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Abstract. The dissociative adsorption of molecular hydro-would facilitate the creation of dihydride intermediates with-
gen on vicinalSi(001) andSi(111) surfaces was investigated out an appreciable adsorption barrier. The presence of such
by means of optical second-harmonic generation (SHGJ)ites would thus not lead to translational heating in desorp-
For temperatures up t600 K the measured initial sticking tion whereas the sticking probabilities would be determined
coefficients could be decomposed into contributions fronby their temperature-dependent concentration and hydrogen
step/defect and terrace sites. Whereas the presence of stegiffusion to normal adsorption sites.

on Si(111) leads only to a moderate increase of reactivity, On the basis of the published experimental and theoret-
the sticking coefficients for step adsorption on misorientedcal work it is currently not possible to give a definite answer
Si(001) are many orders of magnitude higher than for terracas to which mechanism is in operation. There are still unre-
adsorption and reach values uplio“. Neither the absolute solved quantitative discrepancies between the results of dy-
values nor the temperature dependence of adsorption on thamical studies based @b initio potential-energy surfaces

terraces are affected by the misorientation. for Si(001)2x1 and the experiments [8,17—19]. A problem
of the defect-mediated mechanism is obtaining reaction rates
PACS: 42.65.Ky; 68.35.Ja; 82.65.My that are consistent with both the small sticking probabilities

and the high pre-factors for thermally activated desorption [2,

20]. The experimental difficulties in measuring small sticking
The interaction of molecular hydrogen with silicon surfacescoefficients further complicate matters. Whereas our values
has attracted considerable attention as a model for reaobtained for the adsorption of thernid4 agree with the lim-
tion dynamics on semiconductor surfaces [1-3]. The stickings put forward by earlier investigations [21, 22], experiments
probability for dissociative adsorption b, on well-prepared with a supersonic molecular beam resulted in remarkably
Si surfaces is less thah0° at room temperature but in- high values for the sticking probability dfl,/Si(001) and
creases to values as high 38> when the substrate tem- suggested only a weak effect of surface temperature [23].
perature is raised th000 K [4, 5]. This striking temperature Moreover, reports dfl, sticking at minority sites with a prob-
dependence and the lack of translational heating during rebility of almost unity have appeared in the literature [24, 25].
combinative desorption [6] indicate that the rearrangement of In this paper, we report on systematic investigationd-pf
substrate atoms from their ideal lattice positions plays a cruadsorption on misoriente®i(001) andSi(111) surfaces with
cial role in the underlying reaction mechanism. a reproducible amount of minority sites. The high sensitivity

In the model of phonon-assisted sticking, proposed bynd in-situ applicability of optical second-harmonic gener-

Brenig and co-workers [7, 8], the excitation of lattice vibra-ation (SHG) makes this technique an ideal real-time monitor
tions at elevated temperature decreases the effective disdor the kinetics of the competing reaction channels associated
ciation barrier for the incidenitl, molecule, whereas upon with stepg/defect and terrace sites on these surfaces. Stick-
desorption the excess barrier energy is to a large extent r@xg at the steps is observed to occur at a rate that is up to
leased to silicon phonons. Such a scenario is supported live orders of magnitude higher than the rate of adsorption
slab-type ab initio calculations that have found substantiabn the terraces. Step adsorption shows little temperature de-
coupling of the dissociation barrier with the dimer buck-pendence, whereas the activation-energy results for phonon-
ling of Si(001)2x1 [9-11] and with the adatom position assisted sticking on the terrace sites are found to be identical
of Si(111)7x7 [12,13]. Alternatively, as a result of cluster to results reported previously for flat surfaces [4,5, 8]. The
calculations, it was suggested that single-atom defects meesults suggest that on well-prepared silicon surfaces the dis-
diate H, adsorption and desorption [14—16]. These defectsociative adsorption dfl; is not mediated by static defects.
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1 Experiment the SH signal are recorded as a function of time sid) is
deduced with a numerical fitting procedure [4]. All the values

The experimental procedures used to measure small stickirgven below are initial sticking probabilitiess = s(6y = 0).
coefficients were similar to our earlier works [3]. The set-up

was somewhat modified in order to improve gas handling and

SHG sensitivity as described elsewhere [26]. The prominert Results and discussion
feature of the ultrahigh vacuum (UHV) system is a multi-

stage pumping unit with various pumps separated from thg 1 Vicinal Si(001) 2 x 1
chamber via gate valves. This set-up ensured we reached

a working pressure of 6 x 10~ ' mbar within about30s  The adsorption behavior of the highly doped and misoriented
after dosing hydrogen by backfilling the chamber with typic-Sj(001) surface and that of the orientationally flat sample with
ally 10-%-10"* mbarof purified H from a liquid-nitrogen-  |ow doping concentration are compared in Fig. 1. At a surface
cooled reservoir. temperature 0575 K the sticking probability of thd 0-Q cm

Different types of silicon samples were use8i(001)  sample is found to b& x 1078, in perfect agreement with
nominally flat oriented to withiri/4°, Si(001) with miscuts  earlier results [5]. The adsorption reaction of h@03-C2 cm
of 2.5%, 5.5°, 10° towards the[110], Si(001) misoriented by sample is characterized by two time constants. The fast ini-
3° towards the[010] direction andSi(111) misoriented by tial drop of the SH response right after the beginning of the
5.0° towards[110]. These samples were cut from commercialhydrogen exposure corresponds to a sticking probability of
(Virginia Semiconductorp-type 2-10Q cm wafers. In add- 8 x 107, This adsorption channel quickly saturates and fur-
ition, a highly As-doped = 2.5x 10%cm=3) 0.003Qcm ther hydrogen uptake occurs at a rate that is more than two
sample was prepared that was misoriented by approximatetyrders of magnitude lower and is comparable to that deter-
1° towards[010]. It was self-cut, polished, and chemically mined for the flatL0- cm sample.
treated [27] prior to mounting in UHV. In-situ removal of The fast adsorption process observed for@i®3-$ cm
the oxide layers by repetitive heating 1@50 K resulted in  sample is not specific to the high doping concentration. Very
clean well-ordered surfaces as verified by low-energy eleasimilar behavior could be observed for the surface of the
tron diffraction (LEED) and Auger electron spectroscopy10-Q2 cm sample after several cycles of oxygen adsorption
(AES). and subsequeriO desorption at~ 950 K without further

For the SHG measurement$064nm pump radiation annealing. Such oxygen treatment is known to lead to the for-
with a fluence of about 30 mycn? incident a45® with re-  mation of steps and defects viainhomogeneous etching of the
spect to the surface normal was provided by a Q-switchetbpmost surface layers [29]. We therefore attribute the fast ad-
Nd:YAG laser (Coherent, Infinity) with a pulse duration of sorption process to the reaction with minority sites such as
3.5nsand operating at a repetition rate 3 Hz Improved  steps and other kinds of defects present on the surface of the
beam profile and pulse-to-pulse stability lead to a gain in admisoriented0.003-Q cm as well as on the etchetd-Q cm
sorbate sensitivity compared to that in our previous studiesample.
The polarization was chosen to obtain similar sensitivity for
adsorption at the terrace and stdpfect sites. The square
root of the measured SH signal, which is proportional to

T T T T T
; AP .
mfoﬁg%ﬁi nonlinear susceptibilig/® [28], will be shown 15 © H,Si(001)2x1 "
At the fundamental wavelength 4064 nm x2 is pro- | Ts=575K

portional to the concentration of unreacted surface dangling - 0.9
bonds for low hydrogen coveragg, [3]. The coverage de- _ C (@) |
pendence is well described by the simple linear relationship % 10 - 0.8 20 0 20 40 60
X2 (On) = xZB[L— abh]. 1) ; BROR ] -
The proportionality factox has been calibrated by means of ‘? - % So=3.5x1078 E 107 E
temperature-programmed desorption (TPD) experiments [5].3 - ] E
Itis «=3.1ML™! anda = 1.3ML™? for Si(001)2<1 and 05 1 =
Si(111)7x 7, respectively and ~ 1 ML~ in the case of the - (© H10° g
steps. The sticking coefficiers{ defined as the probability - ] e
that an incidentH, molecule dissociatively adsorbs on the - . T
surface, is determined by keeping the sample at constant tem- - s <107
perature and measuring its SH response as a function of time, 0.0 : : —
t, during exposure to a gas flu, determined from the 0 200 400 600
recorded background pressume(® = p[27my,kTgad ~Y/?). Time (s)
In case of constanp and negligible desorption, the adsorp- Fig. 1. Nonlinear responsg'? of two different Si(001) 1 surfaces kept at
tion rate Ts =575 KduringH> exposure {gas= 300 K): (a) 0.003-Q cm sample mis-
do orie_nted by about® towards [010], (b)10-Q2 cm orientgtionally flat sample,
HoH = S(6n) P (2) vertically offset by —0.25. TheHy pressure (c) during exposure, shown

dt for trace (a), corresponds to a flux of abdik 10° ML /s in both cases

. - . ) (LML = 0.68x 10 atomgcnm?). Inset: Adsorption at the minority sites
and thus the sticking CpemC'eﬂwH) is proportional to the  magnified from trace (a). The fast hydrogen uptake corresponding to an
slope of x2(t). In practice, both the hydrogen pressure andhitial sticking probabilitys, = 8 x 10-° saturates at a coverage®03 ML
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0.0 | R A B L Fig. 3. Determination of the saturation coverage and sticking coefficient of
0 200 400 600 800 1000 Ho adsorption at the steps of Si(00%)5° — [110] at a surface tempera-

ture of Ty=575K Main panel:H, pressure and measured SH response
during exposure. Theolid linethrough the data points of the nonlinear sus-
Fig. 2. Nonlinear responsqé” of Si(001) miscut at an angle &5° to- ceptibility is the result of a numerical fit assuming Langmuir adsorption
wards[110] during H, exposure. The fast signal droptat O corresponds  kinetics at the steps and a linear relationship betwe&h and 0. Inset:
to hydrogen adsorption at the rebondegl ®eps with an initial sticking co- Temperature-programmed desorption (TPD)Hy from the fully mono-
efficient of 7x 107°; the slow decrease at- 400 sindicates sticking on  hydride and partially dihydride covered surface in comparison with the
the terracessh = 3 x 10~8). There is negligible hydrogen diffusion from the step-saturated surface.
step sites at the surface temperaturés @5 K, as indicated by the constant
XéZ) upon interruption of theH, exposure and because further exposure
does not cause another fast signal drop that would indicate partial deplgyne bond to the step and have one free dangling bond [34—
;lr%rrlno[f?’tg]e step sites. Inset: Ball-and-stick model of the structurego$teps 36]. In the case of the miscut angle 55° used here, the
Dg steps are expected to account 18k6% of the number
of surface dangling bonds and the average terrace siz8 is 5

The slow adsorption process with an apparent sticking codimers [30].
efficient of 3x 10~8 could in principle be caused by hydrogen  As shown in Fig. 2, the steps lead to rapid hydrogen ad-
diffusion and rapid re-filling of minority sites. Experiments sorption when the surface, again keptTat= 575K is ex-
with interrupted gas exposure (compare Fig. 2) show that thigosed to a flux of abot x 10'” Homoleculegcn? s. The fast
is not the case for temperatures belB®0 K, but that the slow reaction saturates long before monolayer coverage is reached.
process must be due to a separate reaction channel. The corfenther hydrogen uptake proceeds with the sticking coef-
sponding sticking probabilities are very similar for&l{001) ficient of the flat surface at that temperature. In order to
surfaces studied. It is thus characteristic for the reaction odetermine the saturation coverage and accurate sticking co-
the well-ordered terraces. efficients of the reaction with the step sites, the adsorption

The motivation to exploreH, adsorption on the (001) experiments were performed with the lowest pressure that
surface of highlyAs-doped silicon is provided by the ex- could be monitored with the spinning rotor gauge (Fig. 3).
periments by Kolasinski and co-workers [6,23]. It has beerThe area of the TPD peak obtained after saturation of the
speculated that the high sticking coefficiengs € 107° for  fast adsorption channel amountsli of that obtained from
Ts = 600K) reported by these authors [23] might be duea fully monohydride terminated surface which was prepared
to their use of samples with a high doping concentratiorby dosing atomic hydrogen created at a hot tungsten filament.
[5]. An enrichment of As on the surface could in principle The resulting hydrogen coverage @fLl2+ 0.02 ML agrees
alter the charge distribution of the dangling bonds and rewell with the concentration of dangling bonds of Bteps.
duce the dissociation barrier. This would explain not onlyThe numerical fit shows that the adsorption can be described
the higher sticking coefficients but also the discrepancies bésy Langmuir kinetics with a sticking coefficient of71075.
tween calculated [17—-19] and measured translational energy Step and terrace adsorption 8if001) were investigated
distributions of the desorbinig, molecules. The present ex- for various surface temperatures. The sticking coefficients de-
periments now suggest that, at least up to doping concentrduced are summarized in Fig. 4 in the form of an Arrhenius
tions of n ~ 10 cm~3, no influence on surface reactivity is plot. The sticking coefficients associated with terrace adsorp-
detectable. tion are all aligned for the different surfaces investigated. In

To gain insight into the mechanisms bf, interaction the range from 450 to 900 K their temperature dependence
with special surface sites it is necessary that these sites asewell described by, = A x exp(—Ea/kTs). The values ob-
characterized. This is the case for vicirgi{001) surfaces tained for the activation energy df; = 0.76+0.1 eV and
misoriented towards thid 10] direction. It is well known that prefactorA = 0.2 are in excellent agreement with the results
for miscut angles greater th@hand upon proper preparation, reported previously for the flat surface [5]. Adsorption at the
these surfaces form straight double-atomic height steps sepstepydefect sites is characterized by absolute sticking prob-
rated by terraces with the dimers oriented parallel to the steabilities that are orders of magnitude higher and negligible
edges [31-33]. These so-called rebondedsieps are char- temperature dependence between 45060K.
acterized by threefold coordinated silicon atoms that form

Time (s)
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sion is in agreement with STM investigations that find dimer-
ized defects but no isolatesi atoms on similarly prepared
surfaces [38,39] and with kinetic stability arguments [40].
Reconstruction even results in threefold coordin&eatoms

at the kinks ofSi(001) steps [34]. We therefore believe that
a direct dissociation mechanism, similar to the one found for
the Ds steps, but probably slightly less efficient, is in opera-
tion at the single-heightgSsteps of thesi(001) surfaces with
small misoritentations and on the etched surface.

2.2 Vicinal Si(111) 7 x 7

Whereas the different vicin&i(001) surfaces provide an ap-
preciable number of highly reactive sites, the effect of misori-
entation on the sticking dfl, was found to be much weaker

in the case of the investigat&i(111) surface that was mis-
oriented by5° towards[110]. The surface is characterized
by wide terraces of X7 structure coexisting with facets ori-
ented approximatel0° off [111] [41, 42]. Measurements of
the extremely small sticking coefficients determined for this
surface at low temperatures are shown in Fig. 5. For surface

Fig. 4. Arrhenius plot of the initial sticking coefficientsy for dissociative temperatures between 500 K, the sticking coefficient
adsorption ofH, on flat and misoriented Si(001) surfaces as a function ofat the minority s_|tes Is3to4 Ordersf of magthde lower than
surface temperaturs. Thesolid line denotes a numerical fit to an exponen- the corresponding values for tBe miscut (001) surface and
tial temperature dependence for the values derived from terrace adsorpti@nly 1 to 2 orders of magnitude higher than the values ob-
with prefactor A=0.2 and Ea = 0.76+0.1€V. The dashed parallel line  tained for the terraces. With increasing surface temperature
marks t_he _res_ults of our earlier experiments on flat Si(001) surfaces' [5]. Thﬁne total, non-site—specific sticking coefficient increases dras-
dotted lineindicates the weak temperature dependence found for sticking 5} . .

ically and approaches the values obtained previously for flat

the D steps 0fSi(001)5.5° — [110] over the full temperature range from bl y !
80K to 600 K [37] surfaces [4, 8]. ABOO K, for example, the sticking coefficient

The highest sticking coefficients are observed for the sur-
faces with miscut towards [110] exhibiting theg Dsteps. . o
This is not an effect mainly of concentration but one of site- 1.0 "
specific reactivity. The fast adsorption channel was observe
to saturate at coverages@fi2 ML in case 0fSi(001)5.5° —
[110] and between 0.03 an@.05ML in the case of the
misoriented).0032 cm and the etched02 cm-samples. In

T
H,/Si(111) 5°~[170]
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107t
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terms of the site-specific reactivifyobtained by normalizing
the measured initial sticking coefficient by the aerial concen-
tration,8 = s0 1, one finds & of the double-height steps that
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is 5 to 10 times higher than that of the other step and defect
sites.

Based on ab-initio calculations, Kratzer et al. recently
suggested [37] that molecular hydrogen is able to dissociatés
without barrier and to form directly a monohydride at two S
neighboring sites of the gsteps. This is possible because, 5
in contrast to the buckled dimers on the terraces, the dan&
gling bonds of the rebonded Si atoms at thg 8leps are ~ £0.9
almost degenerate. Upon the approach of parallel alighed ™=
molecules, these surface states rehybridize easily and thus in-
teract efficiently with théH, molecular orbitals. On the basis T N E
of theoretical and experimental evidence, hydrogen dissocia- 0 200 400 600 800
tion at these sites proceeding via dihydride intermediates was Time (s)
excluded [37]. ) _ ) o Fig. 5. Nonlinear responsg? of Si(111)7x 7 misoriented by5° towards

The efficient formation of dlhydrldes requires isolated de-[1io], Top: Hz exposure of the clean surface &= 520K leads to ad-
fects with two dangling bonds p&i atom [16]. Since such sorption at minority (step) sites<(0.06 ML) with a sticking coefficient of
single-atom defects would certainly have the highest proba’i_x 1079; adsorptioln0 continues on the terraces if the sar_npl(_e temperature is

raised § =4 x 10" for Ts = 580 K). Bottom: After the minority sites are

bllty for H dissociation of all sites, the present results SLJg'saturated, the sticking coefficient & = 520 K drops to a value as low as

gest that the_ir Conce_ntra_tion is.extremely small on perfectly ag. 10-11. Gas fluxes of almoste® ML /s are required for the adsorption of
well as on slightly misoriente8i(001) surfaces. This conclu- a0.03 ML in 15min (1 ML = 0.30x 10* atomgcn?)

H,/Si(111)7x7

Ts=520K
Sp=4x107!

Pressure (mbar)
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was found to be k 10-8, which is only a factor of two higher An overview of the resulting behavior can be obtained

than the value reported in [4]. The finding that misorientatiorby making the simplifying assumption that the initial adsorp-

of Si(111) does not cause a similarly striking increase in retion at the step sites is fast compared to the timescale over

activity as in the case ®i(001) surfaces further supports the which filling of the whole terraces takes place. In this case,

direct dissociation mechanism discussed for viclBigd01).  we can replace the time-dependent populatigg,(t) by its

It requires a specific step structure that is not present on migquilibrium valueny st In equilibrium, the depletion of step

cutSi(111) surfaces. sites is compensated by re-adsorption from the gas. With the
The adsorption oH, on Si(111)5° — [110] has been in-  site-specific reactivitpsy, = so,st,ﬁs‘té and Langmuir-type site

vestigated before by Hansen et al. [25]. The reported valuddocking the rate equilibrium is given by

for the sticking coefficient in the temperature range between

540 and660 K fall between 0001 and OL and are clearly Ansprd = PSsip(1 — A stp) (4)

at variance with the results of the present work. We were

also not able to confirm the similarly high sticking coeffi- and one obtains

cients they obtained fo®i(001) misoriented byg° towards 8

the [010Q] direction but find a reactivity that is slightly re- @, stp= Al_ (5)

duced o sip(Ts = 570K) >~ 3 x 107>, Sper(Ts = 570K) = ' DSstp+ v

8 x 10-8) compared to that of th&.5° surface with its regu-

lar array of Oy steps. Since Hansen et al. neither observe?‘Ote that any back-migration from the terraces is neglected in
the two distinct reaction channels characteristic for all of out4): Whichis a good approximation only for small total cover-

low temperature experiments on the vicinal surfaces nor corﬁi-ge_r?]nd aﬁsmgll numE_er of stef? sjtes.f diated ad

pared them with results on flat surfaces, we currently cannot 1€ €ffective sticking coefficient for step-mediated ad-

give a convincing explanation for the discrepancies. sorptions®, defined by dividing the second term of (3) by the
incident gas flux, then becomes

2.3 Kinetics of defect-mediated terrace adsorption s = %tiestp, (6)
PStp+ vy

The experiments presented above clearly indicate that for s

face temperatures belo®00 K, adsorption on the terraces

occurs through a reaction channel that is independent of t

Yhe two limiting cases

- X > : g4 : sF=§ = 7
steps. The direct experimental observation of the consider- %tp v ] Ssstp 7150’5“3 (7
ably less efficient adsorption reaction with the terrace site@Stp > vda: S = vdbsp® (8)

is possible only because the barriers for hydrogen diffusion o . o

on silicon surfaces are quite large and prevent rapid migrashow that the sticking coefficiest of Ha/Si will be deter-
tion between different adsorption sites. In the casgi(#o1)  Mined by the reactivity of the minority sitég, for high tem-
miscut towards{110], we have investigated hydrogen dif- Peratures (7) and by the diffusion ratgfor low temperatures
fusion systematically by selectively saturating the &eps  (8)- Obviously, the high-temperature limit is experimentally
with dissociatively adsorbed hydrogen and monitoring the delndistinguishable from adsorption directly on the terraces be-
pletion of steps in the temperature rarg@0-730K [26].  cause the hydrogen populatiop sy, becomes small (5) and
The hopping rate was found to be thermally activated witflo€s not appear as a fast initial drop of the SH signal. In
a barrier of Eq ~ 1.7 eV and a pre-factor ol0**s~L. This the Iow-tempera_ture I|.m|t the defegt-medlatgd channel can be
activation energy foH migration from the @ steps to the Suppressed against direct adsorption by using high endpigh
terraces almost coincides with the barrier obtained for hyfluxes® for exposure. ) N

drogen diffusion along the dimer rows of the terraces of pla- A measurement that illustrates the transition to step-
nar surfaces with scanning tunneling microcopy (STM) [43]. mediated adsorption for tHi(001) surface with B steps is

For H/Si(111)7x 7, similarly high diffusion barriersfq=  Shownin Fig. 6. Both saturation of the step sites and diffusion
1.5-2.2 eV) were deduced from SHG diffraction experiments©f hydrogen to the terrace sites, leading to a higher effect-
and STM studies [44, 45]. ive sticking coefficient for terraces adsorption, are clearly

The diffusion experiments show that migration of atomicVisibly at the temperature d840K. With the present ad-
hydrogen becomes appreciable on the timescale of our agorption experiments and the study of diffusion [26], we
sorption experiments fdFs > 600 K. This suggests that, even have determined all the necessary quantities to simulate the
for moderately high stefilefect densities, terrace adsorptionPehavior for that surfaced(= 450 ML/s, ts, = 0.12 ML,
via these minority sites can become competitive and evefsp = 4> 107" ML™", vy =4.2x10"*s™7). Insertion in (6)
more efficient than the direct adsorption channel. For th@redicts an apparent sticking coefficientsf= 1.1 x 10°°.
quantitative description we extend (2) with a term that taked his is in excellent agreement with the measured value of

diffusion of atomic hydrogen from step sites into account; S° = 1.4x 10°° and demonstrates the applicability of our
simple model.

doy This example also confirms that the results for terrace ad-

ar = PSterr+ OspMHspva - (3 sorption shown in Fig. 4 and our previously published results
for adsorption on flat surfaces are not likely to be affected

Here 65y denotes the concentration of reactive step siteshy the defect-mediated channel discussed here. If we replace

NH,stp their relative population with atomic hydrogen ands ~ the density of minority sites 00.12 ML by a realistic up-

the hopping rate for hydrogen diffusion onto the terraces. per limit of 0.01 ML (that would still be visible as a fast
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‘ T ‘ predictions of the model of phonon-assisted sticking [8], the
H,/Si(001) 5.5°~[110] deduced activation energy & = 0.75 could also be associ-
Ts=640K ated with the creation of these active sites. In fact, one may
even view the adsorption via transient defects as an extreme
case of phonon-assisted sticking [8]. One argument against
this particular dynamic defect model is, of course, the ob-
served independence of terrace adsorptiorsgd01) from

the step density of the surface. A more definitive discrimina-
tion is possible by investigating sticking as a function of the
kinetic energy of the incidertd, molecules. Whereas in the
dynamical model of phonon-assisted stickimty, dissocia-

tion is activated in both the lattice and the hydrogen degrees
of freedom [7], an increased translational energy of ke
molecules is expected to have a much weaker effect in pro-
moting sticking at single-atom defects.

10
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Fig. 6. Adsorption of hydrogen on the terraces of vicinal Si(001) mediated
by H, dissociation at the p steps. The fast drop (xfé” is due to sticking at
the steps with a sticking probability ofs610~°. The subsequent decrease

corresponds to an adsorption rate7of 10~* ML /s. With an average expo- . . .
sure rate of5x 102 ML /s, the step-mediated sticking coefficient becomes I summary, the high sensitivity of SHG to the dangling

1.4x107®. The dashed lineindicates the behavior expected for the meas- bonds ofSi surfaces and the possibility to monitor hydrogen
ured sticking coefficient for terrace adsorption of 2077 in the absence of adsorption in real time has allowed us to distinguish differ-
diffusion ent reaction channels for the dissociative adsorptiotof
on vicinal Si(001) andSi(111) surfaces in the temperature

drop of the SHG signal), and take into account the 5-10range between 450 a0 K. Hydrogen adsorption at steps
fold lower reactivity of these sites as compared to the D of Si(001) is characterized by initial sticking probabilities be-
steps, the effective sticking coefficiesit already drops be- tween 5x 10°° and 10, depending on the miscut of the
low the measured value of>210~". It is further reduced by surface. Adsorption on the terraces is up to five orders of
the higher gas fluxes (typical pressii@ 3 mbaj) applied in ~ magnitude less efficient; the sticking coefficients exhibit the
these experiments [5]. same strong increase as a function of surface temperature as

Similar considerations show that over the whole temperafor the nominally flat surfaces. Misorientation 8i(111), in
ture range fronb00 K to 1100 K for which we have deter- contrast, leads only to a comparatively moderate increase of
mined sticking probabilities on flat surfaces [4, 5, 8], a defectreactivity.
mediated mechanism can be dominant under our experimen- Within the range of investigated misorientations the stick-
tal conditions only if the number apidr the reactivity of ing coefficients attributed to terrace adsorption and their tem-
the minority sites is considerably higher. Moreover, if terracePerature dependence agree perfectly with each other and with
adsorption were mediated by the steps and defects of the mie corresponding values from the flat surfaces. Both the in-
oriented surfaces, the sticking coefficient would scale with thelependence of the sticking coefficients from step density, and
step/defect density and they would fall off with a slope given the observation that the adsorbed hydrogen atoms are rather
by the barrier for hydrogen diffusion in the Arrhenius plotimmobile up to surface temperatures f600 K, rule out
(Fig. 4). Obviously, the sticking coefficients for terrace ad-reaction mechanisms in which hydrogen adsorption on the
sorption are independent of the miscut of the surface and theligrraces ofSi(001) andSi(111) surfaces proceeds via steps
temperature dependence agrees well with the previously der other static defect sites. Although the formation of dihy-
duced apparent activation energy for phonon-assisted stickirfijide intermediates at transiently created single-atom defects
of 0.75eV[5]. cannot definitely be excluded, a direct reaction mechanism in-

In the discussion so far, we have assumed that the numbeelving the concerted excitation of the substrate degrees of
of minority sites is determined by misorientation and prepfreedom is more likely.
aration of the surface but does not depend strongly on its
temperature. Whereas the experiments indicated that this feknowledgementsThe authors would like to acknowledge valuable dis-
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