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Combination of high-resolution surface infrared spectroscopy on single-domain Si(100)-
(2 x 1)H and ab initio cluster calculations provides a complete determination of the geometry
and vibrational parameters for the monohydride structure.

PACS numbers: 68.20.+ t, 63.20.Pw, 68.30.+z

The observation of substrate/adsorbate vibration-
al modes with high resolution on single crystal sur-
faces is very recent. ' Although such measure-
ments promise to yield important dynamic4 and
structural information, there has been no theoreti-
cal effort to assess the potential of a generally diffi-
cult spectroscopy. The aim of this Letter is to show
that high-resolution infrared measurements of the
Si(100)-H surface combined with accurate ab initio
calculations give a complete structural and dynamic
description of the system through the determina-
tion of the adsorbate geometry and its vibrational
(chemical and dipole) interactions.

The ideal Si(100) surface with two broken bonds
per surface atom is unstable, and pairs of atoms are
believed to move together and dimerize. 5 Although
an asymmetric dimer model for the clean
Si(100)2&& 1 surface accounts for numerous experi-
mental results, ' the length of the dimer is still a
subject of controversy. " The analysis is further
complicated by the presence of two domains with
differently oriented dimers and the observations of
higher-order reconstructions. '2' A logical exten-
sion of the dimer model is the formation of a
"monohydride" phase' characterized by one H per
surface silicon atom and by a symmetric dimer.
Indeed, H chemisorption produces a sharp 2X1
low-energy electron diffraction (LEED) pat-
tern' ' '6 with no higher-order reconstruction. In
particular, saturation coverage on a substrate at
350 C yields the sharpest 2&&1 LEED pattern. ' '
Yet the structure of the experimentally well defined
and theoretically more tractable monohydride phase
has not been established. In this paper we utilize
the fact that single domain Si(-100)-(2x 1)H can be
prepared on vicinal surfaces to measure the IR
spectrum associated only with the monohydride or
monodeuteride phase; i.e., contributions from H
adsorbed on step atoms or from other forms of hy-
drides are clearly separated. Theoretically, we use
ab initio cluster calculations'8 since they are well
suited for the study of semiconductor surfaces for
which delocalization effects are usually not signifi-
cant. Optimized geometries are calculated by ener-

gy minimization procedures and vibrational fre-
quencies evaluated with analytical gradient tech-
niques. ' The small frequency splittings due to
chemical interactions, the frequency shifts resulting
from isotopic substitution, and the dynamic dipole
moments associated with the normal modes are
evaluated' ' and found to be in excellent agree-
ment with the experimental results, thus confirm-
ing the calculated geometry.

The features of the experimental apparatus and
sample preparation are described in Ref. 3. Exten-
sive measurements on flat Si(100) have revealed
that the infrared spectra of chemisorbed H are com-
plex, seemingly dependent on the surface prepara-
tion. This motiviated the study of vicinal surfaces
for which the dimers are all aligned along the step
edges. Kinematical LEED analysis of samples cut
at 9' off the (100) plane about the (011) axis
shows the formation of a uniform array of double-
layer steps with four dimers on each terrace (Fig.
1). The LEED patterns of the vicinal surfaces
showed no change upon H chemisorption at 250'C
except for small intensity variations. The dimers all
remain parallel to the step edge. Figure 1 shows
how modes of H on the (100) terraces can be
unambiguously distinguished from step modes by
polarization studies. Studies with configurations I
and II allow the determination of modes associated
with step atoms even if the frequencies are identical
with those associated with terrace atoms. .

Selected results for D and H adsorption are sum-
marized by Fig. 2 (curves A, B, and B'). The main
terrace modes occur at 2087.5 and 2098.8 cm ' for
H and at 1519 and 1528 cm ' for D. The step
modes (dashed curves) occur in between the ter-
race modes at low coverages (e.g. , at 2094 cm ' for
H in Fig. 2, curve B) and shift to lower frequency
as the coverage increases (e.g. , see the two peaks at
1524 and 1519 cm ' for 0.5 monolayer D in Fig. 2,
curve A) as confirmed by p-polarization data in
configuration II (not shown). For saturation cover-
age the step modes were found at 1519 cm
(2087.5 cm ') for D (H), clearly interfering with
intensity measurements on flat surfaces where two
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FIG. 1. Top: Geometry of the two configurations
used, with electric field directions indicated. In confi-
guration I, p-polarized radiation probes modes parallel to
the step edge and perpendicular to the terrace plane while
s-polarized probes only modes perpendicular to the step
edge. In configuration II p-polarized probes modes nor-
mal to terrace and step edge while s-polarized probes only
modes parallel to the step edge. Circles with cross and
dot represent electric fields into and out of the plane,
respectively. Bottom: Atomic representation of a clean
terrace with dimers for a 9 cut as deduced by LEED.
The side view shows the polarization of the unique dan-
gling bond associated with step atom S. The top view
sho~s the relative positions of the dimers of two adjacent
terraces.
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FIG. 2. Infrared spectra (AR/R) induced by (curve
A) 0.5 monolayer D; (curves B and B') 0.3 monolayer
H; and (curve C) 0.4 monoiayer of 84% D and 16% H on
a Si(100) 9' surface. All exposures with substrate
T =250'C. s-polarized data are smoothed. The resolu-
tion is 1 cm

domains are present and step modes cannot be dis-
tinguished from polarization studies. Hence, by
varying the coverage and probing the vicinal surface
with both configurations, we can establish that the
terraces are characterized by two modes, one polar-
ized parallel to the surface along the dirner direction
(MII) and the other perpendicular to the surface
(M~). The strengths of these modes yield a con-
stant ratio III/I~ =0.67/e after correction for field
amplitudes and the 9' inclination, where ~ is the
electronic screening. To establish that MII and
M„are associated with one local structure and are
not due to two different chemisorption sites with
equal sticking coefficients and to determine the ori-
gin of the frequency splitting, isotopic-mixture ex-
periments were performed. A surface exposed to a
dilute amount of H in a D-rich mixture exhibits
only one mode at 2092 cm ' associated with H (Fig.
2, curve C).2s Spectra obtained with configuration

II show that this mode is a terrace mode parallel to
the step edge with a screened ratio III/I„—0.7.
Hence, the two-site hypothesis can be ruled out
since a parallel mode would have no dipole interac-
tion with a neighboring perpendicular mode. Mea-
surements over the largest range of coverages for
which MII and Mj could be seen showed that the
chemical interactions are 5,„, (H) =9 cm ' and
5,„, (D) =7.5 cm ' while constant-coverage iso-
topic experiments showed that the largest
dipole/dipole interaction is 3 cm ' for H and 2
cm ' for D. The measured dipole/dipole splitting
and absolute absorption in both MII and M~ for a
wide range of coverages give e =1.4+0.05 yield-
ing the unscreened ratio of the dynamic dipole mo-
ments associated with MII and Mj, tu, II/p, t
= 0.6 + 0.1.

We now show that MII and M~ are the antisym-
metric and symmetric stretching modes of the
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FIG. 3, Cluster models and axes used in this study.
The silicons (large circles) and hydrogens (small circles)
are numbered according to the layer to which they be-
long. The twelve hydrogens representing truncated clus-
ter bonds are shown with shorter bond lengths for clarity.

monohydride phase. The first report of H adsorp-
tion on Si(100) assigned M~~ and M~ to the dihy-
dride phase because they persisted upon high ex-
posures as the LEED turned into a 1x 1 and be-
cause the magnitude of the chemical splitting
( —10 cm ') was typical of that matrix-isolated
SiH2. However, the deuterium data clearly rule
out this assignment since cluster calculations
presented below and gas-phase show that the di-

deuteride is characterized by M~~ being at a higher
frequency than M~. Further, we have determined
that M~~ and Mj sharpen and persist upon anneal-
ing to 350'C where the LEED is a sharp 2X1 and
no dihydride scissor mode can be seen with electron
energy-loss spectra (EELS).' Finally, the dihy-
dride modes were recently observed upon H20
dissociation on Si(100) at 2106 and 2116 cm

The cluster models used in the calculations are
shown in Fig. 3. The Si9H~4 cluster ' was used
with the double-zeta 3-21G basis set, reliable in
predicting geometries, to obtain the principal

geometrical features. The third- and fourth-layer
silicons were held rigidly at the ideal crystal posi-
tions and the hydrogens labeled H3, H4, and H5,
representing the truncated cluster bonds, were held
rigidly along the ideal cyrstal directions with a bond
length of 1.48 A. The first- and second-layer sil-
icons and the two added hydrogens were free to
move along the x and z directions and the hydro-
gens H~ were relaxed. Total-energy minimization
subject to the above constraints yields ds;
=2.54 A, ds;, s;, =2.41 A, ds; H=1.49 A, and

8(H—Si-Si) = 110', with all the directions of the re-
laxations consistent with those in Ref. 5. Effects of
electron correlation and of larger basis sets (includ-

ing d function on Si) were evaluated with the small-
er clusters [Fig. 3(b)]. Our best projected values
»e dsi, -s, =2 51 A ds, -si, =2 38 ~ ds -H =1 48

A, and 0=110'.
Next, the splitting of the vibrational frequencies

of the monohydride (monodeuteride) due to chem-
ical interactions was evaluated by use of Si2H2D4
(Si,D2H4) clusters. The complete harmonic force
field and the frequencies were calculated at several
levels of theory with analytical gradient tech-
niques. ' Though the absolute calculated frequen-
cies were usually different for different levels of
theory and about 10% higher than experiment, '

the frequency splitting was found to be remarkably
independent of the level of theory used. Electron
correlation effects on the splitting were small. %ith
use of the large 6-316** basis set, ' including d
functions on Si and p functions on H, a splitting of
+11 cm ' (+ 9 cm ') was calculated for the
monohydride (monodeuteride). In both cases, the

symmetric frequency was higher than the antisym-
metric one, in agreement with experiment. This
was not the case for the dihydride where the split-
ting calculated in the simple SiH2D2 model was + 5
cm ' ( —14 cm ') for the dihydride (dideuteride)
in agreement with experimental isotopic studies.
Further calculations for SiH2F2, SiH2C12, and Si3H8
showed that, for these dihydride-containing species
and in agreement with experimental data, a simi-
lar deuterium shift was present.

Finally, the Si2H6 cluster was used to compute
the dynamic dipole moments for both M~~ and M~.
The 6-316**basis set was used and electron corre-
lation effects were included by means of Moller-
Plesset perturbation theory through fourth order.
The dynamic dipole moments were evaluated by
taking finite steps along the symmetric and an-
tisymmetric mode directions, yielding 1.36 DlA
and 0.80 D/L, respectively. The ratio p, ~~/p, ~ was
thus calculated to be 0.59, in remarkable agreement
with the experimentally determined unscreened ra-
tio. Consideration of the larger Si6H~4 cluster gave
less than 10% change in the value of the computed
dynamic dipole moments. Note that the back pro-
jection of p, ~~

and p, ~ along the Si-H bond does not
give the same value for the dynamic dipole moment.
Hence, the geometric angle of an adsorbate cannot,
in general, be deduced by polarized infrared data
alone without some knowledge of the relative
strengths of the dynamic dipole moments associated
with the normal modes. It should also be kept in
mind that for metal substrates parallel modes are
not infrared active, and cluster calculations are less
accurate. However, this Letter demonstrates that
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extremely small splittings can be resolved with in-
frared spectroscopy and interpreted to yield very ac-
curate geometries for adsorbates on semiconductor
surfaces.

D. R. Hamann is thanked for stimulating discus-
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