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Hydrogen adsorption and desorption on silicon revisited
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Recent molecular beam data on the energy dependence of sticking coefficients for dissociative
adsorption of hydrogen molecules on silicon are analyzed in terms of the five dimensional~5D!
quantum reaction dynamics used before to describe data on sticking as a function of surface
temperature and on state resolved desorption. The sticking coefficient of the 5D model depended
strongly on the energy of surface phonons but weakly on the kinetic energy of the incoming H2

molecules. In a recent molecular beam experiment the latter dependence was measured directly and
found to be substantially stronger than concluded from the earlier data. These results have important
consequences for the energy and angular distribution of desorbing particles: If the parameters of the
5D model are adjusted so as to describe the new data, it predicts a mean normal kinetic energy of
desorbing particles which is now about twice the thermal value. This prediction is rather model
independent and can be derived almost directly from the measured data by invoking ‘‘detailed
balance.’’ This new increased normal mean energy then is closer toab initio generalized gradient
approximation ~GGA! slab calculations predicting about three times the thermal value. The
increased kinetic energy also leads to a more forward-peaked angular distribution}(cosu)11 to 12

instead of}(cosu)3 to 4. © 2000 American Institute of Physics.@S0021-9606~00!70707-0#
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The interaction of hydrogen with silicon surfaces h
lead to extensive experimental1–10 and theoretical11–26 ef-
forts, and to a new aspect of surface reactions. So far ma
two energy dissipation mechanisms were considered in
adsorption process:~a! for nondissociativeprocesses~atomic
and molecular adsorption!, energy transfer to the substra
~phonons and/or electrons! is the dominant effect;~b! For
dissociativeadsorption only conversion of center-of-ma
energy into internal molecular energy, in particular kine
energy has been sufficient to explain the data of, for insta
H2/Cu and H2/Pd. H2/Si seems to be the first example whe
both energy transfer processes have to be taken into acc
on equal footing.

In the absence of a detailedab initio potential energy
surface ~PES!, a simple two-dimensional model was pr
posed to study such reactions.12 It contained, besides th
center-of-mass distance of the molecule from the surfa
only a single additional coordinate, namely the amplitude
a ‘‘representative surface oscillator,’’ associated with latt
distortions. The consideration of only a single lattice deg
of freedom is justifieda posteriori by classical lattice dy-
namics for Si~001! taking 32 atoms into account:25 It turns
out that for low temperatures immediately after desorpt
only one atom of the dimer involved in adsorptio
desorption has an appreciable oscillation amplitude.

For higher coverages and nonequilibrium situatio
other mechanisms such as interdimer transition states
contribute.8

The variables in terms of which we describe the P
will be, first of all, the reaction coordinates itself. If molecu-
lar vibrations are disregarded it is nothing but the center
3110021-9606/2000/112(7)/3113/4/$17.00
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mass distancez from the surface. The molecular vibration
are described in terms of the H–H distancer. In order to
simplify the description of the potential, one transforms t
pair of variables (z,r) into a ‘‘curved’’ coordinate system
(s,r ).27,28

The most important variable besides the reaction coo
nate s is the displacementx of the representative surfac
oscillator describing the motion of the substrate lattice d
ing the adsorption/desorption process. In order to desc
the coupling betweenx ands we do not introduce a curvatur
of the reaction path in these coordinates but rather a ‘‘d
placement’’ @called D(s) below# of the potential minimum
along the reaction path. Such a PES allows a strong coup
to the lattice without producing strong translational heat
as it would do for the usual curved reaction paths in exoth
mic processes in accord with Polanyi’s rules.

Finally we take surface corrugation~variation of poten-
tial parallel to the surface! into account in terms of the two
Cartesian coordinatesy5(y1 ,y2) of the center-of-mass po
sition parallel to the surface. In total then our model cov
five degrees of freedom. Molecular rotations produce qu
tatively similar effects as corrugation as can be seen in a
calculation neglecting corrugation instead of molecu
rotations.29

In harmonic approximation our potential then has t
structure

V~x,y,r ;s!5Vt~s!1Vp~x;s!1Vv~r ;s!1Vc~y;s!, ~1!

where the subscriptt stands for translation,p for substrate
~‘‘phonon’’ !, v for ~molecular! vibrations, andc for corruga-
tion. The structure of the right-hand side of Eq.~1! contains
3 © 2000 American Institute of Physics
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no assumption about the physics of the variables invol
and the detailed form of the transition state~asymmetric or
symmetric intra- or interdimer transition state!. It is solely
determined by the mathematics of the harmonic expans
For the variablesx and y we take anharmonic effects int
account, but keep the structure of Eq.~1!.

The first termVt(s) ~the translational potential! then as
just described gives the value along theminimumof the mul-
tidimensional potential with respect to the coordinates
thogonal tos, i.e., along the line of steepest descent of
PES. We have chosen the parametrization:

Vt~s!5~Vd2Va!
tanh~ls!21

2

1
1

4
~Vd1Va12AVdVa!

1

cosh2~ls!
, ~2!

with an adsorption barrierVa , a desorption barrier ofVd ,
and a potential decay lengthl.

The adsorption barrier can be determined so as to y
the observed very low value of the sticking coefficient
room temperature of the order of 1028 leading toVa.0.72
eV. The desorption barrierVd is known from experiment to
be Vd52.3 to 2.5 eV.30–32l has an influence on the transl
tional energy dependence of the sticking coefficients(E) and
on the translational energy in desorption. In order to rep
sent the recent data9 on s(E) we choose a value ofl
52.7 Å21.

The additional three terms describe the coupling
center-of-mass motion along the reaction path with latt
vibrations, molecular vibrations, and center-of-mass mot
parallel to the surface. To lowest order the potential is q
dratic in the variablesx, r , y as assumed in Eq.~1!.

Since the lattice is excited strongly we replace the h
monic potentialVp by a Morse potential. AlsoVc , which is
harmonic near the periodically distributed adsorption sit
will be generalized to a cosine function. Since we omit fu
ther anharmonic terms, Eq.~1! describes amodeland is no
longer uniquely determined by mathematics.

We introduce the coupling to the lattice by assuming
s-dependent shiftD(s) of the potential minimum in the form

Vp~x;s!5D~s!S 12expS 2
gp~s!

ANp

@x1D~s!# D D 2

. ~3!

The potential depthD(s)5Np\vp(s)/2 is given by the fre-
quency\vp(s)5E1(s)2E0(s) defined as the quantum o
the first excited state and the number of bound statesNp

which we fix atNp539 independent ofs. The inverse oscil-
lator length isgp(s)5AM* vp(s)/\. We choose the effec
tive phonon massM* to be the mass of one single Si ato
and for the asymptotic frequency we use\vp(`)555 meV.
The latter is a mean value of several optical modes.33 At the
barrier we take a frequency smaller than this by 20% an
smooth interpolation on the length scale 0.5 Å between
and the asymptotic value.

For D(s) we use the parametrization

D~s!5D0$@11tanh~ld~s2s0!!#/2%7, ~4!
d
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which is now smoother at the barrier compared to our ear
parametrization12 and has some flexibility by the choice o
ld ands0 . Figure 1 shows that we obtain good agreemen
our 5D sticking coefficient with the recent experimen
beam data,9 if we use D050.7 Å, ld52.7 Å21, and s0

520.15 Å. Only at very low translational energies our 5
sticking coefficient decrease more rapidly~see first data point
of Tsurf5583 K in Fig. 1!. This discrepancy is reduced a
recent calculations show if one takes molecular rotations
account.29

Our potential leads to a strong lattice excitation in d
sorption. Application of time reversal to such a desorpti
process then leads to a large sticking coefficient for anex-
cited lattice. Hence, our model predicts strong phono
assisted sticking with an Arrhenius energyEA50.64 eV for
the surface temperature dependence of the sticking co
cient of a thermal gas atTgas5300 K. Experimentally, such a
strong enhancement of the sticking probability was inde
observed first for H2 adsorption on Si~111!737 and then also
for Si~001!231.4,5

The molecular vibration dynamics leaves the adsorpti
desorption dynamics of the model calculations presen
above at low energies essentially unchanged~apart from zero
point energy contributions to the PES!. The coupling of the
molecular vibrations is produced by ans-dependent stretch
ing of the intramolecular bond length leading to an elbo
like curved reaction path.

Because of the low molecular vibrational energy pr
duced in the reaction it is sufficient to use a harmonic pot
tial Vv in Eq. ~1!:

Vv~r ;s!5
\vv~s!

2
~gv~s!r !2. ~5!

The inverse oscillator length isgv(s)5Amvv(s)/\ with
m the reduced mass of the hydrogen molecule and\vv(s)
the frequency of the molecular vibration.

The value of the curvature as well as a reduction of
vibrational frequency to about 50% at the transition state

FIG. 1. Sticking coefficient compared to experimental beam data9 for three
different surface temperatures. We include molecular vibrationally assi
sticking for allEtransvalues by takingTvib5TNozzle(Etrans) ~thick lines!. This
is important especially for higher translational energies as can be seen
the sticking coefficient for the vibrational ground staten50 corresponding
to Tvib50 K ~thin lines!.
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taken fromab initio calculations,14 yielding in a 5D treat-
ment in desorption the experimentally observed vibratio
heating with its isotopes effects,2 and in adsorption vibra-
tionally assisted sticking at higher nozzle temperatures.9 The
difference between the sticking coefficient with and witho
vibrationally assisted sticking is shown in Fig. 1.

For the corrugation we take an ‘‘energetic corrugatio
of the potential into account where only the height but n
the position of the barrier is varied along the surface. In t
case the overall effect of corrugation is an approximat
temperature independent decrease of the sticking coeffic
The corresponding term in Eq.~1! is:

Vc~y;s!5
1

4 cosh2~lcs! H V1F12cosS 2p

a1
y1D G

1V2F12cosS 2p

a2
y2D G J . ~6!

Here y means the center-of-mass coordinate parallel to
surface with a periodicity length ofa153.68 Å perpendicu-
lar, and a257.36 Å parallel to the dimer taken from th
Si~001! dimer positions. The range of the corrugation w
taken to belc52 Å21. The heightsV1,25m(v1,2a1,2/p)2

are determined so as to produce the appropriate keyhol
fects for the sticking coefficient. This leads to frequenc
\v1,2 at the transition state of 8 meV parallel and 5 me
perpendicular to the dimer, 50% smaller thanab initio results
for an intradimer symmetric transition state.14

The quantum dynamics of the 5D model is treated
expanding the wave function in terms of 24 Morse oscilla
eigenstates for the lattice and 2–3 harmonic oscillator st
for the molecular vibrations. For the two lateral coordina
we expand into 25 to 49 plane wave states. The Schro¨dinger
function then becomes a vector with about 2000 compon
~‘‘channels’’!. We compute reflection and transmission co
ficients using numerically stable time independent coup
channel methods.28,34

Whereas most of the parameters of our 5D PES are
termined by the citedab initio and experimental values o

FIG. 2. Differential flux for normal desorptiond(Etrans,q50°,Tsurf) of H2

calculated directly from the experimental sticking coefficient9 and with our
5D model. ForTsurf5920 K our 5D result and a Maxwell–Boltzmann dis
tribution with Tdes5960 K fitted to the desorption experiments of Ref. 1 a
also shown, indicating that our model predicts more translational heatin
desorption.
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are fixed atreasonable values, only Va , l, D0 , ld , s0 , v1,2

had to be readjusted to fit the observed sticking curv9

s(E,Tsurf).
With this 5D potential we find an increased normal me

translational energy in desorption ofTdes.2Tsurf ~Fig. 2!
with for example^Etrans(q50)&5235 meV for H2 at Tsurf

5670 K, and 300 meV atTsurf5920 K. We can now com-
pare the results of our 5D model forTsurf5920 K directly
with earlier laser induced desorption measurements at
surface temperature,1 showing almost no translational hea
ing with ^Etrans(q50)&.170 meV. Thus, our 5D mode
based on the beam data of Ref. 9 predicts an increased t
lational energy in desorption with slightly less than twice t
value of Ref. 1. In judging this difference one has to keep
mind: ~a! the experimental error of the desorption expe
ment of about635 meV~Ref. 1!; ~b! that both translationa
energies in desorption are still small compared to the h
adsorption barrier.

Our new prediction for the normal mean translation
energy in desorption is now closer to results derived fromab
initio GGA calculations18 ~three times the thermal value!.

Note that the energy distribution in desorption is close
related via detailed balance to the translational energy de
dence of the sticking coefficients(E).

Due to the increased translational energy the angular
pendence of the sticking coefficient is now strongly forwa
peaked withs(E,u)}(cosu)11 to 12 for TNozzle51100 K and
Tsurf5500 K, depending very little on corrugation. Such
behavior of sticking has indeed been observed experim
tally on a single-domain Si~001! surface.10

Ab initio calculations for the asymmetric intradimer tra
sition state predict a large anisotropy~40 to 60 degrees, de
pending on the details of the calculations!.18,25 For our
strongly peaked angular distributions, averaging over t
opposite dimer orientations would lead to two separate pe
parallel to the dimer. For a smaller anisotropy~e.g., 615
degrees!, however, averaging leads to a broadened sin
peak. This would be in agreement with the multidomain a
gular distribution in desorption of Ref. 3 corresponding to
angular dependence of sticking}(cosu)3 to 4.
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before publication and for enlightening discussions. This
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