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We report results of our study on the surface-temperature dependence of the steric effect in the
dissociative adsorption of NO on Si�111�-�7� 7�. Data presented here show that, at an incident energy of
58 meV, the reactive sticking probability for the N-end collision is larger than that for the O-end collision.
Furthermore, this steric preference is quite sensitive to the surface temperature and the surface coverage.
This study shows that the transient surface trapping into a shallow precursor well plays a key role in the
stereodynamics of the dissociative adsorption at the low energy region.
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The steric effect, reactant orientation, and alignment, are
of great importance in surface chemistry [1–15]. The ster-
eodynamics of NO on a surface has been a particular target
of several studies using various experimental approaches
[1–7]. In the scattering of NO from the inert Ag(111) [1,4],
the corresponding orientation-dependent interaction poten-
tial accounted for the observed steric effects and the re-
sultant rotational excitation of scattered NO. In the reactive
NO=Pt�111�, the trapping probability is higher for the
N end than for the O end [2]. The sticking probability of
NO on reactive Ni(100) and Pt(100) also demonstrated that
the N end is more reactive than the O end [3,5,7].
Moreover, clear steric effects have been observed in the
gas-phase products for the (NO� CO) reactions on
Pt(100) [6]. In these experiments, little attention was given
to the surface products. However, it should be noted that an
elucidation of the molecular-orientation effects in the re-
action products on the surface is necessary, in order to
completely understand the surface reactions, especially
when we go on and try to apply the concepts obtained
for material fabrications and other practical purposes.

The total flux of the incident NO is divided into the
fluxes of the scattered and reacted NO. Furthermore, the
flux of the reacted NO is divided into the fluxes of the gas-
phase products and surface products. Therefore, we expect
that the molecular-orientation dependence found in the
scattered NO need not be reversed in the surface products.
Thus, we perform the direct observation of the surface
products created by the oriented NO beam.

In this Letter, we present direct evidence of steric effects
in the dissociative adsorption of NO on Si(111), the first
step in silicon-oxinitride-film formation, by monitoring the
reaction-induced products on the surface with x-ray pho-
toemission spectroscopy (XPS). The yield of the dissoci-
ated N and O atoms is larger for the N-end collision at
Ts � 330 and 400 K than for the O-end collision, whereas
the orientation effect becomes much smaller at Ts �
600 K. The observed steric effects also depend on the
surface coverage of O and N atoms. On the basis of these

data, we suggest that the observed steric effects can be
attributed to the stereodynamics in the transient trapping
into a weakly bound precursor state.

The experiments were performed with an oriented-mo-
lecular-beam apparatus newly designed for XPS measure-
ments and adapted for the orientation of NO [16]. A clean
Si�111�-�7� 7� surface (n-type, 1 � cm) was prepared by
Ar� sputtering and annealing at 1200 K. The pulsed NO
beam (the nozzle operation: 10 Hz, 0.2 ms FWHM) was
state selected in the rotational state of jJ;�;Mi �
j0:5; 0:5; 0:5i by means of an electrostatic hexapole field
[17]. The NO translational energy (Ei) can be varied from
28–240 meV for NO seeded in Kr, Ar, He, and their
mixtures. The orientation of NO was constructed by a
homogeneous orientation electric field (�10 kV cm�1

[17]) in front of the surface. The total dose of NO was
controlled with a shutter inserted in the molecular-beam
axis. After dosing the molecular beams (without a beam
stop) in the surface normal, we measured the XPS spectra
of N-1s (397.1 eV) and O-1s (531.6 eV). The fractional
coverage of dissociated O atoms (�O) was estimated from
the integrated area of O-1s spectra and calibrated with the
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FIG. 1 (color online). (Left figure) Initial reactive sticking
probability S0 as a function of Ei for the randomly oriented
NO incidence at Ts � 400 K. The full and dashed line represents
the Baule-type and the HC models, respectively. (Right figure)
Schematic interaction potential.
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saturation �O of �0:6 ML at 400 K [18]. The coverage of
dissociated N atoms (�N) was estimated from the relative
peak intensity of N-1s to that of O-1s taking the ratio of x-
ray transition probability, N-1s=O-1s � 0:6 [19], and the
analyzer transmission function into consideration.

Figure 1 shows the reactive sticking probability (S)
obtained from the XPS-determined uptake curves of
�total�t� � �O�t� � �N�t� for the random-orientation beams
with Ei � 28, 58, 78, and 240 meV at Ts � 400 K. Here,
S�t � 0� � S0 � limt!0

�N�t���O�t�
2Ft is approximated with

the initial slope of the uptake curve [�total�t� � 0:2 ML],
where F and t is the flux of the beam and the exposure time,
respectively. �N=�O is �1 at Ts � 400 K independent of
Ei. S0 decreases with increasing Ei. This S0 vs Ei can be
reproduced by the Baule-type model [20] with the critical
energy Ec � 72 meV and the hard-cube (HC) model [21]
in Fig. 1. In the HC model, a NO interacts with�10 Si for a
130 meV physisorption well [22]. As a result, the
precursor-mediated reaction via molecular physisorption
and/or chemisorption well (see Fig. 1) should be consid-
ered in this low energy region. We set the kinetic energy of
NO beam to 58 meV because of the reasonably high beam
stability and sticking probability. At 58 meV, good focus-
ing condition can be attained at the hexapole voltage of
	4:6 kV [16]. The Legendre moment �Pn 
 hPn�cos��i of
the orientation distribution function for the j0:5; 0:5; 0:5i
state at 58 meV is as follows, taking the state purity into
consideration: �P0 � 1, �P1 � 0:303, and �P2 � 0, and the
other higher-order terms are negligibly small. Here, � is
the angle between the orientation field and the axis of NO

defined to point from O towards N, opposite to the perma-
nent dipole moment [23]. �P1 corresponds to the average
orientation.

Figure 2(a) shows the evolution of �total and �O as a
function of exposure time (t) for the incidence of the
58 meV random-orientation NOj0:5; 0:5; 0:5i beam at
Ts � 330, 400, and 600 K. The Ts dependence of the
uptake curve, i.e., the Ts dependence of S, also suggests
that the precursor-mediated mechanism is dominant at
58 meV. No desorption of dissociatively adsorbed N and
O atoms occurs at Ts � 600 K [18,24]. It is interesting that
�N=�O is �1 at 330 and 400 K and it increase to �1:2 at
600 K, as shown in Fig. 2(b). Similar Ts dependence of
�N=�O was observed in the NO exposure by backfilling
[25–27]. At Ts � 600 K, the steric effect becomes much
smaller, while �N=�O increases (vide infra, Figs. 3 and 4).
Moreover, �N=�O does not depend on the molecular ori-
entation. Thus, the initial molecular orientation of an in-
coming NO does not contribute to increase of �N=�O. The

total

FIG. 2 (color online). (a) Uptake curves of �total � �O � �N

and �O as a function of exposure time (t) for the incidence of
58 meV randomly oriented NO at Ts � 330 (triangles), 400
(circles), and 600 K (squares). (b) �N=�O ratio, estimated from
(a), as a function of t.

FIG. 3 (color online). Orientation dependence of the O-1s
(upper) and N-1s (lower) XPS spectra for the 6 (left) and 8.5
(right) min exposures of 58 meVoriented NO beams at Ts � 400
(left) and 600 (right) K. The N-end and O-end collisions are
indicated by squares and triangles, respectively. Spectra corre-
spond to �total � �0:41 and �0:30 ML at Ts � 400 and 600 K,
respectively.
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anisotropy may come from the direct reactions between
stabilized NO precursors formed on the adatom and the
nearest rest atom [26,27]. This is just our speculation, and
will be confirmed in future studies.

Figure 3 shows the orientation dependence of the
O-1s and N-1s XPS spectra, measured after the 6 (left,
�total � �0:41 ML) and 8.5 (right, �total � �0:30 ML)
min exposures of the 58-meV oriented NOj0:5; 0:5; 0:5i
beam at Ts � 400 and 600 K, respectively. The beam
flux was kept constant at 1:20� 1012 cm�2 � s�1 (1:54�
10�3 ML s�1) within 	0:5% during all measurements of
steric effects. The stability of the beam flux was checked
by measuring/determining the beam profile before and
after each beam exposure. It is clear that an N-end collision
is more reactive than an O-end collision.

Figure 4(a) shows the total coverage �total dependence
of the stereo-asymmetry R. Here, we define R as follows:
R � IN�IO

0:5�IN�IO�
, where IN;O corresponds to the integrated

intensity of O-1s XPS intensity at the same exposure of
the N-end and O-end beams, respectively. Thus, Ii�t0� �
F
Rt0

0 Si�t�dt, where Si�t�, i � N or O, is the reactive stick-
ing probability for the N- or O-end collision, respectively.
In Fig. 4(a), we plot R as a function of �total obtained at the
same exposure of the random-orientation NO. We can
easily observe the following: (1) R is positive and thus, it
is more reactive for the N-end than the O-end collisions.
(2) R depends on Ts. R becomes smaller at Ts � 600 K
(see also Fig. 3), while �N=�O, revealing no steric effects,

becomes larger at Ts � 600 K. (3) R at Ts � 400 K is
larger than at the other Ts compared at lower �total. The
results (1)–(3) are also supported by the N-1s
measurements.

Figure 4(b) shows the orientation dependence of reactive
sticking probability Sav;i averaged with respect to �total,
where i � N or O denotes the N- or O-end incidence,
respectively. Sav;i is defined as Sav;i �

�total;i�t2���total;i�t1�
2F�t2�t1�

, t2 >

t1. We plot Sav;i at �Av �
�total�t1���total�t2�

2 for the dose of
random-orientation NO beam. Molecular-orientation ef-
fects appear for �total < 0:25 ML at Ts � 330 and 400 K.
This is the origin of the positive R in Fig. 4(a). For �total �
0:25 ML, molecular-orientation effect in Sav becomes
smaller.

The strong Ts dependence of the uptake curves in
Fig. 2(a) suggests that the precursor-mediated reaction is
a dominant process in NO dissociative adsorption on
Si(111). The smaller R at 600 K suggests little contribution
of the direct dissociative adsorption to the steric effect. In
the precursor-meditated reaction [28], two kinds of pre-
cursor potentials to the dissociative adsorption can be
considered. One is a physisorption well with typical depth
of �130 meV [22], and the other, a molecular chemisorp-
tion well. The ‘‘atop’’ state (Si-N bonding), with a binding
energy of 0.6–0.8 eV (estimated residence time 10�9 s at
400 K), is the most possible molecularly chemisorbed state
into the dissociation [29]. If only trapping into the physi-
sorption well contributes to the observed steric effect, we
would expect a negative R due to the rotational excitation
of NO [4]. In the case of the present study, the positive R
suggests additional contribution coming from the chemi-
sorption well. On the other hand, a strong attractive poten-
tial of chemisorption well with 0.6–0.8 eV, compared to
the translational energy of 58 meV, would adiabatically
reorient the NO molecule to a favorable configuration
during its approach to the surface [30]. It is expected this
will smear out the orientation effects. However, it should
be noted that Lahaye et al. used a more realistic potential
and demonstrated that strong reorientation does not always
occur due to the orientation-dependent competition be-
tween the repulsive collision and the rotational torque,
leading to some steric effects even for deep potential wells
[31]. The nonadiabatic charge transfer from Si to NO [32]
may also smear out orientation effects.

We believe that the moderate orientation-dependent
depth of the molecularly chemisorption potential contrib-
utes mainly to the steric effect. The effective chemisorption
well depth depends on where and how NO approaches at
the first encounter. As the distance from the reactive site
increases and the approaching geometry strays out of the
stable tilted geometry [33], the potential well depth may be
shallow enough as to reduce the reorientation effect on the
first bounce. However, the steric dependence of the inter-
action potential still remains. The interaction is more at-
tractive for the N-end approach [33]. Thus, we expect that

FIG. 4 (color online). (a) Stereo-asymmetry R as a function of
�total at Ts � 330 (triangles), 400 (circles), and 600 K (squares).
�total for the exposure of the random-orientation NO is used for
the plot of R. (b) Average reactive sticking probability Sav;i as a
function of the averaged coverage at Ts � 330 (triangles), 400
(circles), and 600 K (squares). Sav;i is plotted at �Av �
�total�t1���total�t2�

2 obtained for the dose of random-orientation NO
beam. The N-end or O-end collisions are indicated as full and
open marks, respectively.
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larger energy dissipation for the N-end approach, via
transient excitations of phonons and/or electron-hole pairs
in the shallow well [5,7]. Therefore, the trapping proba-
bility of NO is larger for the N-end collision and reveals
the Ts dependence as a result of desorption, via excitation
of surface phonons, before being trapped into further
deeper chemisorption well. This orientation dependence
causes the observed steric asymmetry of S at Ts � 330 and
400 K.

Elevating Ts to 600 K enhances the probability of de-
sorption from transient weakly bound states via phonons,
while the dissociative adsorption via the strong attractive
interaction remains, the direct or strongly bound-state me-
diated dissociations. Both smear out the steric effects at the
low energy due to the steering effect [30]. Thus, the
orientation effects become smaller at high Ts � 600 K
(see also Fig. 3). Steric effects depending strongly on Ts
and Ei appeared on the trapping into the transient precursor
state in CH3Cl=Si�100� [15]. The largest R at Ts � 400 K
in Fig. 4(b), despite monotonic decrease of S with increas-
ing Ts, suggests a similar strong dependence of steric effect
on Ts.

As shown in Fig. 4(b), the steric effect decreases with
increasing �total. Thus, the observed steric effect appears
via an intrinsic precursor well, i.e., direct interaction with
the substrate. The repulsive interaction of incident NO with
the preadsorbed N and O atoms reduces the interaction
length and the strength of attractive interaction in the
precursor well. As a result, the anisotropy of NO becomes
smaller at high coverage.

In summary, we found the steric effects in NO=Si�111�
by monitoring the oriented-beam induced products on the
surface with XPS. The orientation-dependent trapping of
NO into the shallow precursor well can explain the ob-
served steric effect. The technique combining the oriented
molecular beam and XPS will be a powerful tool for the
study of the stereodynamics in the various chemical reac-
tions on complex systems.
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