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Coupling of an Adsorbate Vibration to a Substrate Surface Phonon: H on Si(111)
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We report high-resolution infrared-reflection-absorption measurements of an unreconstructed, ideally
H-terminated Si(111)surface. The marked width and frequency variations of the Si-H stretching vibra-
tion with temperature are completely accounted for by a weak anharmonic coupling of this mode to a Si
surface phonon band centered at 210 25 cm '. A decrease in Si-H stretch intensity, observed as the
temperature is increased above 300 K, suggests a strong anharmonic coupling between the Si-H stretch-
ing and bending modes.

PACS numbers: 68.35.Ja, 33.70.Jg, 63.20.Hp, 78.30.Hv

Adsorbate-substrate interactions control surface pro-
cesses such as adsorption, desorption, diffusion, and reac-
tion. Characterizing such processes is therefore central
to understanding gas-surface phenomena. Despite
numerous studies, ' the microscopic mechanisms of
these interactions are not well understood because of the
complex nature of the adsorbate-substrate couplings
(electronic and vibrational). In addition, surface disor-
der (defects, domains, structural rearrangements) often
complicates the interpretation of experimental observa-
tions.

In this paper, we report infrared-absorption measure-
ments of the Si-H stretching vibration on a hornogene-
ous, unreconstructed and ideally H-terminated Si(111)
surface. The surface perfection makes it possible to per-
form spectroscopic measurements over a large range of
linewidths (0.1-3.6 cm ') and temperatures (130-560
K), without the influence of inhomogeneous broadening.
As a result, this extensive set of data yields the first
direct evidence, using a simple model for anharmonic in-

teractions, for a weak coupling to a substrate phonon
mode (at 210 cm ') located well below the top of the
silicon phonon band. In contrast, the range of previous
temperature-dependence studies was limited by adsor-
bate rearrangement and/or substrate inhomoge-
neities, making it impossible to uncover the eff'ects of
substrate phonons

The preparation of these surfaces is accomplished us-

ing a novel chemical treatment based on anisotropic sil-
icon etching in high-pH HF solutions. The key step is
the final dissolution of a thin chemical oxide in a 40%
NH4F solution (pH =7.8 for 6.5 min). During this time,
the thin surface oxide is removed and the bare silicon
surface is slowly and preferentially etched, exposing
large (111)planes ideally terminated with hydrogen. In
contrast to the broad spectra (-100 cm ') obtained
upon atomic H dosing of clean Si(111)surfaces, the in-

frared spectrum associated with the present surface is
characterized by a single Si-H stretching mode at 2083.7
cm ', polarized perpendicular to the surface, and a
narrow linewidth at room temperature (0.9 cm ').

Analysis of s-polarized spectra (F. field parallel to the
surface) places an upper limit of 10 for the defect or
impurity density. At this level, the defect density corre-
sponds to the step density resulting from sample miscut
rather than defects on the (111)terraces.

The n-doped (p-100 0 cm) silicon samples (0.5
& 19& 38 mm ) are beveled at each end, thus making it
possible for the ir beam to bounce a total of 75 times
(internal reflection angle =45'). ' For the tempera-
ture-dependence studies, the sample is introduced into an
ultrahigh-vacuum (UHV) chamber (P= 1 X10 ' Torr)
by means of a load lock system. " A Chromel-Alumel
thermocouple is pushed against Ta clips holding the sam-
ple, as it is introduced. The reading of that thermocou-
ple is calibrated before and after the UHV runs by stick-
ing a second thermocouple to the sample with silver
paint, pumping the chamber to 10 Torr, and perform-
ing a cooling cycle. The absolute and relative error bars
are ~ 7 and ~ 1 K, respectively. Careful monitoring of
the surface species with ir spectroscopy shows that less
than 3% ML [I ML (monolayer) =7.8X10'" sites/cm2]
hydrogen is lost (mostly replaced by hydrocarbons) dur-
ing evacuation. These results are a marked departure
from previous electron-energy-loss studies of HF-treated
silicon surfaces in which a substantial hydrocarbon con-
tamination was detected, ' but are consistent with the
observations of Fenner, Biegelsen, and Bringans. '

A sampling of the spectra obtained in the 2100-cm
region (Si-H stretch frequency) is shown in Fig. 1. The
instrumental resolution (nominally 0.3 cm ' using a
square apodization) is calibrated during the runs using a
CO gas cell. It is found to vary between 0.32 and 0.42
cm ' depending on the sample alignment. As the tem-
perature is lowered from 560 to 130 K, the natural
linewidth decreases continuously from 3.6 to 0. 1

cm ', ' and the line position (wave number) increases
from 2079.2 to 2085.5 cm . In addition, the line inten-
sity (integrated area) decreases as the temperature is
raised above room temperature (by 20% at 560 K).

Since there is no structural rearrangement as a func-
tion of temperature (the system retains a sharp 1 x 1
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ture range .Indeed, the logarithm of I /(d Q) will in-
crease linearly with increasing I/T as long as the anhar-
monic coupling is dominated by only one mode.

The data [I, LLQ, and I/(AQ) ] are shown in Figs.
2(a)-2(c) with the solid lines representing independent
least-squares fits using Eqs. (1)-(3),respectively. Clear-
ly, all three sets of data are well fitted with the simple
model described above. Most importantly, the high
quality of the linear fit over the whole temperature range
of I/(AQ) in Fig. 2(c) indicates that the dephasing
contribution can be explained by coupling to a single
mode centered at 210 cm ', i.e., a silicon phonon. Us-
ing the three independent fits as starting points, a set of
parameters is then obtained to give the best overall fit
[indistinguishable from the lines in Figs. 2(a)-2(c)].
The results are b'rn —5 ( ~ 0.05) cm ', rvo 210

-0.03 -I———--,——
t I t 1

2090 2087 2084 2081 2078 2075
FREQUENCY, cm

FIG. l. Infrared-absorption spectra (p polarization) of the
ideally H-terminated Si(111)surface as a function of substrate
temperature. The absorbance is A(ro) —In[1(co)/10(e)],
where I and Io are the transmitted intensities after 75 internal
reflections (8;„t 45') with and without hydrogen, respectively.
The instrumental resolution is 0.4 cm
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—hcugjk TWhile both quantities vary as e at low tempera-

tures (kT«hrvo) their dependence is more complex at
higher temperatures. On the other hand, the quantity

r/(~Q)'=(2/y)e"" "' (3)

has a very simple dependence over the whole tempera-

LEED pattern and single Si-H stretching vibration over
the whole range), an upper limit of 0.1 cm ' can be set
for the inhomogeneous broadening of the Si-H stretch
mode. Furthermore, its lifetime has recently been mea-
sured' and the lifetime (Tl) broadening found to be
negligible (-0.007 cm '). Therefore, the observed
temperature dependence of the line shape must arise
from phase relaxation, due to anharmonic coupling to
lower-frequency vibrational modes, such as through the
quartic term (u v, where u and v are the H and Si dis-
placements, respectively). ' ' Previous theoretical stud-
ies ' have shown that simple predictions can be made if
a number of assumptions are tnet as described below.

If the Si-H stretching mode is coupled to a single pho-
non band (with frequency roo and width y) by a coupling
constant bco (in cm ') such that i Roi « y (weak-
coupling limit), then the Si-H stretch absorption has a
Lorentzian form, with a center frequency (Q) shifted
from the zero-temperature frequency (Qo). Its full
width at half maximum, I, and frequency shift, AQ
—= 0 —00, have the following temperature dependence:

I =[2(bro) /yle (e 1)—
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FIG. 2. Plots of (a) the natural linewidth I, obtained after
deconvolution of the instrumental linewidth, (b) the frequency
shift AA, and (c) I /(AA), as a function of I/T The frequen-.
cy at zero degree, 00, is determined by extrapolating a least-
squares linear fit to I vs rt in the low-temperature regime (T
& 200 K), yielding Oo 2086.25(~0.15) cm '. The best fits
(solid lines) are obtained using (a) Eq. (I) with 2(bco) /y

2

1.015(+0.015) cm ' and r00 215(+25) cm ', (b) Eq.
(2) with R0 —5.025(~0.05) cm ' and roo 2IO(+ 10)
cm '; and (c) Eq. (3) with 2/y 0.039(~0.001) cm and
coo 210(+ 10) cm '. The best overall fits use roy 210
cm ', 6'm —5 cm ', and y 52 cm ' and are indistinguish-
able in the figure.
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(+ 25) cm ', and y=52(~1.5) cm '. The large er-
ror bars associated with the phonon frequency (coo) arise
from the uncertainty in the line shape' and in the deter-
mination of Oo (i.e., 0.15 cm '), the value of which

strongly aAects the fits of AQ and I/(AII) . Note that
the weak-coupling approximation (i Bros (( y) is well

justified. The values of Boo are close to that estimated
(Bco= roo—Q/4Eo- —4 cm ') using a Morse potential
with Ep=3.5 eV for the H binding energy.

Insight into the nature of this phonon band at 210
cm ' can be gained by considering the recent calcula-
tions of Miglio et al. ,

' who used the bond-charge model
to map out the vibrational manifold of the ideally H-
terminated Si(111) surface. These calculations show

distinct surface modes (in gaps of the projected bulk
density of states) in the vicinity of 210 cm ' (26 meV)
at the edges of the irreducible surface Brillouin zone: a
flat band in the vicinity of 26 meV that runs between M
and K (210 cm ' at K and 214 cm ' at M) with some
mixing with bulk states near K; and a smaller band at 23
meV (185 cm ') in the vicinity of K. These two surface
bands have recently been measured (at the calculated
positions in the surface Brillouin zone) using inelastic
helium scattering, ' at 27.4+ 0.4 and 23.7+ 0.4 meV,
respectively. All the other surface modes (Lucas modes
above 56 meV, a 38-meV mode at K, and the Raleigh
wave below 14 meV) are well outside the error bars and
therefore do not contribute to the observed dephasing
width of the Si-H stretching mode.

At K, the 26-meV mode is elliptical in plane (mixture
of shear horizontal and longitudinal displacements)
while both the 26.5-meV mode (at M) and the 23-meV
mode (at K) are essentially shear vertical. " The in-

plane mode involves a parallel displacement of the top Si
atoms with respect to the essentially static deeper layers
and results in a modulation of the H-H distance (with
substantial bending of the Si-H bond). The other two
modes involve a vertical displacement of the top Si atoms
with no effect on either the H-H distance or the Si-H
orientation. In the latter case, Persson and Ryberg and
more recently Langreth and Persson' have argued that
the contribution of shear-vertical phonons to the dephas-
ing of a high-frequency vertical polarized mode is negli-

gible because most anharmonic bonds get flexed very lit-
tle. However, in both cases the H-Si-Si angle is changed
and a modulation of the Si-H stretching frequency is

possible. In fact, the large error bars on cop (26+'3
meV) make it impossible to rule out a contribution from
both bands (measured at 27.4 and 23.7 meV)' to the
projected phonon density of states on the anharmonic
coordinates of the Si-H stretch mode. Indeed, the value
of the phonon width parameter, y=52 cm ' (6.5 meV)
assuming one phonon frequency only, could be due to the
two modes measured at 27.4 and 23.7 meV, each one
with a smaller width. Lower-temperature and higher-
resolution studies will reduce the scatter in the low-

temperature data points' in Fig. 2(c), and may restrict
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FIG. 3. Loss of integrated intensity, dA —=8 —Ao (where Ao
is the integrated intensity measured at low temperatures, i.e.,
below 200 K), of the Si-H stretch absorbance as a function of
I/T The slope of the linear fit (d. ashed line) corresponds to
1275 cm

the possibilities.
Finally, we consider the decrease of the Si-H

stretching-mode intensity observed as the temperature is
increased. The effect is reversible and is not predicted by
the weak-coupling theory. Such a temperature-depen-
dent variation in the zero-phonon band of the Si-H
stretch vibration could be accounted for by the thermal
population of a mode which is strongly coupled to the
Si-H stretch motion, giving rise to sidebands. ' To get
some insight about this other mode, the logarithm of the
normalized intensity loss is plotted as a function of 1/T
in Fig. 3. A straight-line fit of the points gives an act-
ivation energy of 1275( 50) cm ', i.e., twice the
bending-mode frequency (vb, „d =637 cm '). At this
time, possible sidebands at 2084+ 1275 cm ' cannot be
investigated because of silicon absorption below 1400
cm and interference from water absorption above
3200 cm '. However, this large intensity loss (20'%%uo)

should be indicative of a very strong coupling, ' which is
consistent with the fact that the Si-H bending mode is

probably long-lived compared with the Si phonons.
Thus, any anharmonic coupling between the Si-H stretch
and Si-H bend modes will be reAected in a complex spec-
trum (with sidebands) rather than a broadening of a
particular normal mode. Note that the lack of sidebands
at ~ vb, „q is due to symmetry: The displacement of the
Si-H bend mode is orthogonal to that of the Si-H stretch
mode, leading to a negligible cubic term (of the form
u 8, where 8 is the bend angle). ' Higher-order terms,
on the other hand, can contribute, resulting in a decrease
of the zero-phonon-band intensity.

In summary, the extremely high degree of homogenei-
ty of this surface has made it possible to identify anhar-
monic coupling of an adsorbate-substrate stretching vi-
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bration to a substrate phonon band centered at 210
cm '. The present results show that dephasing can be
dominated by one or two zone bo-undary phonons I. n

addition, the observed temperature dependence of the
Si-H stretch intensity suggests that this mode may have
a strong anharmonic coupling with the Si-H bend mode.
Direct detection of vibrational sidebands is required to
support this hypothesis. Yet, together with the lifetime
measurements, ' and with the support of the inelastic-
He-scattering data, ' these results constitute a complete
enough experimental description of the vibrational dy-
namics associated with the Si-H stretching vibration to
motivate a number of important theoretical and experi-
mental studies.
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