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Parallel Adatom Chains on Si(111): A Chemisorption-Induced Surface Reconstruction
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Using surface x-ray scattering, we have studied a (3 X 1) Si(111) reconstruction induced by

chemisorption of CaF,.

This reconstruction consists of a parallel array of zigzag Si adatom chains

oriented along (110). The orbitals on the Si chain atoms rehybridize into p, and p, along the surface
to form o bonds, and parallel sp, orbitals perpendicular to the surface to give additional # bonding.
This basic structure, with no dangling bonds at only % monolayer adsorbate coverage, may explain the
occurrence of (3 X 1) reconstructions among a diverse range of Si-adsorbate systems.

PACS numbers: 68.35.Bs

There are three known large scale Si(111) surface re-
constructions, the (2 X 1) 7r-bonded chain structure native
to cleaved surfaces [1], the commonly observed (7 X 7)
dimer-adatom-stacking-fault (DAS) structure [2], and a
metastable (+/3 X +/3)-R30° structure [3]. Recent work
has shown that reconstructions with a (3 X 1) symmetry
can also be generated on Si(111) by a variety of adsor-
bates, such as CaF,, Ag, and the alkali metals [4—10]. In
contrast to the clean surfaces, the precise atomic struc-
tures of the adsorbate-induced (3 X 1) phase is unknown
and the subject of considerable debate [7,9,10]. Although
a full structural solution was not available, low energy
electron diffraction (LEED) measurements reveal strik-
ingly similar intensity-voltage (I-V) curves for the (3 X 1)
phases induced on Si(111) by Li, Na, K, Cs, and Ag,
adsorbates with widely differing atomic sizes [6]. This
strongly suggests that the observed (3 X 1) phase is pre-
dominately a Si reconstruction common to the different
adsorbates.

In this Letter, we determine the atomic structure of a
chemisorption-induced, large scale (3 X 1) Si reconstruc-
tion using in situ x-ray scattering. CaF, is an ionic insu-
lator with an fcc-type structure and lattice constant similar
to Si, and has been observed to form a series of ordered re-
constructions on Si(111)-7 X 7 with increasing submono-
layer coverages [5]. The first of these is a (3 X 1) phase,
which forms at coverages from as low as ~% monolayer
(ML), to as high as ~3 ML [11,12]. We find that the
CaF,/Si(111)-(3 X 1) reconstruction is primarily a Si re-
construction, with a parallel array of zigzag Si adatom
chains oriented along (110). The basic structural unit, the
adatom chain, forms a five-member ring in (110) projec-
tion. The domain size of the (3 X 1) phase is comparable
to that of the original Si(111)-(7 X 7) reconstruction on our
samples. Moreover, this surface structure, with no dan-
gling bonds at only % monolayer adsorbate coverage, may
explain the occurrence of (3 X 1) reconstructions among a
diverse range of Si-adsorbate systems.

The experiment was performed at beam line X-16A of
the National Synchrotron Light Source (NSLS), with an

ultrahigh vacuum (UHV) system coupled to a five-circle
diffractometer [13]. Dipole magnet radiation was focused
to a beam size of ~1.0 mm X 1.5 mm at the sample, and
monochromatized to a wavelength of 1.37 A. For the in-
plane measurements, the incident angle of the x-ray beam
to the sample surface was equal to the exit angle, B =
0.7°, which is well above the Si critical angle. Scattered
x rays were collected using a position-sensitive detector
held at a constant angle relative to the sample surface, and
binned to give an angular resolution of ~0.35° along the
sample surface normal.

The Si(111) sample used in this experiment (measured
miscut of ~0.2°) was cleaned using the Shiraki method
[14], and loaded into the vacuum chamber. After be-
ing thoroughly outgassed, the Si sample was heated to
1000 °C in order to remove the protective oxide (the
sample temperature was monitored using an optical py-
rometer); the (7 X 7) reconstruction of clean Si(111) was
obtained upon subsequent cooling. X-ray measurements
of representative (7 X 7) superstructure reflections were
consistent with previous results [15]. CaF, was evapo-
rated from a Knudsen cell, and deposited onto the Si
sample at 700 °C. During deposition, the chamber pres-
sure increased from the base value of ~1 X 10710 torr to
the 107 torr range. Apart from the initial growth calibra-
tion experiments, all survey scans were done with x rays
rather than with LEED, in order to avoid electron beam
damage. Although a (3 X 1) reconstruction could be ob-
served using x rays immediately after deposition, the mea-
sured third-order peak intensities became stronger, and the
peak widths narrower, after a 2 min anneal at 775 °C. The
average correlation length obtained from the full width at
half maximum (FWHM) of superstructure reflections was
~3000 A, comparable to that of the Si (7 X 7) reconstruc-
tion on our samples.

Integrated intensities for each reflection are obtained
by fitting Lorentzian line shapes with flat backgrounds to
rocking scans about the surface normal. By applying the
standard corrections for polarization, Lorentz factor, and
variation of active sample area, the absolute square of the
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structure factors is obtained. Periodic remeasurements of
a (3 X 1) reflection during the data collection period of
~24 h revealed no noticeable sample degradation. A total
of 88 superstructure reflections were collected from two of
the three rotational domains of the (3 X 1) reconstruction
[16]. The resulting data set is symmetry averaged,
leading to a final data set of 13 irreducible structure
factors, Fuk, indexed using hexagonal surface diffraction
notation: a; = (1/2)[10T]cubi<:7 a = (1/2)[T10]cubica a3 =
[111]cuvic. The count rate for the strongest superstructure
reflection was ~200 counts/sec. In order to give more
weight to the stronger reflections, we have used an
ad hoc estimate of the error o, = sp;, + s/10, where s
is the intensity of the measured reflection, and s, is the
intensity of the weakest reflection [17]. This corresponds
to an average error of ~10% in the amplitudes, smaller
for the strong reflections, larger for the weak.

The model-independent, 2D Patterson pair-correlation
function is calculated from the observed structure factors
according to

P(x,y) = Zthk|2COSZ7T(hx + ky).
hk

There are three irreducible nonorigin peaks within the
(3 X 1) supercell [Fig. 1(a)]. Vectors from the origin
to these peaks correspond to interatomic vectors in
the surface structure. Based on this Patterson function,
no model consisting of Ca and/or F atoms alone can
reproduce the data. With the inclusion of two additional
Si atoms, rough agreement between the calculated and
observed structure factors can be achieved, if the Ca, F,
and Si atoms are arranged as in the single fluorine model
[see Fig. 2(a)]. However, attempts to refine this model
by using a least-squares fitting routine, and allowing
the atoms to relax along the mirror plane directions,
failed to fully reproduce the data. The fits are quantified
with the reduced y? coefficient [18], and the best fits
using the single fluorine model give y?> ~ 6. A map of
the difference in electron density between the calculated
experimental and calculated models, Ap(x,y), can be
made by assuming that the model generated by the
Patterson function is close enough to the real structure
so that the calculated phases of Fjy, afd! are close to the
experimental phases [19]:

Ap(x,y) = D (F’| — IF2 ) cos[2am(hx + ky) — ass'].
h.k

The difference map reveals two distinct peaks [Fig. 1(b)],
which indicate the places where the singe fluorine model
is deficient in electron density relative to the data. The
larger feature is located near a position assigned to a
F atom. Two possibilities exist: Either the atom at the
position in question has a larger atomic number than that
of a F atom, or an additional F atom exists in the structure,
at a position that was obscured by the additional inversion
symmetry introduced by the Patterson function (see the
double fluorine model of Fig. 2). Substitution of Si or
Ca atoms for the F atom in the single fluorine model
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FIG. 1. (a) The Patterson function: The (3 X 1) supercells
are delineated by solid lines. The three irreducible peaks are
marked with arrows. The distance dj;0; equals 3.84 A (b
The Fourier difference map calculated using the single fluorine
model: a, and a, are defined using standard hexagonal notation.

increases y>. Addition of a second F atom, however,
dramatically improves the fits. The final model, refined
using four relative atomic positions, a Debye-Waller
factor, and a scale factor, gives x? = 1.34. A difference
map calculated using the new model yields only noise. A
comparison between measured and calculated F is given
in Fig. 3, and shows the excellent agreement.

It is unlikely that the Si chain atoms are registered at
threefold sites, such as H; and T4, since large bond length
distortions are necessary for chain formation. Si atoms on
atop sites, however, only need to change the bond angle

FIG. 2. (a) Top view of the double fluorine model: the single
fluorine model is obtained by removal of the double-hatched F
atoms. The Si-Si distance on the chains is 2.67 = 0.09 A. The
average Ca-F distance is 2.47 = 0.10 A (natural bond length:
237 A). The fitted value of the Debye-Waller parameter
for the adsorbed Ca and F atoms is 0.75 A2 (b) (110)
projection of the final model: The fit parameters from the ‘il
0 ) rod are as follows: ds, = 2.0 = 0.1 A, de, = 3.0 = 0.1 A,
de = 3.1 = 0.1 A. Schematic sp. orbitals are also depicted.
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FIG. 3. The measured and calculated (3 X 1) structure factors
Fp. are represented by pairs of semicircular sectors. The
radii are proportional to the amplitudes; the areas to the
intensities. The larger filled circles represent in-plane bulk
Bragg reflections and the smaller ones represent the crystal
truncation rods. The mirror plane in this domain is coincident
with the & axis.

for such coupling [Fig. 2(a)], which is more energetically
favorable. Crystal truncation rods are sensitive to the
interference between scattering contributions from the
bulk and the reconstructed layer, and hence contain
information on registry. The measured intensity for the (1
0 /) truncation rod (Fig. 4) confirms the atop assignment
(x? = 1.26). The fit to the rod is refined on four atomic
z coordinates (two for Si, one for Ca, and one for F),
a “Debye-Waller” roughness parameter, and an overall
scale factor (see Fig. 4). The fit parameters indicates
that the Si chain atoms are arranged symmetrically, at
a height of 2.0 = 0.1 A above the first layer substrate
atoms; this implies that the charge transfer between chain
atoms is small and may explain why such chain atoms
are not readily seen in soft x-ray photoemission [12].
The intensity profiles of the fractional-order rods are
sensitive to the thickness of the reconstructed supercell.
We measured several of these rods, all of which are
essentially flat. The absence of intensity modulations
confirms the two-dimensional nature of the reconstruction.

The measured Ca-Si vertical separation from the (1
00 rod is 3.0 = 0.1 A, which is consistent with Ca
atop registry, since Ca-Si bond lengths in CaSi, are
3.03-3.25 A [20]. Medium energy ion scattering studies
have indicated that at a (1 X 1) coverage, the interface
Ca atoms are undercoordinated (CaF) and occupy T4
sites [21]. We have measured the (1 O /) rod from a
sample with a (1 X 1) coverage, and confirmed the above
arrangement, with interface Ca atoms at 7, sites, bonded
to a single fluorine each, resulting in CaF instead of
CaF,. This implies that the overcoordinated Ca atop sites
observed on the (3 X 1) phase are metastable, and may be
related to incomplete F dissociation.

Other structural models for the (3 X 1) phase have also
been considered. Removal of all the F atoms from the
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FIG. 4. The measured intensity profile of the (1 O /) truncation
rod, showing the data and the results of least-squares fits using
atop, Ty, and H; registries for the origin of the reconstructed
supercell, defined at the position occupied by the Ca atom.

model resulted in poor fits to the in-plane data, with
x2 ~ 10. Permutations of the Si, Ca, and F atoms at
the positions given by the Patterson function also gave
poor fits, with ,\/2 ~ 20. Replacement of the Si atoms
on the chain with F or Ca atoms yielded poor agreement
as well (y? ~5). This is expected, as no F-induced
Si 2p shift was observed with soft x-ray photoemission
[22], and there is no plausible mechanism for negatively
charged F ions to couple attractively into chains. The
measured interatomic distance on the chain is smaller
than reasonable Ca-Ca separations (~3.5—3.8 A [23]) by
more than 50%. The fact that the Patterson function has
only three irreducible peaks argues against more complex
(3 X 1) arrangements, such as the missing row model [6].

The bonding character of the Si atoms along the chains
requires careful consideration. A similar scheme with
coupled Si chains in sp, + p, hybridization was origi-
nally proposed for the (2 X 1) cleaved surface [24]. The
w-bonding scheme proposed for such chains, however, re-
quires large bond angle strains and results in small orbital
overlap, as the constituent 7-bonding orbitals point away
from one another. The measured Si-Si distance on the
chains is 2.67 * 0.09 A, which is larger than sp; (2.35 A)
or sp, (2.2 A) bond lengths. This suggests that the o
bonds along the chains have more p character. If the
chain atoms rehybridize from bulklike sp; into p, and
py along the surface, and parallel sp, orbitals perpendicu-
lar to the surface, then additional 7 bonding can occur
without the need for large bond angle strains, since the
constituent orbitals are now parallel as well as more spa-
tially extended [see Fig. 2(b)]. This has two interesting
consequences: (1) The p, and p, orbitals have charge
density minima at the Si atom itself; this can be a poten-
tial source of ambiguity in the interpretation of scanning
tunneling microscopy (STM) images. (2) This chain ar-
rangement results in a surface with no dangling bonds at
only % monolayer adsorbate coverage, and suggests the
possibility of resonating 7 bonds and resultant electron
delocalization along the chains. Moreover, such quasi-1D
chains may be susceptible to a Peierls instability [10,25],
a periodic distortion that opens an energy gap at the Fermi
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level. This may form the basis of an explanation for the
existence of higher order reconstructions like the (3 X 2),
observed with STM [16], as well as the nonmetallic dis-
persion of the Ca/Si(111) interface state measured in pho-
toemission [12]. A photoemission measurement of the
dispersion along the chain (T J-type) directions would
elucidate the electronic structure of this reconstruction, al-
though the multidomain structure of the (3 X 1) would
complicate analysis.

The parallel adatom chain model for the (3 X 1)
reconstruction suggests a possible explanation for the
large (3 X 1) domain sizes, and the large CaF, diffusion
lengths on this composite surface. CaF, deposited at
400°C forms small (<1000 A) islands that punctuate
large regions of the (7 X 7) reconstruction. We have
found that by annealing these islands at 700 °C, it is
possible to form large domains of the (3 X 1) phase [26].
A surface with no dangling bonds will react only weakly
with the strongly bonded CaF, molecules (A Hgjssociation =
8.9 eV/molecule [27]), and may allow the large diffusion
lengths necessary for such a transition.

A similar atomic structure has recently been proposed
for Ag/Si(111)-(3 X 1) based on STM and Auger spec-
troscopy data [10]. The possibility that the parallel
adatom chain structure for the (3 X 1) reconstruction can
be induced by such vastly different adsorbates as CaF,
and Ag is intriguing; it implies that the resultant total en-
ergy lowering is largely a consequence of the Si compo-
nent of the reconstruction. In each instance, the adsorbate
saturates rows of dangling bonds, and divides the Si sur-
face into strips 3 unit cells wide. Within these strips the
Si reconstructs to eliminate all remaining dangling bonds.

In summary, we have determined the atomic struc-
ture of a Si(111)-(3 X 1) reconstruction induced by
chemisorption of CaF,. We believe that this low energy
configuration with no dangling bonds, using parallel
adatom chains as a basic structural unit, can be gener-
alized beyond the present adsorbate system, and may
explain the occurrence of (3 X 1) reconstructions among
the diverse range of Si-adsorbate systems.
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