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Rb adsorption on the Si(001)2 X 1 surface: An x-ray-standing-waves study
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The Rb adsorption site distribution on the Si(001)2X 1 surface and the alkali-metal Si bond length
have been determined for low (0.1940.02 ML) alkali-metal coverages using the x-ray-standing-wave
fields generated by (004), (113), and (022) bulk-diffracting planes. Rb atoms have been found to adsorb
preferentially at valley (V) sites and on top of the higher of the Si asymmetric dimers (T;). The bond
length was found to be 3.06+0.03 A, a few tenths of an angstrom shorter than the sum of the Rb and Si
covalent radii. The rearrangement of the Si outmost layer has also been discussed.

INTRODUCTION

The structural and electronic properties of alkali-
metal—silicon interfaces have recently attracted a great
deal of interest. In fact, the monovalent character of
alkali-metal atoms and the absence of interdiffusion or
silicide formation make this interface a model system to
study chemisorption, bonding, and surface metalliza-
tion. "2 Despite the research efforts devoted to the under-
standing of these heterostructures, controversial results
have often been reported. Since Levine’s® pioneering
work on the Cs/Si(001) interface, several authors have as-
sumed the alkali metal to reside at the pedestal site>*~’
(see Fig. 1). Conversely, a sharing between a pedestal and
valley adsorption has been deduced by x-ray photoelec-
tron diffraction®® and x-ray standing-wave (XSW) (Ref.
10) experiments at saturation coverage, while adsorption
mainly at cave sites (C) have been proposed by several
theoretical calculations!! ~! and experimentally deduced
for annealed samples.!*!° Scanning tunneling micro-
scope (STM) images also give some contradictory results.
Hasegawa et al.'® reported alkali-metal adsorption on
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FIG. 1. Top view of the Si(001)2 X l-reconstructed surface.
White circle: Si outermost layer. The larger circles correspond
to the first Si layer, the smaller to the second layer. The black
circles refer to adsorption sites: pedestal (P), bridge (B), valley
(¥), cave (C), and top (7).
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the upper atom of the asymmetric dimer pair for very low
coverages (0.02 ML) and formation of linear chains per-
pendicular to dimer rows for 0.05 ML. However, Effner
et al.'® found no adsorbate order till 1 of the saturation
coverage, when small domains, showing a 2X3 recon-
struction, appeared. Concerning the alkali-metal-Si bond
length, values ranging between an ionic type of bonding
and a covalent one have been proposed.'™>!""22 The
purpose of our x-ray standing-wave experiment was to in-
vestigate the Rb/Si(001) interface using as many
reflections as possible, in order to discriminate among
several adsorption models. Low-coverage samples, ob-
tained by depositing the alkali metal onto the substrate
held at room temperature, have been studied. To our
knowledge, this is the first time that XSW experiments
have been performed on as-grown low-coverage
Rb/Si(001) samples, and that such alkali metal interfaces
have been investigated by using three reflections.

EXPERIMENT

The experiment was carried out at the X15A beam line
at the National Synchrotron Light Source at Brookhaven
National Laboratory. Both preparation of the sample
and the x-ray standing-wave experiment were performed
in ultrahigh vacuum (base pressure 5X 10~ !! Torr).?

The Si(001) samples were cleaned with the Shiraki-etch
procedure before insertion into the chamber. By heating
the Si(001) crystal to about 850°C, we obtained sharp
low-energy electron-diffraction (LEED) patterns indicat-
ing a high degree of the 2X 1 surface reconstruction or-
der. The alkali metal was evaporated from a carefully
outgassed SAES dispenser onto the sample which was
held at room temperature. The coverage was determined
by comparing the relative intensities of the x-ray fluores-
cence peaks (Rb Ka with respect to Si Ka) with those
obtained on a standard sample capped with Si and previ-
ously calibrated with Rutherford backscattering. The ac-
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curacy of the measurements is better than 10%. All cov-
erages are given in monolayers (ML), where 1
ML=6.78 X 10'* atoms/cm?, the atomic density of the
Si(001)2X1 cell. The coverage for most of the experi-
ments was 0.19 ML.

X-RAY STANDING-WAVE ANALYSIS

The x-ray standing-wave technique measures the posi-
tions of the overlayer atoms with respect to the substrate
lattice planes, by recording the adsorbate fluorescence in-
tensity Y (6) and the substrate reflectivity R (8), as a
function of the diffraction angle 6. Y (0) is given by

Y(0)<1+R(6)+2V R (O)F cos[v(0)—2mP] , (1)

where v(0) is the phase between the incident and the
diffracted wave fields.?2* The two fitting parameters P
and F, commonly called the coherent position and the
coherent fraction, are related to the position P; and to the
probability f; of the individual sites in the following
way:%

S fisin(2wP;)

tan(27wP)= ———-2 F.008(27P,) ()

and
2

F=fcm { l > fisin(27P;)

231172

n : 3)

> ficos(2wP;)

fcom 18 a factor related to the static and dynamic (thermal
variation) disorder. Its value can range between O and 1:
the higher the disorder, the smaller the value of f..
Though each P; value is strictly related to a peculiar ad-
sorption site, it is also affected by the bond length and by
the atomic structure of the outermost substrate layers.
Therefore, a complete structural description of the inter-
face generally requires XSW measurements along several

noncoplanar diffracting planes.26
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RESULTS AND DISCUSSION

An asymmetrically cut Si(004) monochromator was
employed to study both the (004) and (113) diffracting
planes, while an asymmetrically cut Si(022) monochroma-
tor was used to study the (022) reflection. As the mono-
chromator change procedure generally takes some hours
and the Si—alkali-metal interfaces are reactive even at a
pressure of 5X 10~ !! torr, a low-coverage (0.17 ML) sam-
ple was grown to record the data coming from (022)
reflection. The (004) planes are parallel to the surface,
while the (113) and (022) planes form an angle of 25.14°
and 45°, respectively, with the surface. The crystal
reflectivity and adsorbate fluorescence curves are shown
in Fig. 2(a) for both (004) and (113) reflections and in Fig.
2(b) for the (022) reflection. Table I summarizes the ex-
perimental results.

Our measured coherent fraction F values were never
larger than 0.4. As this was a well-reproducible result, it
clearly suggests that Rb atoms adsorb simultaneously at
different sites.

In order to obtain the alkali-metal adsorption model,
we followed a two-step analysis.

(1) Starting from theory and previous experiments, we
made reasonable assumptions about the interface
geometry and the bond lengths. In this way, we chose all
the parameters and their variability ranges which are
necessary to obtain a description of the adsorption pro-
cess.

(2) For each reflection, we compared the experimental
P and F values with the corresponding ones calculated
for each set of parameters taken into account. Then we
selected only those sets giving, for all the reflections, P
and F values equal, within the errors, to experimental
ones. In this way, we obtained a limited range of possible
structural models of the interface.

STM studies have shown that the atomic structure of
the Si(001)2 X 1-reconstructed surface is a mixture of a
certain amount of buckled dimers, stabilized by defects,
in extensive areas of oscillating dimers whose time-
averaged position is the symmetric one.?”?® In the litera-
ture the commonly considered adsorption sites for
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FIG. 2. X-ray standing-wave Rb measure-
ments, related to the (004) and (113) reflections
[panel (a)] and to the (022) [panel (b)]. The
fluorescence yield and diffracted intensity are
indicated by open and filled squares, respec-
tively. Solid lines are theoretical fits to the ex-
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TABLE 1. Experimental results and best-fit values, as ob-
tained from data analysis described in the test, for the coherent
position P and coherent fraction F related to each (hkl)
reflection.

Best-fit values
(hkl) P F P F

(004) 0.23+0.03 0.36+0.05
(113) 0.57+0.05 0.09+0.05
(022) 0.50+0.05 0.38+0.05

Experimental results

f com

0.2410.02 0.37+0.02 0.69+0.02
0.531+0.01 0.09+0.03 0.58+0.09
0.46+0.01 0.39+0.03 0.86+0.01

Si(001)2X 1 cell are the so-called bridge (B), pedestal (P),
cave (C), valley (V) (see Fig. 1), and top (T'; and T,) (see
Fig. 3), i.e., the site on top of the highest of the two atoms
forming the asymmetric dimer. Concerning the first four
(BPCYV) sites, we assumed that the alkali-metal atoms ad-
sorption at the BPCV sites symmetrize the respective di-
mer, while we supposed that a modification of the buck-
ling angle may occur when the alkali-metal atoms adsorb
on the top site. The hypothesis of a symmetrization of
the silicon atoms induced by the adsorption at one of the
BPCYV sites has often been taken into account by several
authors. As a consequence of the induced symmetriza-
tion of the silicon dimers, it was impossible to know, a
priori, the actual position of the silicon atoms after
alkali-metal adsorption. Therefore, we assumed the
outermost silicon atoms may place at any position be-
tween two extreme arrangements of the silicon surface,
i.e., the symmetric dimer model and the nonreconstruct-
ed surface. Thus we considered the silicon atom coordi-
nates calculated by Payne? in his symmetric dimer model
of the Si(001)2X 1 reconstruction as starting values, and
we indicated as Az the distance, in the [001] direction, be-
tween the actual position of the silicon atoms and the po-
sition calculated by Payne [see Fig. 4(a)]. Az was there-
fore assumed to range from 0.00 to 0.43 A. Positive
values refer to a displacement in the outward direction.

>
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FIG. 3. Side views of the silicon surface, where the T, and
T, adsorption sites for a Si(001) (1X2) domain are indicated.
The (113) planes and the T; and T, different distances with
respect to them are shown.
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FIG. 4. (a) Side view of the symmetric dimers according to
Payne’s calculations (Ref. 29). The Az and d parameters
represent the allowed displacements, upon Rb adsorption, of the
silicon dimer atoms out of plane and in plane, respectively. (b)
Side view of the asymmetric dimers according to Northup’s
model (Ref. 30). Az; and Ady represent the allowed displace-
ments, due to alkali-metal adsorption, of the highest of the two
atoms forming the asymmetric dimer.

In order to account for in-plane rearrangement, we
named d the relative distance along the [110] direction
between the two atoms forming the dimer, and we let this
distance vary from 2.23 (d value calculated by Payne?®)
and 3.84 A (proper distance between two bulk silicon
atoms).

Concerning the adsorption at the top site, we con-
sidered only the position of the Si atom bound to the al-
kali metal, i.e., the highest of the two atoms forming the
asymmetric dimer. In this case, we started from the
Northup’s®® model which gives the coordinates of the Si
atoms forming the asymmetric dimer. Thus we indicated
as Azy and Ad; the difference between the actual
silicon-atom position and the one calculated by Northrup
along the [001] and [110] directions respectively. In our
analysis we allowed Az, to vary from —O0.15 to 0.15 A,
and Ady to range from —0.30 to 0.05 A [see Fig. 4(b)].
The positive sign of Az is referred to as a displacement
in the outward direction, while the positive sign of Ady is
referred to as a displacement toward the other Si atom
forming the asymmetric dimer.

Concerning the nature of the alkali-metal-Si bond,
different theoretical studies point at ionic as well as co-
valent types of bonding. Surface-extended x-ray-
adsorption fine-structure experiments, carried out on
full-coverage K/Si(001) and Na/Si(001) interfaces, indi-
cated bond lengths approximately equal to the sum of the
covalent radii of the alkali metal and silicon. To our
knowledge no direct measurements are, up to now, avail-
able for Rb atoms.

Therefore, we allowed the bond length (BL) between
the alkali metal and the silicon atom to range from 2.65
to 3.60 A, thus accounting for all intermediate values be-
tween an ionic type of bonding and a covalent type.

At this point, we had to determine the distribution of
Rb atoms among the six sites (BPCV, Ty, and T,) taken
into consideration and the values of the parameters Az, d,
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Azp, Ady, and BL. Each set of values of these parame-
ters and each adsorption site give different distances of
the Rb atoms with respect to the diffraction planes (004),
(022), and (113). As an example, in Table II we report the
Rb positions with respect to the above-mentioned planes
calculated for the six sites and for the following values of
the parameters: Az=0 A,d=2234, Azy= A, Ad;=0
A, and BL=3.40 A. This situation corresponds to the
silicon-atom coordinates calculated by Payne® for the
symmetric dimer model and by Northup*® for the asym-
metric dimer ones, and to a covalent type of bonding. In
Table II the (a) and (b) superscripts indicate the two pos-
sible domains (2X1) and (1X2) allowed in the
Si(001)2X 1 reconstruction. As our Si samples were cut
with the surface parallel to the (001) planes within a few
minutes of arc, we expect an equiprobable presence of
2X1 and 1X2 silicon surface domains. This expectation
was confirmed by LEED patterns which gave equintensi-
ty spots for the two domains. It is interesting to note
that, for the two domains, the distances with respect to
(113) diffracting planes of the Rb atoms adsorbed at
bridge and valley sites differ 0.5 times the interplanar dis-
tance. As a consequence, simultaneous adsorption on
these sites gives rise to a very low coherent fraction.

In order to come to a determination of the site distri-
bution and of the values of the parameters defined above,
we carried out our analysis through a very simple algo-
rithm made up of 12 nested loops: six for the sites occu-
pancy, five for the parameters, and one for the f ., value
[see Eq. (3)]. The occupancy at each site was let to vary
from O to 1, with steps of 0.1. The range of the allowable
values for each parameter has been reported above, while
the value of the step was in all cases 0.01 A. Concerning
the f.,, value, we made the following considerations:
both the (004) and the (022) reflections gave a resulting
coherent fraction of the order of 0.4. Therefore, we as-
sumed that this was the minimum value that could be at-
tributed to f,,, which represents the combined effect of
the static and dynamic disorder. We interpreted the very
low value assumed by the coherent fraction for the (113)
reflection as due mainly to the simultaneous presence of
the two kinds of domains [(2X 1) and (1X2)]. In fact, as
can be seen in Table II, Rb atoms adsorbed on bridge and
valley sites experience, for the two domains, two posi-
tions which are completely out of phase with respect to

TABLE II. Expected Rb positions (in units of interplanar
spacing) calculated according to Payne’s (Ref. 29) symmetric di-
mer coordinates for bridge, pedestal, cave, and valley sites and
to Northup’s (Ref. 30) values for top sites. The Rb-Si bond
length was assumed to be the sum of covalent radii. Super-
scripts (a) and (b) discriminate between the P; calculated values
for the two (2 X 1) domains.

B P C 14 T, T,
Pyos 0.609 0.137 0.809 0.839 0976 0.976
P 0207 0353 0107 0.920 0482  0.482
P, 0707 0353 0.107 0420 0.640 0.324
Py, 0555 0319 0.155  0.197 0.580  0.896
Py, 0555 0319  0.155 0.197 0.896  0.580

CASTRUCCI, LAGOMARSINO, SCARINCI, AND FRANKLIN 51

one another. Thus we let f ., vary between 0.4 and 1,
with a step of 0.1. By using this procedure, we examined
a very large number of different combinations. For each
combination of site distribution and parameters values,
we calculated the resulting coherent fraction F and
coherent position P for the three reflections considered,
and compared them with the corresponding experimental
values. Only those combinations giving agreement,
within errors, with experiment have been selected. In
this way a limited number (a few tens) of combinations
compatible with experimental results were obtained.
More importantly, all these combinations are very similar
to one another, yielding values reported in Table III. The
spread of parameter values of these combinations gives
rise to the quoted error bars. In Table I, together with
the experimental results, we report the resulting P, F, and
fcom Vvalues for the three reflections. The small error bar
comes from using three reflections; in fact, with only two
reflections the number of possible solutions increases
enormously, with significant differences in parameter
values.

From our analysis we found a multisite occupancy,
where about 60% of coherent Rb atoms adsorb at valley
site, 20% at T,, 10% at pedestal, and 10% at bridge
sites. Moreover, we obtained a bond length of 3.06
A+0.03 A, which suggests a partly ionic interaction. A
significant rearrangement of the silicon surface due to the
Rb presence is also evident. In fact, the symmetric dimer
atoms break their bonding and appear approximately in
Si(001)1 X1 sites. Moreover, the Rb adsorption at T,
sites induces a displacement of the upper Si atom of the
asymmetric dimer pair which could be related to an in-
creasing of the dimer angle. Figure 5 shows schematical-
ly the kind of surface rearrangement we found.

Our conclusions, suggesting the valley as the most
favorable site for about 0.20-ML Rb coverage obtained
by room-temperature growth, does not exclude the possi-
bility of a pedestal-valley configuration for saturation
coverage samples, ® 10 due to the fact that full occupation
of valley sites constitutes only 50% of the saturation cov-
erage. Conversely, our results are in contrast with most
of the theoretical calculations made for K or Na adsorp-
tion!! 713 and with XSW and Auger-electron diffraction
(AED) results for annealed samples,*!° which indicate

a) b)
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FIG. 5. Side view of the position modification of symmetric
(a) and asymmetric (b) Si dimers upon rubidium adsorption. In
both (a) and (b) black circles represent the actual Si positions as
results from our analysis; open circles are the Si position ac-
cording to Payne’s (a) and Northup’s (b) model.
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TABLE III. Bond length BL, displacements Az, d, Azy, and
Adr, and adsorption site distributions are obtained by compar-
ing experimental and calculated P and F.

Site distribution Surface rearrangement

Pedestal 0.10+0.05 BL 3.06+0.03 {x
Bridge 0.10+0.05 Az 0.03+0.03 A
Cave 0.00£0.05 d 3.80+0.04 A
Valley 0.60+0.05 Az 0.13+0.03 A
Top T, 0.20+0.05 Adr —0.10+0.05 A
Top T, 0.00+0.05

the cave as the most stable site. However, it must be con-
sidered that the energy difference between valley and cave
configurations is generally expected to be very small,!!
and that Rb atoms are larger than K or Na ones; there-
fore a different behavior with respect to them is not
surprising. On the other side, it is not possible to make a
direct comparison with the annealed samples because the
thermal treatment, giving energy to the system, can in-
duce significant changes to the site distribution. Con-
cerning the top site adsorption, it could be associated
with the presence of defects on the silicon surface, which
generally prevent the dimer atoms from oscillating, thus
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producing the dimer asymmetry.

It must be noted that the different heights of alkali-
metal atoms at the valley and top sites with respect to sil-
icon atoms, together with the changes in the substrate
outermost atom positions, allow us to draw a picture of
the surface which appears to be in very good agreement
with Effner et al.’s Si(001)/K STM images for approxi-
mately the same coverage on as-grown samples. 16

In summary, x-ray standing-wave experiments have
been performed for low-coverage Si(001)2X 1/Rb inter-
faces by investigating the (004), (113), and (022) reflecting
planes. The measurements suggest the valley position as
the preferential adsorption site, with a small occupation
at the T'; site. Furthermore, we found a partly ionic type
of bonding and a rearrangement of the Si outmost layer.
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