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Kinetics of H atom adsorption on Si „100… at 500–650 K
A. Kutana, B. Makarenko,a) and J. W. Rabalaisb)

Department of Chemistry, University of Houston, Houston, Texas 77204-5641

~Received 14 May 2003; accepted 16 September 2003!

The kinetics of isothermal adsorption and migration of atomic hydrogen on a Si~100! surface has
been investigated by the time-of-flight scattering and recoiling spectrometry technique. A
continuous decrease in saturation coverage with temperature under constant atomic hydrogen
exposure has been observed for temperatures in the range 325–750 K. This observation is in
contrast with a widely accepted view of the Si~100!/H surface as having three fixed coverage states
within certain temperature windows. ForTS5500– 650 K, the decrease is described by a kinetic
model in which the surface concentration of physisorbed hydrogen atoms is depleted due to the
increased rate of migration from precursor sites to primary monohydride sites. The model suggests
a mechanism to explain the dependence of the saturation value on temperature in this range. The
migration constant obeys an Arrhenius expression with an activation energy of 0.71 eV. A significant
concentration of hydrogen atoms occupying precursor states acts as a reservoir, saturating the
monohydride dangling bonds after the hydrogen source is shut off and discontinuation of Eley–
Rideal abstraction. ©2003 American Institute of Physics.@DOI: 10.1063/1.1624827#
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I. INTRODUCTION

The adsorption and desorption of hydrogen from
Si~100! surface has received much attention in rec
years.1–21 From a technological viewpoint, the presence
hydrogen in the gas phase and as a surfactant plays an
portant role in crystal growth on silicon substrates. Examp
of how hydrogen affects epitaxial growth processes are
increase in island density22,23 and decrease in anisotropy23,24

during H-assisted homoepitaxy and hydrogen coverage
pendence of the growth behavior of silicon25 and
germanium26 overlayers. The H/Si~100! system displays
many unique properties, such as sticking probabilities t
are greater than expected for Langmuirian adsorption,1 first-
order thermal desorption kinetics,2,3 and Eley–Rideal~ER!
abstraction by atomic hydrogen from the gas phase.4 Despite
the efficient abstraction, a high degree of passivation of
Si~100! surface can be achieved by exposure to atomic
drogen due to the existence of ‘‘reservoir’’ adsorption site4,5

that help maintain a finite sticking probability at high cove
ages. Once the existence of dihydride and monohydride
cies on Si~100! was established,6 a generally accepted view
of hydrogen phases on Si~100! was developed. It is known
that H/Si~100! has a 331 structure at 400 K consisting o
alternating monohydride and dihydride units7,8 with a cover-
age of 1.33 ML and a 231 monohydride structure at 600 K
with a coverage of 1 ML.9 At lower temperatures, 1.5 ML
~Ref. 10! at 373 K and 1.6 ML~Ref. 3! at 110 K deuterium
coverages were measured, although the~131! phase to
which they correspond is not well defined.7,8

Currently, no measurements of H adsorption kinetics
Si~100! exist for a continuous range of temperatures betw
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325 and 750 K. This paper presents measurements of H a
adsorption dynamics and steady-state saturation value
Si~100! in this temperature range. The data reveal a conti
ous change in the hydrogen atom saturation coverage
contrast with a widely accepted view of the Si~100!/H sur-
face as having three fixed coverage states within certain t
perature windows. The adsorption dynamics for temperatu
between 500 and 650 K is interpreted by means of a kin
model that includes adsorption, abstraction, and migration
H atoms between two types of adsorption sites. As differ
from other models, this model takes into account a fin
migration time and permits a nonzero population of the s
ondary adsorption sites, permitting the total surface cover
to exceed unity. The trend in saturation values is explain
using one temperature-dependent constant—the rate of
from precursor to primary adsorption sites. The final fillin
of the dangling bonds occurs after the hydrogen sourc
shut off, when the Eley–Rideal abstraction is absent,
migration from secondary to primary sites continues. Cov
ages higher than 1 ML are obtained as a result of resid
population of secondary sites. The steady-state populatio
primary sites after the adsorption is unity for all temperatu
from 500 to 650 K, while the population of secondary sit
decreases with temperature due to enhanced diffusion to
primary sites.

II. EXPERIMENT

A. Setup

A detailed description of the basic experimental se
has been given elsewhere.27 Briefly, a time-of-flight ~TOF!
analysis of scattered and recoiled particles was performe
a stainless steel ultrahigh vacuum chamber with a base p
sure ;2310210Torr. A primary 4 keV Ne1 ion beam
pulsed at a rate of 30 kHz with a 50 ns pulse width and
;0.1 nA/cm2 average ion flux was used for scattering from

d-
6 © 2003 American Institute of Physics
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Si~100! target. The scattered and recoiled particles were
locity analyzed through a 90 cm-long time-of-flight drift re
gion and detected by a channeltron multiplier. TOF analy
allowed detection of both neutral particles and ions with h
efficiency. The system contains LEED optics and a spu
ion gun for sample cleaning. The channeltron detector co
be rotated in the scattering plane~the plane formed by the
sample normal and beam line!, allowing a continuous chang
in the scattering angle. The samples were mounted on a
ventional manipulator that provides reproducible rotation
both azimuthald and incidenta angles to within61°. The
sample temperature was measured by a calibrated infr
pyrometer and a thermocouple attached to the back of
sample.

B. Sample preparation

The 232 cm Si samples were cut from a 0.005–0.
V cm p-type silicon wafer and mounted on a two-axis go
ometer for polar and azimuthal angle rotations with resp
to the primary ion beam. Annealing was accomplished
electron bombardment or radiative heating from behind
sample. Before each adsorption run, the sample was rep
edly flushed to 1500 K for 10–15 s and gradually cooled
800 K with the ambient pressure remaining at 7310210

Torr or lower throughout the cleaning cycle. The surfa
quality was monitored by LEED and the cleaning proced
was repeated until a sharp~231! two-domain LEED pattern
characteristic of the clean Si~100! surface was observed. Af
ter several heating-cooling cycles, irreversible damage to
surface occurred due to etching by hydrogen at ro
temperature8,11 and the sample had to be replaced. In orde
avoid such damage, the sample was maintained at an
evated temperature between experiments. The clean su
quality was also checked by measuring the incident an
dependence of the scattered Ne ion fraction, Ne1/(Ne0

1Ne1).
The Si~100!–231-H surface was prepared by coolin

the sample to 600 K and dosing it until saturation w
atomic hydrogen ~molecular hydrogen pressure wa
231027 Torr). Atomic hydrogen was produced by dissoc
tion of H2 at a hot spiral W filament placed;10 cm in front
of the sample and heated to 2100 K. Adsorptions at ot
temperatures were performed in a similar manner. In orde
prevent contamination of the highly reactive Si surface w
the ambient gas, hydrogen exposure was carried out im
diately after the sample was cooled down to the requi
temperature.

III. RESULTS

In order to measure the relative amount of adsorbed
drogen, the ratio of H atoms recoiled from the surface
scattered primary Ne particles was monitored as a func
of hydrogen exposure. Since TOF-SARS has equal detec
efficiencies for ions and neutrals in this energy range,
signal from recoiled hydrogen does not depend on the che
cal environment at different adsorption sites. The only f
tors that should be taken into account when comparing
recoiling intensities from different sites are scatterin
Downloaded 28 Mar 2008 to 131.215.231.71. Redistribution subject to AI
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recoiling cross sections and possible shadowing/blocking
trajectories. Our simulations have shown that for H ato
adsorbed above the first layer of the substrate, the predo
nant mechanism leading to forward recoiling of hydrogen
a single direct encounter with the incoming Ne projecti
independent of the atom position in the surface unit c
Therefore the scattering/recoiling cross sections are cons
and the shadowing/blocking of trajectories are nonexist
under these conditions. The hydrogen position near the
layer Si atoms, indicated by simulations5 as a candidate for a
secondary adsorption site, was also tested. In general, re
ing intensities from this site and the primary monohydri
site differed; however, for the specific azimuth of 15° off th
main channeling surface direction used in experiment, th
two intensities were equal.

The isothermal hydrogen adsorption at different te
peratures with constant atomic H flux was carried out in
series of experiments. All data were normalized to the re
ence signal from a 1 ML monohydride obtained from a satu
rated surface atTS5600 K.

Uptake slopes at the initial stages of adsorption at diff
ent temperatures are presented in Table I, indicating c
stancy of the initial sticking coefficient over a wide range
temperatures. Assuming a unity sticking probability, the
slopes may be used to estimate the atomic hydrogen fluxFH .
The value obtained for a H2 pressure of 231027 Torr was
FH53.131012s21 cm22.

Figure 1 shows plots of the measured hydrogen cover
versus the exposure time for three substrate temperatu
TS5423, 638, and 743 K. In all cases, the H2 source was
turned off after saturation was achieved and the hydro

FIG. 1. Hydrogen adsorption dynamics on Si~100! at 423 K ~squares!, 663
K ~triangles!, and 743 K~circles!. The hydrogen source was turned off
t51140 s. Solid lines show fits by solutions to Eqs.~3! and ~4! with R1

51, R250.48,A150.52,A250.104, and temperature-dependentk.

TABLE I. Initial uptake slopes for H adsorption on Si~100! at different
surface temperatures.

TS (K) 323 553 583 683 728

r 13103, ML/s 4.360.2 4.360.5 4.860.8 4.660.4 4.860.4
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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surface population was monitored for some time after
shut-off. For TS5743 K, as well as for all temperature
higher than 680 K~not shown!, a decrease in coverage aft
the H atom shut-off was observed and attributed to ther
desorption from the main monohydride sites. ForTS5423
and 670 K, no change in hydrogen coverage was dete
after the H atom shut-off, but the saturation values w
different. The saturation values for various substrate te
peratures from the intervalTS5323– 743 K are plotted in
Fig. 2, from which a continuous decrease of final H covera
with increasing temperature is observed. Figure 2 can
separated into regions corresponding to coverages chara
istic of the three phases existing on the H-saturated Si~100!
surface.7–9 The main 1 ML~231! monohydride phase, th
1.33 ML ~331! phase, and a disordered 1.5–2 ML~131!
phase can be assigned to temperatures centered around
400, and 300 K, respectively. Contrary to the accepted v
that the coverage associated with the~231! monohydride
phase is constant and equal to 1 ML, Fig. 2 shows that
saturation coverage inside the~231! region ~500–650 K!
actually varies with temperature. There is no thermal deso
tion in this temperature range and variations cannot
caused by change in the thermal desorption rate, as it i
the case12 for TS.650 K. In the following section we pro
pose a new mechanism for this coverage variation. A kin
model with two types of adsorption sites describing H a
sorption on Si~100! is presented and coverage variations
interpreted from this model.

IV. ADSORPTION MODEL

In a manner similar to the description of monohydri
adsorption1 at a fixed temperature of 600 K, we investiga
the possibility of kinetic equilibrium for a range of temper
tures,TS5500– 650 K, in which the H atom coverage ma
exceed 1 ML. According to measurements of removal ra
of adsorbed H by D atoms4 and molecular dynamics
simulations5 of H on Si~100!, an efficient Eley–Rideal ab

FIG. 2. Experimental measurements~squares! of H saturation coverage as
function of substrate temperature. Three regions corresponding to~131!,
~331!, and~231! phases of H on Si~100! are shown. The solid line is the
stationary solutionnsat5n1sat1n2sat to Eqs.~3! with migration constantk as
a temperature-dependent parameter following the Arrhenius law.
Downloaded 28 Mar 2008 to 131.215.231.71. Redistribution subject to AI
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straction of chemisorbed atoms by gaseous H atoms ta
place during the adsorption phase. Inclusion of abstrac
leads to the appearance of an additional negative term (an)
in the kinematic adsorption equation as

dn

dt
5r ~12n!2an. ~1!

Here,a is the abstraction rate,r is the adsorption rate, andn
is the fractional H atom coverage. The saturation cover
value is obtained from Eq.~1! as

nsat5
r

a1r
. ~2!

Rates of the Eley–Rideal abstraction were found to be co
parable with the rate of the primary adsorption reaction.1,3,4

For example,4 for a;0.36r , Eq. ~2! yields nsat;0.74, indi-
cating that the complete passivation by hydrogen is imp
sible. In order to reconcile the Eley–Rideal abstraction w
observations of a highly ordered monohydiride phase w
coverage close to 1 ML at 600 K,8 it has been suggested4,5

that additional ‘‘reservoir’’ hydrogen adsorption sites supp
extra hydrogen to primary monohydride sites in order to o
set the high abstraction rate. A number of models featur
secondary adsorption sites that assist in filling of prima
sites have been proposed.1,12 These make use of the Kisliu
model28 by applying it to kinetic equations. Such an exte
sion requires that the time it takes for a physisorbed part
to chemisorb is very short. These models do not contain
temperature-dependent parameters, and are therefore
applicable for fixed temperatures, e.g., monohydride at
K. In contrast to those models, the two main assumptions
the current model are:~1! the migration rate between secon
ary and primary sites depends on the surface temperature
~2! the migration rate cannot be considered instantaneous
all temperatures; for temperatures below 600 K it becom
comparable with the rates of adsorption and abstraction.
change of migration constant with temperature leads to
distribution of atoms between primary and secondary s
and, due to different abstraction rates from these sites,
influence the saturation coverage. With the onset of com
tition between adsorption and abstraction on the one h
and migration on the other, the primary sites are no lon
able to accommodate all of the hydrogen from reserv
sites, causing the latter to be partially filled. Their no
negligible population contributes to the total coverage and
responsible for coverages in excess of 1 ML at lower te
peratures. Since the population of the secondary sites i
longer small, it must be explicitly included in the model.

The proposed relevant competing reactions that oc
during the adsorption are shown schematically in Fig. 3. T
primary chemisorption reaction occurring with rater 1 is
saturation of the dangling Si bond@Fig. 3~a!#. This reaction
proceeds directly,5 without a H atom going through any in
termediate state. The state of occupancy of the secon
atom in the dimer is not taken into account in this ca
although for some reactions, such as recombinative ther
desorption,13–15 preferential pairing of hydrogens on silico
dimers may play a significant role. When the primary adso
tion site is occupied, a second hydrogen atom is trapped
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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a precursor~secondary! state@Fig. 3~b!# with rate r 2 . Note
that a secondary site is only filled when there is an adsor
H atom at the primary site, since the potential well for t
secondary site exists only in this case.5 An atom in this state
is highly mobile and can migrate to one of the neighbor
unoccupied primary sites@Fig. 3~c!# with rate k. Adsorbed
atoms are assumed in the thermal equilibrium with the s
face andk is expected to exhibit an Arrhenius-type depe
dence on the surface temperature. Diffusion hops from fi
primary sites~intradimer and intrarow! are not considered
due to their high activation energies.16 The Eley–Rideal ab-
straction@Fig. 3~d!# is possible from a singly or doubly oc
cupied site with respective rates ofa1 and a2 . From the
observed constancy of hydrogen coverage after the so
shut-off ~Fig. 1!, it is concluded that desorption can proce
via abstraction by ambient atomic H only. If other types
desorption were present, such as thermally activated des
tion or desorption by recombination of migrating H atom
they would have been manifested by a drop in the cover
after the hydrogen shut-off.

Taking into account the above processes, the dyna
coupled equations describing hydrogen adsorption
Si~100! can be written as

dn1

dt
5r 1~12n1!2a1~n12n2!1kn2~12n1!,

~3!
dn2

dt
5r 2~n12n2!2a2n22kn2~12n1!,

wheren1 andn2 are the fractions of filled primary monohy
dride and precursor sites, respectively. The instantane
time derivatives were obtained by multiplying the corr
sponding reaction rates by the fractions of sites available
a given transition. Adsorption and abstraction rates are p
portional to the atomic hydrogen fluxFH as

r i5FHRi

ai5FHAi
i 51,2. ~4!

Here,Ri andAi are the adsorption and abstraction probab
ties andFH is calculated with respect to one substrate ato
Steady-state solutions are obtained from Eqs.~3! by assum-
ing dn1 /dt50, dn2 /dt50, and then solving the quadrat

FIG. 3. Processes during H adsorption:~a! saturation of dangling bond,~b!
adsorption to precursor state,~c! migration from precursor state to primar
site, ~d! Eley–Rideal abstraction. Small circles designate H atoms and l
and dark circles designate first and second layer Si atoms, respectivel
Downloaded 28 Mar 2008 to 131.215.231.71. Redistribution subject to AI
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equation with respect ton1 andn2 . In the high-temperature
limit ~largek! the steady-state values forn1 andn2 are de-
termined by reaction probabilities

n1sat5
R1

R11A12R2
; n2sat50, ~5!

showing that in order forn1 not to exceed unity, the abstrac
tion probability from monohydrideA1 should be greater than
the sticking probabilityR2 .

The reaction coefficientsRi andAi were chosen to pro-
vide the best fit to the experimental results and at the sa
time be in agreement with the values that were reported
the literature. The sticking coefficient for atomic hydrog
on the clean surfaceR1 is known to be temperature
independent1,3 and was assumed to be close to unity by ma
authors;3,12,17 a value of 0.71 forTS5500 K has been ob-
tained from molecular dynamics calculations.5 Our own
measurements of initial slopes~Table I! for temperatures be
tween 350 and 700 K confirm the independence of the ini
adsorption rater 1 on the temperature for coverages from
to 0.8 ML, in agreement with the fact that the prima
adsorption reaction has no energy barrier. For the mono
dride surface, both the sticking and abstraction probabili
are high and the reflection probability is nearly zero. In a
dition, the abstraction probabilityA1 is also temperature
independent.4 It is reasonable to assume a similar behav
for R2 and A2 with respect to temperature asR1 and A1 .
Thus, the migration constantk is the only temperature
dependent parameter in Eqs.~3!. The much slower desorp
tion rate from silicon surfaces with higher hydrid
concentrations,4 as compared to the pure monohydride s
face, implicates the reduced effectiveness of Eley–Rideal
straction from the doubly occupied sites, orA2,A1 in terms
of abstraction probabilities. This constrictive, unexpected
sult was experimentally confirmed4 by observing a decreas
in the abstraction rate when the initial coverage increa
from 1 to 1.25 ML. This may be related to the shape of t
potential surface around the adsorbed hydrogen atoms. S
the migration rate from secondary to primary sites increa
with temperature, the total coverage will decrease due to
greater abstraction rate from primary sites.

The following values were used in fitting experiment
curves with solutions to Eqs.~3!: A250.2A1 , R1 was taken
to be unity, and reflection from the monohydride sites w
neglected by assumingR250.48 andA150.52. The migra-
tion parameterk was found for measured adsorption curv
from the rangeTS5325– 650 K using their saturation cove
ages and steady-state solutions of Eqs.~3!. The solid lines in
Fig. 1 demonstrate fits of the two of the experimental curv
by solutions to Eqs.~3! with previously determined constan
k. The third curve corresponding toTS5743 K is given as an
illustration of the monohydride thermal desorption. Figure
shows an Arrhenius plot for the migration constant and
linear fit that yields an activation energyEA . From the slope
of the plot, EA50.71 eV. OnceEA and the intercept are
known, the steady-staten1sat(T) and n2sat(T) can be calcu-
lated for any temperatureT. The solid line in Fig. 2 shows
nsat(T)5n1sat(T)1n2sat(T) for TS5500– 650 K obtained by
substitutingk(T) into Eqs.~3!. The agreement is good insid

t
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this range; at the same time, an abrupt change in experim
tal nsat for TS,500 K coinciding with the start of formation
of the 331 phase is observed. The divergence forTS

.680 K is associated with the onset of thermal monohydr
desorption, which has been extensively studied2,3,13,18and is
not the subject of the current work. It is possible to exte
this model by adding terms describing first-order therm
desorption to the right-hand side of Eqs.~3!.

Figure 5 shows the solutions to Eqs.~3! for the interme-
diate temperatureTS5500 K. It follows that after the hydro-
gen source is shut off, there is a redistribution of adsor
atoms between primary and precursor sites with the t
populationnsat remaining unchanged. The characteristic tim
of this process is found from Eqs.~3! ast5k(nsat21).

V. DISCUSSION

Although the nature of the secondary site bonding w
the surface and its exact position cannot be determined f
the proposed empirical model, a comparison between dif
ent adsorption sites based on the migration activation en
can be made. In this connection, it is interesting to addr

FIG. 4. Arrhenius plot of the migration constantk from Eqs. ~3! for TS

5500– 650 K. Squares, values ofk obtained by best fit of the experimenta
adsorption curves at different temperatures. The three regions showing
ferent phases of H on Si~100! are the same as in Fig. 2.

FIG. 5. Solutions to Eqs.~3! describing the process of H adsorption atTS

5500 K. The populations of primary and precursor sites aren1 and n2 ,
respectively. The total population isn5n11n2 .
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the relation between the adsorption site for the second
atom from a dihydride unit7 and a secondary adsorption si
existing above the line connecting the dimer atoms sugge
as a precursor state.21 The geometric positions of both site
are very close, and if these sites are in fact identical,
model should be able to describe the adsorption for all te
peratures below 650 K. The observed deviation of the m
sured coverage from our model forTS,500 K, when the
onset of filling of the dihydride units occurs, suggests th
these two types of adsorption sites are different. Thus,
model indirectly supports the results of simulations,5 where
the potential minimum that is a candidate for the second
adsorption site is located at approximately the same heigh
the first-layer Si atoms. Moreover, the activation energy
migrationEA50.71 eV obtained here is comparable with t
depth of 0.8 eV for the above mentioned potential well5 and
higher than the energy barrier of 0.5 eV for migration
hydrogen along the dimer rows between precursor states
cated above the dimer pairs.21

The model presented herein explains variations in hyd
gen atom coverage on Si~100! with temperature as a result o
changing rates of reactions occurring at the surface. A th
modynamic equilibrium between the various states of hyd
gen atoms on the surface,10 when the ratios of the fraction
of atoms in various states depend on the temperature acc
ing to the vibrational partition functions of these states, lea
to similar conclusions. A crucial test that may give prefe
ence to one of the models lies in observing the effect of
change in flux of the impinging hydrogen. It follows from
Eqs.~3! and~4! that the adsorption time and saturation co
erage depend not only on the temperature, but also on
atomic hydrogen fluxFH . In Eqs. ~3!, the flux variation
FH→aFH is equivalent to transformationst→at and
k→ka21 that effectively decrease the transition times a
migration constant by the factor ofa. This decrease leads t
an increase in saturation coverage, while in the case of t
modynamic equilibrium the state populations should rem
constant. The effect should be more pronounced for low
temperatures, since for temperatures close to 600 K the
fusion rate is much higher than the adsorption rates.

Other models have used sticking probabilities calcula
by Kisliuk28 to determine the instantaneous adsorpt
rate.1,12 This application of the Kisliuk adsorption model
only valid if there is no appreciable change in coverage d
ing the timet it takes a physisorbed atom to attach to
chemisorption site or to be desorbed, i.e.,udn/dtut!1. This
assumption neglects the population of secondary adsorp
sites at any moment, but at the same time makes the m
valid only for coverages less than or equal to unity. T
Kisliuk model corresponds to the case of a large migrat
constantk in the model presented here.

There is an ongoing discussion as to the exact mec
nisms of hydrogen adsorption and abstraction on Si~100! and
the nature of the secondary adsorption sites. Although di
interaction with primary sites seems to be the most lik
mechanism supported by molecular dynamics simulatio5

other data are consistent with adsorption and abstraction
a ‘‘hot-precursor’’ state.1 The desorption by impinging hy
drogen may be occurring not through a direct Eley–Rid

if-
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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~ER! abstraction,4 but via a more complicated ER-typ
reaction,19 or a ‘‘hot-complex’’ mechanism.20 Taking into ac-
count these new mechanisms would necessarily lead
changes in the model and may yield slightly different resu

VI. SUMMARY

TOF-SARS measurements of isothermal H adsorpt
on Si~100! for a continuous range of temperaturesTS

5325– 750 K have been performed for the first time. T
saturation coverage was found to monotonically decre
with temperature from;1.5 to 1 ML. A kinetic model de-
scribing competing processes of adsorption, abstraction,
migration between two types of adsorption sites was de
oped to explain the observed dependencies in the range 5
650 K. In this model, the significant concentration of hydr
gen atoms occupying secondary precursor sites acts
reservoir for maintaining a finite sticking probability at hig
coverages. The temperature dependence of the covera
interpreted by using a single temperature-dependent pa
eter, namely the rate of migration from secondary sites
primary monohydride sites. This rate cannot be conside
instantaneous for temperatures below 600 K, leading t
decrease in the flow of hydrogen from reservoir sites to
mary sites. Coverages higher than 1 ML are obtained a
result of residual population of the secondary sites. The fi
filling of the dangling bonds occurs after the hydrog
source shut-off, in the absence of the Eley–Rideal abst
tion, with a characteristic time ofk(nsat21). The activation
energy obtained for the migration constantEA50.71 eV is in
good agreement with the reported energy barrier for che
sorption of a trapped state hydrogen into a monohydr
state.
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