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First-principles study of the adsorption and reaction of cyclopentene on G@®01)
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The adsorption and reaction of cyclopentene on thé0GE surface is investigated by first-principles
density-functional calculations within the generalized gradient approximation. Surprisingly, a recent cluster
calculation for adsorbed cyclopentene on(@H) obtained an adsorption energy of 2.10 eV, which is larger
than the same cluster resilt.65 e\) on Si(001). However, our calculated adsorption energy for(D.5
monolayer cyclopentene on @®1) is 0.790.51) eV, comparable with an observed activation energy of 0.7 eV
for desorption. In addition we find that the energy barriers for the adsorption of cyclopentenéGiil)Gead
Si(002) not only depend on cyclopentene coverage but also quantitatively differ from each other. Based on the
calculated energy profile for the reaction we discuss the experimental observations of the difference between
cyclopentene sticking on the @®1) and S{001) surfaces.
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Over the past several years the adsorption of unsaturateghile 10 L was needed to produce the comparable surface
hydrocarbon molecules on semiconductor surfaces has atoverage of cyclopentene on ®81). From this they esti-
tracted much attention because of the technological interegfated that the sticking coefficient of cyclopentene is lower
of combining the wide range of functionality of organic mol- ©n G&001) by a factor of 10 compared to a unity value on
ecules with the existing semiconductor-based infra-Si(001). (We do not understand why the factor is not 00.
structure!~* Especially the $D01) surface has been exten- Our previous stu_o“;ﬁ for adsorbed cyclopentene on(@1)
sively employed for the investigation of hybrid organic- found_that there is a large repulsive hydrogen-hydrogen in-
silicon systems; 6 whereas only little work addressed hy- teraction b'etweenothe nearby adsorbed molecules. Interest-
drocarbon adsorbates on the(Ge) surfacet’ -2 There is a ingly, despite a~4% larger lattice constant of Ge compared

. to Si, the highest packing of cyclopentene on(@4) was
general consensus that the reaction of unsaturated hydrocafy .\ o togbe twgadso?bed c))//clo?)entene mélecules for ev-
bons(e.g., alkeneswith Si(001) takes place via a precursor

th Ge di , Which is | than th I II-
state, finally forming 42+ 2] product in which ther bond g%ererc?el Mﬁ pggﬁ% (\)A;‘ &Oll)sfn,%s an the nearly we

of alkene and ther bond of a surface dimer interact to | this paper we study not only the binding energy and
produce twoo bonds™%***Although the reaction mecha-  strycture of adsorbed cyclopentene or(@d), but also the
nisms of unsaturated hydrocarbons of081) and G€001)  kinetics of cyclopentene adsorption using first-principles
are expected to be similar to each other because of the sargensity-functional theory calculations. We find that a cyclo-
surface reconstruction, it is interesting to point out that thergyentene molecule weakly bonds to the Ge dimer, with a rela-
is a chemically subtle difference in the adsorption kinetics ortively small binding energy compared to the case qO@®l).

the two surfaces. For example, Hamers and co-workers rdn both systems a repulsive H-H interaction between cyclo-
ported that the sticking coefficient of cyclopentene onpentene molecules adsorbed on neighboring sites exists,
Ge(00]) is considerably reduced compared with that ondrastically affecting the adsorption kinetics with increasing
Si(002).11:17 coverage. On G601) the calculated energy barrig(P-C)

It has been known that the binding of unsaturated hydrofrom the precursor state to the chemisorption state within the
carbons on G@01) is weaker than that on ®01).1""2°A  coverage of9=0.5 ML is 0.38 eV, which is greater than the
cluster calculatiol for adsorbed 1,3-butadiene on(®1) adsorption energlyE . q{ P) =0.26 eV] of the precursor state.
and Ge/Si001) showed that the C-Si bond is stronger thanOn the other hand, on ®01) the corresponding . 4{ P) and
the C-Ge bond by ~0.43 eV. Using temperature- E,(P-C) are calculated to be 0.41 and 0.08 eV respectively.
programmed desorptiofTPD) spectroscopy Fink, Menzel, These quantitatively different energy profiles of the reaction
and Wwiddrd® found that the desorption temperature of path between G801 and S{001) explain the experimental
chemisorbed benzene on @61 is about 230 K, which is observations"!’ that the sticking coefficient of cyclopentene
much lower than the 430 K on @01). This observation on G&001) is much reduced compared with a unity value on
indicates that benzene binding on(G@1) is weak compared Si(001). Above #=0.5 ML the precursor state on both
to that on Si007). In contrast, a recent cluster calculatibn Ge(001) and S{001) surfaces is found to be higher in energy
for adsorbed cyclopentene on (G@1) obtained an adsorp- than the gas state, possibly due to the repulsive H-H interac-
tion energy of 2.10 eV, which is greater than the same clusteiion between the nearby adsorbed molecules. This result pre-
result(1.65 eV} of adsorbed cyclopentene on(@1). This  dicts that the sticking coefficient should decrease at high
value on G€00)) is far off a desorption activation energy coverages above 0.5 ML, as observed in the TPD
(0.7 eV) measured with a TPD experiméfit.In their  experiment’
scanning-tunneling-microscopySTM) study Lee et all’ The total-energy and force calculations were carried out
found that at room temperature an exposure @@ to 0.1  using density-functional theofy within the generalized-
Langmirs (L) of cyclopentene led to~0.1 ML coverage, gradient approximatio® The C (Ge, Si, and B atom is
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TABLE I. Calculated adsorption energies of cyclopentene on
Ge001) and S{001) with the coverages of 0.5 and 1 ML, in com-
parison with those of a cluster calculatidghindicates the precursor
state. The values in parentheses represent our previvefs 16
results for the cyclopentene(801) system which was simulated
with cyclopentene molecules adsorbed on both sides of a 12 Si
atomic-layer slab.

Coverage Eads (€V)
cyclopentene/G€01) cluster? 2.10
present—0.5 ML 0.79
present—1 ML 0.51
present—0.5 MLP 0.26
present—1 MLP —0.02
cyclopentene/$001) cluster? 1.65
present—0.5 ML 1.63.60
present—1 ML 1.20..19
present—0.5 MLP 0.41
present—1 MLP —0.20(-0.22)

FIG. 1. Optimized structure of adsorbed cyclopentene on'References 17.

Ge(001) with the coverages aofa) 0.5 ML and(b) 1 ML. The two _
side views from thé110] and[110] directions are displayed. The In Table | we see that our calculated adsorption energy of
numbers in(b) denote the H-H interatomic distanogs A) between ~ cyclopentene on Ge0J) is smaller than that on &l01) by
the nearby adsorbed cyclopenten molecules. For comparison tH&840.69 eV for #=0.5(1) ML, showing that the bonding
values on S001) are given in parentheses. of cyclopentene to GB0J) is significantly weaker than that

] ] on Si001). This weaker binding of cyclopentene on(Gel)
described by ultrasdft (norm-conservinff) pseudopoten- s consistent with other hydrocarbon cases such as
tials. The surfac_e |s_modeI¢d by a periodic slab geometryethwenez,o benzene? and 1,3-butadien® In contrast, a re-
Each slab contains five G&i) atomic layers plus adsorbed ot cjyster calculation carried out by Legal” found that
cyclopentene molecules and the_ bottom S 'ay.ef IS Pas-  4dsorbed cyclopentene on @61) has a relatively larger ad-
sivated by two H atoms per G&i) atom. The thickness of .
the vacuum region between these slabs is about 10 A iorpnon energy of 2.10 eV compared 1o thaEqfs

.-=1.65 eV) on Si001). For the cyclopentene/®01) system

plane-wave basis set was used with a 25-Ry cutoff, and th_e adsorption energy obtained from the cluster calcul&tion
k-space integration was done with meshes of eight and fo .
b d g agrees well with our value of 1.63 &Yor 6=0.5 ML). Here

k points in the (2% 1) and (2x2) surface Brillouin zones,
respectively. All the atoms except the bottom Ge or Si Iayerthe cluster results for the structural parameters such as the
were allowed to relax along the calculated Hellmann-Pond lengths and bond angles are very close to the present
Feynman forces until all the residual force components wer@nes(see Table . However, for the cyclopentene/®81)
less than 1 mRy/bohr. system the adsorption energy as well as the bond lengths and
We first determine the atomic structure of adsorbed cyclobond angles show large differences between the clistad
pentene on GO01) for coverages ob=0.5 and 1 ML. The the present calculations. Especially the differences of the
optimized structures for both coverages are shown in Fighond lengthslge.geanddge.c (0.10 and 0.08 A, respectively
1(a) and Xb), respectively. The calculated adsorption ener-are significant. Noting that our Ge adsorption energies are
gies are given in Table I, together with our present ancclose to Leeet al's measured desorption activation energy, it
previous® results for adsorbed cyclopentene of08l). On  seems that the description of Ge atoms in their cluster
Ge(001) we find an adsorption energy of 0.79.51) eV for  calculatiot” might have a problem.
#=0.5 (1) ML, in accordance with a desorption energy of  Similar to the cases of acetyléiteand ethylené,the re-
0.7 eV measured using TPD spectroscbifhe smaller ad- action of cyclopenterté with Si(001) was found to be facile
sorption energy aty=1 ML is attributed to the repulsive with a nearly unity sticking coefficient at room
H-H interaction between the nearby adsorbed cyclopentenemperaturé! However, using STM Leeet al’ observed
molecules. As shown in Fig.(ft), the H-H interatomic dis- that at a low coverage of 0.1 ML the sticking coefficient of
tances @) are in the range between 1.86 and 2.66 A. Wecyclopentene on G801) decreases by a factor of 10 or 100
note that the adsorption energy differens&,,~=0.28 eV~ compared with that on §01). In order to understand the
betweend=0.5 and 1 ML is smaller than the corresponding difference of cyclopentene sticking on the (G@) and
one (AE,4—0.43 eV) on Si001), where the calculated ad- Si(001) surfaces, we study the reaction path for the adsorp-
sorption energy ford=0.5(1) ML is 1.631.20 eV?® This tion via the precursor statéhe so-called “three-atom” inter-
result reflects that the H-H repulsion on @@1) is weaker mediate stajewhich is composed of a three-membered ring
than on Sj001) because of the relatively longer values of with the two C atom$C; and G in Fig. 2@] and the down
dy.4 [see Fig. 1)]. Ge atom(in Ge dimej. This precursor state is expected to be
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TABLE II. Calculated bond lengths and bond angles of adsorbed cyclopenteng @1G&nd S{001) in
comparison with the cluster data. X denotes Ge or Si surface dimer atoms.

dC-C (A) dX-X (A) dX—C (A) ¢X—C-C (o) ¢C—X—X (o)

cyclopentene/G@01) cluster? 1.58 2.41 2.00 101.9 78.1
present—0.5 ML 1.56 2.51 2.08 104.4 75.6
present—1 ML 1.56 251 2.08 103.2 76.7
cyclopentene/$001) cluster? 1.59 2.36 1.95 101.3 78.7
present—0.5 ML 1.58 2.37 1.96 102.3 79.1
present—1 ML 1.58 2.38 1.97 101.8 78.3

®References 17.

easily produced because of the energetically favored hybridand chemisorption states are displayed in Fig. 2. The energy
ization between ther bonding state of unsaturated hydrocar- barrier from the precursor state to the chemisorption state is
bons and the empty dangling-bond state of the down G&, =0.38 eV, greater thafE,4=0.26 eV of the precursor
atom. We find on G@0Y) that the precursor staf€ig. 2a)]  state. Using an Arrhenius-type activation process with a typi-
is stabilized over the gas state by 0.26 eV in adsorption enca| valué® (~ 10" Hz) for the preexponential factor, we es-
ergy. To find the energy barrier from the precursor state tQimate that at room temperature the reaction rate for the

the chemisorption statiFig. 2c)], we used the X2 unit  chemisorption from the precursor state -s4.2x 107 ™1
cell with #=0.5 ML. We constrained the midpoint between \\hich is smaller than the desorption rate-of.4x 10° s~

the G and G atoms to lie along the line connecting its 5 factor of about 100. Thus we can say that the desorption

position |nlthe precursor a_md chemisorption states. At each %f cyclopentene from the precursor state is easily activated,
several points along this line we relaxed all the atoms to thei ccompanied by a very small portion-(L%) of chemisorp-

equilibrium positions, enforcing the constraint by relaxingtion. This aspect for the reaction of cyclopentene with

C, and G in opposite directions along the calgqlated Geg001) results in low sticking, as observed in the STM and
Hellmann-Feynman forcei(Fl_—_ F2)/2. At the transition TPD experiments! On the other hand, on ®01) the ther-
stateF; andF, were each negligible. The calculated ENETYY mal activation from the precursor state to the chemisorption

profile and the atomic geometries at the precursor, transitiory, . easily takes place because of a shallow energy barrier of
E,=0.08 eV whileE 4= 0.41 eV for the precursor statsee

the dashed line in Fig.)2leading to an observed unity stick-
ing coefficient!!

3 From the TPD spectra of cyclopentene on(@X) Lee
8 et all’ found that the slope of the uptake curve decreases
,_% with increasing exposure, indicating that the sticking coeffi-
T 9 cient decreases as the coverage of cyclopentene increases. As
g -er a matter of fact, our previous stutfyfor adsorbed cyclopen-
€ s tene on Sj001) showed that abové=0.5 ML the precursor

18 ) state is less stable than the gas state by 0.22 eV, producing a

Reaction Coordinate significantly reduced adsorption rate compared to that below

0.5 ML where the precursor state is more stable than the gas
state. Similarly, on G@®01) the formation of the precursor
state aboved=0.5 ML has an energy 0.02 eV higher than
the gas statésee Table)l This relatively enhanced stability
of the precursor state on (@91) compared to that on
Si(001) is possibly due to a decreased H-H repulsive inter-
action between the nearby adsorbed molecules. Conse
quently, we expect that abowe=0.5 ML the sticking coef-
ficient of cyclopentene on G@0J) is rather higher than that
on Si001).

It is noticeable that upon annealing the chemisorbed cy-
clopetene on G@01) with #=1 ML can easily desorb into

FIG. 2. Calculated energy profilsolid lin) for the reaction of ~ th€ gas state because of its weak adsorption enegys (
cyclopentene on G&00). The atomic geometries of the three rep- = 0.51 eV). The reaction rate for the desorption is estimated
resentative points are giveta) the precursor statdb) the transi- ~ as ~2.8x10° s™* at room temperature, indicating an easy
tion state, andc) the chemisorption state. The dashed line repre-thermal activation. Thus we believe that this causes some
sents the energy profile for cyclopentne or(081). Energy is  frequently observed vacant sites on(@e).1” On the other
referenced from the gas state. hand, on S001) such a desorption is not expected at room
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temperature because of the large adsorption energy of 1.2th both G€001) and S{001) surfaces is found to be more

eV and therefore a relatively well-ordered packing of cyclo-(les9 stable compared to the gas state, indicating a signifi-

pentene can be preserved at room temperature, as obserugght change of the sticking coefficient with increasing cov-

in the STM experiment: erage. Our calculated energy profile for the reaction path
In summary, our first-principles density-functional calcu- predicts that belowd=0.5 ML the sticking coefficient on

lations showed that the bonding of cyclopentene moleculegg001) is lower than that on $901), but above 0.5 ML this
to G001 is much weaker than to @01), in agreement \yould be reversed.

with Lee etal’s experiment but not their -cluster

calculation!” We found that the stability of the precursor  This work was supported by the National Science Foun-
state is sensitive to the coverage of cyclopentene due to thaation under Grant No. DMR-0073546, the Welch Founda-
repulsive H-H interaction between the nearby adsorbed molion (Houston, TX, and the Texas Advanced Computing
ecules. At the coverage &= 0.5 (1) ML the precursor state Center(University of Texas at Austin
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