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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 dimen&onal
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 H
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 clos#v toitio 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 distribtioag)*! © 12
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The interaction of hydrogen with silicon surfaces hasmass distance from the surface. The molecular vibrations
lead to extensive experimental® and theoretical 2% ef-  are described in terms of the H-H distaneeln order to
forts, and to a new aspect of surface reactions. So far mainlgimplify the description of the potential, one transforms the
two energy dissipation mechanisms were considered in apair of variables £,p) into a “curved” coordinate system
adsorption processa) for nondissociativgrocessegatomic (s,r).2"?®
and molecular adsorptignenergy transfer to the substrate The most important variable besides the reaction coordi-
(phonons and/or electronss the dominant effect(b) For ~ nates is the displacemenx of the representative surface
dissociativeadsorption only conversion of center-of-mass0scillator describing the motion of the substrate lattice dur-
energy into internal molecular energy, in particular kineticing the adsorption/desorption process. In order to describe
energy has been sufficient to explain the data of, for instancéhe coupling betweer ands we do not introduce a curvature
H,/Cu and B/Pd. H,/Si seems to be the first example where Of the reaction path in these coordinates but rather a “dis-

both energy transfer processes have to be taken into accoupfgcement”[called A(s) below] of the potential minimum
on equal footing. along the reaction path. Such a PES allows a strong coupling

In the absence of a detaileb initio potential energy to the lattice without producing strong translational heating
surface (PES, a simple two-dimensional model was pro- as it would do for the usual curved reaction paths in exother-

posed to study such reactiolfsit contained, besides the M€ p.rocliasses mkaccorfd with Polanyi's rules. .
center-of-mass distance of the molecule from the surface, Finally we take surface corrugatidmariation of poten-

only a single additional coordinate, namely the amplitude oii':al Far.allel to tg_e sturfaoento accfotjhnt n t?rmeOf the two
a “representative surface oscillator,” associated with lattice =2/ c>'/an coordina &= (Y1,y2) of the center-of-mass po-
sition parallel to the surface. In total then our model covers

(?ive degrees of freedom. Molecular rotations produce quali-

of freedom is justifieda posteriori by classical lattice dy- . C : .
. : . ] tatively similar effects as corrugation as can be seen in a 5D
namics for S001) taking 32 atoms into accoufit:It turns : . ) )
calculation neglecting corrugation instead of molecular

out that for low temperatures immediately after desorption

only one atom of the dimer involved in adsorption/ rotations™
y or _ S . P In harmonic approximation our potential then has the
desorption has an appreciable oscillation amplitude.

. I " structure
For higher coverages and nonequilibrium situations

other_ me%hanlsms such as interdimer transition states may V(X,,T;8)=V(8) +Vp(X;8) +Vy(r;8) +Vi(y;s), (1)
contribute®

The variables in terms of which we describe the PESwhere the subscript stands for translatiorp for substrate
will be, first of all, the reaction coordinatdtself. If molecu-  (“phonon”), v for (moleculaj vibrations, anct for corruga-
lar vibrations are disregarded it is nothing but the center-oftion. The structure of the right-hand side of Eij) contains
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no assumption about the physics of the variables involved 10° . . . . . .
and the detailed form of the transition statsymmetric or
symmetric intra- or interdimer transition statdt is solely 510" F 1
determined by the mathematics of the harmonic expansion. s =
For the variablesx andy we take anharmonic effects into 3107 b B
account, but keep the structure of Ed). _.fg’
The first termV,(s) (the translational potentiathen as 310° §
just described gives the value along thaimumof the mul- % E/
tidimensional potential with respect to the coordinates or- £ 107 — 5D Model T, =487 K
thogonal tos, i.e., along the line of steepest descent of the 2 === 5D Model T,,,=583 K
PES. We have chosen the parametrization: P 10® | - 5D(M"(;’)e’ Tour=670K 4
— S =
tanh(As)—1 107 L L . L L L
Vt(s)z(vd—va)T 0.00 005 010 015 020 025 030
Translational Energy E,  (eV)
1 1 . - . 9
TgVatVat2WaValopins) (@ Giferent siace temperatures. e inoide molectiar vibraionaly assisted

sticking for all E, s values by takindl vip= Tnozzid Ewrand (thick lines. This
with an adsorption barrie¥,, a desorption barrier 0¥/, is important especially for higher translational energies as can be seen from
and a potential decay length :h(e_l_étlgkéngK ?&?rf]ﬂﬁ:]eengt for the vibrational ground state O corresponding
The adsorption barrier can be determined so as to yieldp Ve ’

the observed very low value of the sticking coefficient at = ) ]
room temperature of the order of 1®leading toV,=0.72 which is now smoother at the barrier compared to our earlier

eV. The desorption barriév is known from experiment to parametrizatiotf and has some flexibility by the choice of
beVy=2.3 to 2.5 e\B%32) has an influence on the transla- Ng andsy. Figure 1 shows that we obtain good agreement of
tional energy dependence of the sticking coefficii®) and ~ OUr 5D sticking coefficient with the recent experimental

: _ _ -1
on the translational energy in desorption. In order to repreP&am datd, if we use Ao=0.7 A, Ng=2.7 A , and s,
sent the recent dataon s(E) we choose a value ok =—0.15 A. Only at very low translational energies our 5D
—27AL sticking coefficient decrease more rapidbge first data point

The additional three terms describe the coupling of0f Tsut=583 K in Fig. 1. This discrepancy is reduced as

center-of-mass motion along the reaction path with latticd©cent calculations show if one takes molecular rotations into
9

vibrations, molecular vibrations, and center-of-mass motiorccount: _ _ o
parallel to the surface. To lowest order the potential is qua- ~OUr potential leads to a strong lattice excitation in de-
dratic in the variable, r, y as assumed in Eql). sorption. Application of time reversal to such a desorption

Since the lattice is excited strongly we replace the harProcess then leads to a large sticking coefficient foezn
monic potentialV,, by a Morse potential. Als&/,, which is ~ Cited lattice Hence, our model predicts strong phonon-
harmonic near the periodically distributed adsorption sites@SSisted sticking with an Arrhenius enery=0.64 eV for
will be generalized to a cosine function. Since we omit fur-the surface temperature dependence of the sticking coeffi-
ther anharmonic terms, E¢l) describes anodeland is no ~ cient of a thermal gas dtg,s= 300 K. Experimentally, such a
longer uniquely determined by mathematics. strong enhancement of the sticking probability was indeed

We introduce the coupling to the lattice by assuming arPbserved first for Hadsorption on $111)7X7 and then also

- 45
s-dependent shifa(s) of the potential minimum in the form for Si(00D)2x1. o _ _
The molecular vibration dynamics leaves the adsorption/

o(S) 2 desorption dynamics of the model calculations presented
1- exp{ - N [x+ A(S)]) ) (3 above at low energies essentially unchangashrt from zero
p point energy contributions to the PEShe coupling of the
The potential deptiD(s) =N/ w,(s)/2 is given by the fre- _molecular yibrations is produced by ardepgndent stretch-
quencyiwy(s) = Ey(s) — Eo(s) defined as the quantum of ing of the intramolecular bond length leading to an elbow-
the first excited state and the number of bound statgs

like curved reaction path.
which we fix atN,= 39 independent of. The inverse oscil-

Vp(x;8)=D(s)

Because of the low molecular vibrational energy pro-

lator length isy(s) = VM w,(s)/%. We choose the effec- duced in the reaction it is sufficient to use a harmonic poten-

tive phonon mas#/* to be the mass of one single Si atom &l Vv in Eq. (1):
and for the asymptotic frequency we use,(«)=55 meV. hwy(s)
The latter is a mean value of several optical motiest the Vi(ris)=— (yu(9)r)2. 5
barrier we take a frequency smaller than this by 20% and a
smooth interpolation on the length scale 0.5 A between this ~ The inverse oscillator length ig,(s) = Vuw,(s)/# with
and the asymptotic value. w the reduced mass of the hydrogen molecule &ad(s)
For A(s) we use the parametrization the frequency of the molecular vibration.
The value of the curvature as well as a reduction of the
A(s)=AO{[1+tanr(>\d(s—so))]/2}7, 4) vibrational frequency to about 50% at the transition state are
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6.0 y T y y y are fixed areasonable valugnly V,, N, Ag, Ny, Sp, 1,
. * Beam Exp. Tp,670K had to be readjusted to fit the observed sticking curves
30  esrgmr | S(E Tourd- o
< 0b A e T 920K ] Wlth this 5D poteqtlal we fmc_i an increased normal mean
i /I trgnslatlonal energy in desorption Gfje=2Tg¢ (Fig. 2
_§ a0 b! | with for example(E;,{ 9=0))=235 meV for b at Tqy
g ,,’ =670 K, and 300 meV at,;=920 K. We can now com-
320 i pare the results of our 5D model fdrg,~ 920 K directly
Q ! with earlier laser induced desorption measurements at this
;5 10 f . surface temperatufeshowing almost no translational heat-
/ N ing With (Eyand 9=0))=170 meV. Thus, our 5D model
0000 o1 oz o3 oz 0?5\ 0.6 ba_sed on the bgam data Qf Ref. 9 p_redicts an increas_ed trans-
Translational Energy E,,. (V) lational energy in desorption with slightly less than twice the

value of Ref. 1. In judging this difference one has to keep in
FIG. 2. Differential flux for normal desorptiod(Eans, #=0°,Ts,) Of H, mind: (a) the experimental error of the desorption experi-
calculated directly from the experimental sticking coefficleartd with our ment of about=35 meV (Ref. 1); (b) that both translational

5D model. ForTg,+=920 K our 5D result and a Maxwell-Boltzmann dis- . in d fi il I d to the hiah
tribution with T 4= 960 K fitted to the desorption experiments of Ref. 1 are energies In desorplion are siif small compared 10 the hig

also shown, indicating that our model predicts more translational heating idsorption barrier.
desorption. Our new prediction for the normal mean translational

energy in desorption is now closer to results derived fedm
taken fromab initio calculations* yielding in a 5D treat- initio GGA calculation®® (three times the thermal value

. . . oo Note that the energy distribution in desorption is closely
ment in desorption the experimentally observed vibrational . . ;
) o . . . related via detailed balance to the translational energy depen-
heating with its isotopes effectsand in adsorption vibra- dence of the sticking coefficiers(E)
tionally assisted sticking at higher nozzle temperattirEise 9 '

difference between the sticking coefficient with and without Due to the mcrgas_,ed trans_la_ﬂongl energy the angular de-
vibrationally assisted sticking is shown in Fig. 1. pendence of the sticking coefficient is now strongly forward

; 11to0 12 _
For the corrugation we take an “energetic corrugation” _FI)_eak_ego\g'tQS(dEé eézcgﬁ?s?/)er IittrgroEN(():zélreru 1;t(i)gnKSauncdh a
of the potential into account where only the height but not_suf > » Jep g very 9 ' .
behavior of sticking has indeed been observed experimen-

the position of the barrier is varied along the surface. In thlstally on a single-domain 801) surface™®

case the overall effect of corrugation is an approximatel L . o .
g P y Ab initio calculations for the asymmetric intradimer tran-

temperature independent decrease of the sticking coefficient.,. . :
The corresponding term in E) is: sition state predict a large anisotrop§0 to 60 degrees, de-

pending on the details of the calculation$?® For our
2 strongly peaked angular distributions, averaging over two

1- COS{ a_lyl)} opposite dimer orientations would lead to two separate peaks
parallel to the dimer. For a smaller anisotrofs.g., +15

]' ©6) degrees however, averaging leads to a broadened single
peak. This would be in agreement with the multidomain an-

gular distribution in desorption of Ref. 3 corresponding to an

angular dependence of sticking cosg)3© 4,

1
V(y:s)= 4 cosR(hes) [Vl

1 2
—CO a—2y2

Herey means the center-of-mass coordinate parallel to th
surface with a periodicity length af;=3.68 A perpendicu-

lar, anda,=7.36 A parallel to the dimer taken from the The authors would like to thank U. Her, M. Durr, and
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