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Pairing of hydrogen atoms on the Si(100)-2 X 1 surface:
The role of interactions among dimers
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Local-density-functional calculations of the pairing of H atoms on the (100)-2 x 1 surface of Si
are presented. We find that significant interactions between neighboring dimers along a row are
present, favoring configurations where H-unpaired dimers are in the same row and have the H atoms
all on the same side. We discuss how these effects can contribute to the effective H-pairing energies

determined experimentally.

The pairing of hydrogen atoms on Si(100)-2 x 1 has re-
cently become the subject of considerable interest, due to
its possible importance in the recombinative desorption
of H, from this surface.! In fact, one of the most popu-
lar models proposed for this process is based on the so-
called “prepairing mechanism,” which requires that the
H atoms should come to close sites, before the recombi-
nation/desorption takes place. The H pairing originates
from the fact that the dangling bonds (DB’s) on the sil-
icon atoms belonging to the same surface dimer form a
weak 7 bond,?3 which is disrupted when one hydrogen
atom is adsorbed. Thus adsorption of two H atoms on
the same dimer is favored over adsorption on two distinct
dimers, since in the latter case two 7 bonds, instead of
one, would be removed. Moreover, the w-bond energy
should correspond approximately to the H-pairing energy
(AHpair), which is the energy necessary to separate two
H atoms sitting on the same dimer and bring them on
different dimers:

H H H
'si-Si’ + Si-Si “IE 2 Si-si . 1)
The H-pairing energy has been recently measured us-
ing different techniques,*® with conflicting results. An-
alyzing the temperature-programmed desorption (TPD)
data of Refs. 6 and 7, and assuming only intradimer in-
teractions, D’Evelyn et al.* found a value of about 0.3 eV
(7.5 kcal/mol). A similar value, 0.25 eV (5.8 kcal/mol),
was obtained also by Héfer et al,® by a numerical fitting
of their laser-induced thermal desorption (LITD) data.
By contrast, Boland,! using scanning tunneling spec-
troscopy (STS), has found a substantially larger value,
i.e., ~ 0.8 eV (18 kcal/mol). Theoretical estimates of the
pairing energy have been obtained on the basis of ab ini-
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tio cluster calculations,® 1 by computing the difference
in energy required to remove the first and the second H
atom adsorbed on a Si dimer. The resulting values (0.1-
0.2 eV) are quite close to the LITD and TPD data.

It has been recently recognized!! that an important
difficulty with the present understanding of the H pair-
ing on Si(100)-2x 1—which is possibly at the origin of the
discrepancies between different experimental estimates—
concerns the effect of interdimer interactions, usually
omitted in thermal desorption (TD) data modeling, as
well as in cluster calculations. Evidence for interdimer in-
teractions on H/Si(100)2 x 1 is provided by the scanning
tunneling microscopy (STM) observation® that upon an-
nealing doubly occupied dimers tend to form chain struc-
tures extending along the [011] dimer-row direction. The
formation of these chain structures was originally at-
tributed to'the existence of a strong attractive interaction
between H-paired units.! However recent Monte Carlo
simulations incorporating effective nearest-neighbor at-
tractive interactions between H-paired dimers!! failed to
reproduce the cluster size distribution observed by STM.
To explain this discrepancy, a possibility is that interac-
tions involving not only doubly occupied, but also singly
occupied and unoccupied dimers play a role. As a matter
of fact, important electronic interdimer interactions are
present along the [011] dimer-row direction for the clean
Si(100)-2 x 1 surface, as shown by the large dispersion of
the surface valence bands along the I'-J’ direction, found
both in theoretical®!? and experimental’® work. Similar
interdimer interactions are likely to be active also be-
tween the dangling bonds of singly occupied dimers or
between dangling bonds of unoccupied and singly occu-
pied units.

In this paper we study the influence of interdimer inter-
actions on the H-pairing energy on Si(100)-2 x 1 by means
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of first-principles calculations for slab systems with dif-
ferent H coverages and various configurations of the H
adatoms. We find that there is an effective attractive in-
teraction of ~ 0.3 eV between singly occupied neighbor-
ing dimers in a cis configuration (i.e., with the H atoms
on the same side of the dimers) along a row. As a result
the H-pairing energy depends significantly on the spa-
tial distribution and configuration of the two H-unpaired
units on the right hand side of Eq. (1). On this basis,
an explanation for the discrepancies among the available
experimental H-pairing energy values is proposed.

Our calculations are based on local density functional
(LDF) theory and have been carried out within the
framework of the Car-Parrinello approach.!* The Si(100)
surface was represented by a periodically repeated slab
of six layers of Si atoms, with eight atoms/layer form-
ing a p(v8 x v/8)R45° periodic supercell. This can ac-
commodate four surface dimers along a dimer row of the
2 X 1 geometry, as shown in Fig. 1. One side of the slab
has a bulklike termination and is saturated by hydro-
gens, while the other—the one representing the Si(100)
surface—is covered with a variable number of H atoms.
A vacuum region of ~ 9 A is used to decouple the two
surfaces. The experimental value of the bulk lattice con-
stant is adopted. For the LDF exchange-correlation en-
ergy and potential we used the parametrization of the ex-
act uniform electron-gas data'® by Perdew and Zunger.!®
The interaction between Si ionic cores and valence elec-
trons was described by a fully nonlocal'” pseudopotential
with s-only nonlocality.'® Kohn-Sham orbitals were ex-
panded in plane waves with kinetic energy cutoff E.,; = 8
Ry. Only the electronic states at T' have been included.
All the above approximations were extensively tested

FIG. 1. Top view of the Si(100)-2 x 1 surface: the p(+/8 x
V/8)R45° and p(4 x 4) surface supercells are indicated, respec-
tively, by the solid and broken lines within the nonshaded
area. Only the atoms of the three topmost layers are shown.
For simplicity, the Si-Si dimers are shown in a symmetric (un-
buckled) configuration.
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and found adequate in a recent study of H diffusion on
Si(100).1° For the present study, selected calculations
using a larger p(4 x 4) supercell with 16 atoms/layer
(which can accommodate eight surface dimers belong-
ing to two different rows; see Fig. 1) and E ., = 12 Ry
show that total-energy differences change by ~ 0.1 eV at
most (see below). We have also performed a few calcu-
lations (including full geometry reoptimization) to test
the effects of nonlocal corrections to the exchange and
correlation energy and potential, as proposed by Becke??
and Perdew.?! As in the case of H diffusion on Si(100)-
2 x 1,22 we have found that these effects are very small
or negligible, changes in total-energy differences being of
the order 0.1 eV at most. This appears to be quite of-
ten the case when total energies of “isomeric” systems
are compared (see, e.g., Ref. 23). We have not included
zero-point energy (ZPE) in our results. Electron-energy-
loss spectroscopy data show that even in the case of heavy
structural modifications of H-covered Si(100) surfaces the
ZPE per H atom varies by less than 3%.24 Since in this
work we consider total-energy differences between slabs
with an equal number of adsorbed H’s, we expect that
the effect of the inclusion of ZPE corrections should be
negligible.

All the calculations have been performed with the
Si(100) surface in a “2 X 1”-type surface geometry, i.e.,
Si-Si dimer bonds were never broken.?® The atomic struc-
tures that we have investigated are shown in Fig. 2, and
include both low- and high-coverage configurations. At
low-coverage we have considered the following cases: the
clean surface (a); a single adsorbed H atom (b); two
“paired” H atoms adsorbed on the same dimer (d), or
on close dimers, both in a cis (e) and in a trans (f) con-
figuration. Similarly, at high coverage we have consid-
ered the case in which all the DB’s are saturated yield-
ing a one-monolayer H coverage (g); a single DB on a
H-saturated surface (h); two paired DB’s on the same
dimer (i); or on close dimers, both in a cis (j), and in a
trans (k) arrangement. All structures were relaxed using
a quenched-molecular-dynamics algorithm until residual
forces were less than 0.03 eV /A (for these structures sec-
ondary minima are not expected). The four topmost
layers of Si as well as the H atoms adsorbed on them
were left free to relax without constraints, while the
lowest two Si layers were kept fixed in their bulk po-
sitions. Calculated geometrical parameters for the sur-
face species of our slabs, i.e., clean, doubly occupied, and
singly occupied dimers, are reported in Table I. Results
relative to the first two species agree well with other re-
cent high-quality calculations.312:26 For singly occupied
dimers we find that the buckling angle (2° — 4°, depend-
ing on whether the unit is on the H saturated or on the
clean surface) is strongly reduced with respect to the un-
occupied dimer case, the dimer Si atom to which the
H atom is bonded being slightly higher than the other.
As a whole, the geometry of singly occupied dimers is
much closer to that of doubly occupied than of unoccu-
pied units, suggesting that some strain energy should be
associated with singly occupied units on the (otherwise)
clean Si(100)-2x1 surface, as proposed in Ref. 1.

The total energies obtained in our slab calculations are
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FIG. 2.

j) two cis DB's k) two trans DB’s

Top view of the atomic surface configurations considered in this work. Low- (high-) coverage configurations are

grouped on top (bottom). Black dots and empty circles denote hydrogen and first-layer silicon atoms, respectively. DB’s are
hatched. The wireframe structure shows the bonds among the Si atoms belonging to the three topmost layers. Like in Fig. 1,

all Si-Si dimers are shown in a symmetric configuration.

summarized in Table II. Low- (high-) coverage results are
reported on the left (right) under the heading “thermody-
namic,” and are expressed relatively to the energy of the
corresponding “paired” configuration. Thus, the second
line gives the H-pairing energy relative to two isolated H-
unpaired units,?? while the third and fourth lines give the
same quantity referred to adjacent*® H-unpaired dimers
in a cis and a trans configuration, respectively. Values in
parentheses are calculations including the effects of gra-
dient corrections to the LDF exchange and correlation.
It is apparent that there is an effective attractive inter-
action of ~ 0.3 eV between neighboring singly-occupied
dimers in a cis configuration, while no attraction or even
a repulsion (at low coverage) is present between adjacent
H-unpaired units in a trans configuration. The origin
of these interactions is largely electronic, as in the case
of the interactions leading to the formation of = bands

TABLE I. Calculated geometrical parameters for unoccu-
pied, doubly occupied, and singly occupied dimers. Buckling
of unoccupied dimers close to singly or doubly occupied units
is found to be slightly reduced with respect to that on the
perfectly clean surface (reported below).

Dimer species Buckling Si-Si Si-H
angle distance distance
(degrees) (R) (A)
Si—Si 15 2.27
H H
‘si-si’ 0 2.43 1.55
H

Si-Si’ 2-4 2.39 1.54

on the clean surface. The effect which seems to play the
main role is the possibility of delocalizing the DB charges
along the dimer-row sides. Since the presence of adsorbed
H atoms contrasts such a delocalization, configurations
where H adatoms are clustered in the same row and on
the same side of the row are energetically favored. This
effect can also explain why singly occupied dimers, both

TABLE II. Relative total energies (in eV) for the surface
configurations of Fig. 2. The column “X=H" (“X=DB”)
refers to low (high) coverage. Thermodynamic values are
computed as total-energy differences from various slab sys-
tems; spectroscopic values are obtained from energy eigen-
value differences. Values in parentheses refer to calculations
including Becke-Perdew gradient corrections (Refs. 20 and

21). Bold vertical bars represent Si-Si dimers.

Configuration Thermodynamic Spectroscopic
X=H X=DB X=DB

X

I 0.0 0.0(0.0) 0.0

X

X X

I+ | 0.5 0.7(0.7) 0.7

X

(| 0.2 0.4(0.3) 0.5

X

I 0.8  0.6(0.6) 0.6
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“isolated” and in a cis configuration, are more stable at
low than at high coverage.?®

While so far we have focused on a thermodynamic es-
timate of the pairing energy based on total-energy dif-
ferences, it is also interesting to consider a spectroscopic
estimate based on energy eigenvalue differences as in the
STS experiment of Ref. 1. In the simplest approxima-
tion, tunnel spectra may be directly associated with the
local density of states of the sample calculated in the
absence of electric field.3° Surface density of occupied
states (SDOS) for some of the high-coverage configura-
tions of Fig. 2 are reported in Fig. 3. They exhibit a
remarkable similarity with the STS spectra of Boland.!
The spectroscopic pairing energy values are reported in
Table II for the high-coverage surface configurations (in
the low-coverage case, band dispersion causes some un-
certainty in defining the orbital energy of the w-bond
state relative to that of a single DB). These values are
quite close to the corresponding thermodynamic values,
suggesting that differences between TD- and STS-derived
pairing energies are not likely to originate from failures of
STS in including attractive/repulsive effects among sur-
face species, as proposed in Ref. 5.

In an attempt to understand the origin of the different
experimental values for the pairing energy, we first notice
some differences in the conditions of the STS and TD ex-
periments. TD measurements of the pairing energy are
generally obtained at low H coverages (~ 0.1-0.2 mono-
layer) and high temperatures (' ~ 700-800 K), since
they are indirectly derived from H, desorption measure-
ments. In this case, because of the relatively low barrier
for H diffusion,? a large fraction of the DB’s (or adsorbed
H atoms) should be paired, while singly occupied dimers
are formed via thermal excitation. In the STS case, on
the other hand, the pairing energy was estimated for a
system prepared via room-temperature submonolayer ad-
sorption of atomic hydrogen, and containing many un-
paired DB’s randomly sparse on the surface.

Our results in Table II show that the H-pairing energy
relative to two cis H adatoms at low coverage is 0.2-0.3
eV, which is very close to the TD values (0.25-0.30 eV).
On the other hand, Table II shows also that the pairing
energy measured relative to isolated (e.g., belonging to
different dimer rows) H atoms is considerably higher [0.5—
0.6 eV (Ref. 29)], and rather close to the STS value (0.8
eV). This suggests that the pairing energies extracted
from desorption experiments refer to a situation where
the singly occupied dimers formed by thermal excitation
tend to stay at close sites and in a cis configuration in
order to benefit from favorable interdimer interactions.
In the STS case, instead, the single H adatoms (or DB’s)
are really decoupled. Moreover also differences in the
H coverage of the surfaces could play some role: we see
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FIG. 3. SDOS relative to selected high-coverage configu-

rations. This was obtained using a Lorentzian broadening of
0.2 eV and weighting each state with the value of the inte-
grated charge density over a volume containing the two top-
most layers. To facilitate the comparison with the STS spec-
tra of Ref. 1, the energy scale has been shifted, so that the
first peak of the SDOS in (b) falls at —0.5 eV.

from Table II that the pairing energy tends to increase
from low to high coverage.3! STS experiments performed
on surfaces with different H coverages should be able to
clarify this point.

The complex interdimer interaction pattern shown by
Table II should provide an explanation also for the clus-
tering tendency of doubly occupied units observed by
STM.! A possibility is that this is an indirect kinetic
effect arising from the attractive interactions between
singly occupied units during H-thermal diffusion.3? H
atoms could give rise in a first stage to “cis clusters”
of singly occupied dimers, which would be subsequently
converted into the doubly occupied dimer clusters of the
STM images.

In conclusion, on the basis of first-principle LDF su-
percell calculations we have found that a theory of H-
H interactions on Si(100)-2 x 1 cannot be done on the
basis of simple intradimer electronic interactions. Inter-
dimer interactions originating mostly from electronic ef-
fects contribute to the effective pairing energy observed
experimentally. Our results appear to provide a consis-
tent explanation of the large differences found in experi-
mental data.

Calculations were run on an IBM RS/6000 550 work-
station at the DCIMA and on the NEC-SX3 of the Centro
Svizzero di Calcolo Scientifico at Manno (Switzerland).
This work was in part supported by Progetto Calcolo
Avanzato in Chimica and by Progetto Materiali Speciali
per Tecnologie Avanzate of CNR, Rome.
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FIG.1. Top view of the Si(100)-2 x 1 surface: the p(+/8 x
v/8)R45° and p(4 x 4) surface supercells are indicated, respec-
tively, by the solid and broken lines within the nonshaded
area. Only the atoms of the three topmost layers are shown.
For simplicity, the Si-Si dimers are shown in a symmetric (un-
buckled) configuration.



