
VOLUME 81, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 DECEMBER1998

y

s
ites are
theory
with a

bitals.

5596
Highly Site-SpecificH2 Adsorption on Vicinal Sisss001ddd Surfaces

P. Kratzer,1 E. Pehlke,2 and M. Scheffler1
1Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4–6, D-14195 Berlin, German

2Physik Department, Technische Universität München, D-85747 Garching, Germany

M. B. Raschke and U. Höfer
Max-Planck-Institut für Quantenoptik, D-85740 Garching, Germany

and Physik Department, Technische Universität München, D-85747 Garching, Germany
(Received 8 June 1998)

Experimental and theoretical results for the dissociative adsorption of H2 on vicinal Si(001) surface
are presented. Using optical second-harmonic generation, sticking probabilities at the step s
found to exceed those on the terraces by up to 6 orders of magnitude. Density functional
calculations indicate the presence of direct adsorption pathways for monohydride formation but
dramatically lowered barrier for step adsorption due to an efficient rehybridization of dangling or
[S0031-9007(98)08016-8]
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In most technological applications of surface chemis
e.g., in catalysis, the surfaces used to promote a rea
are highly nonideal. They contain steps and other
perfections in large concentrations, which are though
provide reactive sites. Also in thin-film growth, steps
crucial for producing smooth layers via the so-called s
flow mode of growth. Despite the importance, deta
information about the role of steps is scarce. On m
als, it is generally argued that the reactivity at step
increased due to a lower coordination number of at
[1]. On semiconductors, the situation is less clear s
step and terrace atoms often attain similar coordina
due to special reconstructions. The H2ySi system pro
vides a good model to study the role of steps, since
the most thoroughly studied adsorption system on a s
conductor surface and it is of considerable technolog
relevance [2]. In addition, several recent studies cam
conclude that the interaction of molecular hydrogen wo
be largely determined by defect sites [3,4], and, in part
lar, by steps [5,6].

In this Letter, we demonstrate that the contributi
from terraces and steps to H2 adsorption on vicina
Si(001) surfaces can be discriminated using the sec
harmonic generation (SHG) probe technique to mon
hydrogen coverages during gas exposure. The mea
sticking coefficients differ by up to 6 orders of magnitu
and indicate the presence of an efficient adsorption p
way at the steps, while adsorption on the terraces invo
a large barrier. We performed density functional the
calculations to identify the relevant reaction mechani
and to compare their energetics. Surprisingly, H2 disso-
ciation at the threefold coordinated step atoms is fo
to proceed via two neighboring sites and directly lead
a monohydride formation similar to the dimerized terr
atoms. The huge differences in barrier heights arise f
the interplay of lattice deformation and electronic str
ture effects. Thus, adsorption on a semiconductor sur
0031-9007y98y81(25)y5596(4)$15.00
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may be highly site specific, even if the reactive surfa
atoms have similar coordination.

The experiments were performed with Si samples t
were inclined from the [001] surface normal towards t
[110] direction by2.5±, 5.5±, and10± 6 0.5±. They were
prepared by removing the oxide layer of the 10-V cm
n-type wafers in ultrahigh vacuum at 1250 K followe
by slow cooling to below 600 K. Under these conditio
double-atomic height steps prevail on the surface t
have additional threefold coordinated Si atoms attach
to the step edges, the so-called rebondedDB steps [7]
(a stick-and-ball model is displayed in Fig. 1). Low e
ergy electron diffraction confirmed that the surfaces p
dominantly consisted of a regular array of double-heig
steps separated by terraces with a unique orientation o
dimers. The sticking coefficients for the dissociative a
sorption of H2 on these surfaces were determined from t
temporal evolution of the hydrogen coverage determin
during gas exposure by SHG as described previously
Accurate measurements of the H2 desorption process [9
ensured that the recorded signal changes were not affe
by small amounts of contaminants in the dosing gas wh
was purified in liquid nitrogen traps [8]. For the se
sitive detection of step adsorption we made use of
fact that the presence of regular steps is associated
a symmetry break in the surface plane. For electric fi

S T1 T2 [001]

[110]

FIG. 1. Relaxed geometry for the rebondedDB step of a
Si(117) surface. The rebonded Si atoms are shown in white
© 1998 The American Physical Society
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components perpendicular to the step edges this enha
the SHG contribution of the step with respect to the
race sites [10].

A representative measurement taken at the5.5± sample,
kept at a temperature of 560 K and exposed to H2 at a
pressure of1023 mbar is displayed in the inset of Fig.
There is a rapid drop of the surface nonlinear susce
bility x

s2d
s responsible for the SHG signal immediate

after admitting H2 gas to the chamber followed by a mo
gradual decay. The two slopes of thex

s2d
s std correspond

to sticking probabilities of1 3 1024 and 1.4 3 1028.
The initial sticking coefficientss0 measured for the
different samples at various temperatures are collecte
the form of two Arrhenius plots in the main part of Fig.
They span a very wide range from10210 up to1024 [11].

We attribute the fast hydrogen uptake—which is
present on the Si(001) surfaces—to adsorption at sp
dissociation sites of the stepped surface and identify
slow signal decay with adsorption on terrace sites. T
interpretation is corroborated by the good agreement
tween the absolute values of the smaller sticking coe
cients with those obtained previously for nominally fl
Si(001) [8] and by the correlation of the saturation c
erageusat

step associated with the fast decay with the m
cut angle (Table I). usat

step was determined by means
temperature programmed desorption after saturation
detected by SHG [10]. With the exception of the10±

sample—where the number ofDB steps might be reduce
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FIG. 2. Initial sticking coefficientss0 for a gas of H2 at
room temperature on the steps (solid symbols) and terr
(open symbols) of vicinal Si(001) surfaces at various surf
temperaturesTs. They were derived from the decay of th
nonlinear susceptibilityx s2d

s during H2 exposure as show
in the inset. Numerical fits to an Arrhenius laws0sTsd ­
A exps2EaykTsd yield activation energiesEa and prefactors
A for step (terrace) adsorption of0.09 6 0.01 eV (0.76 6
0.05 eV) and4 6 2 3 1024 (,1021).
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as a result of faceting [12]—usat
step is found to be in good

agreement with the fraction of Si dangling bonds loca
at the steps relative to the total amount of dangling bo
in a unit cell of the vicinal surfaceRdb (Table I). Thus it
is tempting to associate the hydrogen species adsorbe
the steps with monohydrides formed by attaching hyd
gen to the rebonded Si atoms.

For a quantitative comparison of the measured stick
coefficients for step and terrace adsorption it is import
to know whether they are due to independent proces
Annealing and readsorption experiments show that sur
temperatures in excess of 600 K are required to cause
preciable depletion of the step sites by hydrogen mig
tion on a time scale of several hundred seconds [10].
this reason it can be excluded that hydrogen adsorp
on terraces is mediated by the step sites under the
ditions of our experiments. The two sticking coefficien
given in Fig. 2 are thus a quantitative measure of the
activity of different surface sites. The strongly activat
behavior observed for terrace adsorption, characterize
an Arrhenius energy ofEa ­ 0.76 eV, is similar to that re-
ported previously for the well oriented Si(001) and Si(11
surfaces. It indicates that distortions of the lattice str
ture have a pronounced effect in promoting dissociat
adsorption of H2 [13]. With Ea ­ 0.09 eV the effect of
temperature on step adsorption is comparatively mode

The experimental data suggest that the peculiar geom
ric and electronic structure of the stepped surface gi
rise to reaction channels that are much more effec
than those on ideal surfaces. To gain an atomistic un
standing of the underlying mechanisms we determined
total energy of various atomic configurations from ele
tronic structure calculations. We use density functio
theory with a plane-wave basis set [14]. The exchan
correlation functional is treated by the generalize
gradient approximation [15]. For silicon we generate
ab initio, norm-conserving pseudopotential [16], whi
the bare Coulomb potential is used for hydrogen. W
perform a transition state search for H2 dissociation in the
configuration space of the H atoms and the Si atoms
the four topmost layers using the ridge method [17]. A
calculations, including geometry optimizations, are p
formed with plane waves up to a cutoff energy of 30 Ry
the basis set. For the barrier heights reported below,
calculations are repeated with the same geometries,
with a cutoff of 50 Ry. We model theDB step by a

TABLE I. Ratio Rdb of dangling bonds at rebondedDB steps
to the total number of dangling bonds on vicinal Si(00
surfaces with the miscut anglea towards [110] and measure
saturation coverage of hydrogen at the stepsusat

step .

a Rdb usat
step

2.5± 0.064 0.07
5.5± 0.146 0.12

10± 0.285 0.15
5597
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vicinal surface with Miller indicess1 1 7d, using a mono-
clinic supercell. In this geometry, periodically repeat
rebondedDB steps are separated by terraces two Si dim
wide. Two specialk points in the irreducible part o
the Brillouin zone are used fork-space integration. The
uncertainty in chemisorption energies due to the finite c
size is determined to be less than 30 meV.

The optimized geometry for the rebondedDB step is
shown in Fig. 1. The rebonded Si atoms form unusua
long bonds to the atoms at the step edge (mean bond s
6%). Furthermore, the height of the rebonded Si atom
the step edge is different by 0.67 Å, due to a Jahn-Tel
like distortion similar in physical origin to the bucklin
of the Si dimers on the Si(001) surface. Consequen
the surface is semiconducting with a Kohn-Sham gap
,0.5 eV.

We investigated the following mechanisms of H2 dis-
sociation close to aDB step: (i) Si dimers at the end of
terrace could have different reactivity compared to the
dimers on flat regions of the surface. (ii) The H2 breaks
the stretched bond of a rebonded Si atom forming a
hydride species. (iii) The H2 molecule approaches wit
orientation parallel to the step and dissociates each of
H atoms attaching to one of the Si rebonded atoms.

To determine the importance of mechanism (i), w
locate the transition states both for H2 dissociation on the
terrace Si dimer directly above and below the step (T1 and
T2 in Fig. 1). The geometries of these transition sta
are asymmetric, with the H2 molecule dissociating abov
the lower atom of the Si dimer, similar to the transitio
state found for the ideal Si(001) surface [18]. For t
barrier heights we obtain 0.40 and 0.54 eV for the si
T1 and T2, respectively. These results are close to
adsorption barrier of 0.4 eV determined previously for t
flat Si(001) surface using the same exchange-correla
functional [19]. Hence, the Si dimers near steps are o
slightly different in reactivity from Si dimers on an idea
Si(001) surface. Thus mechanism (i) cannot explain
enhanced reactivity.

Mechanism (ii), the formation of a dihydride at the st
from a gas phase H2 molecule and a rebonded Si atom,
considerably less exothermic (0.9 eV) than monohydr
formation (,2 eV), because the Si—Si bond between t
rebonded Si atom and the step must be broken. Neve
less, dihydrides would exist as metastable species at
surface temperatures of the experiment provided the
responding adsorption barrier was sufficiently low. Ho
ever, the calculations yield a barrier of 0.50 eV, ev
slightly higher than the one for monohydride formatio
on the terraces, and we rule out mechanism (ii) as wel

For mechanism (iii), monohydride formation from
molecule approaching parallel to the step, we do not fi
any barrier. Using dampedab initio molecular dynam-
ics for a slowly approaching molecule, we can ident
the reaction path connecting the gas phase continuo
with the monohydride at the step. Hence we attrib
the highly increased sticking coefficient of H2 observed
5598
d
rs

ll

ly
ain
at
r-

y,
of

i

i-

he

e

s

e
s
e
e
on
ly

e

e
e
e-
he
r-

-
n

d

sly
e

on the vicinal surfaces to direct monohydride formatio
This conclusion is confirmed by the observation that t
mechanism is compatible with the observed satura
coverages of Table I, as opposed to a complete decora
of the step with dihydride species, which would result
a saturation coverage a factor of 2 higher than obser
Table II summarizes the energetics of the three reac
mechanisms considered.

Figure 3 illustrates the concerted motion of the H ato
and the two rebonded Si atoms along the reaction p
The Jahn-Teller-like splitting showing up in the differe
height of the two rebonded Si atoms is undone dur
the approach of the H2 molecule. Additionally, the two
rebonded Si atoms move closer together by about 0.
during adsorption to assist in breaking the H—H bo
Both for this optimum pathway and for the similar, b
slightly less favorable, pathway with the adsorption s
shifted by one surface lattice constant parallel to
step, the total energy decreases monotonically when
H2 molecule approaches the surface (Fig. 4, solid
dotted lines). This is to be compared to the adsorp
energy barrier of 0.3 eV we have calculated for a rigid
substrate. Obviously, a particular distortion of the step
atoms is crucial for adsorption, which, on the bare surfa
would be associated with a sizable elastic energy (das
curve in Fig. 4). Together with the small density of st
sites (cf.Rdb in Table I) and the necessary alignment
the H2 axis parallel to the step, this explains the sm
prefactorAstep in comparison toAterrace. The reaction
path shown in Fig. 3 implies some transfer of energy a
momentum from the H2 to the lattice during the adsorptio
process, which is not easily achieved due to the large m
mismatch. However, thermal fluctuations will sometim
lead to lattice configurations favorable for adsorptio
Therefore, the surface temperature dependence of stic
as suggested by the experiments, appears to be comp
with the presence of a nonactivated adiabatic pathway

We find that atomic relaxation close to a step, wh
inducing only moderate changes in the chemisorp
energy [20], has a pronounced influence on the energ
of adsorption. Since the early stages of H2 dissociation
are quite sensitive to electronic states around the Fe
energy, we propose that the increase in reactivity
due to shifts of electronic states in the gap induc
by lattice distortions. In the surface ground state,
two surface bands formed from the dangling orbit

TABLE II. Adsorption barriersEads and chemisorption ener
giesEchem for H2 molecules reacting with the vicinal surface
the sitesS, T1, andT2, as indicated in Fig. 1.

Site Eads seVd Echem seVd

S (monohydride) no barrier 22.07
S (dihydride) 0.50 20.87

T1 0.40 21.75
T2 0.54 21.93
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FIG. 3(color). Monohydride at the step (upper part) a
motion of the highlighted step atoms during H2 dissociation
(lower part). The reaction path is projected onto a (110) pl
parallel to theDB step with different stages of dissociatio
marked by different colors. The insets show the motion of
rebonded Si atoms (coordinates are in Å).

located at the rebonded Si atoms bracket the Fe
energy and are split by,1 eV due to the Jahn-Telle
mechanism. However, when the two rebonded Si at
are forced to the same geometric height, the ene
separation of the centers of the surface bands is reduc
0.4 eV. Upon the approach of molecular hydrogen, th
surface states can rehybridize and thus interact efficie
with the H2 molecular orbitals. The electronic structu
at the step is different from the surface band structur
the ideal Si(001) dimer reconstruction: At the Si dim
characteristic for the ideal surface, thep interaction of
the dangling bonds prevents the two band centers f
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FIG. 4. Total energy of the H2ysurface system along th
adsorption path shown in Fig. 3 (solid line). The dashed
comes from a separate calculation for the bare Si surface u
the Si coordinates along the reaction path. The thin dotted
denotes the total energy along a similar reaction path, with
two H-adsorption sites translated by one surface lattice con
along the step edge.
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coming closer than 0.7 eV [21], while the dangling bon
of equivalent step edge Si atoms are almost degene
Therefore the terrace sites are less capable of dissocia
a H2 molecule than the step sites.

Valuable commentaries and support by W. Bren
K. L. Kompa, and P. Vogl, and partial funding by th
Deutsche Forschungsgemeinschaft through SFB 338
gratefully acknowledged.

[1] G. A. Somorjai, Introduction to Surface Chemistry an
Catalysis(Wiley, New York, 1994).

[2] G. S. Higashi, Y. J. Chabal, G. W. Trucks, and K
Raghavachari, Appl. Phys. Lett.56, 656 (1990).

[3] P. Nachtigall, K. D. Jordan, and C. Sosa, J. Chem. Ph
101, 8073 (1994).

[4] M. R. Radeke and E. A. Carter, Phys. Rev. B54, 11 803
(1996).

[5] Z. Jing, G. Lucovsky, and J. Whitten, Surf. Sci.296, L33
(1993).

[6] D. A. Hansen, M. R. Halbach, and E. G. Seebauer,
Chem. Phys.104, 7338 (1996).

[7] D. J. Chadi, Phys. Rev. Lett.59, 1691 (1987); P. E.
Wierenga, J. A. Kubby, and J. E. Griffith,ibid. 59, 2169
(1987); O. L. Alerhandet al., ibid. 64, 2406 (1990);
E. Pehlke and J. Tersoff,ibid. 67, 1290 (1991).

[8] P. Bratu, K. L. Kompa, and U. Höfer, Chem. Phys. Le
251, 1 (1996).

[9] U. Höfer, L. Li, and T. F. Heinz, Phys. Rev. B45, 9485
(1992).

[10] M. B. Raschke and U. Höfer, Phys. Rev. B (to b
published).

[11] The obtained values fors0,step are not directly comparable
with the results of a previous SHG study of H2 adsorption
on vicinal Si surfaces [6] that reported sticking coefficien
as high as 0.1 for different misorientations and high
surface temperatures.

[12] E. Schröder-Bergen and W. Ranke, Surf. Sci.259, 323
(1991).

[13] P. Bratuet al., Phys. Rev. B54, 5978 (1996).
[14] M. Bockstedte, A. Kley, J. Neugebauer, and M. Scheffl

Comput. Phys. Commun.107, 187 (1997); see also http: /
www.fhi-berlin.mpg.de/th/fhi96md/code.html

[15] J. P. Perdewet al., Phys. Rev. B46, 6671 (1992).
[16] M. Fuchs, M. Bockstedte, and M. Scheffler (to b

published).
[17] I. V. Ionova and E. A. Carter, J. Chem. Phys.98, 6377

(1993).
[18] P. Kratzer, B. Hammer, and J. K. Nørskov, Phys. Rev

51, 13 432 (1995); E. Pehlke and M. Scheffler, Phys. R
Lett. 74, 952 (1995); A. Vittadini and A. Selloni, Chem
Phys. Lett.235, 334 (1995).

[19] A. Gross, M. Bockstedte, and M. Scheffler, Phys. R
Lett. 79, 701 (1997).

[20] E. Pehlke and P. Kratzer, Phys. Rev. B (to be publishe
[21] J. Dabrowski and M. Scheffler, Appl. Surf. Sci.56–58, 15

(1992); P. Krüger and J. Pollmann, Phys. Rev. Lett.74,
1155 (1995).
5599


