molecular adsorption (i) thermal decomposition dure by heating®'® The c(4x 4) phase was prepared by
into atomic C(atomic adsorptioy) and(iii ) the incorporation ~ back-filling the chamber with &1, (C;H,) and with a
of C into the Si layergsurface alloying Although the mo-  Si(001)2x 1 substrate held at 600°@00°0).'**We opti-
lecular adsorption stage of the hydrocarbon molecules is welhized the gas doses to aboutZ0) L for C,H, (C;H,) by
characterized the atomistic details of the following steps are maximizing thec(4 < 4) LEED spot intensities and minimiz-
still unclear’® Especially, the atomic adsorption structure of ing the backgrounds simultaneously. The large difference in
C or CH, reaction intermediates on the surface and that othe optimal doses between,i, and GH, is due to the
the subsurface incorporated C atoms are not yet determinethherent difference in the reactivity and thus in the sticking
An issue of particular interest related to the C atomiccoefficient on the surface of these molecufe¥) The gas
adsorption and incorporation is the formation of tbl sources were carefully purified by cycles of freezing and
X 4) phase on the surface. Tisé4 X 4) phase is universally pumping. All C Is (Si 2p) spectra were obtained at room
observed for intentional or even unintentional C doses oriemperaturgRT) using a photon energy of 33@39) eV.
Si(001)>*5 and is the unique ordered phase found during CThe overall instrumental energy resolution was better than
adsorption or incorporation process. That is, this phase i$50 meV and the angular acceptance w&S. The C b
thought to be an important intermediate stage before the fohotoemission spectra were analyzed by a standard
mation of a stoichiometric Si—-C network, for example, a pre-nonlinear-least-squares fitting procedure using Voigt func-
cursor to the formation of initial SiC islands/layers in SiC tions with Lorenzian and Gaussian widths of 0.12 and
heteroepitaxy on $001). However, in spite of such impor- 0.35 eV, respectivels.
tance and vigorous investigations so Taf the atomic and Figure 1 shows the Cslspectra of the $001)c(4 < 4)
chemical structure of the(4x 4) surface is not clearly de- surface prepared by decomposingHz (C,H,) at 600
termined yet. In more detail, it has been believed that thé¢700°C. These decomposition temperatures are typical in
c(4 X 4) surface has both surface and subsurface C species awst of the previous work;135which will be explained in
mainly suggested by Cslphotoemission results. The struc- more detail below. The Cslspectra from the as-prepared
tures and chemical states of such surface or subsurface spgfaces without any post-annealiffgigs. Xa) and Xc)] are
cies have been uncertain. composed of two components: the major and dominant one
In this report, based on high-resolution G thotoemis- ~ with a binding energy of 282.80 e\C,) and the minor of
sion using synchrotron radiation and careful surface prepar&283.30 eV(C,). The C & spectra of thec(4 X 4) surface in
tion, we clearly show that the(4 X 4) surface contains only the previous reportd!®> commonly involved two compo-
a single well-defined C bonding configuration, which corre-nents; the major one is consistent with But a minor one
sponds to the subsurface C incorporation. This result restrictslenoted CP hereaftey has a higher binding energy by
the possible structure models significantly and, indeed, det.0—1.5 eV than € which is not matched with the present
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C1s C1s (© C.H ample, the thermal decomposition otKL; molecules—the _
hv=300 eV 6 =0° hy=330 eV § .—0° a4 molecules were dosed at RT and then annealed at the speci-
¢ fied temperatures in series. As reported previously, thesC 1
spectrum for RT adsorption is composed of the main compo-
nent G at 283.9 eV and its vibrational satellite, Cdue to
the C—H stretching modeat 284.4 e\?°
The thermal energy provided reduces the intensitieszof C
and G, producing a component at 283.3 eV from already
200°C and subsequently another one at 282.8 eV from
300°C. The two latter components appearing after annealing
can be identified as LLand G observed for thec(4 X 4)
surface from their binding energies. The intensity of C
gradually decreases for further annealing and becomes mar-
ginal at 700°C, which is the temperature to form (@
X 4) phase. The previous calculations and experiments have
230 established that the .Gcomponent at 282.8 eV corresponds
i to the atomic C species bonded to four Si nearest neighbors
(C—Siy).21315 Then the intermediate component, @an
straightforwardly be related to partially decomposed,CH
200 species or atomic C species with unsaturated ®ruh the
| T —— surface®?! Although the detailed atomistic origin of the,C
. | component is not clear, this component is obviously related
C,H %c( - 4)5 G C i to the transient and metastable bond configurations toward
‘ .5 | | ‘ N 4.' T, the more stab:cehc(—ﬁsit;as. 'I;hat is, in relatior(lj tobthe Gl
i ! e o ————— components of the(4 X 4) surface[Figs. Xa) and 1b)], it is
285 284 283 282 281 286 285 284 283 282 281 likely that the G component is not a stable constituent of the
Binding energy (eV) surface but a kinetically trapped transient species.
Inspired by the above results, for the purpose of confirm-
FIG. 1. C Is photoemission spectra of the C-induce@x4)  ing the transient origin of the carbon species related to the C
phase on $001) taken with a photon energv) of 330 eV along  component, we tried further annealing of td x 4) surface
the emission anglé,=0° (the surface normalThe surfaces ofd) 5 the same temperature as the initial gas decomposition. As

and (c) were prepoared by exposmgzﬂ4 (200 L)_at 700°C and shown in Figs. tb) and Xd), a short post annealingf an
C,H, (8 L) at 600°C, respectively. Post-annealing of the surfacesorder of 1-2 min is enough to get rid of €completel
for (a) and(c) at 700°C for 2 min changes the spectra ittpand 9 9 P Y,

. . o . leaving well-defined C 4 spectra with a single component
(d), respectively. For comparison, the G binding energies of > .
C,H, and GH, molecules or SiC on 8100 are indicated by the Cy. This 'ndlca:]es that th.e C s.pec!(imte) (rjeprese.nted fbyg
vertical lines. (e) Similar C 1s spectra for a series of post- converts into the £species, sincél) no desorption of C is

annealings of gH, dosed on S1L00) at RT. reported in this temperature range aid the conversion
from C, to C; occurs even from a temperature as low as

spectra. Considering the significantly improved energy reso400°C. Thec(4 X 4) LEED spots do not show any substan-
lution of the present study, we guess that thecGmponent  tial change during the post annealing while the LEED back-
was not resolved between the broad components gfa@B  ground intensity tends to diminish slightly. We thus conclude
C, in the previous studies; the apparent full-widths-at-halfthat the stable carbon atoms involved in tHd & 4) surface
maximum of the previous results were 0.9-1.5 eV in con-have a unique chemical bonding configuratievhich is the

Intensity (arb. units)

@ o
18]

..
[

trast with the present value 0.5 eV!315 fully saturated C atoms with four nearest neighbor Si atoms
So as to understand the discrepancy on,@® first ex-  (C-Sij,).
posed additional ¢H, (C,H,) molecules orc(4x 4) at RT. As mentioned above, there is a consensus on the fact that

The subsequent Cslphotoemission measurements clearlythe major C $ component G corresponds to the atomic C
showed an extra component, at the same binding energy witdpecies saturated chemically with four Si nearest
CP, of the previous reports. The binding energy of \G®  neighbor$-1315Through photoelectron diffraction measure-
further consistent with that of Cslfor C;H, (C;H4) mol-  ment, it was also indicated that the major C species are in-
ecules chemisorbedn the clean $001)2x 1 surfacé [see  corporated into the subsurface substitutional %it& We
also Fig. 1e)]. This indicates clearly that the remnants of thealso checked the subsurface incorporation of the C atoms
C,H, (C,H,y) gas could chemisorb without dissociation related to the present ;Ccomponent through the angle-
rather rapidly after preparing the{4 X 4) surface probably dependence of the ;Qohotoemission intensity as shown in
during the cool down of the surface. Fig. 2. In this measurement, the polar anglg of the emit-
Then, in order to investigate the microscopic origins ofted photoelectrons was varied toward f{ti&Q] axis from the
the observed components; @nd G, we systematically ana- surface norma{[001]) [Fig. 2b)]. The intensity of the C4
lyzed the C % spectra for the decomposition of the mol- photoelectrons is strongly enhanced arouwhd45—-50° for
ecules at different temperatures. Figui@)lshows, for ex- both surfaces made from either hydrocarbon molecules.
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< 0 20 40 60 380 by (a) Leifeld et al, (b) Simonet al, and(c) Norenberget al. The
6, (deg) open and solid circles denote Si and C atoms, respectig@lirhe

(a) (b) structure model of the clean (801)2x 1 surface for comparison.

The arrows indicate the forward scatterifigcusing direction from
FIG. 2. (a) Polar-angle(6,) dependence of Cslphotoelectron & subsurface substitutional site.
intensity (the C; component in Fig. Lof Si(001)c(4 X 4) prepared . _ 25 . .
by C,H, taken with photon energigv) of 330 and 400 eV. The SIC of ~4 eV the replacement of one C-Si bond with a

o . ) _ — C-C bond could yiel a C Is energy shift of 0.5-1.5 eV.
ﬁ&fﬁ;‘t’; . ?Q?tf is varied towards tjE1(] axis around[110] as The alternative structure models have single C sites in the

first layer or in the fourth layer as drawn schematically in

. . . . . . i 9,13 g H i i
Since the intensity anisotropy is further enhanced at a h|ghé?i'rgnsér%bn) %r:ad fi:gt)lla e?lzggotggtt?;g{:;t?l?i:fjﬁﬁd glgz:lli(\e/ﬂtr?lsc?me
photoelectron kinetic energy as excited by a higher energ xira C distributedyrandoml under the sgecond e
photon beam, this is identified as the forward focusing of th% y apeg.

: .. 3(b)]. This is in contradiction to the present results indicating
photoelectrons. The forward focusing of photoelectrons |nd|that the major, and plausibly the only C spieces is incorpo-

ca'ijestrt]he prﬁsencteho;‘ :Ee scatterer ‘?jtp msCaI(ing that dl'reCtt'?%ed into the subsurface layéfsEurthermore, the previous
and, thus, shows that the corresponding & atoms are loCatef jitis calculationé® support that carbon atoms favor to be

within a well-defined crystallographic site. Such a site should .o rnorated into the third layer, although these calculations
be within thesubsurfacdayer because the forward focusing giq not include thes(4 X 4) surface structure. Such a “deep”
angle is as high as 45°. This is fully consistent with previous,arhon incorporation was also confirmed for a lower cover-

photoelectron  diffraction experiment&? However, it age structure on 801) in a very recent STM and theoretical
should be mentioned that the present results still cannot ex;tydy2” The remaining structure model shown in Figc3is

clude the coexistence of some surface C atoms if it has gonsistent with the unique subsurface incorporation of C at-
similar chemical configuration of C—Swith a similar C 5 oms. However, this model did not elaborate the surface re-
binding energy. This is because the surface C species woulghnstruction, which is believed to be significant from the
have no significant forward focusing except for a very graz-STm studiest* This is further supported by the Sp&pectra

ing emission angle, which is not accessible in the preserdhown in Figs. 4, where the surface compon@tt-0.5 eV
measurement geometry. Indeed, the previous X-ray photqn the figurg due to the asymmetric dimers on the clean
electron diffraction analysis with unresolved G &pectra  Sj(001) surface almost disappears on tb@ x 4) surface.
included a large fraction of surface C specie& However,  That is, we suggest that the structure model fordfex 4)

the highly coordinated C—gtonfiguration cannot easily be g rface has to featur@) a unique C site in the subsurface
achieved in the surfacgopmosj layer as discussed further layers with C—Sj bonding andii) the reconstruction of the

below for the structure models. surface Si atoms being compatible with the characteristic
There have been various structure models for ¢t g1 image.

X 4) phase up to now without any conclusive experimental

evidence to support a specific model. The earlier structure Si 2p A

models even did not consider the presence of the C ~ | hv=135ev $e
atoms??-24 At first, the present C < observation rules out E i

one of the most sophisticatar4 X 4) structure model pro- 2 ;.

posed through STM image analysis aal initio calcula- ) ,.N "‘ o
tions. Within this model shown in Fig.(8), carbon atoms 2| cuxty S DMLY 600
substitute the first and second layer Si atoms forming a clus- % P

ter of six carbon atomgone C—C dimer and four back- = ?

bonded C atoms The C—-C dimer atoms in the topmost 2x1 V\so»
layer and the back-bonded C atoms in the second layer have —
distinctively different chemical bonding configurations of 2.0 1.0 0.0 -1.0

three C nearest neighbors with one dangling bond and three
Si plus one C nearest neighbors, respectively. These two dif-
ferent chemical bonding configurations would definitely re-  FIG. 4. Si 2 photoemission spectra of the C-inducsd x 4)

sult in different C & binding energies; considering the large phase on $001) taken with a photon energ§ny) of 135 eV along
C 1s binding energy difference between diamond and cubighe emission anglg,=60° for extreme surface sensitivity.

Relative binding energy (eV)
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In summary, we showed through high-resolution€ahd  perature needed. This result rules out most of the previous
Si 2p photoemission study using synchrotron radiation thastructure models for the(4 X 4) phase. More extensive mod-
the C atoms of the C-induced (801)c(4x 4) surface are eling and experimental studies are thus required forctde
stabilized at a unique chemical configuration. The angulak 4) surface structure.
variation of C & photoelectron intensity indicates further
that the unique C site corresponds to the subsurface incorpo- This work was supported by MOST through the Center
ration. We note that a careful treatment is required to prepartor Atomic Wires and Layers of the CRi program. Pohang
a uniformc(4 X 4) phase because of the transient C bondingAccelerator Laboratory was supported by MOST and
configurations and the narrow range of the annealing temPOSCO.
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