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First-principles study of the adsorption of C,H, and C,H, on Si(100)
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The adsorption of acetylene and ethylene on th@(®) surface is studied by first-principles density-
functional calculations within the generalized gradient approximation. Both molecules are found to adsorb
identically on the top of Si dimers, forming twe bonds between C and Si atoms. This result does not support
a recent photoelectron imaging observation where the adsorption sites of the two molecules differ from each
other. Controversial issues, such as the intactness of the Si dimer bond and the saturation coverages of both
adsorbed molecules, are discussed.

DOI: 10.1103/PhysRevB.63.073306 PACS nuni§er68.35.Bs, 42.40-i, 61.14—x

The adsorption of acetylene and ethylene on tH&(® In this work we study the adsorption of bothi&, and
surface has attracted much attention because of the techn@,H, molecules on %100 for coverages off=0.5 and 1
logical importance of the formation of silicon carbide films ML, using the same first-principles calculation scheht
as well as for fundamental aspects of the interaction of unkere the equilibrium geometries and energetics of the three
saturated hydrocarbon molecules with the dangling-bon@Xxisting models, i.e., dimerized, dimer-cleaved, and tetra-
states of semiconductor surfadesDespite a wealth of Models, are considered. For both adsorbed molecules the
experimenteﬁ’s and theoreticari! studies on both adsorbed dimerized model is found to be more stable than the dimer-
molecules, several basic issues on the adsorption site, bongleaved model as well as the teamodel, showing that the
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ing characteristics, and saturation coverage are still contrd?arbon atoms of adsorbed |, and GH, form sp? andsp
versial. bonding, respectively. This result supports the majority of

For the adsorption site of £, and GH, on S(100 the experimental data® except that of a recent photoelctron
various experimental studies using high-resolution electron/Ma9!Ng experimentwhere the tetra- model was proposed

energyloss spectroscofyscanning tumneling microscopy & BSOS B FETEEh B RS, R
(STM),* near-edge x-ray-absorption fine  structure 9 9

5 . . 6 along a dimer row, because of the repulsive hydrogen-
(NEXAFS),” and photoelectron diffractioPhD) _fo_und that hydrogen interaction between adsorbedHE In contrast, in
both molecules are adsorbed on the top of Si dimers, Whergdsorbed GH, such H-H repulsion is not dominant. Based

2 = .

the C-C bond is parallel to thg Si dimer t?ond, by forming on the calculated adsorption energies ot 0.5 and 1 ML,
two o bonds between C and Si atoffisee Fig. 18)]. How- o wil discuss the controversy on the saturation coverage
ever, a recent photoelectron imaging experiment carried out

by Xu et al.” observed an adsorption site fopkE, [termed
the tetraee model, Fig. 2a)], where the carbon atoms sit
between two Si dimers in the same dimer row, bonded to
four Si surface atoms. Thus, Xet al. argued that adsorbed
C,H, has the same bonding charactersgf with a single
C-C bond as the case of adsorbegHE. There was also a
debate about the atomic structures for adsorbgd,Cand

C,H,, i.e., whether upon their adsorption the Si dimer bond
remains intacftermed the dimerized model, Fig(al] or is
cleaved?®*®[termed the dimer-cleaved model, Figb}]. The
saturation coverages of,8, and GH, on S(100 are still
controversial. STM studié$ observed the adsorption of the
C,H, and GH, molecules on alternate Si dimer sites, and

therefore an overlayer witp(2Xx2) or c(4x2) order was

locally formed, leading to the saturation coveragefef0.5 FIG. 1. Top and side views of the optimized geometry of ad-
ML. However, an ultraviolet photoemission spectroscopysorbed GH, on S{100 with =1 ML: (a) the dimerized model,
study with the kinetic uptake method determined the saturaand (b) the dimer-cleaved model. The large, medium, and small
tion coverage to b&=1 ML.14-16 circles represent Si, C, and H atoms, respectively.
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First we determine the atomic structure of adsorbed.C
on Si(100-(2x 1) for the coverage of=1 ML within the
dimerized and dimer-cleaved models. The optimized struc-
tures for both models are shown in Fig. 1. The calculated
adsorption energiesE(y) and bond lengths are compared
with previous theoretical data in Tablé4We find that the
dimerized mode[Fig. 1(a)] is more stable than the dimer-
cleaved mod€]Fig. 1(b)] by AE 4= 1.07 eV, in good agree-
ment with a previous GGA calculatioPAE 4~ 1.04 eV).
Note that the local-density-approximati¢éhDA) calcultion
carried out by Fisheet al!! yielded a smaller adsorption
energy(2.38 e\j than the GGA result&.81 eV, obtained by
Imamuraet al® and 2.74 eV in the present calculatjoithis
seems to be off the general trend that the LDA overestimates
the adsorption energy in adsorbed molecule systems com-
pared to the GGA® However, all theoretical calculations
give similar bond lengths, in reasonable agreement with the
experimental datésee Table)l
for adsorbed gH, and GH, on Si(100). In order to compare the energetics for adsorbetiC

Our first-principles calculations are performed using thebetween the dimerized model and the tetraaodel, we op-
plane-wave-basis pseudopotential method within the genefimize both atomic structures with a coveragefsf0.5 ML,
alized gradient approximatiofGGA).1%?° We use the based on the experimental coverage in the tetnmodel’
exchange-correlation functional of Perdew, Burke, andlhe optimized structures for both models are shown in Fig.
Ernzerhof® for the GGA. The Si and H atoms are described2. We find that the dimerized modffFig. 2(b)] is energeti-
by the norm-conserving pseudopotentials of Troullier andcally more stable than the tetra-model [Fig. 2] by
Martins?* and the C atom is described by the ultrasoftAE,qs=1.60 eV (see Table)l Thus our total-energy calcu-
pseudopotential of Vanderbflf. The Si surface is modeled lations do not support the recent photoelectron imaging ex-
by a periodic slab geometry consisting of 12 atomic layergerimental observation of the tetea-structure’ in which
and a vacuum region of seven such layers. ThelCand adsorbed gH, adopts ars p3 carbon hybridization by leav-
C,H, molecules are adsorbed on both sides of the slab. Thi&g just a single bond between the carbon atoms. Moreover,
electron wave functions are expanded in a plane-wave basibe bond lengths and interplanar separations reported in Ref.
set with a kinetic-energy cutoff of 25 Ry. Thespace inte- 7 show a large discrepancy from our thedgsge Table ).
gration is done with eight and four points in the surfaceNote that the reported C-C bond lengttic(c) of 1.1 A is
Brillouin zone of the 21 and 2x2 unit cells, shorter than that of an isolated,id, molecule @c.c~1.2
respectively’® The positions of all atoms, except that the A), and is much too short to be consistent with the’
innermost two Si layers hold at their bulk positions, are al-bonding character in the tetea-model. On the other hand,
lowed to relax along the calculated Hellmann-Feynmarour value ofdc ¢ (1.55 A) in the tetras- model of adsorbed
forces until all the residual force components are less thaf,H is very close to that1.56 A) in the dimerized model of
0.03 eV/A. adsorbed gH,, which hassp® carbon hybridization.

FIG. 2. Top and side views of the optimized geometry of ad-
sorbed GH, on S(100 with #=0.5 ML: (a) the tetraee model, and
(b) the dimerized model.

TABLE |. Calculated adsorption energgV/moleculg¢ and bond lengths (A) for adsorbed,i, on
Si(100), in comparison with previous theoretical and experimental results.

Model coverage  E,ys dcc desi dsisi
dimerized PW(GGA)? 1ML 2.81 1.36 1.90 2.36
PAW (LDA)" 0.25 ML 2.38 1.37 2.40
This (GGA) 1ML 2.74 1.37 191 2.37
This (GGA) 0.5 ML 2.72 1.37 191 2.37
NEXAFS® 1.36+0.04
PhD 1.36-0.19 1.83:0.04 2.44-0.58
cleaved PWGGA)? 1 ML 1.77 1.37 1.93 4.13
This (GGA) 1ML 1.67 1.37 1.94 4.16
tetrao This (GGA) 0.5 ML 1.12 1.55 2.06 2.37

aReference 9.
bReference 11.
‘Reference 5.
dreference 6.
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TABLE Il. Calculated bond lengths (A) and interlayer spacings (a)
(A) for adsorbed GH, on Si100 within the tetras- model, in
comparison with those in Ref. 7. (%) and S{2) denote the first-
and second-layer Si atoms, respectively.

dec desi hesicy hesi2)
This 1.55 2.06 1.30 2.90
Ref. 7 1.1 1.8 0.8 1.6

Similarly, we performed the geometry optimization for
adsorbed gH, on Si100 within the dimerized, dimer-
cleaved, and tetra- models. The calculated adsorption ener-
gies and bond lengths are compared with those of previous
calculationg™t in Table III, together with the experimental
data>® For /=1 ML, the dimerized mode[Fig. 3a@)] is FIG. 3. Top and side views of the optimized geometry of ad-
found to be more stable than the dimer-cleaved model bgorbed GH, on Si100: (a) #=1 ML and (b) 6=0.5 ML.
AE 4—=1.14 eV. This is comparable to the LDA result
(AE,4=1.11 eV obtained by Paet al*® Their LDA values <6 the adsorption of §H, on neighboring Si dimers is
for the adsorption energy are larger than our GGA onesavoided by some repulsive interaction between adsorbed
while the LDA calculations carried out by Fishet al’*  molecule€ In order to estimate this repulsive interaction, we
gave too small an adsorption energy, as mentioned above tonsider a large unit cell op(2x2) in which the GH,
adsorbed gH, (see Table lll. It is interesting to note that in molecules are well separated. The optimized atomic structure
adsorbed gH, the tetras- model is unstable compared to the of p(2Xx2) with #=0.5 ML is given in Fig. 3b). We find
gas phase. As shown in Table lll, the bond lengths of althat the adsorption energy fér=0.5 ML increases by 0.04
theoretical calculations agree well with experiments. eV compared to that fof=1 ML (see Table Il). The lower
Using core-level x-ray photoemission, Rochetal?®  stability at =1 ML is possibly due to the repulsive H-H
found that the adsorption of,E, on Si(100) occurs easily, interaction between the nearbyi, molecules: Note that
with a sticking coefficient of nearly unity up to a critical the intermolecular H-H distance in Fig(a3 is short(2.10
coveragef.=0.5 ML, after which the adsorption rate de- A). Because the adsorption energy difference between
creases strongly, but the completion of 1 ML is allowed if =0.5 and 1 ML is small AE_ 4= 0.04 eV}, we believe that
the surface is exposed to large dose~#330(1 L=10"°% the large doses of ££1, molecules may overcome the repul-
Torr 9). This saturation coverage of 1 ML is consistent with sive H-H interaction to saturate all dangling bonds of the Si
the kinetic uptake measurements of Cheegall* and  dimers.
Clemenet al® At low coverage the STM measurement of  Unlike in adsorbed ¢H,, we find that in adsorbedEl,
Mayne et al® found that the GH, molecules “prefer” the adsorption energy forf=1 ML (E,4=2.74 eV}
to adsorb on alternate dimer sites, creating either a locdk slightly larger than that fo#=0.5 ML (Eq=2.72 eV.
p(2Xx2) structure or ac(4x2) structure. Based on the This indicates that the H-H interaction between the near-
above experimental observations, it is expected thatffor by C,H, molecules a=1 ML does not prevent adsorption

TABLE Ill. Calculated adsorption energieV/moleculeé and bond lengths (A) for adsorbed,K;, on
Si(100), in comparison with previous theoretical and experimental results.

Model coverage Eads dcc dc.si dsis;i
dimerized PW(LDA)? 1ML 2.63 1.52 1.93 2.33
PAW (LDA)b 0.25 ML 1.57 1.53 2.39
This (GGA) 1 ML 1.89 1.56 1.96 2.37
This (GGA) 0.5 ML 1.93 1.56 1.95 2.37
NEXAFS® 1.52+0.04
PhD 1.62+0.08  1.90-:0.01  2.36-0.21
cleaved PWLDA)? 1 ML 1.52 1.56 1.95 4.25
This (GGA) 1ML 0.75 1.60 1.97 4.24
tetrao This (GGA) 0.5 ML —0.56 1.35 3.85 2.40

8Reference 10.
bReference 11.
‘Reference 5.
dreference 6.
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on the neighboring Si dimer. Thus we anticipate that theThis result supports the majority of the experimental data,
kinetical aspects of £, adsorption differ from the case of except for a recent photoelctron imaging experiment. More-

C,H, adsorption. On the other hand, a STM study for ad-over, we found that adsorbed,l8, molecules on neighbor-

sorbed GH, observed either a locgl(2X 2) structure or a
c(2x 4) structure® Although this ordering in adsorbed,8,
has not been explained by the present total-energy calcul
tions, its origin may be explained by a dipole interaction
between the gas-phaseHl, and adsorbed {1, molecules
via a}1 mobile precursor mechanigthas suggested by Li
et al.

In conclusion, our first-principles calculations showed
that both GH, and GH, molecules adsorb identically on top
of a Si dimer, forming twar bonds between C and Si atoms.

ing Si dimers have a repulsive H-H interaction, whereas in
adsorbed gH, molecules such interaction disappears. Our

galculated adsorption energies for coverages of 0.5 and 1 ML

provide some information for the saturation coverages which

is still controversial in experiments.
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