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Experimental and theoretical results on the dynamics of dissociative adsorption and recombinative desorp-
tion of hydrogen on silicon are presented. Using optical second-harmonic generation, extremely small sticking
probabilities in the range 160—10"° could be measured for Hand D, on Si111)7X 7 and S{1002x 1.

Strong phonon-assisted sticking was observed for gases at 300 K and surface temperatures between 550 K and
1050 K. The absolute values as well as the temperature variation of the adsorption and desorption rates show
surprisingly little isotope effect, and they differ only little between the two surfaces. These results indicate that
tunneling, molecular vibrations, and the structural details of the surface play only a minor role for the adsorp-
tion dynamics. Instead, they appear to be governed by the localized H-Si bonding and Si-Si lattice vibrations.
Theoretically, an effective five-dimensional model is presented taking lattice distortion, corrugation, and mo-
lecular vibrations into account within the framework of coupled-channel calculations. While the temperature
dependence of the sticking is dominated by lattice distortion, the main effect of corrugation is a reduction of
the preexponential factor by about one order of magnitude per lateral degree of freedom. Molecular vibrations
have practically no effect on the adsorption/desorption dynamics itself, but lead to vibrational heating in
desorption with a strong isotope effeb initio calculations for the H interaction with the dimers of §i00)2

X 1 show properties of the potential surface in qualitative agreement with the model, but its dynamics differs
quantitatively from the experimental resulfS0163-182¢06)01732-8

[. INTRODUCTION reconstructiofi® is due to the local character of Si—H chemi-
sorption.
L . . . . The topic of the present paper is another, rather dramatic
“The kinetics and dynamics of hydrogen |n_teract|on W't.hmanifestation of the localized nature of hydrogen interaction
SI|ICOI’.1 surfac?g have receptly becorr;g;’:l topic of gxtenswgvith silicon surfaces: the occurrence of strong dynamic lat-
expgnmenteﬂ’ and theoretical effortg'. The great inter- icq gistortions in the dissociative adsorption and recombina-
est Is, of course, pa_rtly due to the _|mportance of H/Si ingye desorption of molecular hydrogen on or from(13i1)7
semiconductor chemistd:* Equally important, however, 7 and S{1002x 1. Lattice excitations provide the solution
hydrogen on silicon is a promising model system for study-o the so-called “barrier puzzle” resulting from recently per-
ing general aspects of chemical reactions on covalent suformed state resolved experiments of hydrogen desorption
faces. It may be expected that the localized nature of bondinggom silicon surfaceS:!?4 It had been known for many
on semiconductor surfaces gives rise to a reaction behavigears that the room-temperature sticking coefficient of mo-
that is in many respects qualitatively different from metallecular H, on silicon surfaces is very low, less than fo-
surfaces. One particularly far-reaching consequence of th#0~84°-42 This demands the presence of a high adsorption
localized nature of H-Si bonds, e.g., are the large diffusiorbarrier ofV ,4e>0.5 eV. However, the energetics of desorb-
barriers that were observed experimentally for K{$1)7 ing molecules, in particular the absence of translational
X 7.2 which have been predicted theoretically for HI$I02  heating!! indicates the absence of a substantial potential
x 1192228 plso, the finding that the desorption kinetics of drop during desorption.
H, from silicon depend on the details of the surface Lattice relaxation is frequently associated with
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adsorptiorf® and may influence adsorption/desorption barri-our model allows for a satisfactory description of all cur-
ers even for metal surfacésin the case of H/Si, theoretical rently available experimental results.
investigations indicate that the diffusitif®*?and desorp- Specific microscopic reaction mechanisms will be consid-
tion barrierd® decrease substantially when the Si atoms re€red in the last part of Sec. Ill, and in Sec. IV of the paper.
lax. However, a model involvingtatic lattice distortion of ~Ab initio quantum-dynamical calculations for the interaction
silicon between the two “hydrogen-adsorbed” and of H, with the Si—Si dimers of the §i002x 1 surface are
“hydrogen-desorbed” states, and a corresponding barriefound to agree qualitatively with the results obtained from
change, would lead to a violation of detailed balatic¥. ~ the model PES, but seem to underestimate the amount of
This stimulated our first quantum-mechanical coupled-cf)“p“ng to the lattice. Pos_S|bIe reasons for the quantitative
channel calculation of the adsorption/desorption reaction dydiscrepancies and alternative reaction paths leading to stron-
namics of H/Si. In the absence of a detailed initio po-  9€r lattice distortions will be discussed.
tential surface PES, a simple two dimensional model was
proposed to study such reactiolst contained—besides the Il. EXPERIMENT
center-of-mass distance of the molecule from the surface— o o ) o
only a single additional coordinate, namely, the amplitude of The gxtremely s-mall sticking coefﬂmgnts for dissociative
a “representative surface oscillator,” associated with lattice®dsorption of H/Si were measured with optical second-
distortions. harmonic generatioflSHG).” For pump wavelengths near 1
The shape of the PES used in Ref. 31 was to a large exteAt™ this technique is very sensitivg to_ the number of Si dan-
dictated by the existing experimental facts. This implies tha@ling bonds. It allows the determination of small hydrogen
during desorption there should be little force exerted on th&overages with a sensitivity that exceeds that of most con-
center-of-mass coordinate in order to avoid translationayentional techniques. In the past this high sensitivity has al-
heating. The high adsorption barrier, needed to explain thé#ady been exploited for accurate measurements otlét
low sticking coefficient, has to originate mainly from a SOrption kinetic&® and surface diffusion of H_/§|.Here we
strong dependence of the PES on the lattice distortion. /additionally take advantage of the compatibility of.SHG Wlth'
pseudo-three-dimensionésD) plot is depicted in Fig. 1 of @ny gas pressure, and measure the H coverage dlrectly during
Ref. 31. Such a potential obviously leads to a strong lattic€Xposure of the surface to a high flux of moleculay. Aihis
excitation in desorption without significant translational Way it is possible to measure sticking coefficients for disso-
heating. It somehow circumvents Polanyi and Wong'’s fles Ciative adsorptlpn even for surface temperatures that exceed
for the usual “curved” reaction paths which normally pro- the H, desorption temperature. Furthermore, the coverage
duce translational heating together with vibrational heatingiependence of the sticking coefficient directly results from
in exothermic processes. Application of time reversal to sucfihese experiments.
a desorption process then leads to a large sticking coefficient
for an excited lattice. Hence such a model predicts strong A. Experimental conditions
phonon-assisted sticking
Experimentally, such a strong enhancement of the stic
ing probability was first observed for Hadsorption on
Si(112)7x 7, and more recently also for @002x 12 In

k. The experiments were carried out in a small UHV cham-
ber with a base pressure 03,0 ' mbar. The Si100) and
Si(111)) samples were cut from 1Q-cm n-doped wafers.

these experiments sticking coefficients of the order of 10 They were mounted on a liquid-nitrogen-cooled cryostat and

could be measured with a technique based on optical seconﬁg’m‘_j be heated resistively. ReconstructedL_El)?x 7 and
9 b multidomain S{1002x 1 surfaces were obtained by remov-

g'ug the oxide layer at 1300 K. Surface cleanliness and order

adsorption experiments. We report experiments on the isgVere checked by low-energy electron diffraction and Auger

tope dependence of sticking as well as desorption, an§€ctron spectroscopy. The sample temperalyngas deter-

present first results on the coverage dependence of the sticiined by means of a thermocouple glued on the oxidized

ing coefficient on the $111)7X 7 surface. These results fur- rear side of the crystal and an |_nfrared pyrometgr. The tem-

ther corroborate our previous conclusions from the observa2€rature measurement was calibrated at th@13J7x7 to

tion of phonon-assisted stickifg. It is the strong lattice 11 phase transitioff. In the temperature range between

distortion in the transition state, as modeled by the PES, that0C K and 1100 K, the absolute accuracytd5 K.

is the dominant mechanism leading to the observed “asym- FOr Hz exposure the UHV charmber wasits)ackﬁlled for

metry” between dissociative adsorption and recombinativet00—1000 s with typicallyp=2X10""-5x10"" mbar of

desorption. Other effects, such as tunneling or a reaction m&urified Hp or D from a liquid-nitrogen-cooled reservoir.

diated at static defects, appear to be less important. The resulting flux _olflzhydrogen molecules on the surface,
Theoretically, we have included more degrees of freedon® =PL27Myy KTgad ~ 7 varied  between 810 and

in the model, i.e., we considered the effect of surface corru2x 10* ML/s. For some measurements gas pressures up to

gation and molecular vibrations. In Sec. Ill we show that thel0 ! mbar and total exposures up to 10 (= 13 mbar $

main effect of corrugation is a reduction of the sticking co-were used. The gas temperature Wiags=300 K. During

efficient by about one order of magnitude per lateral degreexposure all filaments in the chamber were turned off and the

of freedom(depending slightly on temperatyreMolecular  chamber pressur@ was recorded with a spinning rotor

vibrations have practically no effect on the adsorption/gauge(MKS instruments, absolute errer10%). For some

desorption dynamics itself but lead to vibrational heating inexperiments that required a constant gas flux, a faster capaci-

desorption with a strong isotope effect. Taken all togethertance pressure gauge was additionally employed, and used to
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10 e X2(0)=x§3(1— ab), @)
' 8l ST + 1| with @=1.3. For this calibration curve the conversion be-
5 08 £ A=1064nm | tween exposure and absolute coverage was established with
B z 6r Ts = 600 K ] the help of a series of temperature-programmed desorption
S 068 8 4l g 4 measurements fitted to first-order Langmuir adsorption kinet-
2 g, =13 % ] ics #=1—exp(—cdt). The saturation coverage of the Si—H
g 0.4 ser \\.,_./ monohydride was identified with the density of dangling
2 ) T R bonds of the 3111)7x7 surface (1 ML =0.30x 10%
ZI 0 2 4 & 8 cm™?2). Similar experiments for H/8100) have shown up to
Coverage (ML) a 50-fold decrease. For this surface the linear relationship
re—— betweeny(® and # holds up to a coverage of 0.15 ML

o
o
o

1000 2000 (1 ML=0.68x10" cm™2) and the proportionality constant
Exposure (arb. units) is a=3.18
The calibration curve of Fig. 1 was obtained at the surface

FIG. 1. Coverage dependence of the second-harmonic responggmperatureT ;=600 K. Since the SH response of(B)0)
of H/SI(llg.)?X 7. The main panel shows the m.easured SH Signabnd S{lll) is known to show a non_neg”gib'e temperature
1(20)|x{?|? as a function of exposure to atomic hydrogen. In the gependencé®“® we should briefly comment on the validity
Inset, the square root of the same data is plotted vs the hydrogeg this calibration at other surface temperatures. From a com-
coverages. For ¢<0.4 ML, the nonlinear susceptibility’?(6) of parison with adsorption measurementsTat 600 K, and
Si(11)7x 7 decreases linearly with. from a modeling of spectroscopic data, we expect a shift of

the minimum ofy{?)(6) to lower ¢ with increasing tempera-

regulate a stepper-motor-driven leak valve. For calibration, o ‘The estimated variation of the initial slope is 30% for
purposes, 'Fhe samples could aIs_o be _ex_posed to atomic h¥1(111)7><7 and 50% for 1002 1. In view of the 3—4
drogen which was created by dissociation of Bt a hot o qers of magnitude variation of the measured sticking coef-

tungsten filament in the vicinity of the sample. fici : : : : 2) ;
L . icient, this uncertainty of the calibration 0) is neg-
The pump radiation for SHG was supplied by aligible in the present gxperiment. Qﬁ (0) g

Q-switched Nd:YAG (yttrium aluminum garnet laser
(wavelength 1064 nm, pulse duration 8 ns, repetition rate 10
Hz, beam diameter 6 mm, and peak fluese®0 mJ/cnt). It
was incident at 45° with respect to the surface normal, and In order to determine the sticking probability for dissocia-
linearly polarized. In the case of the(811)7X 7 surface, the tive adsorption of H, the initially clean Si samples are kept
input and output polarizations were chosen such that thet a certain temperatur€;, and their SH response is re-
variation of the anisotropi;r((slzg)§§ component of the second- corded as a function of time. A0 the H, or D, pressure
order nonlinear susceptibility was monitored. For theis increased to a value high enough to cause a detectable
Si(1002x 1 surface, the polarizer in the output beam pathdecrease of the SH signal due to adsorbed atomic hydrogen
was removed and the input polarization was rotated to optier deuterium. Typical data showing the recorded chamber
mize the recorded SH intensity. In this case all three isotropressure and the H coveragedetermined from the cali-
pic tensor elementsi? || x?); x{3.) contribute to the brated SH response are plotted in Fig 2. In Fi¢a) 2he
SH responsé’ sample temperature is too low to cause desorption on the
time scale of the experiment. In Figs(b2 and Zc) the de-
sorption rates are appreciable; after thefldix is turned off,
the SH response recovers to the value of the clean surface. In
The sensitivity of SHG to adsorption of hydrogen onthe example of Fig. @) the hydrogen coverage reaches an
Si(111)7X 7 is demonstrated in Fig. 1. Upon exposure of theequilibrium of §=0.1 ML.
sample to atomic hydrogen, the recorded SH intensity = Quantitatively, the measured hydrogen coveragg is
I(2w)oc|X§2)|I2(w) decreases by a factor of 100, then recov-determined by the time-integrated rates of adsorpiggn
ers slightly, and saturates at a value that is 20 times smalleand desorptiorkyes:
than that of the clean surface. Frequency-dependent measure-
ments sho#? that this behavior arises because the SH re-
sponse of the clean surface at the pump wavelength of 1064
nm is dominated by resonant optical transitions involving )
dangling-bond-derived surface states in the bulkﬁgand gap.he adsorption rate
These states are quenched upon hydrogen adsofptand
lead to a strong decrease f?. The SH response of the Kagd 0. T5,1) = D (1)So(T5) () ®)
H-terminated surface originates mainly from nonresonants given by the flux®(t) of H, molecules derived from the
bulk-derived electronic states. This contributionf’ ex-  measured pressupEt), and by the sticking coefficient of the
hibits a relatively weak coverage dependence, but interfereslean surface, multiplied by a factorf (8) that describes the
partially with the dangling-bond-derived resporf&&he plot coverage dependence of the sticking coefficient.
of the absolute magnitude Q@z) as a function of H coverage For most measurements the coverage dependence of the
0 reveals a simple linear dependence #610.4 ML, desorption ratekyd ) may be deduced directly from the

C. Determination of sticking coefficients

B. Calibration of the SH response

t
00 = [ T 0.Test) kel 07N
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i © ery of the SH signal after exposure to moleculay &t D..
102 |
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—3 — . .
107 present experiment. In these cases, which occur for
- T = 815K o 7
of s = 3107 T>T4.=850 K, the sticking coefficients may no longer be
F — ] determined independently from(t). In order to determine
-200 0 200 400 600 800 1000 the sticking coefficient, we assume a thermally activated de-
Time (s)

sorption process with a desorption rate that may be written in
the form

FIG. 2. Typical data for the determination of the sticking coef-
ficient for dissociative adsorption of Hand D, on S{111)7X 7 and

Si(1002x1 at different surface temperatures. The lines of the A 0 )
lower traces show the recorded gas pressiirg,& 300 K) in the The activation energ¥qes, the prefactonge, and the(frac

UHV chamber. The measured nonlinear susceptibilityts in the tional) reactlo_n ordem are obta!ned from fits of Eq4) to
upper tracekis linearly related to the hydrogen coverage. The solidthe datf"‘ ob.talned fOTs<, Td‘?S' With f(‘g)E_l (low coyerage
lines through the data points are the result of the numerical fitPProximation, the equilibrium coverage is then given by
described in the text.

d(t)sg

136 €XP — Eged KTo)

Kaed 0, Ts) = 0™ vGe@Xp — E oo/ KTs). (4)

1/m

o(t)= (5

recovery of the SH signal, measured after the gas flux has
been turned off. Since fof<0.1 ML the coverage depen-
dence of the sticking coefficient is wegk(6)=1, compare  wiith respect to the specific form of E¢#) we note that
Sec. I, the sticking coefficienss, is then the only un- yrevious SHG investigations of hydrogen desorption from
known parameter and may be accurately determined by gj111)7x 7 have shown that fof<0.15 ML the coverage
numerlc(%l fit of Eqs.(1)—(3) to the measured time depen- jonandence of the desorption rate may be parametrized by a
denceys"(t). reaction order ofm=1.5* Similar values ofm=1.3-1.7

An overview of the surface temperature dependence ofere ais0 deduced from the present measurements. In the

the sticking coefficients determined by this procedure for th ;
different surfaces and isotopes will be presented in Sec. Il I%ase of Hz d_esorptlon fro_m 3“90)”( 1, Keed 0) was also_
ound to lie in between first-fh=1) and second-order ki-

together with the results obtained for high surface tempera-"".. = 6 o
tures. Here we just note that the smallest measurable sticki tics fn=2) for coverage&ﬂ<0.1 ML' For simplicity we
ave also used a fractional reaction order to describe the

probabilities weresy=1x10"° for H,/Si(111)7X 7 at a sur- ) ; ) :
face temperature of ;=570 K. These are likely to be the deso_rp_tlon be_:hawor on this Sl_Jrface. Althc_)ugh the desorption
smallest sticking coefficients that have been determined ex@t€ is in reality a more complicated function of coverage for
perimentally on an otherwise highly reactive surface. SmalPoth surfacedin particular, it is not temperature indepen-
amounts of water contamination in the dosing ges (pp dend, the possible error introduced by the approximation of
limit the applicability of the technique to even smaller stick- @ fractional reaction order is negligible compared to that re-
ing coefficients. Water adsorbs dissociatively on silicon sursulting from the limited accuracy at which we are able to
faces with a high sticking probability and also quenches theletermine the activation energy for desorptg..

dangling bondS. It may be distinguished unambiguously  The Arrhenius plot for the desorption rates of, knd
from the adsorption of H or D, by the different desorption D, from Si(1002x1 and S{111)7X7 is shown in Fig. 3.
kinetics, as discussed in detail in Ref. 8. The different rates were derived from data like those shown
in Figs. 4b) and Zc), and were normalized to a coverage
#=0.1 ML. The S{1002X 1 surface exhibits the higher de-
sorption rates than &i11)7X 7. However, the rates differ by
less than a factor of 5 between the two surfaces in the inves-

D. Desorption rates and sticking coefficients fofT>T yeg

For desorption rate&y.o>1 ML/s, the equilibrium be-
tween adsorption and desorptidq = Kges iS established
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FIG. 4. Data used for the determination of the sticking coeffi- 107 3 ° D/SI100)
cient of D, adsorption on $1002X 1 from the equilibrium cover- F = e HyiSi111)
age at a surface temperature of 886 K. oL ¢ DSt il
E 1 0 011 E
0.8 1.0 1.2 1.4 1.6 1.8 2.0

tigated temperature range 700 KT4<850 K. Likewise,
there is no large isotope effect; the rates of @esorption are
only 2-3 times smaller than the corresponding rates for T -
H,. The resulting activation energies for desorption are all 'C: 5- Initial sticking coefficient of thermal bland D, gases at
betweenE,=2.3-2.4 eV with an error of 0.2 eV, in good Tgas™ .30.0 K on 5{111)7x7 and S(lOO)2><.1 surfaces as a function
agreement with previous isothermal Sﬁ*@]aser-induced of their inverse temperature. The exp(_enmental va_lues are o!enotgd
thermal desorptioﬁ and temperature-programmed desorp_by symbol_s; lines are result_s of theoretlca_l calculations d_escr_lbed in
tion experiment§.1 ’ Sec. Il (thin upper line: basic 2D model without corrugation; inter-

. . mediate line: 3D calculation including corrugation in one dimen-

The slightly larger uncertainty cEdesaS compe_lred to our sion; thick lower line: extrapolation to two-dimensional corruga-
previous results for H desorption from SiL11)7X7 tion).
(E ge=2.40=0.1eV) (Ref. 4 and S{1002X1 (Eges
=2.48+0.1 eV) (Ref. 6 simply reflects the limited data set served for H/Si(111)7X 7. They are on the order of 10
available in the temperature range 200,<850 K. In prin-  for a surface temperature of 550-600 K. The sticking coef-
ciple, once the H flux is turned off, the present experiment ficient sy increases by almost four orders of magnitudes to
is equivalent to the previously employed isothermal desorp5X 10~ ® when the temperature is raised to 1050 K. The two
tion scheme. There, atomic hydrogen was adsorbed, and tisymbols used to mark the sticking -coefficients for
recovery of the SH signal was observed after the samplél,/Si(111)7X7 denote different experimental conditions.
temperature was stepped to the desired desorptiofhe full squares indicate data already published in Ref. 7;
temperaturé:® Here the recovery of the SH signal is initiated full diamonds are data obtained with samples from different
by turning the H flux off. Since the latter can be accom- Si wafers. The good agreement demonstrates the high degree
plished fastertime constant< 1 g than changing sample of reproducibility of our experimental procedure to deter-
temperatures, the present scheme even allows to access dine such small sticking coefficients.
sorption rates as high a&y.e~1 ML/s compared to The open diamonds in Fig. 5 denote the valuesgfor
Kges<0.1 ML/s in the usual isothermal measuremérft&® D,/Si(111)7x 7. Both the absolute values and the tempera-

With the Arrhenius parameters for the desorption rate, wdure dependence of the sticking coefficient exhibit only a
may now determine the sticking probabilities from the mea-very weak isotope effect. An analogous behavior was previ-
sured equilibrium coverages at.>T4... An example for ously observed for the sticking of Hand D, on Si{1002
D,/Si(1002x% 1 is shown in Fig. 4. The coverag#t) fol- x 18 These data are included in Fig. 5 for the purpose of
lows the pressure changes almost instantaneously. Its tim@mparison with the theoretical results of Sec. Ill. On
dependence is well described by H§). In this particular  Si(100) the overall sticking coefficients are higher by a factor
example the temperatui®,=886 K is close to the desorp- of 2—10 than on the §i11) surface. Their temperature de-
tion temperaturd 4. The error in the determination of the pendence is slightly weaker, but still quite dramatic, with
sticking coefficient resulting from the extrapolation of the Sp increasing by three orders of magnitude in the temperature
desorption rate is thus relatively smak60%). For the range 550—1000 K.
highest surface temperature ®f=1050 K the desorption The small sticking probabilities that we were able to de-
rate (Kqee=3x 10° ML/s) already had to be extrapolated by termine quantitatively in the present experiments are in
almost three orders of magnitude beyond the measured rate&greement with the lower limits given earlier in the litera-
The large error introduced by this extrapolation currentlyture. In 1959, La# reported that the exposure of single-
limits the useful temperature range of our experiments. ~ crystal Si filaments to large fluxes of molecular hydrogen
leads only to weak flash desorption signals. Already from
these old data one may deduce that the room-temperature
sticking coefficient on the terraces of the Si filaments is less

The inferred values for the initial, total sticking coeffi- than 10 8. Later, Schulze and Henzférgave upper bounds
cient of H, and D, on S{1002x1 and S{111)7x7 are of s,<10® for the sticking of H, on S{111)7X 7, and Liehr
displayed in Fig. 5 as a function of the inverse surface temet al*? found s,<10™8 for H,/Si(1002x 1. Much higher
perature. The smallest sticking coefficients could be obsticking coefficients, on the order of 18, were recently

1000/Tg (K™

E. Surface temperature dependence of sticking
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some experiments on the coverage dependence

s(6)=syf(6). For surface temperaturéds,<T 4. our tech-

nigues enable us to perform such measurements very accu-
. rately, simply by extending them to higher exposures. An

L \\_(Jf % example for HB/Si(111)7X 7 is shown in Fig. 6. The data

0 ) clearly show that the slope d6/dt, which is proportional to
0 01 02 03 04 y be prop

H,/Si(111)7x7
Tg = 640 K

00~ A the sticking coefficiens(6), increases as a function of ex-
_ overage 6 (ML) . .
J o1 N 1 o.08 posure time and thus as a function of coverage.
= 0al e The observed behavior is in contrast to the expected effect
- SN —0.03 2 from site blocking which in this coverage range should al-
g 03 \3\\& Jdo02 © ready result in a noticeable decrease of the sticking coeffi-
3 0.4 L esee oot 2 cient. A comparison with a fit td(6) = (1— 6)? is shown as

' — E a dashed line in Fig. 6. Obviously the data are also incom-

0.5 ] — 0 patible with a simple defect-mediated adsorption process. If

0 500 1000 1500

Time (s) the low sticking coefficients were primarily caused by a low
concentration of available adsorption sites then the sticking
FIG. 6. Coverage dependence of the sticking coefficient of H coeff!CIent Shlotjld detcre{ﬁe tﬁvenbmore ;'Frongly Wltlr_]hcovher_
on S(111)7X 7 at a surface temperature Bf= 640 K. age, in compiete contras .0 € 0. S?f"e Increase. .e shape
of measuredd(t) also deviates significantly from a linear

reported for D/Si(1002x 1 by Kolasinskiet al,'2 based on ncréase off) [f(¢) =1], which could be expected approxi-

; . ? mately for precursor mediated adsorption in the coverage
a molecular-beam experiment with nozzle temperatures berénge0<0 5 ML
tween 300 and 1000 K. The effective Arrhenius energy de- The increase of the sticking coefficient with coverage is

scribing the surface temperature dependence of their stickinﬁgr<e| : :
.2 : y to be caused by a slight decrease of the adsorption
ci)/efgl(r::_ent |r;]the rankgg 300 clfTs< G?OhK 'S.Iiss than f?l barrier for sites in the vicinity of adsorbed hydrogen. This
eV. This rather weak dependence of the sticking coefficientq .t should depend in general on the specific local coordi-
on surface temperature stands in marked contrast to resultsH tion of reacted and unreacted sites, and is thus difficult to

the present work. K.=0.7 eV). Althoggh the reasons for model quantitatively. To gain some insight, we have made a
these discrepancies are currently still unclear, it should b?ather crude model, and simply assume an average adsorp-

kept in mind that the beam experiment lacked the sensitivityﬁOn barrier that exhibits a weak negative coverage depen-
to measure sticking coefficients below<80 °** For a  jance

more detailed comparison of our(800 data with the mea-
surements of Kolasinslat al,, see Ref. 8.

The strong effect of the surface temperature on the stick- E,=E.o(1—80). (6)
ing probability that we observe shows, independent of any

particular theoretical model, that substrate excitations musf we include the usual site blocking, then the sticking coef-
play a decisive role in the reaction dynamics of Mith  ficjent s= A exp(—E,/KT) takes the simple form

silicon surfaces. The behavior may be approximated by an

Arrhenius law,sy= A exp(—E,/kTy), with activation energies

ranging betweenE,=0.7 eV for D,/Si(1002x1 and s(0)=(1—0)%s{P?. (7)
E,=0.9 eV f20r DZ/?i(111)7>< 7. The prefactors are of the

_orderA: 10107, Fits of_some of these data to Arrhen- Good fits of this functional form to the experimental data
ius law have been shown in Refs. 7 and 8. In Fig. 5 we

directly compare the data with the results of the theoretica!voe\:sr;b;a('jneederz?jf;gé?r'e;r:;n'niférgftﬁégbfstszf vasEthe
calculations described in Sec. lll. The thin solid line is the r? P . g T EQ.
temperature dependence calculated from the basic twéy) to the measured(t). The fivefold increase of the sticking

- - : : . . coefficient, as compared to the {¥)? behavior, corre-
dimensional model without corrugation. For the thick solid ponds roughly to a 10% reduction of the adsorption barrier.

lines corrugation in one and two dimensions was taken int§uch 2 small reduction of the adsorption barrier could be
account in the calculation. Please note that the theoretica P

: ; . . caused by several mechanisms: For example, the weakening
curves arenot fittedto the experimental data. The coinci- 50, i
dence of the calculation involving 1D/2D corrugation with of the adatom backbonds Of(S.M)?X?’ which is likely to
the experimental data for @00)/Si(111) is to some extent oceur upon hyd_rogen ad_sorpuon, could decreg;se the amount
accidental. A more detailed comparison of experimental anc?f lattice distortion required to form the transition state. In

. - I : : ; addition, also purely electronic effects, such as band flatten-
theoretical sticking probabilities will be given in Sec. Il A. ing or redistribution of charge between the dangling bonds of

Si(112)7X 7, could reduce the adsorption barrier with in-
creasing hydrogen coverage. Which of these two effects is

For comparison with theory, the most interesting quantitythe more important could be decided by investigating the
is the sticking coefficient of the clean surface. For this reacoverage dependence for different gas and surface tempera-
son, all values plotted in Fig. 5 were extracted from data withtures. For the $1002X 1 surface the coverage dependence
a total hydrogen coverage<0.1 ML. Apart from this initial ~ of the sticking coefficient was found to be much weaker than
sticking coefficientsy=s(6=0), we have also performed for Si(11)7X7.

F. Coverage dependence of sticking
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ll. THEORY experimentally’ Concerning the temperature dependence of

. . . . sticking coefficients, we expect mainly a further reduction of
In this section we intend to show that all expenmental,[he preexponential.

observations can be described in a coherent way as the result For the later discussion of specific microscopic mecha-

of the dynamics on a suitably chosen potential-energy SUlisms, we emphasize at this point that the obtained results

face. The most important degree of freedom, apart from th?ire determined mainly by the choice of the adsorption barrier

reaction coordinate (Refs. 51-54 itself, is the motion of : .
the substrate lattice during the adsorption/desorption rocesVad and the displacemetx. The detalleq shape O.f the PES
9 P b P Before and far after the transition state is of little importance

\é\cl)?)rgﬁse&g()e Atgtljsi,tigﬁ:IIOfvsge\E/vﬁly tr;l ?(rglf;e%o?ecr:i?a:fi‘iebr}z“v?or the adsorption/desorption dynamics. In particular, it is
. y not necessary that the lattice distortion be the result of a

tlorTs (coordinater) and the surface corrugathnoordlnate static Si displacement in the adsorbed state as we assume in
y) into account. In total our model covers five degrees ofthjs section for the purposes of explicit calculation. A tran-

freedom. _ _ sient lattice distortion in the transition state would result in
We assume that the potential can be written as a sum ofn, aimost identical dynamical behavior.
the following four terms: The organization of this section follows the different
terms of Eq.(8). The results of the model including only the
V(Xy)-;’r;S):Vtrans(s)+vphor(X;S)+Vcorr(}7;s)+vvib(r;s)- first two terms were reported in Ref. 31. We extend these

calculations to three dimensions with different degrees of
freedom included: In Sec. Ill A we additionally consider a
The first termV,4,dS) then gives the value along theini- 1D surface corrugation. In Sec. Ill B we additionally study
mum of the multidimensional potential with respect to the the vibrational dynamics of the molecules.
coordinates orthogonal ts, i.e., along the line of steepest  The experimental results are very similar for th¢13i)
descent of the PES. We have chosen the following generand S{100 surfaces. This indicates that the basic physics is

parametrization: the same on both surfaces, and that the model considered
here can be used to describe the adsorption and desorption
tanh(As)— 1 dynamics in a general way. We will consider a specific mi-
Virand S) = (Vges Vad)T croscopic mechanism in Sec. Ill C, and compare the dynami-
cal properties of amb initio PES for the interaction of K
1 1 with the dimers of the $100)2x 1 surface with that of the
+ 7 (Vdest Vaat 2VVed/ad) cosR(NS)’ (9  model PES.
with V,=0.7 eV for H, a desorption barrier of A. Effect of surface corrugation
Vges=2.5eV, and a potential decay length o#2.7 A~ The dominant effect of surface corrugation for molecules

The desorption barrie¥ s is known from experimentSec.  impinging under normal incidence on a surface is a reduction
Il D, Refs. 2, 4, and pand\ was estimated. The results are of the sticking coefficient/*® The variation of the barrier

not very sensitive to the latter two quantities, but only to theheight across the surface leads to a “keyhole effect,” i.e., a
adsorption barrie¥ 4, which thus is the single essential pa- more or less geometrical decrease of the effective surface

rameter. area available for sticking which is independent of the en-

The second tern¥ ,n,{X;s) describes the coupling of ad- ergy at low energies. From our investigations of the situation
sorption and desorption to the substrate; for H,/Cu (Ref. 57 we know that this effect can cause a
reduction of about two orders of magnitude. For non-normal

Vphor{X?S)Z%ﬁwphor(S) incidencg_the role of surface corrugation is more complex.

The additional parallel momentum can lead to an enhance-

X d(1—exp{ — a¥pnod S)[ X+ AX(S)1}). ment or a suppression of the sticking coefficient, depending

(10) on the type of corrugation and the energy regine.
In this calculation we assume an energetic corrugation of
The phonon potential depthis given by the square root of the potential where only the height but not the position of the
the number of bound states which we choose talbe52  barrier is varied along the surface. The corresponding term in

for the model PES. The inverse oscillator length isEd.(8)is
Y oholS) = VM @ podS)/%,  with  the  frequency A 1 o
fiwpnod( S) = E1(S) — Eg(8) as the quantum of the first excited Vcorr(YJS):VoWr 1—005(?y1”
state, and thusy=\/d/(d—1). We estimate the effective con'>
phonon mas$1” to be the mass of one single Si atom, and 2w
for the frequency we UsBwpnon, ciea 45 MeV. The latter is 1=cos —v2] |- (1)
a mean value of several optical modés>>° )

The last two terms allow us to include the effect of aHerey means the center of mass coordinate parallel to the
lateral one- or two-dimensional corrugation and the molecusurface with a periodicity length af=2.4 A taken from the
lar vibrations. At present our model does not include orien-Si lattice spacing. The range of the corrugation perpendicular
tational effects of the hydrogen molecule. This means first ofo the surface was taken to be,,=2.2 A%, which we
all that we cannot describe the rotational cooling observedstimated from our experience with,}Cu>’ The height

+
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V, is determined so as to lead to a laterg) flequency of
®»=0.06 eV, in agreement with electron-energy-loss spec- o | ‘0 I o
troscopy experiment®:®1 This leads to the reasonable value 20 0 20
of V(=0.25 eV.

We will present a 3D calculation where we consider a 1D
surface corrugation in addition to the basic motleThis
reduces the absolute value of the sticking coefficient by
about one order of magnitude. Another order of magnitude
may be expected for a 2D corrugation, which in principal
would have to be considered. However, one needs about 20
channels(reciprocal-lattice vectojsto represent the scatter-
ing states in the lateral direction in these calculations, in
addition to about 20 channels for the lattice vibrations. Thus
a 3D model already requires 400 channels. A 4D model with
2D corrugation would require 8000 channels, and presently
leads to problems with computing time and memory space.

In Fig. 5 the calculated sticking coefficient for the flat and

the corrugated surface are shown in comparison to experi- g 7. polar plot of the angular distribution of hydrogen mol-
mental results. Indeed, the inclusion of 1D surface corrugagcules desorbing from @i00). The experimental data for deuterium
tion leads to a reduction of the sticking coefficient by onedesorption have been determined for coveragegf 0.6 (solid
order of magnitude. The sticking coefficients have been deline) and,= 1.0 (dashed ling(Ref. 14. The theoretical results are
termined for a gas of hydrogen molecules with gas temperandicated by diamonds. The c@slistribution is also shown as the
ture Tg,e= 300 K. This means that molecules contribute todotted circle for comparison.

the sticking probability hitting the surface under all possible

angles. A more d_etailed analy_sis_reveals thz_i_t fo_r molecules pesorbing molecules mainly propagate along paths which
under normal incidence the sticking probability is only re-pass the barrier region close to the minimum-energy barrier
duced by a factor of 3. The additional reduction of the stick-position® In order to check whether our model potential
ing coefficient of the hydrogen gas comes from the fact thaproperly describes the experimental situation in the vicinity
for an energetically corrugated surface the sticking probabilof the minimum-energy path, we have also calculated the
ity of the molecules which hit the surface under non-normalangular distribution of desorbing molecules. Experimentally
incidence is suppressed by their additional parallefi js not «<cosd, where® is the angle from the surface nor-
mo_me_ntun?. *“In a more realistic description not only the maj, as one would expect from a thermal distribution, but
variation of the barrier height but also the variation of thegonyard-peaked:cod's, with 3.9<n<5.2 depending on the
barrier [I.)OSI;SIOH withy; and y,, the so-called geometric gy face coverag¥ Figure 7 shows that there is a rather good
corrugatiorr,” should be tag%ng into account; the situation 5qreement between theory and experiment. We also tested a
then becomes more compl&x-™ The effect of full 2D cor- ¢\ tace corrugation corresponding to a lateral frequency

rugation |s_est|mated in Fig. 5 b_y taking into account a fur'of ws=0.10 eV which gave a narrower angular distribution
ther reduction factor corresponding to the reduction betweepn desorption than observed experimentally. Thus our dv-
the flat surface and the 1D corrugated surface. P P Y- Y

In addition to the preexponential, the effective barrier isnamlcal simulation puts some constraints on the shape of

also influenced by surface corrugation. First of all, there is a{eahstlc potent|_al-energy surfacgs. L L
contribution from the zero point enerd9.03 eV per lateral The noncosine angular distribution in desorption is, in-
degree of freedoinand a further increase by about 0.05 e\ de€d, an indication that the desorbing molecules do not re-
due to thermal averaging of the potentiall). All together ally obey a thermal distribution. Even tle@ergydistribution

the two lateral degrees of freedom increase the barrier of thi our model is not really thermal: it appears to be approxi-
2D model by about 0.16 eV. To obtain agreement with ex-mately «E exp(~E/kTy) already in the original 2D model,
periment, this has to be subtracted from the minimum-energyhere a Boltzmann distribution actually should behave like
barrier. cexp(—E/KTy).

In our calculations the rotational degrees of freedom of Our interpretation of this result is that the energy
the hydrogen molecule are not considered. Since the barriglistribution—at least at low energies—is essentially a reflec-
height also depends on the orientation of the molecule, takion of the Franck-Condon factors of the lattice vibrational
ing these degrees of freedom into account would probablgnergy distributions in the distorted and undistorted lattice,
lower the sticking coefficient even more. On the other handandnotof an actual thermal equilibrium with the lattice. This
the effective activation energy will also be increased becausis corroborated by the fact that the average kinetic energy of
the corrugation in the polar and azimuthal coordinates of th¢he desorbing particles at low energies increases less than
H, molecule will have effects similar to the lateral surfacekT (see Fig. 8 with increasing surface temperature as al-
corrugation. Thus, finally, a smaller minimum barrier could ready mentioned in Ref. 31. In addition, Fig. 8 shows that by
be chosen to represent the experimental data. This may bririgcluding surface corrugation the mean kinetic energy nor-
the barrier of the model closer to the barrier foundaim  mal to the surface is slightly increased as compared to the
initio calculations. noncorrugated surface, due to the variation in barrier height,

Exp.: 0, =06
e w=~ Expi8y=1.0
@ Theory
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0.7 — —— ——— Vibrational dynamics has been the subject of various in-
L emmmmTTTI . vestigations of hydrogen desorbing from metal
< 06 - surface$°2% The vibrational heating is well understood,

- (Eppan) 2D D, and the properties of the PES are well known. Although the
051 ] bonding of hydrogen to the silicon surface is quite different

-- (E 3-D vib. s
oal  — EE"a"Q)s_[;"Co” | from metal surfaces, one can expect that the PES describing
. trans, L . . . . . . . .

— {Egane) 2D the vibrational dynamics at semiconductor surfaces is similar

- apart from some details. The value of the curvature as well as
a reduction of the vibrational frequency to about 50% for the

Average Final Energy (E) (e
o
w
T

q adsorbed hydrogen are taken from #i initio calculations
————— 1 (see Sec. I ¢
01 T Despite all similarities to metal surfaces, the energy dis-
0.0 T e tribution on the different degrees of freedom for this PES is
"0 200 400 600 800 1000 1200 1400 1600 1800 2000 quite different: The coupling to lattice distortions is strong,
Surface Temperature T (K) and thus almost all of the potential drop is transferred to

surface phonons while only a small portion ends up as addi-
tional molecular vibration. This is documented by Fig. 8,
FIG. 8. Average final energies after desorption of translationwhere the state-averaged final energi@sove the ground-

(Eyang as well as surfacéE,,, and molecular excitationéE,i,)  state energyof surface phonons, molecular translation, and
as a function of surface temperature. Results of the 2D as well agolecular vibration are plotted as a function of surface tem-
the two 3D calculations are shown. The ground-state energies fQserature. The average phonon energy is dominant, and re-
the average phonon and vibrational energies have been subtractggging nearly constant at 0.65 eV. The translational part in-

creases with surface temperature due to the broadening of the
except for very low surface temperatures when almost allvave function, that makes it impossible to find aptimal
desorbing molecules follow a path through the minimumway through the PES. The average vibrational energy is neg-

barrier position. ligible on the whole temperature scale, although it rises for
very high surface temperatures. The effects of taking mo-
B. Molecular vibration dynamics lecular vibrations additionally into account is exhibited by

comparison with the curves for the 2D calculation shown as

The molecular vibration dynamics leaves the adsorptionfairiines in Fig. 8. Though the average phonon energy is
desorption dynamics of the model calculations presentedjightly reduced by a constant amount, the additional degree
above essentially unchanged. This is obvious from the smaff freedom takes its energy from the translational part, i.e., it

amount of energy transferred into the intramolecular degregayses a reduction of translational heating at high surface
of freedom. Although the population of the first excited statetemperatures.

of the desorbing molecule at a surface temperature of 780 K The viprational quantum of limolecules in the gas phase
is about a factor of 20 higher than for thermally equilibratedis , . —516 meV, and for HD and Rit is wyj,=450 meV

molecules, the difference in average vibrational energy i%ndwvib=371 meV, respectively. The vibrational population
merely about 6 meV for B, 10 meV for HD, and 25 meV 405 we find at a surface temperature Tf=780 K are

for D. - _ P,/Py=0.012, 0.022, and 0.052 for {iHD, and D,. The
_Nevertheless, the vibrational dynamics of the moleculesyatio for the heavier molecules is larger due to their smaller
including its isotope effect, is interesting in itself. In this \iprational quantum. These results are in good agreement

section we will present the study of a 3D model, consideringyjith the vibrational state resolved measurements of Kolasin-
the molecular vibrational degree of freedom in addition tOgki and co-worker&.

the molecular translation and surface phonons which were another consequence of the different vibrational frequen-
already discussed above and in an earlier publicafioe  gies. together with the reduction of these values for the ad-
apply the INTRA-LORE iteration scheme of the coupled- gorhed hydrogen, is a difference in the effective potential
channel equations described in Refs. 62 and 53. barrier for the various isotopes. As,Chas the lowest fre-
The vibrational dynamics of the molecule is included by quency, it consequently has the highest effective adsorption
considering a stretching of the intramolecular bond lengthparier, This results in the followingi) There is a smaller
leading to an elbowlike curved reaction pathin order to  gicking coefficient in adsorption. For a thermal gas at 300 K
apply the coupled-channel method, one has to transform to @ \hich the calculated results are shown in Fig. 5, we find
locally orthogonal coordinate system spanned by the reactiog gfference in the sticking coefficient of a factor 1.5-2. This
path coordinate and the oscillator coordinate® Thus mo- 5 als0 supported experimentally though less pronoun@ed.
lecular vibration is taken into account by adding a harmoniq; causes a larger translational heating in desorption. The
potential in Eq.(8): translational energy distribution is approximately Maxwell-
ian and nearly in thermal equilibrium with the surface. For a
V4in(r:S) = 37 wyin(S) (Win(S))>. (12 surface temperature of ;=780 K we calculated a mean
translational energy of(Ey.,9=97 meV for H, and
The inverse oscillator length igi,(S) = Vuwyin(S)/#, with  (Eyang =106 meV for B,. Unfortunately, up to now, experi-
n the reduced mass of the hydrogen molecule andnental measurements of the translational energy distribution
hwyip(s) the frequency of the molecular vibration. were only done for B and therefore experimental knowl-
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FIG. 9. Ball-and-stick model of Klinteraction with the buckled a) Si displacement (A)
dimer of S{1002X 1, resulting from density-functional calculations
(Ref. 33; small balls indicate H atoms, while the Si lattice is shown
as large white balls. Before the reaction the Si dimer is tilted by
18 °. Since the “down” atom is less charged and thus less repulsive
toward H, than the “up” atom, dissociation starts at the “down”
atom. In the transition state the H—H distance is increased from 0.8
to 1 A and the “down” atom exhibits an upwards displacement of
roughly 0.3 A(dark ball3. At the end of the reaction the dimer is
symmetric with two H atoms adsorbgdashed balls The total
vertical Si displacements during the reaction are 0.5 A for the
“down” atom and 0.2 A for the “up” atom.

edge about that consequence of the isotopic effect is not yet
available. At least the thermal Maxwellian distribution is ex-
perimentally supportetf

Another isotopic effect is caused by the stronger coupling ) — :
for deuterium due to its heavier mass. As shown above in vt 4 1e e 2
Fig. 5 for the sticking coefficient of a thermal gas, this results b) Si displacement (A)
in a higher value for the Arrhenius energy for, Bompared
with H,. In the desorption reaction it leads to an additional _FIG. 10. Contour plots for K of the projection of(2) model
increase of the translational energy for the heavier molPES andb) ab initio PES on the surface degree of freedom. The
ecules. An isotope effect based on quantum-mechanical turgttice distortion of theab initio PES varies more slowly with the

neling is negliaible because of the large barrier width. reaction path as compared to the model and only roughly 1/3 of the
9 9lg 9 ~0.6 A shift takes place on the gas phase side of the barrier. We

include dithered plots of desorption wave functionslat 1000 K
(see discussion in textThe spacing between the contours is 100
meV.

C. Comparison of model andab initio quantum dynamics for
H,/Si(1002x 1

In Sec. Il weproposeda model, and we showed that it
describes the experimental results correctly if its parameters: 1 surface?>¢23Together with the prepairing of the hydro-
are chosen appropriately. The dominant effect on the dynangen atoms on these dimers, this mechanism provides the
ics comes from strong lattice distortion in the transition statemost natural explanation for the observed first-order desorp-
of H,/Si as compared to the clean surface. We have ndtion kinetics. The asymmetry between dissociative adsorp-
specified the microscopic nature of the relaxation proceston and recombinative desorption arises because the silicon
denoted by the coordinatein Eq. (8). It could simply be a dimers are found to be horizontally oriented when hydrogen
Si—Si bond length or the distance of the reactive silicon atonis adsorbed;*® whereas they are buckled on the clean
to the underlying Si layer. In a more general way, this coor-surface®’~®° Since the buckling is accompanied by charge
dinate could also describe long-ranged bulk or even nonadidransfer within the dimer and a rehybridization of orbitals in
batic electronic relaxation processes. It is the exact nature dhe two silicon atom&%?there is a notable dependence of
the coordinatex that is currently the missing link in order to the H, adsorption barrier on the buckling andfe® The
arrive at a completely satisfactory microscopic description. minimum reaction path resulting from the calculations of

Recently, there have been several attempts to establishRef. 33 is depicted in Fig. 9. It very clearly shows the dis-
microscopic picture of the substrate relaxations for hydrogemlacement of two silicon atoms in the course of the reaction.
on Si1002x 1 by performingab initio calculations:®33|t In a qualitative way the different dynamics of the
has been proposed that the most important process of hydrparameter-free PES based on density-functional ti&dty
gen interaction with $1002X 1 is the interaction of both and the model PES discussed above may be recognized from
hydrogen atoms with a single Si—Si dimer on th¢1l80)2  Fig. 10. This displays the projection of the PES on the pho-
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non degree of freedomtogether with the absolute square of
the desorption wave function a,=1000 K. In the case of

the ab initio PES,x is the distance of the lower dimer atom
to the underlying Si layer. Since the bond length of the Si—Si S

(Y L
dimers change only moderately upon hydrogen adsorption f \f\ //jf?\?f 7
(from 2.32 A on the clean surface to 2.44 A in the %{V 7
monohydride’® representing the coupling to the lattice by N 1

this coordinate is expected to be a good approximation. The | !J : ! T
desorption process essentially starts from the ground state of J\Q\ /ﬂ\ ; (\,J\\// \s\// /, /d\ )
the lattice oscillator and a translational energy of 1000 K. \WW kﬁ/jé
The large oscillation amplitude for the model PESg. 10 N ! N
(@] indicates that the potential drop is practically all con-

verted into lattice energy. In the corresponding results of the FIG. 11. Possible transition state of,Hnteraction with the

ab initio PES [Fig. 10 (b)], a strong lattice oscillation is 7x 7-reconstructed §i111) surface. The reacting Si adatofright
found as well, but a substantial portion of the potential dropdark bal) is significantly displaced from its equilibrium threefold

is converted into translational energy. This is due to thecoordinated sitéleft dark bal.

guantitative differences in the similarily shaped potentials.

Although the total displacement between the asymptotic Nevertheless, thab initio PES does not give quantita-
states is comparablax=0.6 A in both cases, the barrier of tively satisfying _results for_ the surface effects. One possible
the ab initio PES occurdate in desorption Therefore, the reason for the @screpanmes could be due t.o the fact that we
dynamically important shift of the barrier position in thle have only considered the supposedly most important phonon

coordinate, measured relative to gas phaseahid the clean mode, and underestima’ge.d the coupling to the surface de-
surface isl onlyAx=0.3 A, considerably less than in the grees of freedom. In addition, long-range interactions, which

. are not taken into account, could be important. Probably
model PES. Moreover, the range parameters the two even more important, the derivation of potential-energy sur-

potential surfaces are different by a factor of about 2. Thces from density-functional calculations, and in particular
effective minimum barrier heights including zero-point cor- yhe yse of gradient-corrected density functionals, is a newly
rections are 0.38 eV for bland 0.41 eV for B. All this  geveloping field, and little experience is yet available to re-
causes a substantial force along the translational coordinatguy check the degree of accuracy of these resdlfhe
leading to a strongly heated translational energy distributiorpxistence of several geometrically distinct transition states,
after desorption. however, requires an accurate knowledge of the relative bar-
Quantitatively, we find a mean translational energy ofrier heights to decide which of them is the dominant one.
(Eyangd =308 meV for H, and(Eyang =336 meV for D, at  The symmetric transition state, for instance, was found to be
Ts=780 K. In contrast, the model PES yields 76 and 85qnly slightly higher in energy than the asymmetric one, and
meV, in agreement with experimetit The dependence of involves a stronger effective lattice distortion. Therefore ad-

the sticking probability on surface temperature resultingsorption through this transition state leads to a somewhat
from the ab initio PES is not as pronounced as the corre-stronger coupling to the latticé.

sponding one for the model PES, indicating a lack in cou-
pling strengt_h. The Arrhenius energy is only about 250 meV |\, biscUSSION OF MICROSCOPIC MECHANISMS
for the sticking of a thermal gas of Hat 300 K, whereas
Ea,~650 meV in the case of the model PES. Due to the The microscopic reaction mechanism considered in Sec.
lower adsorption barrier the absolute value of the stickingll C is not the only one that is conceivable. In fact, a number
coefficient at a common surface temperature is 10—100 timesf models have been proposed basedbrinitio theoretical
higher for theab initio model than the results of correspond- work for H, adsorption and desorption on (8002
ing calculations in Sec. Ill A. In contrast to that, the molecu- X 1.17-3" Unfortunately, the results of the calculations are
lar degree of freedom is quite well described, as can be seqartially contradictory, and, despite the enormous efforts, no
from the desorption population rati®, /P, of the final vi-  detailed picture has been established up to now. In this sec-
brational states. The vibrational heating found in thetion we would like to discuss some of these models in light
experiment is reproduced. In detal we obtain of the experimental and theoretical results presented above.
P,/P,=0.007 for H, andP, /P,=0.074 for D, at a surface  In this discussion we will implicitly assume that adsorption
temperature off ¢=780 K, which is within the experimental and desorption occur via the same mechanism. Peculiar non-
error bars. equilibrium desorption mechanisms will not be considered.
The PES we obtained from density-functional theory cal- Although no serious theoretical attempts have yet been
culations thus clearly shows that the substrate plays an indevoted to B interaction with Sj11)7X7 because of its
portant role in the dynamics of the reaction. Besides the extarge unit cell, from a qualitative point of view the reaction
perimental results this gives additional support for themechanism currently appears to be even clearer for the
gualitative correctness of our model. Furthermore, the vibraSi(111) than for the Si100 surface. The basic building
tional population ratio, i.e., the molecular degree of freedomplocks of the &7 reconstruction are fairly simple and well
is also quantitatively well described. Therefore, we have reaunderstood® Moreover, the coverage dependence of stick-
son to believe that the curvature of the reaction path, whicling reported in Sec. Il F indicates that defects should be un-
we took over for the model PES, is reliable. important. The reaction of Hwith Si(111)7X 7 should thus
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be dominated by the rest atom and adatom dangling bondsg., lead to approximate first-order kinetics.

(db’s) on the terraces. Since the restatom db’s are doubly The second category of reaction mechanisms gfwith
occupied, whereas the adatom db’s are only partially fifed, Si(100 surfaces are two-step processes with a dihydride in-
hydrogen dissociatiofand recombinationis likely to have termediate formed at steps or single-atom defects. These de-
an asymmetry toward the adatoms. With 4 A, the closesfect models have been advanced by several gritfis;’
distance between a restatom and an adatom is large corecause theimb initio cluster calculations for desorption
pared to the Si—H bond length of 1.6 A and the H—H dis-from single dimers yielded activation energies for desorption
tance of 0.8 A. Therefore, substantial distortion of the adaPetween 3.4 and 4.1 efRefs. 17, 18, 20, 21, and P@hich

tom bonding in the transition state, as shown schematicall® much higher than the 2.5 eV observed experimentally.
in Fig. 11, is likely to occur. Such a picture of distorted hile such an argumentation is certainly debatable in view
adatoms is supported by the recent work of Vittadini and°! the much lower values foEe that have recently been

H H ; 3,35
Selloni”® who calculated that the minimum-energy path for obtained by density-functional si#**3*°and cluster calcu-

hydrogen diffusion from the adatoms to the rest atoms inalions imposing less geometrical constraftitsdefect-

volves substantial bond weakening of one adatom backbond€diated processes should not readily be ruled out for the
It is further supported by the fact that the activation energys'(loo) surface.
for phonon-assisted sticking of 0.8-0.9 eV that we find for Based on the present results we can, on the one hand,
this surface agrees well with the activation energy for adaSa€ly exclude a very basic defect model that simply explains
tom diffusion that has been estimated from high-temperatur&he small sticking coefficient by a low concentration of static
scanning tunneling microscopySTM) measurement&: defects. In such a model the observed.surface temperature
Whether the distortion of adatom bonding is large enough téjepepdence of sticking would he_tve t(? arise from diffusion of
lead to the formation of a dihydride intermediate, or whethe20Mic hydrogen from the reactive sites across the terraces.
desorption occurs in a direct four-center reaction, couldoWwever, the measured activation energy for(160,
probably already be decided in slab calculations with a=a~0-7 €V, is much smaller than any calculated diffusion
2x 2 unit cell that contains one adatom and one rest atom. 2arrier of 1.3-2.0 ‘73\}" ““and the measured value of 1.5
The presently discussed desorption models fOIeV_for $|(111)7>< 7." On the o_ther hand, if the defects as
H,/Si(100) fall into two categories: Group 1 are direct one- active sites are created transiently by a thermally activated

step mechanisms. In the model already introduced abov@rocess, the mechanism becomes very similar to the model

two hydrogen atoms from doubly occupied dimers recom discussed in this work.

bine and desorb through a symmetfior more likely an ' In _the dihydride state, one of the normally present three
asymmetric transition staf83%%536 These models are in Si—Si bondg is brok_en or at Ieas_t considerably weakened, and
agreement with the desorption kinetics, and slab calculationd1® @dsorption barrier will certainly strongly vary as a func-
based on density functional theory give the experimental acion Of the Si—Sibond length, like in our model. On perfect
tivation energy for the desorptidif However, the lattice dis- (€Taces the energy required to bring the Si lattice into a
tortion in the transition state is too weak at least by a factodinydridelike configuration is certainly too high. The isomer-
of 2, as discussed in Sec. Il for our own PES. Similar quan/2ation energy between monohydride and dihydride was cal-
titative discrepancies between experimental and calculategh!ated to be 1.9 eVRef. 30 [compare also the Si—Si dimer
values for translational heating and phonon-assisted sticking_Ond strength of~1.3 eV (Ref. 18]. However, distorted
may be expected for the other PES’s of Refs. 35, 30, and 3&IMers at steps might facilitate such excitations with energies
In addition, the fact that the dimerization is a special featurd®" the order of the 0.7 eV that we find for the effective
of the S{100 surface, whereas the energetics and dynamic&ctivation —energy of phonon-assisted sticking. High-
of adsorption and desorption are very similar ofl8) and ~(emperature STM measurements, e.g., show that above
Si(111), may be an argument against such a process. Ts=600 K the steps of $100 become rough and move
Another one-step mechanism is the interdimer recombina@Pidly across the surfa&é.‘l’he overall activation energy for
tion of two hydrogen atoms from adjacent dimers on thedesor_ptlon from such an activated defect agrees wgll with the
same row"2%Vittadini and Sellorf find that the interdimer €XPerimental value of 2.5 eV, because the activation energy
pathway is energetically only slightly less favorable than thd©r desorption from t?e dihydride state is known to be
intradimer desorption treated by the same thedgy2.7  Slightly less than 2 eV’
eV vs 2.5 eV. Moreover, the energy that remains in the
substrate after deso_rptiqn was found to be approx.imately V. CONCLUSIONS
equal to 0.8 eV, which is in excellent agreement with the
PES of Fig. 10 and with our experimental value for phonon- We have presented results from a comprehensive experi-
assisted sticking. The significantly larger amount of latticemental and theoretical study of the reaction dynamics of mo-
distortion, as compared to the interdimer recombination)ecular hydrogen with silicon surfaces. The sticking prob-
arises from the large distance between the two involved siliabilities for dissociative adsorption of Hand D, on—as
con atoms of 3.85 A, and its reduction by a concerted movewell as the rates for recombinative desorption from—
ment of Si atoms(In case of the interdimer process a stretch-Si(111)7X 7 and S{1002X 1 have been determined experi-
ing of the dimer bond, which could in principle lower the mentally with optical second-harmonic generation. A rather
adsorption barrier, instead leads to an enlargement of theimilar behavior is observed on both surfaces and for both
distance of the reaction partnerA. problem of this model is isotopes.
that it does not readily explain the first-order desorption ki- At gas temperatures of 300 K, adsorption depends
netics. However, clustering of adsorbed hydrogen wouldstrongly on the surface temperatufg and reveals phonon-
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assisted sticking. In the case of Bi1)7X 7, the initial stick- tope effect, and (5) the angular distribution of desorbing
ing probabilities increase dramatically frosg=2x10 ° at  molecules. The model contains only very few parameters:
Ts=580 K to s,=5%10 ° at T,=1050 K. For S{1002 The curvature was taken frorab initio calculations, and
X 1, dissociative adsorption is slightly more probable; in thethree frequencies were obtained by fitting other experimental
temperature rang&.=550-1000 K the sticking probabili- data. One essential parameter is the barrier height for adsorp-
ties for H, and D, increase from 10% to 10 °. The absolute tion, determined so as to describe the low room-temperature
value of desorption rates of Hand D, from both surfaces sticking coefficient.
differ by less than a factor of 5 in the temperature range The results of the dynamical calculations are to some ex-
T,=700-850 K, and reveal similar desorption barriers oftentindependent of the microscopic interpretation ofshie-
2.3-2.5 eV. On $111)7x7 the sticking coefficientin-  strate degree of freedanWe have considered agffective
creasesby a factor of 3 between 0- and 0.4-ML hydrogen surface oscillator One should keep in mind, however, that
coverage. this oscillator has to describe several degrees of freedom in
From the fact that H adsorption on $111)7X 7 does not ~an average way, and might even include nonadiabatic elec-
show signs of site blocking for coverages up to almost half 4ronic processes. Several microscopic mechanisms that in-
monolayer, we conclude that the,Hlissociation takes place volve considerable lattice distortion in the transition state
on the terraces of this surface and is not mediated by step @ppear to be quite plausible. Attempts to establish the rela-
defect sites. The relatively small isotope effect observed fofionship to the dynamically relevant microscopic degrees of
the rates of desorption and adsorption of a thermal gas sudreedom by means db initio calculations for the H inter-
gests that tunneling plays only a minor role in the iter-  action with the dimers of $100) have so far been successful
action with silicon surfaces. The surprisingly similar quanti-only in a qualitative way. Reasons for the quantitative dis-
tative and qualitative behavior of 3i11)7X 7 and S{100)2 crepancies from our model, as well as from the experiments,
x 1 indicates that the structural details of the surface are ofdy come from inherent approximations of density-
little importance for the energetics and dynamics of the refunctional theory, restrictions to small unit cells or clusters,
action. or difficulties in finding the energetically most favorable re-
An effective five-dimensional model containing, in addi- action path on relatively complex surfaces.
tion to the translational coordinate, one substrate degree of
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