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The vibrational spectra of atomically flat hydrogen- and deuterium-passivated Si(111)-(1  1) surfaces are 
investigated using theoretical and experimental techniques. An unexpected isotopic shift is observed for the 
Si-H bending mode when hydrogen is replaced with deuterium, with ä(Si-H) ) 626 cm-1 and ä(Si-D) ) 
537 cm-1. The Si-H stretching mode, in contrast, behaves as expected with î(Si-H) ) 2083 cm-1 and 
î(Si-D) ) 1516 cm-1. Density functional studies reveal that the mode observed at 537 cm-1 is mostly a 
phonon mode, which results from the coupling of near-surface phonons with the lower frequency bending 
mode of the deuterated surface. This coupling causes a shift in the ordering of the expected vibrational modes 
when hydrogen is replaced by deuterium. We also suggest that such a mode around 535 cm-1 should be seen 
for many other surfaces and is a general feature of many monovalently terminated Si(111) surfaces. 

Introduction 

Chemical modification of silicon surfaces using organic 
molecules provides a possible route to highly ordered semi-
conductor devices containing novel functionality. Much of the 
current literature1-13 in this area has concentrated on function-
alization of the Si(111) surface using a two-step alkylation/ 
chlorination technique followed by reaction of the surface 
with a Grignard reagent.14-19 To achieve well-ordered layers, 
it is necessary to begin with as close to an atomically flat sur-
face as possible. An ideal starting point is the H-passivated 
Si(111) surface obtained by buffered HF (or NH4F) etching.20 

This process creates an almost atomically flat surface that is 
ideal for further functionalization described above.21-31 The 
structure of the hydrogen-passivated surface therefore has far-
reaching implications for silicon surface functionalization. 

Determination of surface structure is a difficult task that is 
best accomplished using a combination of theory and experi-
ment. In particular, surface infrared vibrational spectroscopy 
combined with quantum chemical cluster calculations has been 
used successfully as a probe of surface structure3,32 for both 
Si(100) and Si(111) surfaces. For example, the structure of the 
methylated Si(111) surface has been determined from HREELS 
(high-resolution electron energy loss spectroscopy)18 and surface 
vibrational spectroscopy17 and was supported by theoretical 
calculations.3 The structures of the water dissociation products 
on Si(100) have also been extensively characterized using a 
combination of theoretical predictions and experimental obser-
vations.32 In many such studies, the structural assignments are 
confirmed using isotopic substitution reactions, e.g., D2O 
substituted for H2O.32 Using a force constant analysis, it is 
possible to predict the shift of the hydrogen vibrational modes 
on deuterium substitution and then confirm the results by 
observation. 

In this work, we have performed vibrational studies using 
Fourier transform infrared (FTIR) spectroscopy along with 
gradient-corrected density functional theory and two-dimen-
sional periodic boundary conditions to determine the frequency 
shifts of deuterated versus hydrogenated Si(111) surfaces. 
Indeed, the experimental observation of a blue shift of the Si-H 
bending mode upon deuterium substitution suggests that the 
nature of the surface vibrational spectrum on such atomically 
perfect surfaces is more complex than originally thought. The 
theoretical calculations reveal that, when adsorbate bending 
vibrations (e.g., the Si-D bending mode) are in the vicinity 
but lower than selected surface phonon modes, a coupling takes 
place that substantially affects the surface phonon spectrum. In 
the case of deuterium, it leads to an increase of a phonon mode 
at ˘537 cm-1, i.e., at a frequency seemingly too high for a 
pure Si-D bending mode. 

Experimental Details 

N-type (phosphorus-doped, 24-34 ¿ cm resistivity), (111)-
oriented, double-side polished, silicon wafers were cut into ̆ 2 
cm  5 cm pieces for transmission infrared analysis. The native-
oxide-terminated samples were first cleaned using the RCA 
procedure33 and then etched in 10-20% HF(aq) (30 s) followed 
by a 2.5 min dip in 40% NH4F to obtain atomically flat 
hydrogen-terminated Si(111) samples which were rinsed in H2O 
for 10 s.34 

D2O immersion was performed in a Teflon beaker inside a 
dedicated N2(g)-purged flush box. Spectra were recorded first 
for the native oxide surface and then for a freshly etched H/Si-
(111) surface; the latter allowed for a comparison of the D/Si-
(111) surface to the unoxidized H/Si(111) surface. After FTIR 
analysis, the hydrogen-terminated surface was brought into the 
N2(g)-purged flush box, and the atomically smooth Si-D surface 
was prepared as reported by Luo and Chidsey.35,36 

Anhydrous methanol (CH3OH, 99.8%), methanol-d (CH3OD, 
99+ atom % D), anhydrous methyl-d3 alcohol-d (CD3OD, 

* To whom correspondence should be addressed. E-mail:kraghava@ 
indiana.edu. 

1034 J. Phys. Chem. C 2008, 112, 1034-1039 

10.1021/jp0758768 CCC: $40.75 © 2008 American Chemical Society 
Published on Web 01/05/2008 

https://indiana.edu


99.9+ atom % D), deuterium oxide (D2O, 99.9 atom % D), 
anhydrous potassium fluoride (KF, 99.99+%), and deuterium 
chloride 35 wt % in deuterium oxide (DCl/D2O, 99 atom % D) 
were purchased form Aldrich and used as received. Reactions 
with D2O-containing solutions were performed in a dedicated 
nitrogen-purged box, and reactions with methanol were carried 
out in a separate nitrogen-purged flush box that contained neither 
D2O nor H2O. All H2O is deionized 18.2 M¿ cm resistivity 
water from a Millipore system. 

Reactions of silicon with methanol were performed at 
˘65 °C in (25   150) mm diameter glass tubes. These tubes 
were initially cleaned with aqua regia, followed by a 10 min 
clean in a piranha solution, to remove traces of metallic and 
carbon-containing contamination from the surfaces of the glass. 
The tubes were then rinsed with H2O, dried, and brought into 
a nitrogen glovebox where they were continually reused. 
Separate tubes were used for acidic H and acidic D species. 
The tubes were first exposed to 65 °C anhydrous CH3OH or 
anhydrous CH3OD for at least 30 min to remove traces of H2O 
and allow the Si-OH surface of the glass tubes to exchange 
with the corresponding acidic hydrogen isotope. Reactions were 
performed in the dark (tubes were wrapped with Al foil) to 
eliminate reaction pathways involving photogenerated carriers. 
After the desired reaction time, the solution and sample were 
poured into a glass funnel, and once dry, the samples were 
capped in clean tubes under N2(g) purge, removed from the 
glovebox, and carried to the spectrometer. 

Spectra were recorded in a pyroelectric detector (DTGS) in 
N2-purged Fourier transform infrared spectrometers (Nicolet 
6700 and Nexus 670), with 4 cm-1 resolution (from 400 to 4000 
cm-1) in transmission mode at 74° and 10° incidence. These 
angles are chosen to be at Brewster angle and close to normal, 
but avoiding interference effects more pronounced at precisely 
normal incidence while still providing an electric field essentially 
parallel to the surface. Five consecutive loops, each consisting 
of 1000 scans, were obtained for each sample. References were 
either oxide-terminated or freshly etched hydrogen-terminated 
surfaces, as appropriate. The absorbance spectra were processed 
by subtracting water vapor and CO2(g) peaks and occasionally 
by baseline corrections to remove drifts. 

Computational Details 

Surfaces are intrinsically complex systems whose large size 
and rigid structure present challenges to cluster-based modeling. 
To overcome these problems, we have used periodic boundary 
conditions (PBCs) to simulate the effect of an infinite system 
on a unit cell. The PBC implementation of Kudin and 
Scuseria,37-39 which uses an atom-centered basis function, was 
used for all energy calculations and geometry optimizations. 

As previously mentioned the ground-state structure of the 
hydrogen- or deuterium-passivated Si(111) surface is the bulk 
structure with a single adsorbate atom per surface dangling 
bond.20 This simple structure reduces the number of atoms in 
the unit cell to one unique atom per layer. It is thus possible to 
use a larger number of layers to model the system. In our case 
we have used 10 layers in addition to the upper and lower 
surface adsorbate atoms, resulting in 12 atoms per unit cell, 
Figure 1. The model was then completely optimized without 
constraints using the gradient-corrected BLYP density functional 
(composed of the B88 exchange functional40 and the Lee-
Yang-Parr correlation functional41) with the 6-31G(d,p)42-
polarized double-ú basis set. While hybrid functionals such as 
B3LYP that include exact exchange are generally more accurate 
than their GGA counterparts, they are far less cost-effective for 

periodic systems of this type. We have shown in previous studies 
that the BLYP/6-31G(d,p) model provides a reliable description 
of the vibrational properties for these similar systems.3,23 

There are no readily available analytic second derivatives for 
PBC. Therefore, to calculate the harmonic vibrational frequen-
cies, the analytically obtained forces were numerically dif-
ferentiated using symmetric displacements of the Cartesian 
coordinates with a step size of 0.001 Å. This procedure results 
in a Cartesian force constant matrix which is then mass-weighted 
and diagonalized to obtain the vibrational frequencies (eigen-
values) and normal modes (eigenvectors). The resulting frequen-
cies are fully periodic but do not include phonon dispersions, 
resulting in ¡-point-only frequencies. The consequences of this 
approximation have been previously described.3 Assignments 
were then made using these computed vibrational frequencies 
without any other corrections. All calculations were performed 
using a modified version of the Gaussian Development Version 
suite of programs.43 

Results and Discussion 

The geometry of the hydrogen-passivated Si(111) surface is 
simple in form. While the structure of the unpassivated Si(111) 
surface is a complex 7  7 reconstruction under ultra-high-
vacuum conditions, hydrogen passivation from a wet-chemical 
preparation results in the formation of a nearly perfect 1  1 
monolayer on the surface20 with a hydrogen atom satisfying 
the single dangling bond present at each surface silicon. The 
PBC geometry optimization was accomplished using the BLYP 
functional, which has given reliable geometries in past stud-
ies.3,23 It should be noted the bond distances from the BLYP 
optimized geometry (2.40 Å for the Si-Si distance and 1.50 Å 
for Si-H) are slightly longer then the observed values (e.g., 
the bulk value silicon-silicon distance is 2.35 Å). This 2% 
increase in bond length has been previously discussed.3 

It is expected that if a hydrogen atom is replaced with a 
deuterium, the associated vibrational frequencies will shift to 
lower values on the basis of the difference in the reduced mass 
of the total atoms participating in the vibrational mode. Under 
the approximation that the potential energy surface does not 
change with isotopic substitution, the nature of the shift for 
modes that are dominated by hydrogen motion can be predicted 
by taking the square root of the ratio of the masses, i.e., 1/x2, 
or approximately 0.707, for hydrogen to deuterium. This result 
is expected for both the Si-H stretch and the Si-H bend due 
to the light mass of hydrogen. The actual shift may vary slightly 
due to the influence of cubic and quartic terms in the potential 
energy as well as the contribution of other heavier atoms in the 

Figure 1. Ten-layer two-dimensional PBC model of the H-terminated 
Si(111) surface with the larger spheres representing silicon atoms and 
the small spheres representing hydrogen atoms. 
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vibration. Using these values, the predicted isotopic shifts are 
a validation of the surface spectral assignments. 

The infrared absorption spectra of H- and D-terminated Si-
(111)-(1  1) shown in Figure 2 confirm that the Si-H stretch 
mode (îSi-H ) 2084 cm-1) detectable with 74° incidence 
(spectrum b) and the Si-H bend (äSi-H ) 626 cm-1) detectable 
with 10° incidence are polarized perpendicular and parallel to 
the surface, respectively. With near-normal incidence (˘10°), 
the electric field is essentially parallel to the surface and 
therefore cannot excite perpendicular modes, such as the Si-H 
stretch. Upon deuteration of the Si(111)-(1  1) surface, the 
Si-D stretch is observed at 1514 cm-1 (Figure 2d) as expected. 
However, a strong and sharp mode is also observed at 537 cm-1 

(Figure 2c,d), well above the expected Si-D bending mode 
(˘450 cm-1). The theoretical assignment of the modes for the 
hydrogen- and deuterium-terminated surface is shown in Table 
1, with schematics of the modes drawn in Figure 3. While all 
surface phonon modes were inspected, only those modes that 
haVe a non-negligible (displacement less than 0.1 amu1/2 bohr) 
contribution from the hydrogen/deuterium are listed. The 
calculated hydrogen stretching mode is seen at 2120 cm-1 in 
the calculated spectrum. The higher-than-expected accuracy of 
the theoretical value relative to the experimentally observed 
value can be attributed partly to the cancellation of the opposing 
effects of anharmonicity and bond length overestimation. The 
deuterium spectrum is shifted to 1514 cm-1 in the experimental 
spectrum (Figure 2a) and 1525 cm-1 in the theoretical spectrum 
(Table 1, diagram in Figure 3a). The Si-D experimental 
stretching mode is seen only for an incidence angle of 74° 

(Figure 2d) and not for 10° (Figure 2c), so the deuterated surface 
must be atomically flat with a monodeuteride termination. The 
experimentally observed frequency of the Si-D stretch is 
slightly red-shifted relative to previous measurements for an 
atomically smooth D/Si(111) surface.35 This red shifting implies 
the presence of some surface-bound impurities that reduce the 
dipole coupling between neighboring Si-D species.35,44-46 The 
FTIR spectra of our D/Si(111) sample also demonstrate the 
presence of a small amount of oxidation (approximately 3% of 
the Si-O-Si longitudinal optical and transverse optical mode 
areas observed after an SC1/SC2 clean of the native oxide 
surface) relative to the initial oxide-free H/Si(111) surface. This 
finding is consistent with this reduction in dipole coupling. The 
observed Si-D stretching frequencies are very close to the 
expected shift from simple mass arguments, which are 1499 
and 1473 cm-1 on the basis of the calculated and experimental 
frequencies for Si-H, respectively. All these observations are 
consistent with the well-understood behavior associated with 
the silicon-hydrogen stretching mode at 2083 cm-1. 

The bending mode is both more complicated to assign and 
more interesting. The experimental value for the hydrogen 
bending mode has been assigned at 626 cm-1. The dipole for 
the Si-H bending motion is oriented parallel to the surface and 
is, hence, observed at both angles of incidence. The assignment 
is consistent with the calculated value of 628 cm-1. While the 
computed errors for bending modes are typically smaller, the 
nearly perfect agreement in this case results from a fortuitous 
cancellation of the inherent error of the BLYP functional with 
the neglect of anharmonicity. At first glance the deuterium 
spectrum gives puzzling results. The expected shift by a factor 
of approximately 0.707 places the vibration inside the phonon 
region at 444 cm-1 where it may not be easily experimentally 
observed due to detector limitations. However, a clearly 
observed feature at 537 cm-1 (Figures 2 and 4) is observed at 
both 74° and 10° off normal, implying that the mode is oriented 
parallel to the surface. If this peak corresponds to the deuterium 
bending, it would indicate the vibrational frequency decreases 
far less than expected. Since this occurrence is rather unlikely, 
we investigated the possibility the mode is not the deuterium 
bending mode. Considering that the surface has few defects, 
there are a limited number of other possibilities. For example, 
the surface may also contain phonon modes that have significant 
intensity. However, since the observed absorbance spectrum is 
the difference of two single beam spectra, the phonon modes 
should be the same in each surface and would be expected to 
cancel. If it is a phonon mode, it must therefore be a mode of 
significantly different intensity relative to that of the H/Si(111) 
or Ox/Si(111) reference surface. Another possibility is the 
coupling of the deuterium bending mode with the near-surface 
phonon modes. This phenomenon (i.e., coupling of near-surface 
phonons with surface adsorbate atoms) has been seen in several 
previous studies.3,23 For this mechanism to be in accordance 
with the data, the coupling of the near-surface phonon modes 
with the adsorbate bending must change with the mass change. 

When the normal modes (eigenvectors) of the calculated 
deuterium adsorbate spectrum are examined in the lower 
frequency region, the deuterium bending mode is seen at 412 
cm-1, relatively close to the expected value of 444 cm-1. This 
mode is dominated by deuterium motion (˘90%) with only a 
modest vibrational coupling with the phonons in this region of 
the spectrum. This is clearly analogous to the hydrogen bending 
mode calculated at 628 cm-1 (Table 1, diagram in Figure 3b) 
and observed at 626 cm-1. This mode is clearly not the mode 
that corresponds to the observed mode at 537 cm-1. A closer 

Figure 2. FTIR spectra of the atomically smooth H/Si(111) surface 
with an infrared-light incidence angle of (a) 10° or (b) 74° off normal 
and the atomically smooth D/Si(111) surface with an incidence angle 
of (c) 10° or (d) 74° off normal. For clarity, the intensities of spectra 
a and b have been divided by a factor of 2 relative to the scale provided. 

TABLE 1: Experimental and Calculated Values for the 
Infrared Vibrational Mode of the Hydrogen- and 
Deuterium-Terminated Si(111) Surface (cm-1) 

mode 
Si-H, 
calcd 

Si-H, 
obsd 

Si-D, 
expecteda 

Si-D, 
calcd 

Si-D, 
obsd 

stretching 2120 2083 1499 1525 1516 
bending 628 626 444 412 n/oc 

coupling 476b n/o n/o 519 537 

a The expected values are calculated by multiplying the observed 
Si-H values by 1/x2 (̆ 0.707). b The hydrogen-phonon coupling is 
weak and can be considered almost a pure phonon mode. For this 
reason, there is very little change in either the intensity or the frequency 
of this mode for the H/Si(111) or Ox/Si(111) surfaces, and hence, no 
difference in absorption is observed. c n/o stands for not observed out 
of the noise. 
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inspection of the computed frequencies reveals the presence of 
another mode at 519 cm-1 (Table 1, diagram in Figure 3e) that 
corresponds to weak coupling between the near-surface phonons 
and the deuterium bending. Unlike the mode at 412 cm-1 (Table 
1, diagram in Figure 3d), this mode is mostly dominated by the 
opposing motion of the first two layers of silicon atoms with a 
significantly smaller contribution of deuterium bending motion 
and is polarized parallel to the surface (as observed experimen-
tally). There is a weaker contribution of the deeper silicon layers. 
A similar phonon mode can also be seen for hydrogen at 476 
cm-1 (Table 1, diagram in Figure 3c) although the coupling to 
the hydrogen-bend motion is significantly weaker. It is clear 
that the coupling is stronger for deuterium, resulting in a higher 
intensity for deuterium, making it observable for the latter. 

We suggest the following explanation for the observations. 
In the case of deuterium, the intrinsic deuterium bending mode 
(expected around 440 cm-1, Table 1) is slightly lower in 
frequency than the intrinsic near-surface phonon mode that 
occurs around 480-500 cm-1. The coupling to the phonon from 
the lower frequency Si-D bend shifts the phonon mode to 
higher frequency (computed at 519 cm-1, Table 1, diagram in 
Figure 3e) and allows it to be detectable. In the case of hydrogen, 
the intrinsic bending mode (˘620 cm-1, Table 1, diagram in 
Figure 3b) is significantly higher in frequency than the near-
surface phonon modes. The coupling is much weaker due to 
the lighter mass of hydrogen as well as the larger intrinsic 
frequency difference and shifts the phonon mode slightly lower 
in frequency. 

Overall, in the case of hydrogen, the observed mode at 626 
cm-1 is mostly composed of Si-H bending, while in the case 
of deuterium, the observed mode at 537 cm-1 is mostly 
composed of phonon motion. The differences arise from the 
fact that, on going from H to D, the intrinsic bend moves from 
aboVe the phonon region to below the phonon region. Our 

computational studies show that the point at which the qualita-
tive nature of the mode changes, i.e., the point at which the 
intrinsic modes are equal in frequency, occurs for adsorbate 
atoms having masses around 1.6 amu. 

The observation of such an adsorbate-coupled near-surface 
phonon mode can also be seen for the chlorine-terminated 
surface at 527 cm-1 and for the methyl-terminated surface at 
522 cm-1.3 The intrinsic bending mode for both of these 
adsorbates is also lower in frequency than the intrinsic phonon 
mode. The fact that the mode shifts only slightly with the 
adsorbate (e.g., D vs Cl) is consistent with a mode composed 
mostly of a phonon whose frequency blue shifts slightly, but 
sufficiently high enough, with different adsorbate atoms to be 
observable. We predict that a similar mode is likely to be seen 
for other monovalent adsorbates on the unreconstructed Si(111)-
(1  1) surface with a mass greater than that of deuterium. 
From this combined theoretical and experimental evidence, we 
can assign the 537 cm-1 mode of the D/Si(111) surface to near-
surface phonons weakly coupled to the deuterium bending mode. 
If it is possible to examine the spectrum at lower frequencies, 
we believe the deuterium bending mode would appear around 
400 cm-1, as expected. Unfortunately, no reliable information 
can be obtained below 460 cm-1, due to detector response and 
beamsplitter efficiency, making it impossible with our current 
spectrometer system to explore the true Si-D bending mode. 
Nevertheless, these observations confirm that the simple isotopic 
exchange from hydrogen to deuterium leads to a considerable 
difference in the degree of coupling between the subsurface 
phonons and the surface adsorbates. 

Figure 4 demonstrates that the Si-D coupled phonon and 
bending mode can be observed for other Si-D-containing 
surfaces even when it is dispersed among different adsorbate 
species. The spectra in Figure 4 result from the exposure of 
atomically smooth H/Si(111) to 65 °C solutions of neat 

Figure 3. Schematic of the local atomic motions in the key vibrations considered in this study. The atomic displacements (indicated by the length 
of the arrows) are scaled relative to one another. 
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anhydrous CH3OH, CH3OD, and CD3OD. In these cases, 
approximately 30% of the initial Si-H is removed and replaced 
with either Si-OCH3 or Si-OCD3. This replacement occurs 
randomly across the surface, rather than in phase-separated 
domains, on the basis of the red shift in the Si-H stretching 
mode.31 The surfaces that result from this chemistry retain their 
initial atomically smooth nature as evidenced by the orientation 
of the resulting modes (both Si-OCH3- and Si-H-related) and 
the absence of any detectable dihydride or monohydride step 
modes. Despite the difference in chemistry of the surface sites 
(70% Si-D and ̆ 30% Si-OCH3 or Si-OCD3), the coupled 
Si-D bending and near-surface phonon modes are almost the 
same intensity relative to those of the smooth deuterated surface 
(vide supra). The fact that the coupling of the intrinsic bending 
modes of the surface adsorbates to the phonon mode does not 
shift with surface coverage was also seen in our computational 
studies of small clusters when one of the seven surface 
deuterium atoms was replaced with a methyl group. Since the 
mode is mostly comprised of phonon motion that is weakly 
coupled to the surface adsorbate, it can be understood that it 
may not shift significantly due to relatively minor surface-
coverage changes in the adsorbate atoms. For this to be the case, 
the splitting between the near-surface phonon mode coupled to 
a deuterium or methyl adsorbate should not be large, in 
accordance with the observed spectra. In the future, it will be 

interesting to explore the nature of such vibrational interactions 
as a function of surface coverage and surface disorder and for 
other more complex adsorbates. 

Conclusions 

To summarize, we have investigated the spectrum of the 
deuterated and hydrogen-terminated Si(111) surface using 
theoretical and experimental techniques. To explain the unex-
pected presence of a sharp vibrational mode around 535 cm-1 

for deuterated, chlorinated, and methylated Si(111)-(1  1) 
surfaces, it was necessary to consider the coupling of near-
surface phonons with the bending mode of the surface. This 
phenomenon resulted in a shift in the ordering of the expected 
vibrational modes when hydrogen was replaced by deuterium. 
We have assigned the vibrational modes of both surfaces and 
have offered a simple explanation for the appearance of this 
phonon mode on Si(111)-(1  1) surfaces containing adsorbates 
heavier than hydrogen. 
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