
Adsorption kinetics of H on Si„111…737 by means of surface differential reflectivity

C. Beitia and W. Preyss
Laboratoire d’Optique des Solides, URA CNRS 781, Universite´ Pierre et Marie Curie, Case 80, 4 place Jussieu,

75252 Paris Cedex 05, France

R. Del Sole
Istituto Nazionale per la Fisica della Materia, Dipartimento di Fisica, II Universita` di Roma Tor Vergata,

Via della Ricerca Scientifica 1, 00133 Rome, Italy

Y. Borensztein
Laboratoire d’Optique des Solides, URA CNRS 781, Universite´ Pierre et Marie Curie, Case 80, 4 place Jussieu,

75252 Paris Cedex 05, France
~Received 28 May 1997!

The kinetics of hydrogen adsorption on Si~111!737 have been studied by means of real-time surface
differential reflectivity. Experiments have been performed for a large exposure range and for temperature
ranging from 170–370 K. Two different adsorption channels could be determined from the analysis of the
spectra. The kinetics equations of the two elementary processes have been written, and their respective acti-
vation energies have been determined: a very low barrier for the H binding on the adatom dangling bonds and
a barrier of about 20 meV for the H breaking of the adatom back bond. The kinetics of both processes can be
understood by taking into account a large energy barrier that inhibits the adatom-back-bond breaking by H as
long as the dangling bond of the adatom is not yet bound to H.@S0163-1829~97!52332-0#

The adsorption of hydrogen atoms on the Si~111!737 sur-
face has recently received renewed interest, both
experimentally1–4 and theoretically.5–9 The 737 surface re-
construction, well described by the dimer-adatom-stacking
fault ~DAS! model,10 involving building blocks ~adatoms,
rest atoms, dimers...! frequently found at the reconstructed
surfaces of semiconductors, can be considered, indeed, a
model system for the investigation of fundamental aspects of
gas chemisorption on semiconductors. The interaction of H
with the Si~111!737 surface involves different processes
which depend on the experimental conditions.3 Low-energy
electron-diffraction~LEED! studies have shown that the 737
pattern is progressively changing into a 731 pattern upon H
adsorption, which has been ascribed to the removal of the
adatoms~AD! or of part of them.11,12Two main channels for
the reaction have been identified:~1! direct adsorption of H
on the Si adatom dangling bonds~ADDB’s!; ~2! breaking by
H of the Si adatom back bond~ADBB!.3,4,13 In the second
process, H atoms bind to the unsaturated atomic orbitals re-
sulting from the breaking of the ADBB’s.

However, several questions remain unclear so far, such as
the formation of different kinds of hydrides~mono-, di-, and
trihydrides!, the existence or not of energy activation barriers
for the reaction channels described above, and the respective
rates of these reactions.3,13–16

We present in this communication a real-time optical
study during H adsorption on Si~111!737. This gave us the
opportunity to follow the kinetics of both reactions as a func-
tion of H-exposure rates, which are controlled by the activa-
tion energies of each process. We have developed a simple
kinetic model which nicely reproduces the experimental
data. Moreover, performing experiments at different tem-
peratures permitted us to determine the energetic activation

barriers for H adsorption on the Si ADDB and for H break-
ing of the ADBB. We showed that the direct breaking of the
ADBB is not possible, but occurs only when the AD is al-
ready bound to an H atom, which yields a weakening of the
back Si-Si bonds.

We used an optical technique sensitive to the surface, the
real-time surface differential reflectance~SDR! spectroscopy,
which has been proved recently to be very well adapted to
kinetic studies of surface adsorption.4 The SDR experiments
were performed with a rapidin situ spectrometer in the near-
visible UV range,17 which measured the relative change of
reflectivity during H adsorption:DR/R5(RSi2RH/Si/RSi

whereRSi andRH/Si are the reflectivities of the clean Si and
of the hydrogenated Si surfaces, respectively. The incidence
angle of thep-polarized light beam was fixed at 60°. The
SDR signal on the whole spectra range was registered during
the H adsorption, providing a real-time monitoring of the
process. After outgassing the Si sample during several hours
at 970 K, in an ultrahigh vacuum chamber~base pressure:
10210 Torr!, the reconstructed surface was obtained by heat-
ing for 5 min at 1070 K for removing the oxide layer, fol-
lowed by a slow cooling down~1 K/s! to get a sharp 737
LEED pattern. Atomic H was produced by dissociation of
molecular hydrogen by a hot tungsten filament~2070 K!,
located at about 10 cm in front of the sample, previously
outgassed at higher temperature to prevent contamination.
The adsorption of hydrogen on Si~111!737 was studied for
temperatures of the sample ranging from 170–370 K, and
about 600 spectra were recorded, at each temperature, during
the hydrogenation process up to a total exposure of 1000 L
@1 L~Langmuir!51026 Torr s#.18

We have demonstrated in a previous paper4 that both el-
ementary mechanisms of H adsorption on Si~111!737,
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namely H atom binding on adatom dangling bonds@mecha-
nism ~a!# and breaking of an adatom back bond by an H
atom @mechanism~b!#, are related to specific SDR spectra,
S1 andS2 , which can be considered their optical signatures.
As the second mechanism~b! proceeds initially much slower
than mechanism~a!, S1 is obtained from the SDR spectrum
measured at a very low dose of H (D520 L!, for which the
contribution of mechanism~b! is considered to be negligible.
We have checked that taking into account a small initial
contribution of mechanism~b! did not change the following
results significantly. The procedure for obtaining spectraS1
andS2 is based on a careful comparison between experimen-
tal data and the results of microscopic semiempirical tight-
binding calculations, as is explained in Ref. 4. Moreover, we
have shown that each experimental SDR spectrum, obtained
for a doseD of hydrogen, can be reproduced by a linear
combination ofS1 andS2 : S(D)5a(D)S11b(D)S2 , where
a(D) andb(D) are the weight factors ofS1 andS2 , respec-
tively. All the SDR spectra obtained for increasing dosesD
of H, at different temperatures, have been decomposed using
this procedure. It must be noticed that theS1 andS2 spectra
slightly depend on the temperature of the sample.

Figure 1 presents a selection of three SDR spectra ob-

tained at different temperatures for the same intermediate
exposure (D5140 L!, where mechanisms~a! and ~b! have
comparable weights. The experimental data are well repro-
duced by the linear combinationS(D)5a(D)S11b(D)S2
~thick line! of the contributions of both mechanismsa(D)S1
and b(D)S2 ~thin lines!. SpectrumS1 is dominated by a
broad peak around 1.7 eV, which originates from surface
state to surface-state transitions, involving adatom states~in
particular dangling-bond states! below and above the Fermi
level.4 The 2.5–3 eV peak in theS2 spectrum is due to mixed
transitions from surface to bulk states, in particular from
adatom-back-bond states to bulk states in the conduction
band.4 The 4 eV peak inS2 is caused by transition from bulk
states to bulk states, perturbed by the presence of the surface
and by H adsorption.4 The observation of these peaks in the
SDR spectra is done by the progressive suppression of the
corresponding electronic transitions, caused by the adsorp-
tion of H atoms on the dangling bonds and by the H-induced
breaking of the back bonds. Figure 1 clearly shows that
mechanism~a! @H adsorption on the dangling bonds~DB’s!#
does not~or very little! depend on the temperature, while
mechanism~b! @breaking of the back bonds~BB’s!# is en-
hanced for larger temperatures. It is worth noting that, at our
working temperatures, the diffusion of H atoms from one
binding site to another one is negligible.6,19 The kinetics of
both mechanisms of H adsorption have been obtained, for a
given temperature, by decomposing all the spectra recorded
in real time, yielding the weight factorsa(D) andb(D). The
weight factorsa(D) andb(D), normalized to the value of 1
which is reached at saturation, are plotted in Fig. 2 for the
same temperatures as those in Fig. 1. One can first notice that
the growth of coefficienta(D) with D does not depend sub-
stantially on the temperature. The slope at the origin is al-
most the same for the three temperatures shown in Fig. 2,
and saturation is reached nearly at the same dose of about
200 L. On the contrary,b(D) is clearly influenced by the
temperature. Saturation exposures forb(D) are '600 L at
370 K; '800 L at 250 K, and'950 L at 170 K. In the three
cases, the growth ofb(D) is very slow for low doses ofD,
and increases only after almost 50 L, wherea(D) has al-
ready reached a significant value, as shown in the insets of
Fig. 2. This gives strong evidence that mechanism~b! is not
allowed in the beginning of the adsorption process, i.e., when
mechanism~a! has not yet taken place. This led us to con-
clude that the breaking of the back bond by an H atom is
possible only if the DB of the AD is already saturated by an
H atom, i.e., that there is a larger barrier which prevents the
direct breaking of the back bonds, and which is strongly
reduced upon H adsorption on the dangling bonds. This is in
good agreement with density-functional calculations per-
formed by Vittadini and Selloni,6 who showed that the ad-
sorption of H on an adatom dangling bond increases the
strain in the back bonds and favors their breaking. The bond-
ing of H to a Si ADDB can hence be considered a precursor
for the breaking of the back bonds by H. From this base
assumption, the kinetic equations for both processes can be
written:

dx

dt
5NgPe2Ea /kT~122x!; ~0<x<12!, ~1!

FIG. 1. SDR spectra and their decompositions at 140 L of H
exposure on Si~111!737 for these temperatures of the substrates:
370, 250, and 170 K. Experimental SDR spectra: black diamonds;
a(D)S1 and b(D)S2 : thin lines; S(D)5a(D)S11b(D)S2 : thick
lines.
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dy

dt
5NgP8e2Eb /kT~3x2y!; ~0<y<3x!. ~2!

The variables,x(t) and y(t), are the numbers of saturated
ADDB’s and broken ADBB’s per cell as a function of the
time t, respectively;Ng is the number of H atoms impinging
the surface in the time unit;P and P8 are the probabilities
for H adsorption on ADDB’s and ADBB’s; finallyEa andEb
are the activation barriers for H binding to an ADDB and for
breaking an ADBB, respectively. The right-hand parts of
Eqs.~1! and ~2! are proportional to the number of available
sites per unit cell for each mechanism: (122x) is the number
of free ADDB’s; (3x2y) is the number of BB’s which can
be broken, i.e., the number of back bonds of saturated ada-
toms. This relation considers that, when impinging on the
surface, an H atom is either directly bound to an available
chemisorption site, with a given probabilitya andb, defined
by Pe2Ea /kT and P8e2Eb /kT, respectively, or is re-
evaporated from the surface. Any diffusion of the H atom on
the surface, which could finally find a binding site, is con-
sidered as negligible. If it were not the case, the development

of parametera(D) would follow a linear increase until it
reached its saturation value, which is not observed in Fig. 2.
The solutions of these equations are

x~D !512~12e2aD!,

y~D !536S 12
b

b2a
e2aD1

a

b2a
e2bDD ,

whereD is the dose of H designed byD5Ngt. The reduced
quantities x̃5x(D)/12 and ỹ5y(D)/36 correspond to the
weight factorsa(D) and b(D), and have been fitted to the
experimental curves in Fig. 2~continuous lines!, leading to
the determination of parametersa andb for every tempera-
ture. The good agreement between the experimental points
@in spite of the fluctuation of the values ofa(D) due to light
source instabilities# and the theoretical curves, strongly sup-
ports the validity of our hydrogenation model.

In order to check if parametersa andb follow an Arrhen-
ius law, we have performed experiments at different tem-
peratures. A semilogarithmic plot ofa andb is drawn in Fig.
3. The slope of Lna, corresponding to mechanism~a!, is very
small, which indicates that there is almost no activation bar-
rier for direct absorption of H on the ADDB’s. To our
knowledge, it is the first time that this is experimentally
shown, although this result was expected.3 On the contrary,
parameterb, i.e., mechanism~b!, clearly depends on the
temperature. The activation energies determined from Fig. 3
areEa5363 meV andEb520610 meV.20 It must be no-
ticed that, although larger thanEa , the value ofEb is still
small.

Although several theoretical calculations concerning the
binding energy of the Si~111!737 have been performed,6–9

their results cannot be easily compared with our experimen-

FIG. 2. Development of the weight factorsa(D) andb(D) as a
function of the H exposureD, for three temperatures of the sample:
black circles,~spots!. Theoretical fit from the solution of kinetics
equations: continuous lines.

FIG. 3. Arrhenius plots of fit parametersa andb.
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tal values of Ea and Eb . Actually, Ea and Eb are the
activation-barrier energies for the adsorption of H on the
active sites and are not directly related to the binding ener-
gies which are of the order of a few eV.7–9 On the contrary,
to our knowledge, no calculation has been performed for
determining the activation energies for H adsorption. Total-
energy calculations for a variety of positions of a given H
atom, far from the surface up to the adsorption sites, should
make it possible to determine the actual path of the H atom
and, as a consequence, the energy barriers the H atom has to
overcome, either adsorbing on an adatom dangling bond, or
breaking a back bond of a reacted or unreacted Si adatom.

Finally, Fig. 4 shows a picture of the schematic energy
diagram for the reaction of a given Si adatom with an H
atom. Initially, an H atom can easily adsorb on an adatom
dangling bond, because of a very small or zero adsorption
energy barrier,Ea<3 meV. On the contrary, the bonding of
H on a back bond is prevented by a large barrierEb8 . The
adsorption of H on a dangling bond results in a weakening of
the Si-Si back bonds, as indicated above, and therefore in a
reduction of the activation barrier for the breaking of the
back bond to the valueEb'20 meV. However, this model is
oversimplified and does not take into account probable forth-
coming changes of this activation barrier, after one, two, and
finally three back bonds have been broken. Accordingly, the
Eb value determined here should instead be considered as an
effective activation barrier. Moreover, our experiments could
not give information on H adsorption on the rest atoms, nei-
ther could they distinguish between the different kinds of
adatoms~center, corner, faulted, and unfaulted!.

To summarize, we have presented a real-time optical
study of H adsorption on Si~111!737, which permitted us to

distinguish two different adsorption channels and to follow
their kinetics as a function of the temperature: H adsorption
on the dangling bonds of the Si adatoms and H-induced
breaking of adatom back bonds. We show that there is al-
most no activation barrier~,3 meV! for the adsorption on
the dangling bonds. On the contrary, a large initial barrier
prevents the breaking of the back bonds, but it reduces to
Eb520 meV after the Si adatom is bound to an H atom, now
making it possible for H to break the back bonds. Theoretical
calculations for determining the activation barriers in the dif-
ferent configurations would be desirable in order to compare
them to our present experimental results.
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