APS/123-QED

Adsorption and abstraction of atomic hydrogen on the Si(110) surfaces
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The abstraction reaction of D adatoms by H atoms have been investigated on the Si(110) surfaces.
The direct abstraction to form HD molecules obeys a second-order rate law in D coverage p. On
the other hand, the indirect abstraction to form D2 molecules obeys a fourth-order rate law in 6p.
In addition to the direct abstarction, indirect abstraction to form HD molecules is also included due
to piled H adatoms during H exposure. It is found that the indirect abstraction is promoted on the
surfaces saturated with dideuterides, suggesting that dideuterides (dihydrides) play a significant role
in the indirect abstraction paths. The kinetics of the abstraction reactions on the Si(110) surfaces
look similar to those on the Si(100) surface. However, the delayed D2 desorption exhibits time

profiles different from those on the Si(100) surfaces.

PACS numbers:

I. INTRODUCTION

Modern electronic device technology relies on reac-
tion of hydrogen with silicon surfaces. Taking plasma-
enhanced Si chemical vapor deposition for solar cells, for
instance, it is known that H atoms in gaseous plasma play
a significant role in controlling the quality of grown amor-
phous [1-4] or micro crystalline Si films [5, 6]. Sticking
probability of H atoms onto Si surfaces is high regardless
of whether the surfaces are clean or terminated with H
atoms. They also abstract H adatoms, generating desorp-
tion of molecular hydrogen. By labelling surface adatoms
with D atoms one can discriminate the direct abstraction
of D adatoms by H atoms to form HD molecules from the
indirect abstraction or H-induced recombinative desorp-
tion of D adatoms to form Dy molecules. The former
reaction has been referred to as abstraction (ABS), while
the latter as adsorption-induced desorption (AID) [7].

D abstraction by H on semiconductor surfaces have
been extensively studied on Si(100) [8-22] and Si(111)
[7, 23]. In the detailed kinetic experiments the second-
and fourth-order rate laws in D coverage have been found
for the ABS and AID reactions, respectively [15, 17, 18].
To reconcile these unexpectedly higher reaction order
Hayakawa et al. [17] and Khanom et al. [7] propose a hot
complex (HC) mechanism rather than a hot atom (HA)
mechanism [13, 23]. Here, by the HC mechanism they
mean that an H atom incident to D-terminated Si sur-
faces is first trapped in an excited state of chemisorption
potentials around a doubly occupied Si dimer DSi-SiD.
In energy relaxation process, the H atom in HC recom-
bines with one of the two D atoms of the doubly occupied
Si dimer to generate HD desorption. If one of the two
D atoms has been replaced with an H atom during H
exposure, i.e., the core of the hot complex is HSi-SiD, D

abstraction by H is impeded in HC by the competitive
H abstraction by H due to an isotope effect on the reac-
tion [7, 15]. Thereby the observed second-order rate law
can be reconciled with the HC mechanism. On the other
hand, breaking of a Si dimer bond followed by formation
of a dihydride is the alternative channel for energy dissi-
pation in HC. If such a dihydride is formed at a (3 x 1)
dihydride/monohydride domain on the (2x1) monohy-
dride surface, the system consists of a local (1x1) dihy-
dride phase on the (3x1) domain, which becomes ther-
modynamically unstable. Consequently the local (1x1)
domain collapses emitting a Dy molecule to return to the
original (3x1) phase [19, 21, 22]. In this case four D
adatoms in a unit cell of the (3x1) phase are related to
the observed fourth-order rate law in AID [19].

D abstraction by H on Si(110) surfaces has been
less studied [24], while Si(110) surfaces have attracted
much attention to their clean as well as H-terminated
surface structures. The bulk truncated Si(110) surface
has a zigzag chain structure with a dangling bond per
Si atom. Figure 1 shows such an ideal structure of H-
terminated Si(110) (1x1):H surface. Recently, a (16x2)
structure has been interested in the STM experiments
[25, 26] and in the first principles calculations [27, 28],
being interpreted in terms of a pair of pentagons con-
figurated with Si adatoms. Adsorption structures of H
atoms on the Si(110) surface were studied by STM and
IRAS [29-31]. Atomic defects on a pair of pentagons were
possibly generated by H atoms [32]. Thermal desorption
(TD) spectra for Dy molecules exhibited characteristic
peaks at around 700 K and 820 K [33]. The lower temper-
ature peak was attributed to desorption from a dihydride
phase, while the higher temperature peak was attributed
to desorption from a monohydride phase. Both two des-
orption peaks were found to obey a second-order rate



FIG. 1: Ideal bulk truncated Si(110) surface structure termi-
nated with 1ML H (D) atoms.
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FIG. 2: Infrared absorption spectra in the Si-H stretching
vibration region of the Si(110) surface recorded after 3000 L
Hs exposure at room temperature.

law. Desorption activation energies were evaluated to be
2.68 eV and 2.22 eV for 1 and §y TD, respectively [33].
In this paper we study kinetic mechanism of D ab-
straction by H on the Si(110) surface. Surface entities
that are responsible for ABS and AID reactions are eluci-
dated by FTIR and TD spectroscopies. In detailed anal-
ysis of measured HD and D, rate curves, we find that
the H-induced desorptions from D/Si(110) surfaces are
quite nonlinear with respect to D coverage. Mechanisms
of the ABS and AID reactions on the Si(110) surface are
comparatively discussed with those on Si(100) surfaces.

II. EXPERIMENT

Infrared (IR) spectra of H-terminated Si(110) surfaces
were obtained with an FTIR absorption spectrometer

in an ultra high vacuum chamber equipped with an
RHEED. IR light was introduced to the chamber through
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FIG. 3: Dy thermal desorption (TD) spectra from the Si(110)
surfaces as a function of initial D coverage 6%.52: TD arising
from the di-deuteride phase. (1: TD arising from the mon-
odeuteride phase. The dashed line shows the systematic peak
shift which suggests a second-order desorption kinetics. The
D/Si(110) surface is prepared at 373 K.

a BaF, window, and was focused onto one of bevel-
polished edges of the sample. The light then underwent
about 70 times internal reflections until it emerged from
the other end of the sample, and was finally focused onto
an InSb IR detector. The resolution of the FTIR spec-
trometer was 2 cm~! after averaging 600 interferograms.
IR spectrum measured for the clean Si(110) surface was
used as a background. Deposition of H atoms onto the
sample was done through thermal cracking of Hy gas on
a heated W filament [34].

Abstraction experiments were carried out in another
H-surface reaction system. It consists of three differen-
tially pumped plasma beam chambers and an UHV sur-
face reaction chamber [14]. An atomic H or D beam with
a flux of about 0.01 ML/s was generated by inductively
coupled plasma discharge of Hy or Dy gases mixed with
Ar (1:1 pressure ratio). The radio frequency (13.56 MHz)
power injected to the plasma was generally 200 W. The
H or D beam passes through three 3 mm diameter colli-
mating apertures in the beam chambers. A beam chop-
per driven by a vacuum tight pulse motor was equipped
in the second chamber of the beam system. It generates
a modulated H-beam, having a 0.5 s pulse width charac-
terized with a 0.1 s rise- and fall-time at 0.1 Hz rotation.
The reaction chamber was equipped with an Art ion
gun, an Auger electron spectrometer, a quadrupole mass
spectrometer, and a (x,y, z) precision sample manipula-
tor. A commercially available Si(110) wafer (p-type, 10-
15 Q-cm) was cut into a 15x24x0.3 mm? specimen and



attached to a sample holder on the manipulator. Sur-
face temperatures (Ts) were determined from electrical
resistance of the sample after calibrating with a pyrome-
ter. The sample was cleaned by 1373 K flashing followed
by annealing at 873 K for 10 minutes. Surface cleanli-
ness was checked by AES. Both the C(KLL) and O(KLL)
intensities were generally less than 1% of the Si(LVV) in-
tensity. After annealing at 873 K, the surface was cooled
to desired temperatures with 0.5 K/s cooling rate so as
to ensure well ordered surface reconstruction. TD spec-
tra were obtained under a condition of 3.4 K/s heating
rate by means of a direct resistive heating.

For abstraction experiments, the clean Si(110) sur-
face was first exposed to D atoms to prepare D-covered
surface. Two different ways to prepare D-covered sur-
faces were employed by controlling exposure time and
surface temperature: D-saturated surfaces were prepared
by 5 min dosing at each temperature set for experiments
of Ts dependence of abstraction. For abstraction exper-
iments above 523 K, to minimize loss of D adatoms due
to desorption before H exposure, we employed a quick
heating of the sample within 1.5 seconds from the D dos-
ing temperature of 523 K to 573 or 623 K. In this case H
exposure was started coincidentally with the quick sam-
ple heating. Hence it is reminded that the D-saturated
surfaces contain dideuterides before H exposure. On the
other hand, 1 ML D-covered Si surface was prepared by
2 min D exposure at 523 K. Thus this surface does not
contain dideuterides, and referred to as unsaturated sur-
face, hereafter.

HD and D5 molecules desorbed during surface expo-
sure to the H beam were simultaneously detected with
the QMS in the angle-integrated mode. Signal pulses
from the QMS were fed into a multi-channel scalar (MCS,
1024 channels, dwell time of 9 ms) triggered with the ro-
tating chopper.

To analyze HD and D- rate equations, rate versus ¢
curves were converted to rate versus 0p curves. To do
this D coverages p during H exposure were evaluated
from

t’nL
o — / [Run (1) + 2Ro, (O)dt + 60 (), (1)
t
where t,, is the time when H irradiation was stopped,
Rup(t) and Rp,(t) are the rate of HD and Dy molecules

at ¢, respectively. 6p(t,,) was evaluated from HD and Do
TD spectra when H irradiation was stopped [14].

III. RESULTS AND DISCUSSION
A. Surface entities
1. IR spectra

IR spectra of the H-terminated Si(110) surface were
measured with an unpolarized light. The RHEED pat-
terns showed a well ordered (16x2) structure on the clean
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FIG. 4: D uptake curve measured at 523 K on the clean
Si(110) surface.

Si(110) surface, and diffuse (1x1) structure on the sur-
face terminated with H atoms after 3000 L. Hy exposure.
The IR spectrum measured on the H-terminated surface
at room temperature was plotted in Fig. 2. There are
four absorption peaks at 2070, 2084, 2099 and 2135 cm™?.
The intense 2070 and 2084 cm~! peaks are attributed
to the out-of-phase and in-phase stretching vibration of
monohydrides, respectively. The 2099 cm~! peak could
be due to the Si-H stretching vibration originated from
surface adatoms or hydrides at defect sites [31]. The peak
at 2135 cm~! can be attributed to dihydrides [35]. Ac-
cording to Shinohara et.al. [31], dihydrides on the Si(110)
surfaces are formed by breaking either the topmost -SiH-
SiH- zigzag chain or the Si-Si bond between the first and
second Si layers. As will be discussed in later subsections,
the dihydrides may play a key role in the AID reaction.

2.  TD spectra

The clean Si(110) surface was subjected to D atoms at
373 K to prepare D-precovered surfaces. D precoverages,
62, were changed by controlling exposure time and deter-
mined from TD spectra. Figure 3 shows Dy TD spectra
measured on the D/Si(110) surfaces for various 6%. For
0% > 1 ML, the 32 peak around 600 K can be attributed
to surface dideuterides [33]. On the other hand, for a very
small value of 8% such as 0.12 ML, the peak depicted as
(1 has a maximum at around 800 K, being attributed
to the surface monodeuterides. The 81 peak shifted to a
lower temperature region (~ 750 K) with increasing 6%
as shown by the dashed curve in Fig. 3, suggesting that
the TD rate law is of second-order [33]. The (; peaks
in Fig. 3 look asymmetric in spectral line shape. Two
different types of monohydrides could be involved there



[33].

One should note that no a-peak at around 960 K
[24] is found in the TD spectrum of Fig. 3, suggesting
no D atoms are taken into the subsurface layers. This
was also reported in the literature [33]. D incorporation
into the subsurface layers could be promoted by surface
roughness created by Ar* sputtering or by H(D)-induced
surface etching.

8. Uptake curves

Prior to abstraction experiments, we measured uptake
curves of D atoms on the clean Si(110) surface as a func-
tion of exposure time ¢ at 523 K. Yield of D adatoms
was determined from TD spectra measured for various
exposure times. The TD spectrum having the highest
intensity but no (s peaks were assumed to define Op=
1.0 ML. Figure 4 shows D uptake curve measured at 523
K as a function of ¢. One may find that the uptake curve
is about linear at the early stages of D exposure. On the
other hand, the rate of D uptake tends to be level off
after sufficient exposure to D atoms. This feature would
suggest that the sticking coefficient of D atoms might be
small on the D-terminated surfaces. However, one should
remind that such a decrease in the sticking coefficient is
nominal since D abstraction by D followed by quick re-
supply of adatoms is involved there. In later subsections,
this will be clearly seen as D abstraction by H.

B. Abstraction
1. HD and Ds rate curves

During exposure of the D/Si(110) surfaces to H atoms,
HD and D5 molecules were found to desorb from the sur-
face. HD and D5 rate curves measured at various T were
respectively plotted in Figs. 5 and 6 on the D-saturated
((a)) and unsaturated ((b)) surfaces. Immediately after
the start of H exposure, both rate curves step up at ¢t = 0.
On the D-saturated surfaces, then they decay almost ex-
ponentially with ¢ due to loss of D adatoms via abstrac-
tion reactions. On the unsaturated surface, on the other
hand, the maximum of the peak apparently lags. With
increasing Ts the peak maximum shifts to the shorter
time region. The T dependent peak shift is caused not
by ABS but rather by AID occurring among D adatoms
and H adatoms, since H adatoms are gradually piled up
during the H exposure.

Contrasted to the HD desorptions, the Dy desorp-
tions exhibit a strong T dependence on both the satu-
rated and unsaturated surfaces. Almost no Dy desorp-
tions were observed at 373 K, but Dy desorption becomes
facile at the temperature region higher than 500 K where
B2 TD is activated. For Ts; > 573 K where 0 TD par-
tially occurs as shown in Fig. 3, a sharp peak appears at
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FIG. 5: Plots of HD rate curves as a function of H expo-
sure time, t. (a): on the saturated surface, and (b): on the
unsaturated surface.

around ¢ = 0. This sharp peak is not due to H-induced
desorption but due to nonequilibrium TD induced by the
quick temperature jump. Nascent Dy desorption induced
by H can be analyzed in the time region after this sharp
peak. The rates of AID were much higher than that of
equilibrium TD for the temperature region studied in this
work.

An induction time can be recognized for the Do des-
orption at 473 and 523 K on the unsaturated surface as
shown in Fig.6 (b). If this induction time is added by 2
min for the preparation of 1 ML precoverage, consider-
able dihydrides must be excessively formed on the surface
after the induction time. Hence the induction time may
be correlated to the H exposure time needed for the sur-
face saturation.

2.  Rate Equation Analysis

As described above, the observed feature of the H-
induced Dy and HD desorptions from the D/Si(110) sur-
faces looks similar to that on the Si(100) [15, 17, 18] or
Si(111) [7] surfaces, where a second- and nearly fourth-
or third-order kinetics have been recognized for ABS and
AID, respectively. In order to estimate the AID and ABS
reaction orders on the Si(110) surface, the measured Do
and HD rate curves were first fitted to a single term rate
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FIG. 6: Plots of Ds rate curves as a function of t. (a): on the
saturated surface, and (b): on the unsaturated surface.

equation Rp, = k67y and Rup = cfy, where Rp, and
Ryp are the Dy and HD desorption rate, respectively. As
a result, it turned out that the fourth- and second-order
rate laws are operative for AID and ABS, respectively.
On the basis of the evaluated values for the reaction or-
ders, the Dy and HD rate equations proposed for the
Si(100) surface [15] are employed for more detailed anal-
ysis of the measured rate curves. First, we construct a
D, rate equation which consists of only AID terms. As
mentioned above the AID reaction obeys a fourth-order
rate law in fp and 6y, which implicates four adatoms are
necessary as a target of an H atom for AID. For such a
mixed phase of H and D adatoms, three possible configu-
rations for four adatoms are now referred to as 4D, 3D1H,
and 2D2H configuration. Here the 4D, 3D1H, and 2D2H
configurations contain four D adatoms, three D and one
H adatom, and two D and two H adatoms, respectively.
From the analogy to the AID mechanism proposed on the
Si(100) surface [19], we tacitly assume that two adatoms
among the four adatoms are on a same Si dideuteride
and the other two adatoms are on two monodeuterides
both adjacent to the dihydride on a zigzag Si chain (see
also the discussin given in the last subsection and Fig.
12). The rate equation for the Dy desorption is thereby
written as follows,

Rp, = n(t)[k10p + k20504 + ks0p 05, (2)
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FIG. 7: Decomposition of the D2 rate curve measured on the
saturated surface at 523 K by best curve fitting to the D2 rate
equation, Eq. (2) in the text. Thin solid lines represent the
decomposed AID terms in Eq. 2; [ki]: k16D, [ko]: k2030w,
and thick solid line is the sum of [k;] and [ke]. Here k1 =
2.7 x 107°ML s and k2 = 2.3 x 107 "ML ?s™ .
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Here, kis(i = 1,2,3) are the intensity of the each term
involving both the rate constant and H flux. The func-
tion 7(t) gives time evolution of surface area at which
AID can take place, being related to the observed in-
duction time for AID [7]. It shows an s-shaped curve
characterized with the threshold coverage 99, and the
width w(6Y). In case of the Si(100) surface, (3x1) dihy-
dride/monohydride domains were considered for such a
surface area [19]. We think of that even on the Si(110)
surface the situation must be similar. This is because as
shown in Fig. 6 (a) no induction times were present for
the surfaces already saturated with dideuterides before
H exposure. Hence, for the saturated surfaces we can set
n(t)=1.0. On the other hand, on the unsaturated sur-
face, the peak maximum obviously timely lags at 523 K
as shown in Fig. 6 (b) or will be more clearly seen in
Fig. 10. This time lag in the peak of the Dy rate curve
is caused by the delay in the surface saturation during H
exposure.

Now we construct a HD rate equation. The AID
channels must be involved even in the HD desorption as
H adatoms are piled up during H exposure. Taking this
contribution of AID into account, the HD rate equation
can be written as follows,

n(t) = 51 +erf( ARG

Rup = 109 + n(t)[c200u + c30505 + cafpbi].  (4)



Here, ¢; ( i=1, 2, 3, 4) stands for the intensity which
includes the H flux as well as the rate constant for each
desorption pathway. The function 7(t) is again used for
the AID term but not for the ABS term [7]. The 1D3H
situation which contains one D and three H adatoms is
newly added in Eq. (4).

In analyzing the experimental rate curves with Egs.
(2) and (4), we begin with the saturated surface where
n(t) = 1. All the Dy rate data obtained at different
T, are decomposed into three components arising from
the 4D, 3D1H, and 2D2H configurations by fitting to
Eq. (2). Figure 7 shows fit results of the Dy rate curve
measured at 523 K. For all the Dy rate curves obtained
on the saturated surfaces we found that the 4D configu-
ration mainly contributes to Do AID. The Dy desorption
tends to decrease with decreasing number of D atoms
in the configurations. The 2D2H configuration indeed
hardly contributes to Dy AID. As will be discussed later,
HD AID competes with the Dy AID for the same 3D1H
or 2D2H configuration.

The HD rate curves measured on the saturated
surfaces were fit to Eq. (4) under the condition 7(t) = 1.
Figure 8 shows results of decomposition of the HD
rate curves measured at 373 K ((a)) and 623 K ((b)).
At 373 K, the lowest temperature in this study, the
HD desorption arises solely along the ABS path but
not along any AID paths. This result is consistent
with the fact that no Dy desorptions take place at this
temperature as shown in Fig. 6. On the other hand,
at temperatures higher than 473 K the HD rate curves
are contributed by AID. Although the HD desorptions
predominantly proceed via ABS channel, the total yield
along the three AID channels is approximately equal to
that along the ABS channel.

In order to evaluate activation energies E, for ABS
and AID, we make Arrhenius plots of ¢; and k; in Fig.
9. The slopes of the curves yield £, = 0.06£0.01 eV
for HD ABS, and E, = 0.43+0.06 eV for Dy AID. The
activation energy of 0.06 eV for ABS is just equal to that
on Si(100) [18]. Such a low activation energy suggests
that the desorption along ABS is really direct in nature.
The physical origin of such a small activation energy in
ABS may be related to vibrational excitation of the Si-D
bond to be abstracted by H, since Koleske et al. [10]
calculated that ABS probability becomes higher with
vibrtaional excitation of the Si-D bonds. On the other
hand, the activation energy of 0.43 eV evaluated for
AID is somewhat larger than that for ABS. This value
is close to the values reported for AID on the Si(100)
surface (0.2 eV [18]), with a certain deviation towards a
larger value, however. This will be discussed in the last
subsection.

From the comparison between Ca
(3.9x107*ML%s~1) and ky (0.23x107*ML 3s~!
at 523 K), we can extract a possible isotope effect
on the HD and Dy AID generated in the same 3D1H
configuration. Since co > ko, HD AID takes place more
efficiently than Dy AID. Isotope effect may lead to
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FIG. 8: Decomposition of the HD rate curves measured on
the saturated surface at 373 K ((a)) and 623 K ((b)) by best
curve fitting to the HD rate equation, Eq. (4) in the text.
Thin solid lines are the decomposed curves by Eq. 4; [c1]:
103, [ca]: 203 01, [cs]: c303 0%, [cal: c40pb?. Here ¢; =
5.1x107*ML " 's™",c2 = 0,c3 = 0, and ¢4 = 0 for T,=373 K,
and ¢; = 6.8 x 107* ML 's7!, ¢ = 6.3 x 107*ML3s7 !, ¢35 =
6.4x107*ML 357! and ¢4 = 6.1 x 107*ML 35~ for T,=623
K. Thick solid line is the sum of the four decomposed curves
[c1], [c2], [es], and [ca].

a preferred association between lighter adatoms than
heavier one due to quantum effects on, e.g. potential
energy barriers which could be lowered by an amount
of zero-point vibrational energy, tunneling probabilities
through reaction barriers, or attempting frequency
factors for access to transition states. Such a quantum
effect on nuclear displacement predict that the lighter
atom can be superior to the heavier one for such a
transition from atomic to molecular state.

In contrast to the saturated surfaces, Dy suggesting
that the TD rate law is of second-order [33]. and HD
rate curves obtained on the unsaturated surfaces are
characterized with induction times. They are again
analyzed with Eqgs. (2) and (4), taking the contribution
from 7(t) into account. Considering the slow D uptake
after the 1 ML D coverage as plotted in Fig. 4, the total
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FIG. 10: Decomposition of the D2 rate curve measured on
the unsaturated surface at 523 K by best curve fitting to
the Dy rate equation, Eq. (2) in the text. Thin solid
lines represent the decomposed AID terms in Eq.(2); [ki]:
kin0p, [ko): kon@30u, [ka]: ksnf30%, and thick solid line
is the sum of the three curves [ki], [k2] and [ks]. Here
ki = 1.7 x 107*ML %"k = 3.0 x 107*ML™%s™!, and
ks = 0.6 x 107*ML™3s™. The values of parameters of 7(t)
are 0.013 ML for w(#2) and 0.998 ML for 93.

H and D coverage under H exposure was assumed to
increase linearly with ¢ on the unsaturated surfaces, i.e.,
fuip = at + 1.0, where a is the proportional constant
and evaluated from fOpyp at 900 s by measuring Hs,
HD and Dy TD spectra. Figure 10 for Dy molecules
shows results of the best curve fit to Eq. (2). The
delayed peak of the Dy rate curve measured at 523 K
can be reproduced with 7(t) for the values of 0.013 ML
for w(AY) and 0.998 ML for 99. The induction time
for AID is discernible for the 4D configuration or the
curve [k;] in Fig. 10. At the beginning of H exposure
the surface does not contain any dihydrides. As was
discussed above, AID requires presence of dideuterides
or dihydrides such as -DSiD- or -DSiH-. For 6% = 1.0
ML, building up such dihydrides on the surface is done
at the initial stages of H exposure, giving rise to the
induction time. This is also the case for HD AID since
as shown in Fig. 5 (b) a clear peaking at ¢ > 0 can be
seen in the measured rate curves.

3. Time Response

In order to know dynamical behavior of the ABS and
AID reactions, we measured time response of HD and Do
molecules to the modulated H beam. The D-saturated
Si(110) surface was exposed to the modulated H beam
with 0.5 s on- and 9.5 s off-time at 573 K. Figure 11
shows the measured transient desorption of Dy and HD
(inset) molecules. Desorption of Do is noted to be fast
since its line shape is more or less similar to the inci-
dent H impulse (not shown). However, the time profile
shows a somewhat slow rise and a tailing. This is obvi-
ous in comparison with the time profile of HD molecules
which is quite prompt as shown in the inset to Fig. 11.
The fast desorption of HD moecules implicates that the
main HD desorption occurs along the ABS path, consis-
tent with its direct nature as confirmed in the extremely
low activation energy of 0.06 eV as determined in Fig. 9.
Therefore, it is concluded that while the ABS process is
fast, the AID process comprises from both a fast and a
slow channel.

Taking into account the second-order kinetics in 6p
and the prompt desorption of HD molecules, likely to the
case on the Si(100) or Si(111) surfaces, the HC mecha-
nism may be invoked to play a role in the ABS reac-
tion. Figure 12 shows a model of the HC on the Si(110)
surface to illustrate the ABS. To explain not only the
ABS but also the AID process, we take a surface mixed
with di- and monodeuterides. Since structure of dideu-
terides(dihydrides) on the Si(110) surface has not been
established, we here tacitly assume that dihydrides are
formed in the backbonds of zigzag Si chains. The local
structure of -DSi-SiD- is similar to a doubly occupied Si
dimer DSi-SiD on Si(100) surfaces. An incident H atom
is first trapped in an excited state of vibration in the
chemisorption potential at a cell of -DSi-SiD-. During
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suggesting that the TD rate law is of second-order [33].

FIG. 11: Plots of transient D2 desorption induced by the
pulsed H beam at 573 K. The transient desorption of D
molecules on the Si(100) surface [21] is also replotted for com-
parison. The rising and tailing parts of the two curves are dif-
ferent. The inset shows the HD desorption rate on the Si(110)
surface. The ABS reaction is quite prompt in nature.

energy relaxation process, the H atom in the HC ab-
stract one of the two D adatoms to generate HD ABS.
If one of the two adatoms is H, the H atom of the HC
may preferentially abstract the H adatom rather than the
other D adatom because of an isotope effect. Therefore,
to generate HD ABS the target must be bonded with two
D adatoms, which causes the second-order kinetics with
respect to fp. The lifetime of the vibrationally excited
state determine reaction time for ABS, being expected
shorter than a few ns [36]. If ABS is skipped in the en-
ergy relaxation, the Si-Si bond or a Si backbond may be
broken to make a dihydride, which would play a role in
AID as will be discussed below.

Generation of AID along the fast and slow paths
has been also found on the Si(100) surface [19, 21, 22].
The transient desorption of Dy molecules measured on
the Si(100) surface [21] is replotted in Fig. 11 for compar-
ison. One may notice that on the Si(110) surface, the con-
tribution from the slow component is relatively smaller
than that on the Si(100) surface. As was reviewed in the
Introduction, AID on the Si(100) surface exclusively oc-
curs on the (3x1) dihydride/monohydride domains which
can be built up by H adsorption even in the temperature
range for 02 TD [19, 21, 22]. The fast AID on Si(100)
was related to a local phase transition from a (1x1) dihy-
dride phase to a (3x1) dihydride/monohydride phase on
the (2x1) monohydride surface. On the other hand, the
slow AID was related to a phase transition from a (3x1)

i
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FIG. 12: Schematic illustration of the hot complex (HC) me-
diated ABS and AID mechanisms. The D/Si configuration is
schematically drawn (side view) for the mixed phase with di-
and mono-deuterides. An incident H atom is bounded in a
chemisorption potential to form HC. The cell of the HC con-
sists of a pair of adajacent -DSi- units in a zigzag Si chain.
The H atom of the HC interacts with neighboring D adatoms
as well as Si atoms. During energy relaxation the H atom
abstracts a nearby D adatom to generate HD ABS. Break-
ing the Si-Si bond in the zigzag chain or the backbonds is an
alternative energy relaxation path for the HC. It results in lo-
cally high density of dideuterides, from which a D> molecule
is emitted, generating the fast AID.

dihydride/monohydride phase to a (2x1) monohydride
phase [22]. We invoke the same mechanism, i.e., the AID
on the Si(110) surface also occurs at such a site where (9
TD can occur. A possible kinetic mechanism to reconcile
the fourth-order rate law is such that an incident H atom
break a Si-Si bond of -DSi-SiD- unit in a zigzag Si chain,
of which adjacent sites are occupied with a dideuteride
(see Fig. 12), i.e.,

H + -DSiD-DSi-SiD- — -DSiD-DSiH--SiD-.
Sticking of an H atom to the monodeuteride results in a
locally high density of dihydrides (dideuterides). If such
a local system with excessively high density dihydrides
is thermodynamically unstable, it returns to the original
phase by emitting a molecule. This process could give
rise to the fast AID. If the temperature is in contrast low
enough that such high density dihydride phase is ther-
modynamically stable, the fast AID cannot result. This
is indeed recognized in the no occurence of AID at 373
K as described in the previous subsection.

The activation energy for the fast AID does not nec-
essarily mean that it stems from the D5y desorption pro-
cess but rather means that it comes from the H sticking
process to monodeuterides [7]. In this context, the some-



what larger activation energy of 0.43 eV evaluated in the
previuos subsection may suggest that sticking to Si mon-
odeuterides on the zigzag Si chains is more difficult in
comparison to the Si(100) surfaces. This could be caused
by the less strained zigzag Si chains compared with the
highly stressed Si dimer bonds on the Si(100) surfaces.

The slow AID may be related to 82 TD [21, 22]. The
(B2 peak appeared in Fig. 3 is a bit smaller in its inten-
sity in comparison to the Si(100) surface. On the Si(110)
surface, if it is related to such a conventional By TD,
the slow AID may be less efficient in comparison to the
Si(100) surface. The observed second-order rate law sug-
gests that B2 TD requires diffusion of dihydrides along or
across the zigzag Si chains to make an adjacent pair of
dihydrides. To date, however, detailed mechanism of 3
TD has not been given, yet. Particularly, local configura-
tion of dihydrides that is responsible for 3, TD is unclear.
In order to completely understand the mechanism of slow
AID we have to wait for more detailed knowledge on the
B2 TD on the Si(110) surface.

IV. SUMMARY

We studied the reactions of H(D) atoms with the
Si(110) surface. IR and TD spectra showed presence of
dideuterides as well as monodeuterides. We measured

D abstraction by H atoms on the D-saturated and un-
saturated Si(110) surfaces for various temperatures. HD
and Ds molecules were recognized as abstracted prod-
ucts. The HD molecules were produced either by a di-
rect abstraction (ABS) or by an adsorption-induced des-
orption (AID), while Dy molecules were produced exclu-
sively through the AID path. The ABS was governed by
a second-order rate law in fp. On the other hand, the
AID followed a fourth-order rate law in 0p. Even in the
HD desorption, AID channels were involved because of
coadsorption of D and H adatoms during exposure. We
find that AID is promoted by dideuterides, suggesting
that dideuterides (dihydrides) play an essential role in
AID. Hence, the kinetics of the abstraction reactions on
the Si(110) surfaces looked similar to those on the Si(100)
surface. The measured HD and D5 rate curves were an-
alyzed with rate equations that include a second-order
ABS and three fourth-order AID terms. We measured a
time response of the HD and Dy desorptions under the
surface exposure to a pulsed H beam. We found that the
HD ABS is prompt, but the Dy AID consists of a slow
process as well as a prompt one. Possible kinetic mech-
anisms for ABS and AID on the Si(110) surface were
comparatively discussed with those on the Si(100) sur-
face.
Acknowledgments

The work was financially supported by a Grant-in-
Aid for Specially-promoted Research of the Ministry of
Education, Culture, Sports, Science, and Technology
(MEXT) of Japan (No. 17002011).

[1] D. Kaplan, N. Sol, G. Velasco and P. A. Thomas, Appl.
Phys. Lett. 33(1978)440.

[2] I. Shimizu and J. Non-Cryst. Solids 114(1989)145.

[3] H. Shirai, D. Das, J. Hanna and I. Shimizu, Appl. Phys.
Lett. 59(1991)1096.

[4] H. Shirai, J. Hanna and I. Shimizu, Jpn. J. Appl. Phys.
30(1991)L679.

[5] S. Veprek, Pure. Appl. Chem. 54(1982)1197.

[6] G. Parson and J. J. Boland, J. C. Tsang, Jpn. J. Appl.
Phys. 31(1992)1943.

[7] F. Khanom, A. Aoki, F. Rahman and A. Namiki, Surf.
Sci. 536(2003)191.

[8] K. Sinniah, M. G. Sherman, L. B. Lewis, W. H. Wein-
berg, J. T. Yates and Jr, K. C. Janda, J. Chem. Phys.
92(1990)5700.

[9] D. D. Koleske, S. M. Gates and J. A. Schultz, J. Chem.
Phys. 99(1993)5619.

[10] D. D. Koleske, S.M. Gates and B. Jackson, J. Chem.
Phys. 101(1994)3301.

[11] S. A. Buntin, J.Chem. Phys. 105(1996)2066.

[12] M. C. Flowers, N. B. H. Jonathan, A. Morris and S.
Wright, Surf. Sci. 396(1998)227.

[13] A. Dinger, C. Lutterloh and J. Kuppers, Chem. Phys.
Lett. 311(1999)202.

[14] S. Shimokawa, A. Namiki, T. Ando, Y. Sato and J. Lee,
J. Chem. Phys. 112(2000)356.

[15] F. Khanom, S. Shimokawa, S. Inanaga, A. Namiki, M.
N. Gamo and T. Ando, J. Chem. Phys. 113(2000)3792.

[16] S. A. Buntin, (a): Chem Phys. Lett. 278(1997)71, and
(b): J. Chem. Phys. 108(1998)1601.

[17] E. Hayakawa, F. Khanom, T. Yoshifuku, S. Shimokawa,
A. Namiki and T. Ando, Phys. Rev. B 65(2001)033405.

[18] A. Kubo, Y. Ishii and M. Kitajima, J. Chem. Phys.
117(2002)11336.

[19] F. Rahman, M. Kuroda, T. Kiyonaga, F. Khanom, H.
Tsurumaki, S. Inanaga and A. Namiki, J. Chem. Phys.
121(2004)3221.

[20] S. Inanaga, T. Kiyonaga, F. Rahman, F. Khanom and
A. Namiki, J. Chem. Phys. 124(2006)054715.

[21] S. Inanaga, H. Goto, A. Takeo, F. Rahman, F. Khanom,
H. Tsurumaki and A. Namiki, Surf. Sci. 596(2005)82.

[22] A. R. Khan, A. Takeo, S. Ueno, S. Inanaga, T. Ya-
mauchi, Y. Narita, H. Tsurumaki and A. Namiki, Surf.
Sci. 601(2007)1635.

[23] A. Dinger, C. Lutterloh and J. Kuppers, J. Chem. Phys.
114(2001)5338.

[24] C. Lutterloh, A. Dinger and J. Kuppers, Surf. Sci. 482-
485(2001)233.

[25] Y. Yamamoto, S. Kitamura, M. Iwatsuki, Jpn. J. Appl.
Phys. 31(1992)L635.

[26] Y. Yamamoto, (a): Surf. Sci. 313(1994)155, and (b):
Phys. Rev. B 50(1994)8534.



[27] N. Takeuchi, Surf. Sci. 494(2001)21.

[28] A. A. Stekolnikov, J. Furthmuller and F. Bechstedst,
(a): Phys. Rev. Lett. 93(2004)136104, (b): Phys. Rev.
B70(2004)045305.

[29] T. An, M. Yoshimura, I. Ono and K. Ueda, Phys. Rev.
B 61(2000)3006.

[30] Y. Ohira, M. Yoshimura and K. Ueda, Jpn. J. Appl.
Phys, 46(2007)5652.

[31] M. Shinohara, T. Kuwano, Y. Akama, Y. Kimura, M. Ni-
wano, H.Ishida and R. Hatakeyama, J. Vac. Sci. Technol.
A 21(2003)25.

10

[32] M. Yoshimura, M. Odawara and K. Ueda, Mat. Sci. Eng.
B 91(2002)120.

[33] H. Kim, N. Taylor, T. Spila, G. Glass, S.Y. Park, J.E.
Greene and J. R. Abelson, Surf. Sci. Lett. 380(1997)L496.

[34] Y. Tsukidate and M. Suemitsu, Jpn. J. Appl. Phys.
40(2001)5206.

[35] P. Jacob and Y. J. Chabal, J. Chem. Phys. 95(1991)2897.

[36] G. Lupke, N. H. Tolk and L. C. Feldman, J. Appl. Phys.
93(2003)2317.



