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Coverage dependent desorption dynamics of deuterium on Si (100)
surfaces: Interpretation with a diffusion-promoted desorption model
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We studied coverage dependence of time-of-flighOF) spectra of D molecules thermally
desorbed from the D/Si00 surface. The mean translational energi€s) of desorbed D
molecules were found to increase from :ZD05 eV to 0.46:0.04 eV as the desorption coverage
window was decreased from 1.0 ML6p=0.9 ML to 0.2 ML= 6,=0 ML, being consistent with

the kinetics switch predicted in the interdimer mechanism. The measured TOF spectra were
deconvoluted into 2H, 3H, and 4H components by a curve fitting method along the principle of
detailed balance. As a result, it turned out that the desorption kinetics changes from the 4H to the
3H situation at high coverage abogg=0.9 ML, while the 2H desorption is dominant for a quite
wide coverage region up = 0.8 ML. A dynamic desorption mechanism by which the desorption

is promoted by D-atom diffusion to dangling bonds was proposed2085 American Institute of
Physics. [DOI: 10.1063/1.1829994

I. INTRODUCTION decreased in TPD on a fully saturated one mono |&lytr)

The adsorption/desorption of hydrogen on the Si Sur_surface, the desorption kinetics is expected to switch from

faces is a prototype of gas-covalent solid surface interactio _he':['4H go t2hH zﬁatlon,_?rr]esgmablﬁlwnfgja neghglbbﬂ(}: ontri-

The principle of detailed balance is of paramount signifi- ution by the one. the desorption dynamics IS then an-
cipated to also switch concomitantly to this kinetics switch.

cance in understanding reaction dynamics of hydrogen o . .
the surface$? In the last decade, however, the adsorption/ he 4H/2H crossover coveragssin TPD was studied by

desorption dynamics of hydrogen on thé1®i) surface has Zimmermann and Pan for the first tim&hey predicted that

been a subject of theoretical controversy because of an a;?ﬂoss:o'l ML. However, this was not supported by the TOF

parent violation of detailed balance: In spite of the high ad_experiments s?nce -the translational _heating was observed to
sorption barrier no translational heating was observed ifpecur for a quite wide coverage region up to 0.8 fiLon .
pulsed-laser-desorptigiPLD).3 Contrary to this result, how- the other hand, employing nonequilibrium thermodynamics

ever, the recent experiments on adsorgtonand theory, Brenig, Kreuzer, and Payne predicted thigbss

desorptioﬁ'7 have supported the general validity of detailed %0'5_0'7 ML’ above V\.Ih.iCh neither translational nor vibra-
al heating were anticipatéd.

balance. This is because a considerable translational heatiﬁ'&n . . .

was recognized in the time-of-fligiTOF) spectra measured . In th? previous TOF studié, desorption events occur-

under the equilibrium condition of conventional temperature—rlrlg at high coverages aboye 0'$ ML and_ also at low cover-

programmed desorptiofTPD). The discrepancy, which ap- ages b(_alow 0.1 ML were |!'1t.ent|onally_d|scgrded to detour
ontaminant desorptions arising from dihydrides and subsur-

peared in the PLD and TPD studies, may be partly due to th , .
methods employed and partly due to the hydrogen covera ce hydrogens, respectively. As outlined above, for under-
standing the mechanism of hydrogen desorption from the

studied. ! : . : . .
To date, the interdimer mechanism has been strongl i(100) s_urface information on desorptlop dynamics partllcu—
supported in the experimerftat? and theoreticaf—6 stud-  '@11Y at higher coverages around 1.0 ML is strongly required.
itud! this paper we report dependence of mean translational
energiegE,) on D coverage for DPmolecules desorbed from

tions, the 4H, 3H, and 2H situation, depending on the num- S(100 ¢ We find hat abruot i .
ber of H atoms relevant to the reaction sites at one end of 1€ (100 sur ace. Ve find a somewhat abrupt increase in
¢y from approximately 0.2 to 0.4 eV with decreasing de-

pair of adjacent Si dimers on which the adsorption or desorp . ¢ 1010 0.5 ML. This f

tion reaction takes place. It has been experimentally Sug§orpt|on coverage from 1.% 0 0. - This Tact sug-gest.s an
gested that adsorption along the 4H pathway jsoceurrence of kinetics switch from the 4H to 2H situation,
barrierles®1° while that along the 2H or 3H pathway is probably via the 3H one.
activated by incident energl overcoming the adsorption

barrier=0.6 eV or~0.2 eV, respectivel}’ The site specific Il EXPERIMENT

sticking coefficients are more than two orders of magnitude TOF spectra of B molecules desorbed along the surface
sma_ller for the 3H channel desorption than for the 4H Bhe. ‘normal from the SiL00) surface were measured by means of

In view of detailed balance, as the hydrogen coverage i cross-correlation method as described previduiyorder

to measure coverage dependent TOF spectra, data were col-
3Electronic mail: namiki@ele.kyutech.ac.jp lected for molecules desorbed during either of a whole or of
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FIG. 2. Plots of mean translational energ{&;) of D, molecules desorbed
from the S{100) surfaces for the five coverage windows. The solid lines are
the guide for eyes.

D, Density [arb. units]

0.75 ML, suggesting desorption kinetics switches at high
coverage above 0.75 ML from a high to low barrier pathway.

00 * 200 200 600 The TOF curve for(iii ) which covers the whole dgsorptions
. i from 1 to 0 ML shows up no such a clear delay in the peak
Time-of-Flight [us] position, compared to those observed foror (iv). This fact

indicates that the main desorptions from the 1.0 ML satu-
FIG. 1. TOF density spectra of Dmolecules desorbed from the D{800

surface for various desorption coverage windows. TOF data were coIIecteExated surface can be attributed to such desorptlons that pro-

for the coverage windows) 1.0—0.9,(ii) 1.0-0.75/iii) 1.0-0.0,(v) 0.5—  ceeded overcoming the high adsorption barriers similavjto
0.0, and(v) 0.2—0.0 ML, along the hatched area of TPD spectra in theor (iv).

inse_ts. The solid I_ines show the smoothed curves obtain‘ed after fitting t_o Ed.  The measured raw TOF data exhibits density rather than
\(A}i)th'r;r;?]‘;;‘;’:fn;‘I"ttznigr:rztﬂfenssg'fﬁggogfalxg"(')%'!'z?l Jugnocé'?s characterized | To evaluate E,) the TOF density data are first corrected
to flux data by multiplying 1. Because of small desorption
yields, S/N ratios of the measured TOF spectraifpand(v)
a selected leading edge Bf channel TPD spectra with vari- are a bit poor. Large fluctuation, which appeared in a faster
ous initial coverage®?. Generally, a hundred TPD spectral time region, is amplified when the density data are changed
scans were repeated for one TOF spectrum. In order to knol# flux one. This results in an ambiguity in evaluati(t).
coverage dependence of TOF spectra we chose five coverade avoid this problem, the raw TOF data were first smoothed
conditions:(i) 1.0—0.9,(ii) 1.0-0.75iii) 1.0-0.0,(iv) 0.5— by fitting to a linear combination of nonshifted Maxwellians
0.0, and(v) 0.2—-0.0 ML, where the first and the second (density characterized with translational temperatufes
values stand for the initialalso ag) and final coverage, re-
spectively. The widths of the coverage windows employed  f(t)= 2, c;t~*exp{—mL%/2t?kT;}, 1)
were thus different among the five TOF spectra. Saturated !
1.0 ML D/Si(100 surfaces were prepared with a special carewherec; is the intensity of thgth componentm is the mass
so that no dideuterides were formed under the condition obf a D, molecule, and. is the 33.2 cm long flight distance. It
surface temperature of 573 K during D irradiation. The subturned out that onc@&;'s are fixed as common temperatures
surface deuterium atoms were minimized by preparing thdor the five TOF spectra, reasonable curve fit requires at least
well annealed surfaces for the minimum D irradiation time.three Maxwelliansj =1, 2, and 3. Allowing=100 K ambi-
Data collections with a multichannel scaler were manuallyguities we determinedT,;=2500, T,=1500, and T;
gated for the controlled coverage windows by monitoring=800 K. Adjusting three intensities;, c,, andcs, for the
each TPD spectral tradé K/s heating rateon a scope of a corresponding three Maxwellian functions, we obtained
guadrupole mass spectrometer. smoothed curves of the raw TOF curves. Solid lines in Fig. 1
are the so obtained smoothed curves. We evaluéigyl
IIl. RESULTS from these smoothed curves by

Figure 1 shows five TOF spectra obtained under the fwim<k)2f(t)dt
above defined coverage conditions. It is clearly observed that 02t 1\t

the peak of the TOF curves for the high coverage redime (Ep= w1
and(ii) is located at much later time region than the case of J —f(t)dt
the low coverage regimg@) or (iv). This implies tha{E,) is
considerably decreased for the coverage region only abovResults for the five coverage windows are plotted in Fig. 2.
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With increasing coverage frofw) to (i), (E;) decreases from
0.40+0.04 eV to 0.2&:0.05 eV. For0p<0.5ML, (E;) re-
mains mostly unchanged, but it rapidly decreases égr
=0.75ML. Notice that the value ofE;)=0.20eV for the
high coveragdi) is agreeable with that obtained in PED.

IV. DISCUSSION

A. Applying detailed balance: The 2H /3H/4H
interdimer mechanism

Such a large shift i{E;) with coverages as shown in
Fig. 2 may not be explained with any types of single dynam-

ics mechanism such as the intradifdeor the isolated

J. Chem. Phys. 122, 024702 (2005)

Here, Ag 4 is the saturated sticking coefficient Bt= — .
For such a barrierless adsorption pathwiy,, is allowed to
be negative.

In order to analyze the measured TOF spectra along the
principle of detailed balance, the energy flux function, Eq.
(2), should be changed to a TOF density distribution func-
tion,

f(t)= ¢t~ exp{ —m(L/t)2/2kTg}
j=2H,3H,4H
Xsj(E=m(L/t)%/2,Ty). (5)

Detailed balance is the principle that is valid for adsorp-
tion and desorption occurring under the same equilibrium

dihydride’® desorption mechanism even if it is allowed to conditions. Regarding this poirit, is an important variable

include thev =1 vibrational excitation=8% (Ref. 19]. The

on which the parameters in Eq8) and(4) depend. Particu-

TOF spectrum comprises more than two components déarly, W is an increasing function of as found for the low
pending on the coverage or various D/Si configurations. Weoverage cageor for the 2H process. The surface tempera-
recognize that fOﬂD: 1.0 ML, the molecules have passed atures emp|0yed in the adsorption experime(mgoo K) are
transition state without any noticeable adsorption barriergisually quite lower than in the desorption experiments

since(E,) tends to XTs (=0.13 eV at 780 K On the other

(=700 K). Besides, the beam experiments were done for

hand, fordp=<0.5ML they have overcome appreciably high hydrogen but not deuterium. Some isotope effects could be
adsorption barriers. Thus the TPD kinetics on the 1.0 MLpresent in adsorption/desorption reactions. At present, there-
D-terminated surface must switch from a barrierless pathwayore, the parameters fas determined in the K adsorption

to a different pathway with a nonzero energy barrier. Theexperiments may not be straightforwardly applied to the D
crossover between the two desorption situations with an@esorption studies. While the previously reported vltié%
without barriers may occur above 0.75 ML since it is foundare taken into account, we may need to appropriately adjust
that(E,) abruptly decreases there. Since the observed featup_eO’i andW, so thatf;(E) can become closer to each of the
has been theoretically predicted along the 2H/4H interdimethree nonshifted Maxwellians used before to smooth the raw
mechanisnt? this change in the desorption dynamics seemsTOF data. This approach may be reasonable at least for both

not to be at variance with the interdimer mechanism.

the 2H and 4H situations. This is because Hy{ E)/W

We therefore analyze the TOF spectra along the inter=>1.0 andw=3kT, f(E)[ =E exp(—E/kT)s(E,To] can be
dimer mechanism with the 2H and 4H as well as with 3Happroximated with a nonshifted Maxwellian characterized

pathway. Detailed balance is the principle that relates desorgyith a heated

tion and adsorption dynamics via a sticking coefficienin

translational temperaturé,=[W/(W
—2kT)]Ts.%" As was obtained previously and will be

order to get TOF functions to fit to the data, we rely on thisevaluated below, the desorption in the low coverage regime,

principle on the basis of the recent adsorptithand
desorptiofi” experiments. A desorption flux functidigE) is
expressed as a sum of three compondnts, fs, andf,y,
for the 2H, 3H, and 4H desorption pathways,

f(E)(=foutfautfan)
=E exp(—E/kTg){ConS1(E, Ts) + CanSsn(E, Ts)
+CapSan(E, Ty} 2

Here, ¢; stands for the intensity for=2H, 3H, or 4H de-
sorption component. For the 2H and 3H pathway&:, Ty)

has been empirically expressed with a sigmoid curve as
function of tanhf) wherex includes both the threshold en-

ergy Eo; and the width parametaw/; ,**°

1+t %E_Em”

anh ——| ,
Wi(Ts)

whereA; is the saturated sticking coefficientfat + o for

the 2H or 3H pathway. Sincs,, decreases witl,* it can
be expressed as a reversed sigmoid curve,

)

Aog;
Si(E,Ty)= >

0,4H E+Eon

A
s4H(E)=T[1—tanl‘(m)]. (4)

thus along the 2H pathway, is characterized wit¥,
~3kTs (=0.2 eV for Tg=780K). This yields T;=3Tj
(~2340K), which is very close td;(=2500K) as evalu-
ated for Eq.(1). For the 4H desorption that occurs exclu-
sively on the 1 ML saturated surface, such a nonshifted Max-
wellian characterized with T;=Tg is much more
straightforwardly derived from the ternf,y(E)=c,4E

X exp(—E/kTYs,u(E, T) sinces,y(E, Ts) is nearly constant
for E<0.35eV!® We can therefore predict thaft,,(E)

«E exp(—E/KTy). In this way, for the high coverage regime
the Maxwellian characterized with;=800 K= 100K in Eg.

él) can be unambiguously attributed to desorption along the
4H pathway. This may justify the nonheated translations ob-
served in the PLD experimenritgprovided that they were
done at a high coverage regime around 1.0 ML.

For the 3H situation, however, neither a condition
(Eo,s4— E)/W3>1 nor condition such that sticking coeffi-
cient is nearly constant may be fulfilled f&r<0.3 eV, since
Eo.34iS not large compared @ . > Thereforef 5, is no
longer approximated simply with a nonshifted Maxwellian
characterized with a certain translational temperature. This
implies that the nonshifted Maxwellian determined as the
second componentTE=1500K) in Eqg. (1) cannot be
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straightforwardly referenced in obtaining the parameters
Eo3n and W3y [This is the reason why we do not discuss
the deconvolution results of the TOF curve along Hg.for

the 2H/3H/4H interdimer mechanism.

On the basis of the above mentioned considerations, we
now determine the values of parameters for each sticking
coefficient from a desorption point of view. Taking actual
desorption temperatures at representative portions of TPD
spectra into account, average desorption temperatures of 710,
740, and 780 K are taken at the leading edge, at around the
maximum slope, and at the maximum of the peak, respec-
tively. For the 2H situation, we choosgg,4=1.0eV,

W, (780 K)=0.195eV, and W, (740K)=0.18eV. The
value of 1.0 eV forEg ,y is the upper limit of the reported
value? For these parameters, we obtdi,),,=0.38 eV or
Tou(=(E)/2k)=2280K. The latter value is close {6,
(=2500+ 100 K) evaluated after fitting with Eql). For the

3H situation we takeEq34=0.30eV and W3,(710K)
=0.17eV, which are compared with the adsorption data
Eosny=0.19-0.03eV and W;(350K)=0.076eV° The

large difference inW,y found between the adsorption and
desorption data may be due to influenceTef We calculate 5 260 0600
the mean translational energy for the 3H pathw&y)sy

=0.21eV or Tz4(=(E;)34/2k)=1260K, which is about Time-of-Flight [us]

20% smaller tharT,(= 1500+ 100 K) evaluated in Eq(l).

For the 4H pathway for Wh|CIS4H(E) is decreased W|ﬂE, FIG. 3. Fits of TOF curves with the desorption function, E3), in the text.

- : The open circles are the experimental data same to those in Fig. 1. The three
the values o0&, 4 andWyy in Eq. (4) were not determined thin solid lines in each panel are the componentg,nf s, andf,, in the

in the beam experiment§ Apart from Aoan, We try to de-  grder of the peak positions from the fast to slow time region, respectively.
termine them in such a way that relative line shape of(Bg. The thick solid lines are the sum of the three components.

can be best fit te,4(E) obtained in the beam experiment.

As a result, we findEg 44 andW,,(710 K) are not uniquely

determined because the measusgd(E) curve is more or desorbing from surfaces are characterized with lower trans-
less flat. Therefore, the finally employed valués =  lational energies than that of the vibrationally nonexcited
—0.20eV andW,4(710K)=0.30eV, are still tentative. molecules since they can stick to the surface with lower en-
Nevertheless, this ambiguity does not seriously alter the reergies than that of the ground state molecdI€sr the high

sult on the desorption dynamics sir&g, is insensitive to the  coverage case@) and (i), on the other hand, the 4kand

two parameters. Consequently, extent of translational cool3H) component increases in intensity while the 2H compo-
ing, which is a general trend in desorptions arising fromnent decreases with coverage. This anticorrelation between
systems characterized with such barrierless adsorptions, iee 2H and 4H components indicates that the net increase of
found to be small for the wide range of variations of the twothe 4H component at the high coverage regime is attributed
parameters, namelyE,),4=0.12eV or T44(=(E)4/2K)  to desorption not along the 2H pathway but along the 4H
=710K. one.

The raw TOF spectra are fitted with E() with the After correcting the density data to flux one, the fraction
three TOF functions defined above by adjusting their intenof each component in the TOF spectra is evaluated. Results
sities. In the actual practice of fitting, since the saturatedare plotted in Fig. 4 for the five TOF spectra. While the 2H
sticking constant#\,; cannot be determined in the presentcomponent decreases with coverage, both the 3H and 4H
desorption experiments they are included into In Fig. 3  components concomitantly increase. Taking both of the
we plot the fit results over the five raw TOF spectra. For thewider coverage windows employed and the possible inclu-
low coverage caséiv) or (v), it is obvious that the TOF sion of thev =1 molecules in the 2H pathway into account,
spectrum mainly comprises desorptions along the 2H patht should be noticed that the 2H component crosses with the
way. The spectrum also comprises a sntalB%) compo- 3H and 4H one at the coverage region around 0.8 ML. For
nent in the later TOF region. Since the 2H pathway accom(i), the highest desorption coverage used in this study, the 3H
panies vibrational excitation of the molecufgsvhich was and 4H situations are found to equally share the desorption.
indeed observed in the laser spectroscopic stidi¢kis  This fact suggests that the desorption along the 4H pathway
small component could be attributed to the=1 vibra- becomes dominant only at the very high coverage region for
tionally excited molecules overcoming high barriers ratherdp=0.9 ML. Durr et al!? observed the preferential 4H de-
than to the barrierless 4H desorption. According to the prinsorption in the STM experiments combined with PLD at a
ciple of detailed balance, one can expect that translationalery narrow coverage window around 1.0 ML.
energies of such vibrationally excited hydrogen molecules For the desorption coverage window 1.0—-0.0 ML in Fig.

D, Density [arb. units]
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1o close to the value of 0.68 eV or 0.68.09 eV evaluated in
A—_ —A—: 2H the desorption rate data analysior in a quantum Monte
0.8 A— == 3H Carlo theory!® respectively.

Y—: 4H (+v=1) Applying detailed balance to Eq6), one can estimate

0.61 the energy release to the Si lattice after desorption. Since

A ) desorption is the reversed process of adsorption, desorbing
u molecules with translational enerdyhave left behinde

on the surface, exciting Si lattice vibrations or phonons. Af-
A ter taking the same parameter values as used abové and
=0.4eV, one may gefE,,=0.4eV. Thus, the threshold en-
ergy Eq o is disposed equally to both the translational degree
0200 0500 1000 10075 1009 of freedom of molecules and the vibrational degree of free-
(v) (i) (i) (i) (i) dom of substrate Si atoms, and partly to the internal degrees

Desorption Coverage [ML] of freedom of the molecules as well.

0.4

Fraction

0.2

0.04 n

FIG. 4. Plots of fraction of the 2H, 3H, and 4tihcluding vibrationally ~ B. Diffusion-promoted desorption model

excitedv=1 componentcomponents for the five coverage windows . L )
(ii), (i), (iv), and(v). The solid lines are the guide for eyes. It is very surprising to see that the desorption along the

4H pathway is inefficient even at high coverages around 0.8
ML where the 4H configuration, i.e., a pair of adjacent dou-
) ) .. bly occupied Si dimers, is predominant. Such predominance
3 (i), the net 1.0 ML desorption comprises a SUPerposition, 414 configuration is also the case even in the lower cov-
of desorptions along the 4H, 3H, and then 2H pathway, €ac;4ge region around 0.5 ML, since the recent STM experi-
of which is dependent on the momentary surface coveraggent reveals that a 0.5 ML H/QI00) surface prepared at 700
during TPD. Considering the possible inclusionwof 1 vi- '\ here thermal desorption takes place, has a surface struc-
brationally excited molecules in the 4H component into ac+ e patched with H-terminated regiotsin spite of repul-
count, 8% of the 2H desorption flux is subtracted from thegjye interaction among doubly occupied Si dimers, attractive
4H desorption flux, and then it is added to the 2H desorptionyeraction between bare Si dimers gets rid of doubly occu-
flux. As a result, fractions of the 2H, 3H, and 4H desorptlonpied Si dimers to form occupied Si-dimer clust®tsThe
flux are evaluated to be 818%, 12+3%, and 73%, re- istrihytion of the cluster size has a maximum at around four
spectively. We therefore conclude that the 2H pathway is th&; gimers extending to more than 10 Si dimers. Similar re-
predominant desorption channel over the 4H and 3H pathg s were also reported recery?? On the other hand,
ways for a quite wide coverage range from zero t0 0.8 ML.to, E<p2eV where the Maxwell-Boltzmann flux
This means once a fraction of D adatoms were inevitably losf exp(—E/KT,) becomes large with its maximum at around
at the leading edge in TPD spectral scans, the kinetics and_ g 97 ey forT,=780K, one knows thag,,;>10"* while
dynamics of hydrogen desorptions studied over the maig2H<1O—7 (Refs. 4 and 1D Considering that desorption rate
temperature rggion of the TPD spectrum are solely attributeg, proportional to a product o and density of the relevant
to the desorption along the 2H pathway. _ desorption configuration, the observed predominance of the
The reaction dynamics of hydrogen on the Si surface$y qesorption over the 4H one is therefore quite unexpected.
may be characterized not only with translational and vibra- |, the framework of the 2H/4H nonequilibrium thermo-
tional degrees of freedom of molecules but also with Vibra‘dynamics Breniget al® succeeded to predict a high 2H/4H
tional degrees of freedom of substrate Si atoms. Detailed,qssover coverage around 0.5 ML, which is however stil
balance is valid provided that dynamics of Si atoms duringg,yer than the present result. They found that it can be fur-
reaction is also taken into account. The sigmoid curve, EGiher increased by only small changes in the interaction pa-
(3), implicitly includes effect of lattice dynamics throudll 5meters to control the distribution of hydrogen configura-
which is a function ofTs. For the adsorption along the 2H jong relevant to each desorption pathway. However, they
pathway, activation energi, as defined in an Arrhenius \qriceq that changing the parameter values accompanies a
type sticking rate constant is a function of incident ene€gy  yeyiation of the calculatesfrom the experimental onThe
Ear has been analytically, but approximately, givefi as 514 interdimer mechanism may not properly explain the
2K T, experimentally established first-order desorption kinetics
Ean(E)= W—(T)(Eo,zH— E). (6)  since the apparent desorption order is determined from the
2H TS subtle intensity balance between the 2H and 4H desorption
Equation(6) allows one to know a relationship between therates. Indeed, we can derive a nearly 1.3rd-order desorption
energy of the adsorption barrier for the 2H pathw&y{,1) kinetics from the rate versus coverage curve Tge 776 K
and the threshold energ¥f o) defined in Eq.(3). Gener-  plotted in Fig. 2 of Ref. 16. The 2H/4H interdimer mecha-
ally, adsorption energy barrier is determined frén, for  nism neglects the contribution of the 3H pathway because of
E=0,i.e.,Eaq2+—=Ear(E=0). Thus, it does not necessarily too smalls;y compared withs,. However, we recognize
mean thatE, ,;=E,q 4. Taking the typical values for the that it is not negligible fordp~0.9 ML in this work.
parameters, i.e.Ego4=1.0eV and W,(Tg) =3kTs, we In addition to these unsolved problems, there is another
evaluate E,q,{ =Ear(E=0)]=0.66€eV, which is very problem to be seriously considered for the desorption kinet-
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ics: Recently, Filippiet al!® calculated the energetics rel- tions affected by oxygen adatoms may also give experimen-
evant to the 2H and 4H reaction pathways on the basis of thiel evidence of such adatom diffusion prior to TPD: Tsuru-
quantum Monte Carlo calculation, presently one of the besmaki et al?® found that 0.1 ML oxygen atoms on ($00)
reliable theoretical methods. As a result, the desorption andurfaces tend to inhibit D atoms to stick to O-adsorbed sites.
adsorption energy barriers were evaluated to Bigso,y  However, deuterium desorptions for a low coverage regime
=2.91+0.09 eV andE 4 4= 0.63+0.09 eV for the 2H path- below 0.1 ML was found to occur preferentially from such
way, andEges 4—2.84-0.12 eV andE,q4~0.19-0.14eV  O-adsorbed sites where desorbed molecules exhibit a
for the 4H pathway. The resuli,y,=0.63+0.09eV agrees TPD peak around 1000 K. This observation strongly sug-
well with the experimental results,q,/~0.65eV as noted gests that D adatoms initially adsorbed at oxygen free sites
in the preceding section. This should be compared to thdiffuse to O-adsorbed sites that act as centers for the hydro-
resultE,q 4= 0.2 eV obtained using a PW91 functional with gen desorption.
a GGA correctiort? by which the adsorption as well as de-  Carter and her collaboratdrs’ theoretically studied hy-
sorption barriers are thus seriously underestimated. For thdrogen desorptions by aab initio derived kinetic Monte
desorption processes, the quantum Monte Carlo theorZarlo model explicitly treating such hydrogen diffusions.
slightly prefers the 4H pathway to the 2H one. However,Here, the diffusion is not related to a two-dimensional band-
within error bars the difference between the two desorptioriike free staté® but rather to localized states. They treated the
barriers is small regardless of whether the adsorption barriatiffusions to lead H atoms to defect sites which catalyze the
is very high along the 2H pathway or quite low along the 4Hformation of dihydrides followed by desorption. Conse-
one. More importantly noticed is the fact that the calculatedquently, they confirmed that the one-dimensional diffusion
desorption barriers are considerably higher than the experalong Si dimer rows causes the first-order desorption kinet-
mentally established value 6f2.5 eV? They explained this ics. Keeping such a one-dimensionall¥-atom diffusion in
discrepancy by stating that desorption in experiments occurgur model so that the first-order desorption kinetics may be
at steps or defect sites where the desorption barrier is lowensured, we replace the formation of dihydrides considered
ered. However, this explanation seems to apparently contran the Carter's model with formation of 2H or 3H configu-
dict the applicability of detailed balance found in the dy- ration followed by desorption. Overcoming diffusion barriers
namic desorption and adsorption experiments. Namelythrows H atoms into vibrationally excited states of Si—H
sticking to Dy steps occurs overcoming as low as 0.1 eVbonds. The excess vibrational energies of H atoms may be
barrierst® which suggests thatE;) would be remarkably dissipated to nearby H adatoms via a vibration-vibration en-
lower than that along the 2H pathway. However, this is notergy transfer and to substrate phonons as well. As was theo-
the case in desorption as noticed in this work. We consideretically found in a Langmuir-Hinshelwood type associative
some physics other than the influence of steps or surfacgesorption of vibrationally excited H adatorftsrepeated
defects must be involved behind. diffusions (=0.1 MH2) to desorption sites would make a
In order to reconcile the discrepancies hitherto found insteady state nonequilibrium vibrational distribution over-
the theories and experiments as noted above, i.e., first-ordpopulated more than a static Boltzmann distribution equili-
desorption kinetics, inefficacy of the 4H desorption pathwaybrated with Tg. Furthermore, according to the diffusion
compared to the 2H and 3H pathways, and substantial deheoried”*°actual diffusion barriers are lowered by relaxing
crease of the desorption energy barriers in actual expersubstrate Si atoms. This means that after H-atom diffusion a
ments, we propose a diffusion-promoted desorption mechdraction of the diffusion barriers is also released to vibra-
nism. As was found in this work, desorption along the 4Htional modes of the substrate Si atoms. In such a circum-
pathway is really restricted on the nearly saturated surfacestance with excessive vibrational energies of H and Si atoms
but once the dangling bonds are created it is easily replaceat relevant desorption sites, hydrogen desorption barriers
by the 3H or 2H one. This suggests that the presence afould be thus lowered compared to the case without any
dangling bonds plays a key role in desorption. The proposeti-atom diffusion on H-saturated surfaces or even on patched
mechanism is based on an idea that the desorption along tmegions with H-occupied Si-dimer clusters.
2H or 3H pathway is promoted by diffusiofhopping of Summarizing this section, we illustrate diffusion-
H(D) adatoms to dangling bonds, whereas the 4H pathway ipromoted interdimer desorption mechanism in Fig. 5. The
not promoted since saturated surfaces do not alld®)H model picture includes three basio([BJ/Si configurations
atom diffusion. It is well known that at higher temperaturesrelevant to the diffusion-promoted 3H and 2H desorptions
above 700 K, where desorption actually occurs, H adatomand nonpromoted 4H one. For high desorption coverage re-
efficiently diffuse to dangling bonds along but not across Sigion around 1.0 ML or on patched area filled with doubly
dimer rows?*?® The diffusion barrier along Si dimer rows occupied Si-dimer clustef8, the 4H pathway is not pro-
has been evaluated to be about 1.6°&% which is much moted since no dangling bonds are théfeg. 5, 4H. De-
lower than the desorption barrier. Fog~ 800K, the rate of sorption rate constant is therefore small because of too high
H-atom diffusion to nearby dangling bonds-(0®s %) is  desorption energy barri¢R.84 e\*0.12 eV (Ref. 15]. On
orders of magnitude higher than the typical TPD ratethe other hand, once dangling bonds are created by desorp-
(<10 1s71).2425 This means the dangling bonds that will tion along the 4H pathway, the promoted 3H pathway is
take part in the 2H or 3H situation receive more thaff 10 opened when H atoms diffuse from a doubly occupied Si
times of H-atom diffusions prior to desorption. dimer to a neighboring unoccupied Si dimer which was sand-
In addition to the STM experiment§ deuterium desorp- wiched by two doubly occupied Si dimefBig. 5, 3H. This
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T 1 TR R pathway because of no competing desorption channels. For
the reduced surface coverage lower than 0.8 ML, density of
the 4H configurations is still large due to clustering of doubly
§ occupied Si dimer&® Nevertheless, hydrogen desorption

2H along the 2Hand 3H pathway prevails the 4H one, indicat-
ing desorption rate constant for the 2H pathway must be

FIG. 5. Three possible configurations for the diffusion-promoted desorptiorbrderS of magnitude Iarger than that of the 4H pathway Pre-
mechanism. Solid circles, H-terminated Si atoms; open circles, non-H- ’

terminated Si atoms. The asterisk stands for the H-terminated Si atomsju§’tumab|y’ the desorptlon barrier of the 2H situation is sub-
after the diffusion indicated by an arrow. 4H, Si dimers are all terminatedStantially decreased compared with the 4H situation due to
with H atoms, and thus the desorption cannot be promoted by H-atom difdynamica| effect of the H-atom diffusion on vibrations of H
fusion. 3H and 2H, an unoccupied Si dimer is sandwiched by two dOUnyatomS as well as of lattice Si atoms.

occupied Si dimerg3H) or one singly and one doubly occupied dimers

(2H), respectively. H-atom diffusion from the doubly occupied Si dimer to

the dangling bond generates promoted 3H or 2H configuration. ACKNOWLEDGMENT
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