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Effect of the cluster size in modeling the H , desorption and dissociative
adsorption on Si (001)
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Three different clusters, i, SiisH.g, and SjH,g, are used in density-functional theory
calculations in conjunction wittab initio pseudopotentials to study how the energetics gf H
dissociative adsorption on and associative desorption fr¢609idepends on the cluster size. The
results are compared to five-layer slab calculations using the same pseudopotentials and high quality
plane-wave basis set. Several exchange-correlation functionals are employed. Our analysis suggests
that the smaller clusters generally overestimate the activation barriers and reaction energy. The
Six{H,g cluster, however, is found to predict reaction energetics, \Eﬁ?f: 56=+ 3kcal/mol (2.4
+0.1eV), reasonably closéhough still different to that obtained from the slab calculations.
Differences in the calculated activation energies are discussed in relation to the efficiency of clusters
to describe the properties of the clea0Bi)-2x 1 surface. ©1999 American Institute of Physics.
[S0021-960829)70307-1

I. INTRODUCTION based on Cl and the small and simplgH8j, cluster to model

. the S{001)-2x1 surface except the work by Nachtigall
Cluster models are a frequently used tool for studylnget al.® where DFT has been pemployed. In );ome stgdies

different aspects of physics and chemistry of clean surface?arger clusters, like SiH, (Ref. 8 or SiH,,™® have been
’ X . 1" Ix s

adsorption, and surface chemical reactions. An example . .
: . . . tsed. Nevertheless, the effect of cluster size on the energetics
which attracted considerable experimental and theoretical in- . . .
: . o . of H, adsorption/desorption on (801) has not been ana-

terest over the last years is the H dissociative adsorption al . L )
yzed in detail in the literature.

associative desorption on the(@1)-2x 1 surfacé which is The only cluster-based support to direct desorption via

a subject of this study. The intriguing experimental result . . .
that the H desorption from SDO1) follows first-order the prepairing mechanism comes from the DFT calculations

. 3 .
kineticg~* has triggered an intense theoretical activity in thisgy Paé&?p? l?oreﬁ. Ulsz'g% tue n?nICiolggls_Bgzkg—ILee[/\(al":g—
field mainly concentrated on the mechanismeading to ar ( ) functional, ™" they find E;"=64.9 kcal/mo

such an unusual behavior. The available first principles calgz'8 eV) including a zero-point energyZPE) correction.

culations address the latter question on the basis of two dif>1Ven the uncertainties originating both from the use of dif-

ferent models:(i) the cluster approximation using either ferent functionals and from inherent limitations of the cluster
configuration-interaction (CI) methodS™2 or density- approximation, they considered their result to be compatible

functional theory(DFT), Refs. 8 and 13, to describe the ex- with the experimental desorption energy. The first possible

change and correlation effects 6i) extended slab models SOUrce of error, the reliability of the functional, was ad-
for the S{001)-2x1 surface using DFF4-16 dressed by Nachtiga#t al.'* who systematically compared

The DFT slab calculations all agree in their conclusiongvarious density functionals to the results of the state-of-the-
supporting theprepairing mechanism according to which &t computational tool in quantum chemistry, an extrapolated
two hydrogens are prepaired on the same Si surface dimé&juadratic Cl method. For the sake of computational feasibil-
and associatively desorb through an asymmetric transitioffy. they concentrated on a few simple test cases, four reac-
state (TS). The cluster calculations, however, have led totions involving silanes, and a s cluster with a geometry
different conclusions. All these calculations find a ratherchosen to mimic bl desorption from §D01). While the ex-
high barrier for desorption of two hydrogens from a single Sitrapolated quadratic CI method gives a reference value of
dimer, e.g.E®= 74-75 kcal/mol(3.2 eV)2 85-86 kcal/ ~ 90.4 kcal/mol(3.92 eV) for ES*S, the Perdew-WangPW9)
mol (3.7 eV),1° 82—85 kcal/mol(3.6—3.7 eV.}> Comparing functionaf? underestimate&2® by 9.5 kcal/mol(0.41 eV}
to the experimental activation energy of desorption~d58  compared to this reference. The Becke-Perd¢BP)
kcal/mol (2.5 eV),3*178these findings were interpreted as functionaf®?® gives an even lower barrier, ES®S
being compelling evidence against the prepairing mecha=79.4 kcal/mol(3.44 e\j. Generally, Nachtigalet al. find
nism. In an attempt to reconcile the experimentally observethe B3LYP functiona* to give closest agreement with their
energetics and kinetics of desorption from the monohydrideCl calculations, while the BLYP functional is performing
phase, various defect-mediated mechanfsfi€ were sug- second best. A similar trend concerning the performance of
gested including formation of metastable dihydride specieslifferent functionals was also observed in the case of H dif-
as an intermediate step. All the above studies have in confusion on the SD01)-2x1 surface?® However, we find it not
mon that their argumentation rests on computational schemes be a priori clear whether their conclusions could be ap-
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plied to better cluster approximations to th€(®il) surface, SigH;,

Sip Hyo
because the electronic wave functions at a surface are ger @ d

erally more extended than in a cluster and this may naturally
affect the electron-electron correlations. It is one of the aimsg”
of the present paper to study the performance of different
functionals with the size of the clusters. &
A second issue which hampers a clear-cut comparison o
different approaches lies in the geometric structure of the
clean S{001) surface. While the DFT calculations give the
correct description of the geometry of the clean surface, nor-
mally ap(2x2) orc(4x2) reconstruction with buckled Si
dimers?%2’ CI calculations predict a symmetric ground state
of the clusters. This could imply substantial differences be-
tween the two approaches in the surface relaxation during the :
adsorption/desorption process as well as in the surface elec (b)
tronic structure. Since Hdissociation on $001) is known

to couple to the surface moti&ﬁ’,ls‘mone could expect these FI_G. 1. BP optimized geomet_ries @8) the clusters used to model the
Si(001)-2x1 surface andb) the five-layerp(2x 2) slab used as a reference

differences in the description of the clean®i1) surface system.
also to influence the reaction energetics predicted by differ-
ent calculational approaches.

. In the light of the above we find of pgrucular mtergst 10 gyrface: SjH;, is the minimal one to represent the symmet-
bridge the DFT slab and cluster calculations by studying the; 5 .7 econstruction: $iH16 is the smallest cluster that

convergence of the Hadsorption/desorption energetics with enables to model the(2x2) surface reconstruction. Fi-

cluster size. Since the results of the DFT calculations agreﬁa”y' ShyH,, contains one surface dimer surrounded by two
about a direct desorption process and the very recent exper('s-

by Fl © 212 al s thi hani thers, thus having the same local environment as on the
ment by Flowerset al.~ alSo Supports this mechanism, We o, tace |n the context of Hdesorption from the monohy-
shall perform our analysis adopting the prepairing scenangyige phase, the larger clusters also allow us to study the
for the S{001) surface. A description of the computational ’

thod din th ¢ Kis i i th ¢ secti interaction between adjacent occupied dimers.
Method used in the present work IS given In the next SECon. g6 the super cell approach implementedHmb im-

IT Sec. I(I)IOEartlc?lar atéfntlton IS fi?'d to t?; stru((j:tltjr:e of theplies periodic boundary conditions for the wave functions,
ciean S’i ) surface. ~~IUsters with one, two and three SUly,o o) sters are placed in a sufficiently large orthorhombic
face dimers are used in Sec. IV to study the energetics of th

q tion/d i A tth " r\%nit cell, where they are separated &7 A to avoid un-
adsorption/desorption process. A summary ot the resulls anganieq interactions. Since the electronic states of the cluster
discussion is presented in the last section.

Hamiltonian have no dispersion, it is sufficient to calculate
them at a single point in the Brillouin zonéBZ), ky
Il. CALCULATIONS =(0,0,0).
,/Si(001) To link the current discussion with the available slab
calculations, we perform as a final step a set of calculations
Generally, cluster models for surface chemical processesmploying ap(2x2) slab with five Si layers, Fig. (b),
are treated in conjunction with a basis set for the electronigimilar to Ref. 15. Thek-space integration is performed us-
states consisting of localized orbitals. However, special carghg 16 k| points in the whole surface Brillouin zone of the
is required in choosing a basis set which meets the desireglx 2 unit cell.
level of accuracy. In order to isolate the different approxima-  Both cluster and slab calculations are carried out using
tions inherent in the choice of the cluster and the basis sehe local-density approximatioiLDA) to the exchange-
size, we decide to perform total energy calculations withincorrelation functional, as obtained form the Monte Carlo re-
the DFT scheme as implemented in theiMD package)  sults by Ceperley and Ald®rin the parameterization of Per-
employing a plane waves basis set with well-controlled condew and Zunget?> For comparison all calculations are
vergence properties. We report results for the three differeniepeated with gradient corrections as described by the BP,
clusters shown in Fig. (&), SigH12, ShsHig and SpiHo.  PW91 and BLYP functionals. Our choice to include these
Each of them represents the topmost four layers of the refunctionals in the test is partially motivated by the good
constructed surface. They differ by the number of Si-Si suragreement between previous slab calculations and the experi-
face dimers they contain. The larger;sbl;s and SpiHzo  ment, but on the other hand by the shortcomings of the BP
clusters are derived from ghl;, by adding one and two and PW91 functionals, cf. Ref. 11, found in the case of small
dimers, respectively, in thgl 10] direction along with their systems. DFT plane-wave calculations employing either
full coordination of second layer Si atoms, one third and oneslabs or §j or larger clusters and the BLYP functional have
fourth layer Si atom. All dangling bonds of the silicons in the not yet been reported for the,F$i(001) reaction energetics.
subsurface layers are saturated with hydrogen atoms. By in- We employ norm-conservingp-nonlocal pseudopoten-
creasing the cluster size in this way we aim at reaching thregals for Si atoms, generated from a separate all-electron cal-
ascendingly improved approximations to the cleat0@l)  culation of the Si atom for each exchange-correlation

A. The systems used for modeling H
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functionaf® according to Hamann’s scherffeFor gradient-  clusters studied as objects in their own interest, rather than as
corrected DFT calculations, the use of these consistentlpn approximation to the &l01) surface.

constructed pseudopotentials ensures the proper description The structure of the monohydride phase is determined by
of core-valence exchange within each of the gradientrelaxing the adsorbate and the two Si layers beneath it. In the
corrected functionals used.For the hydrogens passivating case of the $j cluster the H molecule is adsorbed on the
Si dangling bonds, as-nonlocal pseudopotential is gener- middle dimer. The geometries of transition sta€s) are
ated following the Troullier and Martins prescriptidh. determined by a search algorithm using the ridge method
However, for the hydrogen atoms taking part in the reactionproposed by lonova and Cart&rSince geometries are less
we employ the full 17 potential. For all energies quoted in sensitive to the quality of the basis set than the total energies,
the paper, plane waves with a kinetic energy ufetg=30  we have found it sufficient to perform geometry optimiza-
Ry (408 e\) were included in the basis set. While geometriestions at a plane-wave cut-off &, =18 Ry. The structures
and relative energies for systems consisting entirely of Sare considered converged when all forces are smaller than
atoms are well converged already at 18 @5 e\), the  0.05 eV/A .

high quality basis set is required for a correct description of

the hydrogen wave functions close to the core. IIl. THE CLEAN Si(001)-2x1 SURFACE

On the S{001) surface, the surface Si atoms form
dimers, leading to thésymmetrig 2X 1 reconstruction. The
surface can reduce its symmetry if the Si surface atoms relax
to different heights, i.e., the dimers are buckled. This leads to

We perform separate structure optimizations for eachhe formation of lower symmetry patterns, the asymmetric
cluster size and for the LDA, BP, PW91 and BLYP function- p(2>< 1), p(2>< 2), C(4>< 2) These reconstructions are
als. The first step in all structure relaxation runs was to opcharacterized by the dimer buckling anglethe dimer bond
timize the positions of the terminating hydrogens, with thelengthd, and the energy favor per dimarE with respect to
subsurface silicon coordinates kept fixed at their bulk valueshe symmetric X 1 reconstruction.
and the Symmetric dimer bond Iength setde2.28 A as The calculations for |§| desorption from 3[)0]_) using
found in Ref. 16. slabs together with DFT and those based on many-body

One of our present goals is to investigate to what extenfyave functionglike Cl) already differ in their description of
clusters are appropriate for a description of th@@1 sur-  the clean surface geometry. In the latter calculations, mostly
face. One important feature of the clean surface is the buckhe SyH,, cluster with one symmetric Si dimer was used as
ling of the Si surface dimergsee the next sectignlt is  reference state for the clean(@31) surface. Radeke and
therefore interesting to test if the buckling can be modeledCarter verified that the symmetric cluster is the geometric
by clusters of appropriate size. The failure of small clusterground state at the level of theory used in their wbrRe-
to reproduce the buckled surface structure is sometimes atent theoretical studid$*!on Si clusters come to conflict-
tributed to the neglect or underestimate of elastic interactionfhg conclusions and thus leave the discussion about the

between Si dimers in this approach. However, the imporground state symmetry of Si clusters still open.
tance of elastic interactions is established only for the alter-  On the other hand, the DFT slab calculatitbrn§ 264243
nation of buckling angle*antiferromagnetic ordering) in  are consistent in their predictions and show good agreement
the p(2x2) or c(4x2) reconstructio! To distinguish  with recent experiments. Direct evidence for the buckling
elastic from electronic effects, we employ a two-step procecomes from low-temperature STM imadésind structure
dure to determine the equilibrium structures of the bare clusdeterminations by LEED* Furthermore, observed core-level
ters. First we sample the total energy as a function of thehifts*® are inconsistent with symmetric surface dimers, but
dimer buckling anglea, as done, for example, in Refs. can be explained by buckled diméfsThe buckled surface
16,26, but without relaxation of any of the deeper layersreconstruction has gained further support by the good agree-
Thus any elastic interactions between Si dimers are avoidegnent between the measured dispersion of surface band
Neighboring dimersif there are anyare buckled in opposite  state&’ with calculations using the GW approximatith.
directions, with buckling angles and —«, to mimic the The different symmetries of reconstruction correspond to
p(2x2) surface reconstruction. different electronic structures at the surface. Previous theo-
The structure of the bare clusters is finally determined bytetical work>#3#°has established the following picture: Af-
unconstrained relaxation of the topmost two Si layers. Herger dimerization of the surface Si atoms, they would both
we use the energy minimum as a functioncofietermined in  remain to have dangling bonds occupied by one electron, i.e.,
the previous calculations as input for the starting geometrya degenerate electronic ground state. There are two principal
The two pairs of hydrogens saturating the second layer Shossibilities for a lowering of the electronic energy. First, a
bonds in the[110] direction, which would correspond to bonding and antibonding linear combination of orbitals could
adjacent Si dimers on the(®D1) surface, are also allowed to be formed(similar to aw-bond in a free dimgr only one of
relax. We have also tested full relaxation of all layers in thewhich is occupied. In this case the Si surface dimer would
case of the $H;, and SjsHq¢ clusters within LDA. The lack remain symmetric. The second possibility is a Jahn-Teller-
of any geometric constraints, however, tends to overestimatgype splitting of the degeneracy. By buckling the Si dimer,
the surface relaxation and introduces unrealistic atomic disthe lower Si atom comes to an almost planar bonding con-
placements. Full relaxation would only be appropriate forfiguration with its three neighbors, while the upper Si atom

B. Structure optimization
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reaches a pyramidal configuration. A rehybridization of the
orbitals at each of the Si atoms results in a lowering of the
dangling orbital at the upper Si atom, and in an up-shift of
the orbital at the lower Si atom, which is accompanied by a
transfer of electron density from the lower to the upper atom.
The preferred way of stabilization depends on several fac-
tors: the possible strength of thebond, the possible energy
gain due to rehybridization, the ability of the system to
screen the increased Coulomb repulsion in the dangling bond
of the upper Si atom, and the energetic cost of elastic defor-
mation in the deeper layers induced by the buckling. The
ground state geometry is thus determined by an interplay of
both elastic and electronic effects and could be quite sensi-
tive to different surface reconstructions and computational
methods.

Before we describe our own results for the ground state
of clusters, we briefly discuss the recent literature. Yang
et al*® do not find buckling for the $H;, cluster, either

8

AE(a), (kcal/mol)
E (o), (eV)

E0), (V)

AE(cv), (kcal/mol)

0.0
0 4 8 12 16 20

= buckling a, (degrees)
within Hartree-Fock or in a DFT calculation employing the g
B3LYP functional. Increasing the cluster size to;sHis, E
however, unambiguously shows an energy favor for the =
buckledp(2X2) reconstruction;-3-5 kcal/mol(0.15-0.23 3
eV) per dimer depending on the basis set used. Kopeaad =
Dorer’® have used the same cluster and the BLYP functional 4
to study HO adsorption on $001)-2x1 and found a buck-
led dimer structure for $H;, with «=9.6°, AE buckling o, (degrees)

=0.05 kcal/mol(0.002 eV} andd = 2.27 A while for the two-
dimer cluster S_i5H16 they obtainedy=15°, AE=1.5 kcal/ FIG. 2. Total energy preferenahE=E_(a)—Eo (left column and the gap

1 (0.07 eV} per dimer andi=2.33 A The two research Eg(a) betwgen HOMQ and LUMQ(right column for the clusters as a
mo : p o T . function of dimer buckling angle.. The bottom left panel showsE(«) for
groups use different relaxation constraints and basis Setge five-layem(2x 2) slab.E, is taken to be the energy of the correspond-
This could explain the differences, given that a delicate baling unrelaxed symmetric =0) cluster/slab for a given exchange-

ance of several effects is responsible for the ground statePrrelation functional. Buckling is achieved by gliding the two dimer Si
configuration of the $Hy, cluster atoms along arcédashed lingsas shown in the insegbottom-right panel

g 12 : _and keeping all other atoms fixéghaded circles
In the present study, the ground state of the clusters is

determined in a two-step procedure. In the first step, the Si

dimers are tilted as a whole, while keeping the other cluster  The electronic structure of the cluster is influenced sub-
atoms fixed and preserving the length of the dimer backstantially by the dimer buckling. As a measure of the differ-
bonds. We sample the total energy as a function of the dimesnces, we report the splitting between the highest occupied
buckling anglea. The results for LDA and the PW91 func- and lowest unoccupied molecular orbita(slOMO and
tional are shown in Fig. 2. They are summarized in the “pre-LUMO) of the clusterEg, in the right column in Fig. 2. For
relaxation” column of Table | for all functionals used in the SigH;, Eg is a monotonically increasing function af. It
calculations. reaches its maximum for the largest used valueref20°,

The AE vs a curves are mainly affected by the cluster where the two dimer silicons and the two second layer neigh-
size, rather than by the approximation used for exchange arisbrs of the buckled-down Si atom are almost coplanar. We
correlation. Upon increasing the cluster size, the minima beattribute the opening of the HOMO-LUMO gap to changes
come well pronounced and are shifted to largeralues, the in the symmetry character of the orbitals. Whileaat 0 the
upper bound being set by(:®® _ In the case of $H;,, «  HOMO and LUMO orbital correspond to the and 7* or-
=0 is the only minimum when using the BP and BLYP bital of the Si dimer, they gradually develop into orbitals
functionals. The values obtained within LDA and PW9L1 for localized at one side of the Si dimer for increasimg The
this cluster are small. Thus thegHi;, cluster gives no con- orbital at the lower Si atom acquires mgreharacter and is
clusive answer to the question whether the Si surface dimeifted in energy, while the orbital at the higher Si atom gets
are buckled or not. The larger clusters, however, clearlynore s-character and is energetically lowef&dWith in-
show a preference for buckling. Since we have frozen thereasing cluster siz€é is strongly reduced, while the depen-
elastic degrees of freedom, the only driving force that cardence ona is almost unchanged. For the larger clusters we
lead to dimer buckling is rehybridization and charge transferobserve that the HOMGLUMO) wave functions are no
The prerelaxation study supports the view that surface dimdonger localized at a single Si atom, but are linear combina-
buckling is mainly driven by electronic effects, while elastic tions of the dangling orbitals of all the buckled-(puckled-
effects are responsible for the alternation of the bucklingdown Si atoms of the cluster. In the gH,, cluster, this
angle. leads to a splitting of the HOMO and LUMO levels into
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TABLE |. Parameters of the clusters and the slab for different exchange-
correlation functionals; the energy favor for bucklidde is given in kcal/

mol per dimer and the gajg, between HOMO and LUMO in eWd refers

to the Si-Si dimer bond length in A and to its buckling angle in degrees.

Prerelaxation Two layers relax&d
a |AE| Eq a |AE| Eq d
LDA
Sig 4 01 1.00 6.9 0.1 118 221
Siys 8 08 059 157 27 0.86  2.28
Siy, 10 20 040 186 4.0 070 235
slab 12 1.9 18.9 45 2.36
BP
Sig 0 — 0.99 0 — 0.96 2.27 FIG. 3. Top view of the SiH,, cluster frontier orbitals. The contour plots
Sijs 6 0.4 0.54 15.3 26 0.86 237 are taken in thg001) plane 0.9 A above the buckled-up Si atom of the
Siy, 8 1.4 0.33 18.1 4.4 0.78 2.47 middle dimer(dimers are denoted by shaded cirgléBhe wave functions
slab 10 1.3 18.6 5.1 246  arereal-valued. Fulldashed contour lines indicate positivenegative sign.
PW91
Sig 2 00 0.96 4.9 0.1 110 224 pated, SjjH,yo gives closest agreement with the five-layer
Sizs 6 05 043 157 31 08 232 p(2x2) slab. The SiH,, cluster, on the contrary, is not
Sizy 8 L7 033 180 4.6 074 240 large enough to model the properties of the clea®@®)-
slab 10 15 18.3 5.1 2.40 SR . )
2x1 surface. Buckling in this case is strongly influenced by

BLYP relaxation constraints and the approximation to exchange and
Sig 0o — 1.02 0 — 0.99 227  correlation. While for the two larger clusters all functionals
2!15 g g-é g-gl 12-2 ;-6 8-75 2-33 used here give similar results, their predictions for thgigi

1 X 2716 S 7 44 roun mmetry ar litatively different. Though
slab 10 08 16.6 47 243 Orou d state symmetry are qualitatively different. Thoug

LDA and PW9L1 favor buckling witte~7° and 5°, respec-
3y andd for the SiyH,, cluster correspond, respectively, to the buckling tively, |AE| is too small (0.1 kcal/mo) to allow us to
angle and bond length of the middle dimer. conclude unequivocally about thegHi, cluster symmetry.
For the two-dimer SiH.¢ cluster using the BLYP func-
tional we getd andAE values identical to those of Koneg

symmetric and antisymmetric states with respect to the mirf’lr_]d Doren, but t.he|r predlctedgﬁilz g_eometry IS at variance
with ours. Possibly the overestimation of the surface relax-

ror plane in the cluster, Fig. 3. Thus this cluster reflects al-

ready to some extent the dispersion of surface bands otion due to the absence of any geometric constraints in Ref.

served in the slab. We expect that these changes in th%9 is more crucial for the $iHy, cluster than for the larger

electronic structure will also be reflected in the chemical re°"€S: . . .
activity, i.e., in the adsorption barriﬁgdsfor H, molecules. At our imposed relaxation constraints the BP and BLYP

: tionals are found to give results foryHj, in agreement
It appears that a representation of the surface band structupt-f-nC . 9-12
PP P with the Cl method$?#! For the SjsH;4 cluster, however,

on the cluster level is required for a correct description ofthebuckling is always energetically favorable within DFT

reaction energetics. h t multiref Cl calculatrimd th
Relaxing the first and second silicon layers does not/Nereas recent muitiretérence .1 calculationsd the sym-
etric cluster to be lowest in energy. At present it is not

aiivh;%té\f%gh;rgﬂi ;h;;tes lél;t]se:;c;matnhde gp éi;ﬁ:aat)r(; té?;e?tgsy?ear if this is dye to a lack of the ClI calcqlations to recover
stantially. The buckled dimer configurations of thg:Hig the full correlatlon' energy, or due to an mgdequacy of the
and the SijH,, clusters are now more stable by 1.5-3 I(Callexcha.mge-correIa’uon functionals we are using. For. the larg-
mol (0.07—0.13 eV and 3.5-4.5 kcal/mo{0.15-0.20 eV est SpiHzo clus_ter, we are not aware of CI calculations ad-
per dimer, respectively. The HOMO-LUMO gap is found to dressing the dimer buckling.

decrease with increasing cluster size. The reduction can

partly attributed to a splitting of both the HOMO and LUMO %/ REACTION ENERGETICS

state due to linear combinations of dangling bonds at neigh- The energetics of dissociative adsorption and associative
boring Si dimers in the larger cluste(see Fig. 3 However, desorption of H is characterized by three points along the
a decrease is also observed, in particulas at0, for a suit-  reaction pathway, the energies of the structures correspond-

ably averaged gafE), defined as ing to the monohydride pha&g ,, the transition state energy
N2 E;s and the sum of bare cluster enerBy, and that of the
<Eg(a)>N: _2 [E po. () —E o ()], f_ree H molec_ule. Hence, the quantities of interest are de-
N=0o j j fined by the differences

whereN is the number of dimers in the cluster. The reduc- Egdsz Ets— (Egot+ E(H,)),
tion of the gap must be attributed to a weakening of the o
m-bonding with increasing cluster size. As could be antici-  Ea —Evs—Eu1,



J. Chem. Phys., Vol. 110, No. 8, 22 February 1999 Penev, Kratzer, and Scheffler 3991

TS, we have performed calculations with;&l5,, and
SipiHos « Clusters withx=4 and 6, respectively.

In this study, we concentrate on the prepairing scenario
for the H, reaction with the §001) surface. Consequently,
we locate the asymmetric TS of,Hlesorption from a single
Si dimer for all clusters and functionals used in this study. In
principle this can be achieved by mapping out the related
potential-energy surfacPES, like e.g., in Ref. 15. As an
example, the potential energy as a function of the distance
between the two H atoms and the-Eluster distance is
shown in Fig. 4. For each configuration of the two H atoms,
the Si atoms in the two topmost layers have been relaxed.
They follow “adiabatically” the motion of the H atoms.
Thus we make sure that the lowest possible TS in the mul-
. — tidimensional space of all mobile atomic coordinates is
16 X < Z found. An alternative and generally faster approach uses a

( « search algorithm, thus avoiding the need to map out all the
points in the PES. All degrees of freedom of theHolecule
12 1.4 and the topmost two cluster/slab Si layers are included in the
H1-H2 distance (A) search. The ridge meth&timplemented here starts from a
, o air of coordinatesx, and x; in the multidimensional con-
FIG. 4. Sketch of the ridge method search for TS and the adiabatic PES fa. . .
the Sj cluster within LDA. Crossed circles®() denote the successive ap- iguration space of the system, which denote the reactants
proximations to the TS. The contour spacing is 0.05 eV and the energy iéH, above the bare surfacand the product§the monohy-
measured with respect g+ E(H,) (solid contour ling. The transition  dride), respectively. An iterative search is then performed by
state geometry is shown in the inset. The PES is plotted fomidlecule phajying the interval[xq,x;] in some steps. To reduce the
impinging perpendicularly to the surface with its center of mass right above . . . .
the Sil siteZ being the distance between them. number of required steps, we have shifted the input coordi-
nates towards some initial guess,(x;) closer to the TS. A
projection of the search path onto a two-dimensional slice of
the coordinate space is shown in Fig. 4 for thgHsb, »

Erxn=Eogot+ E(Hz) —Ex;. cluster within LDA. As seen, there is excellent agreement

between the two schemes.

The monohydride geometry of each cluster is obtained  The geometries of the calculated TS are collected in
by saturating the dangling bonds of one Si dimer with Hygpe |1 As expected, the H-H bond is stretched in the asym-
atoms. The equilibrium Si-H bond is 1.52 A within LDA, metric TS configuration of all $H, , , clusters, WithRHl-HZ

PW91 and BLYP. When using the BP functional a bond,_ . . i .
i ; . being largest for dissociation on the,Stluster. As a conse-
length larger by 0.03 A is obtained. The changes if the quence, the atom H2 at the transition state is by 0.2—0.3 A

hydrogenated dimer are mainly go_verned-by the apProXIMag, ser to the buckled-up Si2 atom as compared with the Si
tion to the exchange and correlation, while the cluster size

accounts only for differences 6£0.01 A for a given func- Cluster. The presence of two H atoms over the Sil site par-

tional. We note that our TS and monohydride structures im:[Ially blocks the mechanism that leads to anticorrelated

: . . dimer buckling and therefore__< «. For the Sj; cluster the
ply reaction of a single kimolecule with the SD01) surface. ) - TS )
For comparison to experimental data taken at finite hydrogeHnoccupied dimers are somewhat affected by the adsorption
coverage, information about the coverage dependence of ti¥ent, but their buckling angle’ is only a few degrees
energetics is also required. A single, fholecule perp(2 smaller than that of the clean surface. This small change is
% 2) unit cell in the extended slab case corresponds to gue to the dimer row termination by hydrogens in the clus-
coverage 0f® =0.5 monolayer¢ML). To assess the cover- ters, and is absent in the slab geometries, where a.
age dependence of the reaction endggy;, test calculations Most noticeable in the results shown in Figirumerical
were carried out for a Comp|ete|y covered sléb=1 ML. values are compiled in Table ]”S a clear dependence of
To obtain a better understanding of the role of buckling forEa™, E5**andEy, on cluster size. The common trend for all
the reaction energetics, we also performed test calculatiorféinctionals is an effective flattening of the PES along the
for the symmetrigp(2X 1) reconstructed $)01) surface as reaction path with increasing cluster size. Both the reaction
possible reference of the clean surface. We note that thenergy and the adsorption barrier are reduced. In general, for
occupation of adjacent Si dimers by hydrogens could have all clusters considered here, LDA gives a lower bound for
(probably small influence on the transition state geometriesthe activation barriers and an upper oneHgy,. For a given
and energies via interaction with the neighboring monohy-size of the cluster, we can compare the effect of the
dride. This effect can be studied to some extent with the helgxchange-correlation functional employed in the calculation.
of the two- and three-dimer clusters, which allow for adja-As far ask,,, is concerned, all gradient-corrected functionals
cent doubly occupied Si dimers. To get some insight into thévehave in a very similar wagsee bottom panel of Fig.)5
influence of neighboring monohydrides on the asymmetricThis gives credibility to the statement that gradient-corrected

2.6

24

1.8
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TABLE II. Transition state geometry parameters ingee the inset in Fig.
4). «' denotes the buckling angle in degrees of the unoccupied @rier
the case of slab and §i Sk, clusters.

Sijs 0.97 1.93 1.98 2.24 238 121 156
Siyy 1.06 1.95 2.14 2.09 238 130 155
slab 0.93 2.00 211 2.24 239 135 190

=
, [#]

RHjl-HZ RSil»Hl RSil-HZ RSiZ-HZ d aTS @ E

=

LDA 31
Sio 088 212 2.10 238 230 137 — =2
8

ﬂma

BP

Sig 0.94 1.96 1.95 234 242 122 —

Siys 1.02 1.84 1.95 219 246 115 155 =

Siy; 1.02 1.82 2.01 212 247 116 148 E

slab 1.03 1.80 1.94 211 250 131 187 =

Q@

PW91 mﬁ

Sig 0.89 1.98 1.96 232 237 122 — ¥

Siys 0.99 1.84 1.94 219 240 107 146 =50

Siy, 1.08 1.89 211 204 241 136 149

slab 0.99 1.83 1.99 212 243 127 184
BLYP

Sig 0.91 1.93 1.95 231 240 119 — S 50 ]

Siys 0.96 1.86 1.98 223 244 102 126 g

Siy; 0.96 1.83 2.02 211 248 121 138 = A

slab 1.02 1.74 1.89 212 248 111 184 v}

ﬁ45 f
o

DFT yields an accurate description of reaction energies. The 40 ;
guantities E2%, E%S, involving transition state energies, Si, Si,g Si,, slab
show a stronger variation. The differences between BP and size of the system

PWO91 are only~2 kcal/mol, with the sign depending on the
size of the system. The BLYP functional gives the highesfIG. 5. H/Si(00]) reaction energetics as a function of the size of the system
value for E2%: 9% all tested functionals. Since similar per- Used t© model the §01)-2x1 surface(see also Table Il
formance has been already established for small systems
and the §j cluster™ our calculations confirm these results
for extended clusters and slabs. clusters, because it requires a correct description of the elec-
The Sp, cluster displays both the lowest adsorption andtronic surface states. Thus nonlocal electronic effects enter
desorption barriers. Comparison between this cluster and thée calculation of the reaction energy. They give rise to a
slab shows that their predictions agree to withiB kcal/mol  reduction ofE,,, by about 5 kcal/mol compared to the value
for all quantities. We conclude that the,Stluster gives a  obtained with the Si cluster. ForEgdS, the differences be-
fair description of the $001) surface, while the others are tween small clusters and the slab calculation are even larger.
inadequate approximations for the surface. While the desorpFhis is due to the fact that the dangling bonds of the Si dimer
tion barriers derived from the Sicluster are in the range of act as frontier orbitals in the reaction with, HThe impor-
56+3 kcal/mol for all functionalsEgds is more sensitive to tance of the change in the HOMO and LUMO position that
the functional used, with values covering a range of 11 kcalaccompany dimer buckling has also been emphasized in re-
mol. The adsorption barriers derived from the gradient-cent first principles studies of 40,3 C,H,,*® BH;,% and
corrected functionals using this cluster are 7—11 kcal/moll,3-cyclohexadiet? reactions with the $001) surface. As
higher than the LDA barrier. This is in accord with the es-our calculations show, the HOMO-LUMO g is substan-
tablished picture that LDA tends to underestimate adsorptiotially reduced when going from thémainly 7-bonded Si
barriers at surface¥. We note that the $j cluster yields dimer in Sj to the surface band states in the slab. At the
higher barriers for the PW91 functional than for BP, while transition state for adsorption, the, kholecular orbitals, in
the slab calculations give the opposite result. particular the antibonding?, orbital, mix with both the
It is instructive to analyze why the smallery@ind Si; HOMO and LUMO orbital, which is facilitated by a small
clusters give a poor description of the physics at tHO®) Egy. Atthe TS of the §j cluster, the H mainly interacts with
surface, despite the fact that the Si—H bond is localized andne dangling bond of the lower Si atofsee Fig. 6. In the
should therefore be well represented already in the smalleshore extended systems with smalkgg, there is also a di-
cluster used. FolE,,,, the variation with cluster size is rect interaction between the,Hnolecule and the upper Si
mainly due to differences in the bare clusters which are usedtom. This shows up in the more localized induced charge
as reference states. The buckling of the Si dimers charactedistribution between H2 and Si2ight panel of Fig. §, and
istic for the S{001) surface only fully develops in the largest in the different geometrical structure of the transition state.
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TABLE lIl. Activation and reaction energies in kcal/m@V) per molecule ~ TABLE V. Coverage dependence of the reaction endegy(®) for the
for H, adsorption/desorption on the(801)-2x 1 surface via the prepairing slab.
mechanismZPE not includey

Exn(®), kcal/mol (eV) per H,

gads gdes Ern 0.5 ML 1 ML 1—-0.5 ML
LDA LDA 48.1(2.09 49.7(2.19 51.3(2.22
Sig 10.2(0.44 64.9(2.81) 54.7(2.37 BP 41.8(1.81) 43.8(1.90 45.7(1.99
Siis 5.7 (0.25 58.4(2.53 52.7(2.29 PW91 42.9(1.86 44.7(1.94 46.5(2.02
Sy, 3.5(0.19 53.1(2.30 49.6(2.15 BLYP 42.9(1.86 44.3(1.92 45.7(1.99
slab 0.9(0.04) 49.0(2.12 48.1(2.09
BP
g:g 12;28;2 gz'ig'gg jg'fg'(l)g; ing to note thatE,,, for the Si, cluster with one monohy-
Sii 10.2(0.44 53.9(2.34 43.8(1.90 dr_ide (see Table Il coin_cid_es withE,,(1ML), rather than
slab 11.6(0.50 53.4(2.32 41.8(1.8) with the low-coverage limit of the slalg,,,(0.5ML). The
coverage dependence calculated for the slab shows the same
PW91 trend as the experimental data by Flowetsl,?® where a
2:9 ﬁggg-gz gg-ggsg igég-ég slight increase of the desorption energy with coverage is ob-
. . . . . . d _ .
Si;i 12.0(052 56.7(2.46 44.7(1.94 seweq,Eaes(®)—(55.8+ 1.1X ®)kcal/mol for initial cover-
slab 9.6(0.42 52.5(2.28 42.9(1.86 ages in the range 0.01-1 ML.
The reaction energ¥,,, calculated with respect to the
BLYP symmetric 2<1 reconstructed 801) surface shows very
g:g ig'ggg'gg gi'gg';g 32';812 similar behavior. The respectivg,,(®) values are in-
Siz 14:5(0:63 58:8(2:53 44:3(1:92) creased by a few kcal/mol. In this case, whensaniblecule

slab 15.5(0.67) 58.4(2.53 42.9(1.86 desorbs, it leaves behind a symmetric unoccupied dimer and
therefore the final state is AE higher in energy than for the
buckled surface reconstruction.

The trends in the reaction energetics outlined above d
not change substantially if TS and monohydride configura?/' CONCLUSIONS
tions of the Sjg, Siy; clusters with more than one monohy- We have presented a systemadie initio study of the
dride are employed. Test calculations usingst$js., and  H,/Si(001) reaction energetics employing three clusters in
Si>1Hz04 6 Clusters show that finite coverage effects at the TSplane-wave DFT calculations. A five-layp(2x 2) slab was
introduce a variation of less than 3 kcal/mol in the calculatedused as a reference to analyze the convergence of the cluster
barriers. The coverage dependenceEgf, was studied for predictions. All calculations were performed within LDA
the slaB® with initial coverage®=1 ML, Table IV. Itis  and with the nonlocal BP, PW91 and BLYP exchange-
energetically more expensive to desorb aftém one of the  correlation functionals. As our results show, a conservative
dimers if the other stays monohydride. Thug,,,(1 conclusion can be drawn that the most frequently used
—0.5ML) is about 3—4 kcal/mol larger thd,, calculated  SigH,, cluster is not large enough either to model the prop-
for initial coverage® =0.5 ML. The reaction endothermicity erties of the bare 801) surface or the molecular Hlisso-
for the removal of a whole monolayer comes out as the aveiation on it. The latter stems from the fact that this cluster is
erage of the endothermicities associated with the removal afot capable of recovering the surface electronic structure.
each of the two monohydrides in the unit cell. It is interest-Though the H reaction with the §D01) surface is consid-
ered to be a highly localized event, nonlocal effects enter the
reaction energetics via their influence on the surface bands.
Hence, one could also expect different performance for the
various functionals.

Our analysis shows that the quality of a given exchange-
correlation functional should not be assessed without refer-
ring to the particular size of the cluster employed to study the
H,/Si(001) adsorption/desorption process. Indeed, it is evi-
dent, by inspecting the BLYP section of Table Il for ex-
ample, that one could infer for the sStluster an activation
barrier to desorption much higher than the experimental val-
ues. Hence, as usually proceeded, the prepairing mechanism
FIG. 6. Total valence electron densityr) (grey shadinyand the density  could be ruled out on energetic grounds. Such a conclusion,
differenceAn(r) (contour plo} in the plane containing the Hnolecule and  however, seems to be premature if one refers to the slab or,

the Si-Si surface dimer at the TS geometries of thgHSi, , (8) and the eventually. the Si cluster prediction within the same func-
SiyyH,p4 » Cluster(b) calculated with the PW91 functional. The density dif- tional Y S P

ference is defined b&n(r)=n(r)—n$':5‘(r)—n$32(r). The full contour lines . . )
correspond taAn>0 and dashed lines tAn<0. The plot levels are the In contrast to the one-dimer cluster approximation, the

same for both clusters. SirH,g cluster was found to be close in its predictions to the
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