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Periodic density functional calculations were performed to investigate the vibrational properties of hydrogenated
and grafted Si(111) surfaces as a function of surface coverage and subsurface oxidation. Surfaces terminated
with —CHj3;, —CCH, and —Cl groups were considered. Subsurface oxidation was taken into account by oxidizing
one, two, and three silicon back bonds. The effect of anharmonicity was considered in the calculation of the
stretching frequencies of the Si—H and C—H groups. The effect of the different adsorbates on the polarization
of the electron density of the SiH group and on the electronic structure of the surface was investigated by
means of electron density difference and density of states analyses. The Si—H stretching frequency increases
with the surface coverage of —CCH and —Cl species, and it decreases with the increase in the surface coverage
of —CHj;. Positive (negative) frequency shifts correlate with the increase (decrease) of electron density along
the Si—H bond. The Si—H stretching frequency shows a very good correlation with the Si—H bond length
for all the systems investigated. The Si—C, C—H, and Si—Cl stretching frequencies increase linearly with the
surface coverage of the —CHj;, —CCH, and —Cl groups. The back-bond oxidation of a SiH group produces
an increase in its stretching frequency and a decrease of the stretching frequency of the surrounding unoxidized

SiH groups. All the calculated frequencies show very good agreement with the experimental values.

Introduction

Vibrational spectroscopy is among the most powerful probes
of fundamental processes in microelectronics. In particular,
infrared (IR) absorption spectroscopy provides insight into
critical aspects of silicon surface structure and reactivity through
analysis of the vibrational frequencies, band intensities, and line
shapes. Changes in the surface infrared spectrum upon reactive
exposure can be used to extract information concerning the
chemical identity, surface coverage, and dynamic properties of
the surface layer.'

The Si—H stretching vibration of the Si(111)—H surface gives
one of the narrowest lines observed up to now in vibrational
surface spectroscopy and reflects the high quality of this surface.
The close spacing of surface adsorbates has a pronounced effect
on the vibrational spectrum because the motion of an individual
oscillating dipole is influenced by the electric dipole field
generated by the motion of its neighbors. This effect, known
as dynamic dipole coupling, forces adsorbates bound to a surface
to vibrate en masse instead of individually and shifts the
vibrational transition to higher energy. An isolated H atom
bound to a Si(111) surface would have a so-called singleton
vibrational transition at ~2080 cm™!, whereas a complete,
defect-free monolayer of Si—H oscillators would have a similar
transition at ~2085 cm™. Disordered or defective arrays would
have transitions between these two extremes. Because of this,
the position and structure of the vibrational transition are
sensitive to the surface morphology.>* Therefore, the absorption
frequency allows an evaluation of the quality of the surface.
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The typical IR spectrum observed for an atomically flat
hydrogen-terminated Si(111) surface after removal of the native
oxide exhibits two positive sharp vibrational modes assigned
to the stretch (2083.7 cm™!) and bend (626 cm™') modes of
Si—H.% However, if the SiH group is within a microfacet (instead
of an infinite surface), the stretching frequency decreases to
2081.3 cm™!. This red shift is attributed to a reduced dynamic
dipole coupling on microfacets.®

After exposure to chlorine gas, the Si—H modes are com-
pletely removed and two new absorbance features are observed
and assigned to the stretch (586 cm™!) and bend (528 cm™!)
modes of Si—Cl. These results indicate that on an atomically
flat Si(111) surface, all the hydrogen atoms are exchanged by
chlorine atoms with no etching or roughening.”®

Transmission infrared spectroscopy (TIRS) has been used to
investigate the surface-bound species formed in the two-step
chlorination/alkylation reaction of crystalline (111)-oriented Si
surfaces. The CHj-terminated Si(111) surface exhibits distinct
peaks in the C—H stretching region at approximately 2900 cm™".
Peaks at 2909 and 2965 cm ™! are attributed to the methyl C—H

symmetric and asymmetric stretching vibrations, respectively. !

The Si—H stretching vibration with back-bond oxidation is
observed as broad bands in the higher energies; i.e., that for
(Si0,)Si—H is observed at about 2200 cm™!' and that for
(03)Si—H at about 2250 cm™'.""~16 In a study of the kinetics
of oxidation of Si(111)—H surfaces stored in humid air, it was
found that the hydrogenated silicon atom having the three back
bonds oxidized is kinetically stable and is the predominant
species on the surface after several hours in humid air. The
evidence for this is the observation of the growth of an IR
absorption at 2250 cm™" at the expense of the (Si3)Si—H stretch
at 2084 cm~L12
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The S—H vibrational frequency has been investigated within
the harmonic approximation using both cluster and periodic slab
models of the surface. Due to incomplete treatment of electron
correlation, neglect of mechanical anharmonicity, and basis set
truncation effects, calculated harmonic frequencies generally
overestimate experimental wavenumbers. To improve the agree-
ment between the predicted and observed frequencies, the
computed harmonic frequencies are usually scaled for com-
parison.!” In other cases, the calculated frequencies for the
v4(Si—H) modes were corrected for systematic deficiencies due
to anharmonic effects by substracting 102 cm™!.!8

The frequency of the Si—H stretching mode was calculated
for the Si(100)-(2 x 1) surface using the cluster approximation
in studies of NH; dissociation'® and oxygen incorporation.'® In
the case of the Si(111)—H surface, a Si—H stretching frequency
of 2056.41 cm™! was calculated using the slab model of the
surface.” Periodic density functional calculations were also used
to determine the frequency shifts of deuterated versus hydro-
genated Si(111) surfaces.”’ In this study, a Si—H stretching
frequency of 2120 cm™! was obtained.?! Harmonic frequencies
for the fully methylated Si(111) surface were calculated from
density functional theory using both periodic boundary condi-
tions and cluster models at the same level of theory.”? The
anharmonic Si—H stretching frequency was calculated on flat®®
and stepped® Si(111)—H surfaces using the first-principles
Car—Parrinello molecular dynamics method combined with a
Fourier analysis of the surface atom motions. A stretching
frequency of 1965 cm™! was obtained on the flat surface.?

In the present work, first-principles calculations based on
density functional theory together with a periodic representation
of the surface were carried out to investigate the vibrational
properties of hydrogenated and grafted Si(111) surfaces as a
function of surface coverage and subsurface oxidation. Anhar-
monic effects were considered in the calculation of Si—H and
C—H vibrational frequencies. On the unoxidized surfaces, the
shift of the Si—H stretching frequency as a function of the
surface coverage of —CHj;, —CCH, and —Cl species correlates
with the polarization of the electron density of the Si—H bond
induced by the surrounding adsorbates. On the oxidized surfaces,
the variation of the Si—H stretching frequency was investigated
as a function of the number of Si—Si backbonds oxidized. For
all the systems investigated the Si—H stretching frequency
shows a very good correlation with the Si—H bond length.

Theoretical Methods and Surface Modeling

The (111) face of silicon was modeled by means of a silicon
slab six layers thick. Periodic boundary conditions were applied
to avoid edge effects. The dangling bonds of the bottom surface
were saturated with hydrogen atoms. To ensure that there are
no residual forces in the unit cell, we determined the equilibrium
bulk structure of silicon, obtaining 5.48 A for ag, which
compares very well with the experimental value of 5.43 A>
The positions of all the adsorbate atoms as well as those of the
four topmost Si layers were fully optimized. The unit cells
employed were (1 x 1) and (2 x 2).

The calculations were performed with the CRYSTAL code
which expands the crystalline orbitals in terms of a Gaussian
type basis set. The following Gaussian type orbitals were used
(the o exponents of the most diffuse shells are given in bohr™2):
6-21G* basis set for Si** (o,= 0.123 339 2, oy = 0.5) and 21G*
for H.?® For C, O, and Cl we used the standard 6-21G basis
sets supplied by CRYSTAL. The PBE Hamiltonian was
adopted.?” The number of reciprocal lattice points (k-points) at
which the Hamiltonian matrix was diagonalized was 36 corre-
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sponding to a shrinking factor S = 6. The gradient with respect
to the atomic coordinates was evaluated analytically. The
equilibrium atomic positions were determined using the BFGS
algorithm.?® The optimization convergence was checked on the
root-mean-square and the absolute value of the largest compo-
nent of both the gradients and the estimated displacements. The
threshold for the maximum and the rms forces were 0.000 45
and 0.0003 au. The corresponding thresholds for the atomic
displacements were 0.0075 and 0.005 au, respectively. When
these four conditions were all satisfied at a time, the optimization
was considered complete.

Within the harmonic approximation, the vibrational frequen-
cies at the I" point were calculated by diagonalizing the mass-
weighted Hessian matrix, obtained by numerical differentiation
of the analytical gradient with respect to the atomic coordi-
nates.?’ The procedure adopted in this work to compute the
anharmonicity of the SiH stretching was successfully employed
in previous studies of the OH stretching vibration.?*3? It consists
of the following steps: (i) the SiH distance is treated as a pure
normal coordinate decoupled with respect to all other modes;
(ii) the total energy of the system is calculated for a set of SiH
values around equilibrium, and a sixth-order polynomial fit is
used to interpolate these points; (iii) the one-dimensional nuclear
Schrodinger equation is solved following the algorithm proposed
by Lindberg,® which produces the three lowest eigenvalues,
Ey, E|, and E,, that are then used to compute the first vibrational
transitions wg; and wg;, the anharmonicity constant w.x., and
the harmonic stretching frequency w:

wy =E; — E,
wy=E, ~ E,
X, =2wy — w2
W, =wyT2wx,

oy 1s is the corrected Si—H stretching frequency to be compared
with the fundamental frequency from experiments. The anhar-
monic frequencies were calculated for the Si—H and C—H
stretchings.

The numerical procedure implemented for the vibrational
frequencies calculation allows limiting the calculation to an
atomic fragment. The first bilayer of silicon atoms together with
the different grafting molecules were the atomic fragments
employed in the frequency calculations. This approach saves a
considerable amount of time and renders virtually the same
frequencies as when all the atoms in the unit cell are considered
in the frequency calculation.

Results

A value of 2073 cm™! was obtained for the Si—H stretching
frequency including anharmonic effects at the PBE/6-21G(d,p)
level of theory. This value compares very well the experimental
frequency of 2083.7 cm™'.> For the harmonic frequency we
obtained a stretching of 2111 cm™". This value compares very
well with a recent harmonic frequency calculation performed
at an equivalent level of theory (BLYP/6-31G(d,p)) which
yielded 2120 cm™! on a slab representing the hydrogenated
Si(111)—(1 x 1) surface.?! For the SiH bending we obtained
627 cm™!, and the experimental value is 626 cm™'>

The changes in the Si—H stretching frequency, computed at
the anharmonic level, are shown in Figure 1 as a function of
the —CHj3;, —CCH, and —Cl surface coverage. The absolute
values are listed in Table 1. On both the —CI and —CCH
terminated surfaces, v4(Si—H) increases with surface coverage,
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Figure 1. Si—H stretching frequency shift as a function of the surface
coverage of —Cl (¢), —CHj; (O), and —CCH (V) groups.

TABLE 1: Si—H Stretching Frequencies (in cm™!) and
Si—H Bond Strength D (in kcal/mol) as a Function of the
Surface Coverage 0 of the Grafting Molecule

—Cl —CCH —CH;
0 v{(Si—H)  Dsi—n v{(Si—H)  Dsi—n v{(Si—H) = Dsi—n

0 2073 81.9 2073 81.9 2073 81.9
25 2081 81.6 2069 81.5 2041 81.4
50 2097 81.8 2082 81.8 2027 81.5
75 2106 81.8 2090 81.9 2005 81.3

TABLE 2: Si—Cl Stretching Frequencies (in ecm™') and
Si—Cl Bond Strength D (in kcal/mol) as a Function of the
Surface Coverage 0

0 v(Si—Cl) Dsi—ci
25 516 97.7
50 542 96.7
75 560 95.9
100 577 95.1

whereas on the methylated surface v((Si—H) decreases. Table
1 shows the anharmonic frequencies on each surface together
with the corresponding Si—H bond strength. It can be observed
that there is no correlation between the frequency changes and
the Si—H bond strength, which remains basically constant
irrespective of surface coverage or adsorbate type.

Table 2 shows the calculated v,(Si—Cl) values as a function
of the fraction of surface sites substituted by chlorine atoms. A
steady increase in the vibrational frequency is observed as a
function of surface coverage. The stretching frequency of 577
cm™! at full coverage is in very good agreement with the
experimental value of 586 cm™! reported experimentally.” The
best estimate of this frequency calculated using a cluster model
of the surface at the B3LYP level is 555 ¢cm™'.3* In another
DFT investigation (at the RPBE level with a plane wave basis
set) using a slab representation of the surface, a frequency of
561 cm™! was obtained for the Si—Cl stretching mode.?°

The increase of v(Si—Cl) with surface coverage is in
agreement with experimental results which show that the Si—Cl
stretching mode shifts to higher frequencies as a function of
the Cl, exposure time.3** After 5 min of Cl, exposure, a broad
and weak Si—Cl band appears first at ~563 cm™! and then shifts
to 584 cm™! at saturation coverage. In the same study,® the Si—H
stretch band is also observed to shift toward higher frequencies
reaching a maximum value of ~2103 cm ™! before disappearance
of the band due to complete chlorination of the surface. This
value is in very good agreement with the calculated SiH
stretching frequency of 2106 cm™! (Table 1) for a chlorine
coverage of 75%. At this coverage, every SiH group is
surrounded by six SiCl groups.
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TABLE 3: Stretching Frequencies (in em™!) and Si—CCH
Bond Strength D (in kcal/mol) as a Function of the Surface
Coverage 6 of —CCH

0 vy(Si—C) Dsi-ccu v(C'C) v(C—H)
25 637 119.1 2066 3269
50 646 118.4 2071 3273
75 655 117.6 2077 3276
100 663 116.7 2085 3289

TABLE 4: Asymmetric and Symmetric C—H Stretching
Frequency of —CHj; (in em™!) as a Function of the Surface
Coverage 0

6 v(C—H) v(C—H)
25 2965 2877
50 2971 2891
75 2973 2896
100 2976 2890

The vibrational frequencies of the acetylated surface are listed
in Table 3 as a function of the —CCH surface coverage. The
stretching frequencies of the Si—C, C'C, and C—H bonds
increase with surface coverage. It can be observed that the
v(C'C) values in the range 2066—2085 cm™! overlap with
v4(Si—H), which are in the range 2069—2090 cm™~! (Table 1)
on the acetylated surface. These results are in agreement with
the experimental observation of a relatively high intensity peak
at a frequency of 2080 cm™! which is attributed to the overlap
of the peaks originating from the Si—H and C'C vibrations of
the partially acetylated Si(111)—H surface.?’ The C'C stretching
frequency of 2085 cm™! obtained for the fully covered surface
compares very well with the value of 2071 cm™! reported in a
previous study performed at the BLYP/6-31G(d,p) level of
theory. For the anharmonic frequency of the C—H stretch we
obtained a value of 3289 cm™! at full coverage (Table 3), which
compares very well with the experimental value of 3300 cm™!.%

On the methylated surface we observed a decrease of the
Si—H stretching frequency when the methyl surface coverage
increases (Table 1). A similar trend has been observed experi-
mentally for both methylated and ethylated surfaces. On the
CHs;-terminated Si surface, a small, broad peak centered near
2070 cm™! was observed by transmission infrared spectros-
copy.'” The integrated area of this peak was <10% of the surface
coverage of the freshly etched H-terminated Si(111).!° The same
behavior was observed for the ethylated surface for which the
2083 cm™! feature of the hydrogenated surface is broadened
and red-shifted to 2070 cm™! after the alkylation process.’

Transmission infrared spectroscopy (TIRS) has been used to
investigate the surface-bound species formed in the two-step
chlorination/alkylation reaction of crystalline (111)-oriented Si
surfaces. The CHs-terminated Si(111) surface exhibited distinct
peaks in the C—H stretching region at approximately 2900 cm ™.
Peaks at 2909 and 2965 cm ™! are attributed'” to the methyl C—H
symmetric and asymmetric stretching vibrations, respectively.
In Table 4 we show the variation of v((C—H) and v,(C—H) as
a function of the —CHj; surface coverage. Both frequencies
increase with the surface coverage. At full coverage, we obtained
2890 and 2976 cm™! for the symmetric and asymmetric
stretchings, respectively, in good agreement with the experi-
mental values. In an HREELS study of methylated Si(111)
obtained by Grignard reaction of photochlorinated Si(111), the
asymmetric stretch was observed at 2944 cm™!, respectively,
which is in the range of our calculated values.’’

For the Si—C stretching we did not observe an important
frequency variation with the surface coverage of —CHj groups.
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Figure 2. Equilibrium structure of Si(111)—H with (a) one, (b) two,
and (c) three silicon back bonds oxidized. Only the first bilayer of silicon
atoms is shown. Calculations performed using a (2 x 2) unit cell. The
Si—H stretching frequencies of the labeled SiH groups are shown in
Table 5.

TABLE 5: Si—H Stretching Frequency (in cm™!) of Each of
the Four SiH Groups in the (2 x 2) Unit Cell as a Function
of the Number of Oxidized Si—Si Back Bonds”

no. of oxidized Si—Si back bonds

SiH 1 2 3

1 2069 2058 2055
2 2072 2056 2054
3 2072 2074 2055
4 2074 2102 2213

“The back bonds are oxidized for the SiH group labeled 4. See
figure 2 for the labeling of the other three SiH groups.

We obtained a frequency of 673 cm™! for 25% surface coverage
and a frequency of 670 cm™! at full coverage. The latter value
compares very well with the experimental value of 671 cm™! 7.

Oxidized Surfaces. Figure 2 shows the equilibrium structures
for the oxidation of one, two, and three silicon back bonds of
the hydrogenated surface. The anharmonic Si—H stretching
frequency was calculated for each of the four hydrogen atoms
in the (2 x 2) unit cell. The results are shown in Table 5. The
oxidation of the first back bond has virtually no effect on
v4(Si—H) as compared to the unoxidized surface. However, the
oxidation of the second and third back bonds shifts v(Si—H)
to 2102 and 2213 cm™!, respectively. The latter value is close
to the experimental value of 2250 cm™! attributed to v4(Si—H)
with the three back bonds oxidized.!> The calculated value is
37 cm™! lower that the experimental value. However, we note
that in our calculations only one of the four silicon atoms in
the (2 x 2) unit cell has been oxidized (see Figure 2c). We
expect that further oxidation of the back bonds of the other
silicon atoms should increase v,(Si—H).

Table 5 also shows that v((Si—H) for the unoxidized silicon
atoms is also affected by the oxidation of the neighbor silicon
atom. In the case of the trioxidized silicon surface (Figure 2c),
vs(Si—H) values for the unoxidized silicon atoms decrease to
20542055 cm™! from the value of 2073 cm™' obtained for
the unoxidized Si(111)—H surface. The dispersion of Si—H
stretching values observed in Table 5 for the unoxidized silicon
atoms implies that the band associated with the stretching of
these SiH groups should broaden during the back-bond oxidation
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Figure 3. Equilibrium structures of partially oxidized and methylated
silicon surfaces: (a) trioxidized SiH group with a 50% surface coverage
of methyl groups, (b) trioxidized SiH group with a 75% surface
coverage of methyl groups, and (c) trioxidized methylated silicon atom
with 50% surface coverage of methyl gropus.

TABLE 6: Si—H Stretching Frequency (in em™) of a
Trioxidized SiH Group as a Function of the Surface
Coverage of Methyl Groups®

0 v(05Si—H)
0 2213
50 2183
75 2169

“Figures 3a and 3b correspond to 6 = 50% and 75%, res-
pectively.

of the other silicon atoms. This is observed experimentally. The
sharp absorption peak at 2083 cm™! arising from silicon
monohydrides at surface terraces decreases and broadens with
immersion time in pure water. This broadening is considered
to reflect the progress of very early native oxide growth.'?

We also investigated the effect of alkylation of the hydro-
genated silicon atoms surrounding the O;Si—H moiety on the
Si—H stretching frequency of O3;Si—H. The equilibrium struc-
tures for 50% and 75% coverage of CH; are shown in Figures
3a and 3b. Table 6 lists v(O;Si—H) as a function of the methyl
coverage. As in the case of the unoxidized surface, v,(O3;Si—H)
decreases as the surface coverage increases.

Figure 3c shows the equilibrium structure for a 50% coverage
of methyl groups in which one-half of the methylated silicon
atoms have the three back bonds oxidized. The stretching
frequencies of the two unoxidized SiH groups are 2019 and
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Figure 4. Electron density difference around the SiH group for
surfaces grafted with a 75% surface coverage of (a) —Cl, (b) —CCH,
and (c) —CHj; groups. The electron density difference was computed
by subtracting the electron density of the hydrogenated surface from
the density of the grafted surface. The red contour corresponds to
depletion of electron density, and the blue contour corresponds to
accumulation. Isocontour: 4-0.0005 electron bohr 3.
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2024 cm™!, which are slightly lower than on the unoxidized
surface (2027 cm™!, Table 1). The oxidation of the methylated
silicon atom has a small effect on the C—H stretching of the
methyl group: v{(C—H) increases from 2890 cm™! (unoxidized
surface) to 2898 cm™! (oxidized surface). In the case of the
asymmetric stretching mode, v,(C—H) increases from 2976 cm™!
(unoxidized surface) to 2990 cm™' (oxidized surface). These
values compare very well with the stretching peaks at 2904 and
2963 cm™! obtained for the symmetric and asymmetric modes
of CHj; on an oxidized silicon surface functionalized with methyl
groups.®

Discussion

The variations of v((Si—H) observed on the different grafted
surfaces (Figure 1) indicate that the adsorbate modifies the
electronic structure of the SiH group. A decrease of v((Si—H)
with the increase in the surface coverage of the grafting molecule
can be rationalized on the basis of a reduced dynamic coupling
among SiH oscillators due to the elimination of the dipole—dipole
interactions. This effect could be attributed to the decrease of
v4(Si—H) on the methylated surface, but it cannot explain the
increase of v((Si—H) on the chlorinated and acetylated surfaces.
Besides, the dynamic dipole coupling only accounts for a few

cm™!,>* whereas the changes observed in Figure 1 are several

tens of cm ™.

The increase of ¥(Si—H) on the Si—CI modified surface has
its parallel on the Si—I surface.” It has been reported that after
immersion of the atomically flat H-terminated Si(111) in a HI
+ 1, solution, the sharp peak at 2083.7 cm™! disappears nearly
completely, accompanied by the appearance of new broad bands
at around 2095 cm™!. These bands have been assigned to
remaining terrace SiH groups with the vibrational energies
modified by neighboring Si—I bonds.*

In order to understand how neighboring Si—Cl, Si—CHj3;, and
Si—CCH bonds affect the electronic structure of the SiH group,
we investigated the electron density and the projected density
of states (DOS) around the SiH group. Figure 4 shows a contour
plot of the electron density difference around the SiH group.
The difference was calculated by subtracting the density of the
hydrogenated surface to the density of the grafted surface. In
all cases, the grafted surfaces had an adsorbate surface coverage
of 75%, which implies that each SiH group is surrounded by a
hexagon of six Si—Cl, Si—CCH, or Si—CH; groups. On the
chlorinated and acetylated surfaces, there is an increase of
electron density along the Si—H bond which correlates with
the increase of the stretching frequency of the SiH group. The
charge accumulation along the Si—H bond is more pronounced
for the chlorinated surface for which the frequency shift is also
more pronounced (Figure 1). On the methylated surface, the
electron density decreases along the Si—H bond which correlates
with the decrease of its vibrational frequency.

The electron density difference was integrated over the x and
y coordinates to obtain Ap(z), the density difference in the
direction perpendicular to the surface. Figure 5 clearly shows
the polarization of the electron density around the SiH bond
induced by the different adsorbates. On the Si—Cl and Si—CCH
modified surfaces, a peak of accumulation of electron density
can be observed along the SiH bond at the expense of the
electron density around the Si and H atoms. The reverse trend
is observed for the CH3 modified surface.

The area under the peak of accumulation or depletion of
electron density along the Si—H bond was integrated for the
different adsorbates and surface coverages. Figure 6 shows the
frequency shift as a function of the charge thus calculated. It
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Figure 5. Electron density difference around the SiH group in the
direction perpendicular to the surface. The vertical lines indicate the
planes containing the silicon as well as the H atoms of the SiH group.
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Figure 6. Stretching Si—H frequency shifts as function of the
accumulation or depletion of electron charge along the Si—H bond for
different surface coverages of the grafting molecules’ surfaces.

can be observed that for all adsorbates and surface coverages,
the positive frequency shifts are associated with an accumulation
of electron density along the Si—H bond whereas the negative
frequency shifts correspond to a depletion of electron density.

Figure 7a shows the density of states projected on the atomic
orbitals of the SiH group for the fully hydrogenated surface. In
the energy range between 0.0 and —4.5 eV, the resonances
between the peaks of the H(ls) and Si(3p,) DOS can be
appreciated. These resonances correspond to the ¢ bonding
orbital between the Si and H atoms. The Si(3s) states have a
low density in the range from —4.5 to 0.0 eV, and their density
increases at lower energies. The Si(3s) states at lower energies
are involved in the Si—Si bonding. The Si(3p,) and Si(3p,) DOS
are degenerate, and they are involved in the bonding of the
silicon atom of the SiH group with the surrounding silicon
atoms.

Figures 7b-d show the projected DOS for the —CHj;, —Cl,
and —CCH modified surfaces with a 75% surface coverage. For
these grafted surfaces, the DOS shifts toward lower energies as
compared to the hydrogenated silicon surface. The prominent
peak at —3.9 eV in the DOS of the hydrogenated surface shifts
to —4.6 and —4.4 eV for the methylated and acetylated surfaces,
respectively. In the case of the chlorinated surface, a splitting
is observed with peaks at —3.7 and —4.3 eV. The charge density
associated with these peaks is shown in Figure 8. It can be
observed that the crystalline orbitals are delocalized around the
SiH groups as well as around the SiCl, SiCH;, and SiCCH
groups. Therefore, it becomes clear that the different grafting
groups will affect the electronic structure of the SiH group.

At energies lower than —6 eV, the density of the Si(3s) states
increases and is different for the different surfaces. For the
—CCH modified surface, for example, a pronounced peak is
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Figure 7. Density of states projected on the Si(3s), Si(3p), and H(1s)

orbitals of the SiH group for (a) the hydrogenated surface and the

grafted surfaces with a 75% surface coverage of (b) —Cl, (c) —CHjs,

and (d) —CCH. The energies are relative to the Fermi energy of each

surface.

observed at —10 eV (Figure 7d). The states in this energy range
are delocalized over the silicon lattice. This implies that the
adsorbates not only modify the electronic structure of the SiH
group, but also modify the states involved in the bonding of
the Si atom of the SiH group with the other silicon atoms.

The area under the H(1s) and Si(3p,) DOS was integrated in
the energy range in which these two states show the resonances
arising from the o bonding between these two atoms. Figure 9
shows the stretching SiH frequency shifts for the different
grafted surfaces as a function of the integrated DOS. It can be
observed that the changes in the stretching frequency correlate
with the changes in the density of states.

Even in the absence of the silicon surface, the polarization
of the electron density of the SiH group by the different
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Figure 8. Charge density distribution of the states corresponding to
the main peaks of the DOS shown in Figure 7. The peak energy is
shown in the insets: (a) hydrogenated, (b) chlorinated, (c) methylated,
and (d) acetylated surface. The surface coverage of the grafted surfaces
i8 75%.
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Figure 9. Stretching SiH frequency shifts as function of the integrated
H(1s) and Si(3p,) DOS.

adsorbates can explain the trends in the observed frequency
shifts. We performed a calculation for an array of H;Si—H
molecules surrounded by six H3;Si—R molecules, where —R is
—Cl, —CH3;, and —CCH (Figure 10). The unit cell was the same
as on the silicon surface. For —Cl and —CCH we obtained an
increase in the SiH stretching frequency of 31 and 9 cm™!,
whereas for the —CHj group we obtained a decrease of —38
cm™! in v¢(SiH). The corresponding frequency shifts on the
silicon surface are 33, 17, and —67 cm™! for the —Cl, —CCH,
and —CHj; grafted surfaces (see Figure 1, 75% coverage). The
difference between the frequency shifts of both calculations is
a measure of the contribution of the surface. In the case of the
—Cl group, virtually all the frequency shift can be obtained from
the array of H3Si—CI molecules.

In order to further evaluate the effect of the surrounding
molecules on the stretching frequency, we calculated the
stretching Si—Cl frequency for a slab of H3;Si—Cl molecules
as a function of the intermolecular spacing. For each spacing,
the geometry of the H;Si— fragment was kept fixed whereas
the Si—Cl distance was optimized and then v (SiCl) was
calculated. Figure 11 shows that v(SiCl) varies from 531 cm™!
at long separations up to 566 cm™! at an intermolecular spacing
of 3.87 A (the DFT equilibrium spacing of SiCl groups on the
111 surface). This value is very close to the Si—Cl stretching
frequency of 577 cm™! obtained on the fully chlorinated surface
(Table 3). This shows that even in the absence of the surface,
most of the Si—Cl vibrational frequency can be recovered
provided that the intermolecular spacing of the oscillators is
the same as on the grafted surface. As shown in Figure 12, the
stretching Si—Cl frequency shows a linear correlation with the
Si—Cl bond distance which decreases as the intermolecular
separation decreases.

An equivalent calculation as that shown in Figure 11, but
using a slab of H3;Si—H molecules, also shows an increase in
the Si—H stretching frequency as the intermolecular separation
decreases. However, the change is only 7 cm™!. This frequency
shift is in the expected range for the coupling of SiH
oscillators.>* Therefore, the large variations in v{(Si—H) shown
in Figure 1 for the different grafted surfaces cannot be attributed
to the coupling or decoupling of SiH oscillators.

On the alkylated surfaces, the IR band associated with the
unsubstituted Si—H bonds is always broadened.”!° Our results
showed that the influence of the local environment (the nature
of the attached molecules and their surface coverage) has an
important influence on the Si—H stretching vibration. Another
degree of freedom results from the fact that for a given
substitution percentage, a variety of substitution patterns exist.
For example, for a substitution of 50%, the zigzag-type pattern
is more stable than the linear pattern.** However, the energy
difference between the different patterns is only a few kilo-
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Figure 10. Equilibrium structures of molecular slabs of (a) H;SiH,
(b) H5SiH + H;Si—Cl, (¢) H;SiH + H;Si—CH;, and (d) H;SiH +
H;3Si—CCH. The unit cell parameter is the same as on the Si(111)
surface.

calories per mole. It has been pointed out that several of the
highly ordered patterns are simultaneously present as relatively
small patches on the surface. As a result, disordered patterns
will be present at the boundaries between ordered domains.*’
We therefore think that the dispersion of the Si—H stretching
frequencies for monolayers with a surface coverage close to
50% reveals the large variety of local environments of the
unsubstituted SiH groups.

Figure 13 shows a plot of v(SiH) as a function of the Si—H
bond length for all the systems investigated in this work. It can
be observed that the correlation between both quantities is very
good. The most positive frequency shifts are observed for
partially oxidized and chlorinated silicon surfaces. We attribute
the changes in the SiH bond length to the polarization of the
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Figure 11. Variation of Si—Cl stretching frequency as a function of
the intermolecular separation for a slab of H;Si—Cl molecules (inset).
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Figure 13. Correlation between Si—H stretching frequency and Si—H
bond length for all the grafted and oxidized surfaces investigated. The
calculations were performed with a (2 x 2) unit cell. The labels indicate
the surface coverage of the grafting molecule as well as the extent of
subsurface oxidation.

electron density around the SiH group induced by the different
adsorbates as well as by subsurface oxygen atoms. This is
effectively confirmed when the SiH bond is polarized with an
electric field perpendicular to the surface. Figure 14 shows a
plot of v((SiH) as a function of the Si—H bond length optimized
for different electric fields. It can be observed that there is a
linear correlation in the electric field range considered.

The linear correlation between bond distance and vibrational
frequency was discovered long ago by Badger and is known as
Badger’s rule.*! It is applicable to a wide range of compounds.
The C—H frequencies of n-alkanes, for example, were found
to correlate linearly with calculated ab initio bond lengths with
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Figure 14. Si—H stretching frequency vs Si—H bond length for
different electric fields perpendicularly applied to the Si(111)—H
surface.

very high precision.*** Molecules containing SiH***¢ as well as
GeH** bonds also show a linear correlation between the
vibrational frequency and the equilibrium bond length. Our
results indicate that Badger’s rule for the SiH bond is also
observed on the Si(111) surface.

We did not find any correlation between the changes in
v4(SiH) and the SiH bond energy on the unoxidized surfaces.
Table 1 shows that irrespective of surface coverage or adsorbate
type, the SiH bond energy remains virtually constant. Tables 2
and 3 shows that the Si—Cl and Si—C bond energies for the
—Cl and —CCH grafted surfaces decrease with the increase in
surface coverage. In a previous paper*® we showed that this
decrease is due to a weakening of the surface bond as well as
to repulsive interactions among the adsorbates. Therefore, the
increase in the stretching frequencies shown in Tables 2 and 3
is not related to a strengthening of the surface bonding, as the
reverse trend is observed with the increase in surface coverage.

Conclusions

The vibrational frequencies of the hydrogenated Si(111)
surface grafted with —Cl, —CHj3, and —CCH groups were
computed at the PBE/6-21G(d,p) level of theory considering
anharmonic effects for the Si—H and C—H vibrations. The
calculated frequencies show very good agreement with the
experimental values. For the Si—H stretching and bending
frequencies, we obtained 2073 and 627 cm™!. On the grafted
surfaces with a 100% surface coverage we obtained the
following: v(SiCl) = 577 cm™! for the chlorinated surface;
v(Si—C) = 670 cm™ !, v((C—H) = 2890 cm ', and v,(C—H)
= 2976 cm™! for the methylated surface; and v(Si—C) = 663
cm™ !, v(C—C) = 2085 cm™!, and v(C—H) = 3289 cm™' for
the acetylated surface.

The SiH vibrational frequency is very sensitive to the surface
coverage of the grafting group. The adsorbates polarize the
electron density around the SiH group leading to accumulation
or depletion of electron density along the Si—H bond. The Si—H
stretching frequency increases with the surface coverage of
—CCH and —ClI species, and it decreases with the increase in
the surface coverage of —CHj. Increased frequencies correlate
with charge accumulation along the Si—H bond and vice versa.
The effect of the polarization of the electron density of the SiH
group on its vibrational frequency could also be simulated
qualitatively by applying electric fields perpendicular to the
surface. Even in the absence of the surface, a periodic array of
H3Si—H molecules embedded in H3Si—R molecules (R =
—CHjs;, —Cl, and —CCH) can reproduce the trends in v(Si—H).
The polarization of the electron density also influences the Si—H
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bond length. Therefore, a very good correlation was observed
between frequency shifts and SiH bond length.

On the oxidized surface v((Si—H) increases with the number
of Si—Si back bonds oxidized whereas v,(Si—H) decreases for
the unoxidized SiH groups. A value of 2213 cm™! was obtained
for the stretching frequency of a SiH group with its three back
bonds oxidized in a (2 x 2) unit cell in which the remaining
three SiH groups were unoxidized.
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