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D2 reactions on Si„100… surfaces: Adsorption and desorption dynamics

T. Shibataka, T. Matsuno, H. Tsurumaki, and A. Namiki*
Department of Electrical Engineering, Kyushu Institute of Technology, Kitakyushu 804-8550, Japan

~Received 26 June 2003; published 25 September 2003!

We have measured polar angle (u)-resolved time-of-flight spectra of D2 molecules desorbing from the
Si~100! surface. The desorbing D2 molecules exhibit a considerable translational heating in the entire angle
region tested for 0°<u<40°. The extent of the translational heating tends to weakly decrease with increasing
u. Taking a simple energy scaling into account theu dependences of desorption dynamics is related to the
reported adsorption dynamics. Detailed balance is fulfilled in the adsorption/desorption of deuterium on the
Si~100! surface.
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The dynamics of dissociation and association of m
ecules at a surface is related by the principle of deta
balance.1 This has been successfully applied to the hydrog
reactions on metal surfaces,2 but not to the case on the S
surfaces. In the latter case, it was considered that the des
ing hydrogen molecules do not carry a main fraction
;1 eV energy barrier for adsorption, since almost no tra
lational heating was observed in the pulsed-laser-desorp
~PLD! ~heating rate;1010 K/s) experiments.3 In the last de-
cade this so called barrier puzzle has been a subject of
oretical controversy.4–7

However, results in the recent dynamics experiments
adsorption8,9 and desorption10 of hydrogen on the Si~100!
surface contradict the previous results,3 but seem to validate
detailed balance: According to Du¨rr and his collaborators,8

sticking coefficients of hydrogen on the Si~100! surface can
be expressed with a sigmoidal curve as a function of tra
lational energyE, polar angleu, and surface temperatureTs

s~E,u,Ts!5
A0

2 H 11tanhS E cosnu2E0

W~Ts!
D J , ~1!

whereA0 is the saturated sticking probability at largeE, E0
the threshold energy at whichs becomes a half ofA0, and
W(Ts) the width of the curve. Here, the simple energy sc
ing for the effective energy available for adsorptionEeff(u)
5E cosnu for the scaling parametern has been applied for a
later discussion. From curve fitting analysis of the measu
s data for u50, E050.8260.2 eV, and W(680 K)
50.193 eV which decreases slightly super linearly
W(440 K)50.113 eV with decreasingTs, were determined
for A05102261. Recently, Sagaraet al.10 measured time-of-
flight ~TOF! distributions of deuterium molecules desorb
by means of the temperature-programmed-desorption~TPD!
~heating rate 6 K/s! for u50. Contrary to the previous PLD
results,3 considerable translational heating was observed,
the mean translational energy was evaluated to be^Etrans&
.0.35 eV. This translational heating suggests that the m
ecules have overcome the adsorption barrier even in des
tion. In the context of detailed balance, desorption dynam
is, in principle, related to adsorption dynamics ors by the
energy flux function

F~E,u,Ts!dE5Ee2E/kTss~E,u,Ts!cosudE. ~2!
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Indeed, Sagaraet al.10 confirmed that^Etrans&.0.35 eV is
reproduced withF for the sameE0 as denoted above and fo
W(780 K)50.195 eV. Du¨rr and Höfer9 further measured
both the azimuthal and polar angle dependences ofs at a
single domain surface and found that the surface is geom
cally corrugated: The sticking coefficient measured along
dimer rows is characterized with a quite sharp cosine fu
tion, but for the direction perpendicular to the dimer rows
is characterized with a broader distribution. They also m
sured theu dependence ofs at the double domain surfac
and found thats}cos6;7u. This is not at variance with the
TPD angular distributions11 within a framework of detailed
balance.

In this report we intend to quantitatively rationalize th
validity of detailed balance in adsorption/desorption of de
terium on the Si~100! surface. We measure polar angl
resolved time-of-flight spectra and relate results to the Du¨rr’s
sticking data8,9 via the principle of detailed balance or Eq
~2!.

Angle-resolved TOF spectra were measured using a cr
correlation method as described previously.10 We changedu
by means of sample rotation in the range 0°<u<40°. For
each TOF spectrum 100 cycles ofb1 channel TPD scan with
a 6 K/s heating rate were repeated to collect data. The c
Si~100! surface was exposed to D atoms to prepare 1.05
D coverage (uD) prior to each TPD scan. The main fractio
of theb1 channel TPD for 0.1 ML<uD<0.8 ML was selec-
tively collected. Thus the average desorption temperatur
780 K at which theb1 TPD rate becomes maximal. Since th
angular distribution of the desorption yield is strongly fo
ward peakedY(u);cos5u,10,11 the desorption intensity atu
540° is very small, causing a somewhat poorS/N ratio.

Figure 1 shows the angle-resolved D2 TOF density spec-
tra measured foru520 and 40° on the Si~100! surface. The
flux correction of the density data to evaluate mean tran
tional energies turns out to apparently increase theS/N ratio
for the tailing region beyond the maximum of the TOF curv
however, with an opposite effect for the earlier time regio
The latter effect inevitably leads to an overestimation
^Etrans&. In practice of evaluatinĝEtrans&, two methods were
cross checked. In the first, as shown in Fig. 1 we fitted
TOF data with two non-shifted Maxwellian density function
characterized with two fitting parameters, intensity and te
©2003 The American Physical Society07-1
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perature, and thereby evaluate^Etrans& from the fitted param-
eters. In the second, we evaluated^Etrans& directly from the
flux corrected raw TOF data after ignoring data for the fi
three channels. The energies so evaluated by the two m
ods were in agreement with each other within;10% accu-
racy. The error evaluated after three times measuremen
^Etrans& was within 60.03 eV foru50, but it increased to
60.04 eV atu540° due to the poorS/N ratio in the TOF
curve.

Figure 2 shows plots of̂Etrans& so determined from the
curve fitting method as a function ofu. It is found that
^Etrans& is larger than 2kTs (50.13 eV for Ts5780 K) for
any u tested, suggesting that barriers for adsorption
present in desorption for the entire direction. Notice th
^Etrans& tends to weakly decrease withu, similarly to the case
on Cu surfaces.12 Such a decreasing trend of^Etrans& with u
is never explained with a crude, one dimensional bar
model since it predicts an increase of^Etrans& with u.13 Using
the same values forW(780 K) andE0 as determined previ
ously, the mean translational energies were calculated
function of u for variousn and plotted in Fig. 2 forn52.0
~dashed line!, 1.4 ~solid line!, and 1.0~dot-dashed line!. Ne-

FIG. 1. TOF density spectra of D2 molecules desorbing from th
D(0.1–0.8 ML)/Si(100) surface for the desorption anglesu520
and 40°. The TOF curves are fitted with two Maxwellian functio
characterized with a high~dashed curve! and a low~dotted curve!
translational temperatures. The solid lines are the sum of the
components. Inset: Comparison of the theoretical and experim
TOF density curves. The solid lines are the experimental one
tained in the main figure by means of curve fitting. The dotted lin
are the theoretical TOF density functionf (t,u,Ts)dt}(t24exp
@2mL2/2t2kTs#)s(mL2/2t2,u,Ts)cosudt whereL is the flight dis-
tance~33.2 cm! andm is the mass of a D2 molecule.
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glecting the somewhat large error bars given in the d
plots, the curve forn51.4 yields the best fit result. In orde
to further test detailed balance, we derive a TOF density~not
flux! function f (t,u,Ts) insertingE5(m/2)(L/t)2 in the en-
ergy flux functionF ~see the caption of Fig. 1!. Here,m and
L are the mass of a D2 molecule and the flight distance~33.2
cm!, respectively. We then calculatedf (t,u,Ts) for the same
parameters as employed above, i.e.,W(780 K)50.195 eV,
E050.82 eV, andn51.4. Results were plotted in the ins
of Fig. 1, ~dotted lines! and compared with the experiment
results ~solid line!. Notice that the fit to the experimenta
TOF data is comfortable in line shape as well as in intens
Strictly speaking, however, the calculated curves are fo
to be slightly sharper than the experimental curves part
larly at smallu. This may require a second component p
sumably attributable to the vibrationally excited molecules
v51, since some fraction (;8%) of the desorbing D2 mol-
ecules was reported to be vibrationally excited.14 However,
since we have not known values of the parameters in a
moidal curve ofs relevant to thev51 molecules we treat the
TOF data as vibrationally averaged one.

The reasonable fit off (t,u,Ts) to the TOF data in Fig. 1
suggests that the angular distribution of the desorption yie
can be also fit to Eq.~2! after integrating withE. This is
confirmed in Fig. 3 where the experimental and calcula
yields Y(u) normalized atu50 are plotted as a function o
u. Here, the experimental data points were obtained from
TOF data in Fig. 1, and the dot-dashed curve, cos5.2u, was
obtained from the independent measurement of an
resolved TPD spectra foruD51 ML.10 The curve cosu was
plotted for comparison. One can notice that the calcula
Y(u) from Eq. ~2! can well fit the both experimental data.

In this way, we understand that the measured ang
resolved desorption dynamics is well related to the adso
tion dynamics via Eqs.~1! and ~2!. Therefore, we conclude
that detailed balance is fulfilled in the adsorption/desorpt
dynamics of deuterium on the Si~100! surface. Since Eq.~2!
is not a function ofuD , adsorption/desorption of deuterium

o
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b-
s

FIG. 2. Plots of mean translational energies^Etrans& as a function
of u. The dot-dashed, solid, and dashed curves, are the theore
ones calculated from Eq.~2! in the text for the scaling parameter
denoted in the figure. The dotted line is the curve of 2kTt(Ts,u)
calculated from the approximated method of Eq.~4! in the text.
7-2
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at Ts;780 K is suggested to obey a unique mechanism
dependent ofuD for a quite wide D coverage region from 0.
to 0.8 ML.

The evaluated scaling parametern51.4 infers that the
deuterium-surface interaction potentialV(x,y,z) is corru-
gated on the surface. Herex and y denote the position of a
molecule in the surface plane andz is the height from the
surface. Thex axis is taken along a Si dimer row, and th
the y axis perpendicular to it. Corrugation is the variation
z5zc at which V(x,y,z) is kept constant asx and y are
varied;15 here we consider such a case asV(5E5^Etrans&)
.0.35 eV. On the Si~100! (231) surface, since Pauli repu
sion contributes to the repulsive potential energy,zc becomes
maximum above Si dimers and becomes minimum ab
troughs between two Si dimer rows. This is because the
face is more densely packed along the dimer rows than a
the direction perpendicular to it. Thus corrugation is le
serious along thex axis than along they axis. In other words,
for the ;0.35 eV molecules approaching the surface alo
the (x,z) plane the scaling parameter,nx tends to be closer to
2, i.e., normal energy scaling, as was found in the be
experiment.9 On the other hand, when they approach the s
face along the (y,z) plane, the scaling parameterny tends to
be small towards, e.g., zero, i.e., total energy scaling. Qu
tatively applying this to Eq.~1!, the spectrum ofs as a func-
tion of u will become broader for the incidence along t
(y,z) plane than for the case along the (x,z) plane. This
expected feature is indeed recognized in the experime
data obtained by Du¨rr and Höfer,9 although they explained
the observed broads spectrum along the (y,z) plane in a
different way; they decomposed it into two components w
a sharp maximum, respectively, atu;620° which are the
directions of the Si-H bonds at both sides of Si dimers. G
ing back to our surface which is the two-domain surfa
reconstructed into 231 and 132 structures, the surface wa
set in a desorption chamber so that the detection of desor
D2 molecules was in line with the (y,z) plane in either of
231 or 132 terraces. Hence the evaluated scaling para

FIG. 3. Angular distribution of D2 desorption yieldY(u) and fit
with the theory predicted by detailed balance Eq.~2! in the text.
Dots are the experimental data evaluated from the TOF data in
1. The dot-dashed line, cos5.2u, represents the experimental da
obtained from the independent measurement of angle-resolved
spectra~Ref. 10!. The dashed line, cosu, is plotted for comparison
11330
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etern51.4 is understood as an average ofnx andny over the
two-domain terraces, and the observed corrugation may
attributed to the plane perpendicular to the dimer rows.

For largeu only a fraction of incident energyE is avail-
able for adsorption because of the partial conservation of
parallel momentum. Thus one might anticipate that the lar
the desorption angleu, the higher incident energy is require
in adsorption, and hence the higher energy is released to
molecule in desorption. However, the result shows up
opposite trend as demonstrated in Fig. 2. In the contex
detailed balance this unexpected trend is reconciled with
~2! ~Ref. 16! as fitted in Fig. 2~solid line!. In order to more
intuitively understand the underling physics, we obtain
instructive expression fors. ForE02E cosnu.W(Ts), Eq.~1!
can be approximated as

s~E,u,Ts!.A08~Ts!expF2E cosnu

W~Ts!
G , ~3!

where A08(Ts)5A0exp@22E0 /W(Ts)#. Thence, we
obtain the Maxwellian function F(E,u,Ts)}E
exp@2E/kTt(Ts,u)#cosu as a desorption energy flux, wher
Tt(Ts,u) stands for the heated translational temperature

1

Tt~Ts,u!
5

1

Ts
2

2k cosnu

W~Ts!
. ~4!

For a large width regimeW(Ts).3kTs, we can derive
^Etrans&.2kTt(Ts,u), which explains the observed decrea
ing trend of^Etrans& with u sinceTt(Ts,u)→Ts asu→90°.
In order to check the implementation of the above argume
we calculatê Etrans&52kTt(Ts,u) for the same parameter
as determined above and plot the result in Fig. 2~dotted
line!. Although the approximated method overestima
^Etrans& by about 20% foru<15°, we confirm that it well
tends to the experimental data foru>30°, reproducing the
decreasing trend of̂Etrans& with u. Admitting the overesti-
mation in ^Etrans&, Eqs. ~3! and ~4! can thus intuitively ex-
plain the observed characteristic feature of the adsorpt
desorption dynamics of deuterium on the Si~100! surface.

In order to provide favorable geometry for the transiti
state to adsorption, the substrate Si atoms have to be
placed from their equilibrium position. This will be don
dynamically by the vibrational excitation of Si atoms re
evant to the reaction site getting an activation energyEArr
from the heat bath. The dynamics of the Si atoms after
reaction cannot be measured directly, but the energetics
be predictable owing to the principle of detailed balan
Equating Eq.~3! to the Arrhenius fashioned sticking coeffi
cient s5A0exp@2EArr /kTs#, we obtain the approximated
expression for the Arrhenius energy

EArr5
2kTs

W~Ts!
~E02E cosnu!. ~5!

Supposing an adsorption occuring under a condition sam
for the desorption, i.e.,E50.35 eV andTs5780 K, we ob-
tain EArr50.3160.10 eV atu50.10 This is the Si lattice
vibrational energy required in adsorption for deuterium w
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incident energyE50.35 eV. From the applicability of de
tailed balance confirmed here for the dynamics of the de
rium, we consider detailed balance is also fulfilled for t
dynamics of the Si atoms relevant to the desorption site
other words, upon desorption of a D2 molecule the relevan
Si atoms are vibrationally excited, receiving the;0.3 eV
energy release from the;0.8 eV adsorption barrier. Th
amount of vibrational energy release to the substrate dep
on u. Namely, asu is increased, the energy released to the
atoms increases as predicted from Eq.~5!, compensating the
decrease in the translational energy disposed to the deso
molecules as plotted in Fig. 2.

The desorption dynamics of deuterium on the Si~100! sur-
face is apparently determined byW(Ts) rather thanE0 .
W(Ts) implicitly includes the whole information concernin
coupling between the vibrational motion of the substrate
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