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Optimal adsorption geometries and respective surface band structures for monolayers of group-IV to
group-VII adatoms on semi-infinite Si(001) substrates have been calculated from first principles using a
self-consistent total-energy scheme. The calculations are based on the local-density approximation and
employ nonlocal, norm-conserving pseudopotentials together with Gaussian orbital basis sets. The
semi-infinite geometry of the substrate is properly taken into account by employing our scattering
theoretical method together with one-particle Green’s functions. Chemical trends in the adsorption of
Si, As, S, Se, and Cl monolayers on Si(001) are discussed. Our calculational scheme treats all these ad-
layers on equal footing. The clean Si(001)-(2X 1) surface shows an asymmetric dimer reconstruction
which is 0.14 eV per dimer lower in energy than the respective optimal symmetric dimer configuration.
An As adlayer gives rise to symmetric As dimer chains at the chemisorbed surface which run orthogonal
to the former Si dimer chains at the clean surface. The substrate atoms in this As:Si(001)-(1X2) system
reside close to the lattice sites of the Si bulk crystal. Adsorption of a monolayer of group-VI adatoms is
found to restore the substrate surface in its ideal, truncated bulk configuration and to passivate the sur-
face. S or Se adlayer atoms are adsorbed in bridge positions above the surface in sites very close to the
lattice positions of the continued bulk lattice and form S:Si(001)-(1X 1) and Se:Si(001)-(1X1). A CI ad-
layer, finally, gives rise to Cl:Si(001)-(2X1). The adatoms adsorb on top of the dangling bonds of a
(2X 1)-reconstructed substrate surface showing symmetric Si dimers. The results of our structure optim-
izations are in excellent agreement with a whole body of experimental data. The calculated electronic
structure for Si(001)-(2X 1) and for As:Si (001)-(1X2) shows very good agreement with angle-resolved
photoemission spectroscopy (ARPES) data. Well-ordered S:Si(001)-(1X 1) and Se:Si(001)-(1 X 1) surfaces
have not been fabricated successfully, so far. Our calculated electronic surface band structure for
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Cl1:Si(001)-(2 X 1) does not yet easily allow for an obvious interpretation of available ARPES data.

I. INTRODUCTION

Investigations of the chemisorption of adatoms on sil-
icon surfaces are important both technologically, in the
context of passivation, doping, heteroepitaxy, and
growth, and for fundamental physical reasons. One of
these reasons is a better understanding of bonding and
reconstruction at semiconductor surfaces. The Si(001)
surface has emerged as a prototype system in experimen-
tal and theoretical studies. The reconstruction of the
clean surface occurs in order to reduce the number of
broken Si dangling bonds. Adsorption of adatoms can
change the surface reconstruction in many ways by for-
mation of new bonds. It is instructive to study these
effects as a function of the number of valence electrons
and the atomic radii of the chemisorbed atoms to find out
chemical trends in bonding characteristics. In this paper
we will discuss the structural and electronic properties of
ordered Si, As, S, Se, and Cl monolayers on the Si(001)
surface in detail on the basis of first-principles Green’s
functions calculations carried out for semi-infinite sys-
tems in the framework of the local-density approximation
(LDA). These particular adsorbed species of group-1V to
group-VII adlayers have been chosen for a number of
reasons: (a) they allow one to study the effect of increas-
ing number of valence electrons per adatom ranging from
four electrons at the clean surface (covalent bonding)
through five and six electrons for As, S, and Se adlayers
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(heteropolar bonding) up to seven electrons in the case of
a Cl adlayer (ionic bonding); (b) their structural and elec-
tronic properties have been investigated recently by low-
energy electron diffraction (LEED), core-level spectrosco-
py, and angle-resolved photoemission spectroscopy
(ARPES);! ™* and (c) they are of particular technological
interest in manufacturing electronic devices. For exam-
ple, the reaction of chlorine gas is known to be useful in
dry etching and photo-surface cleaning. Furthermore, in
heteroepitaxy of compounds on elemental semiconduc-
tors (e.g., GaAs on Si or ZnSe on Si) the initial stages of
the process are of predominant importance, and, for in-
stance, the adsorption of As on the Si surface is usually
the first step in epitaxial growth of GaAs on Si.

The clean Si(001) surface can be viewed as an ideal,
bulk-terminated semi-infinite substrate with an adlayer of
Si atoms. This adlayer shows the strongest reconstruc-
tion effects, while the substrate layer atoms show much
smaller structural changes with respect to the bulk lat-
tice. The clean surface shows a strong (2X 1) reconstruc-
tion in the LEED pattern, as had been shown by Schlier
and Farnsworth 33 years ago.’ In addition to this, ener-
getically weaker reconstructions with larger unit cells
[c(4X2), p(2X2)] have been reported.® Schlier and
Farnsworth have explained their observations by the ex-
istence of dimers, created by pairing of nearest-neighbor
surface atoms. Several models for the (2X 1) reconstruc-
tion have since been proposed.” There is now general
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agreement that dimers are the main building blocks of
the reconstructed surface. But it is still an open question
whether the dimers are symmetric or buckled, as suggest-
ed by Chadi® on the basis of the results of his empirical
tight-binding calculations. The picture of asymmetric di-
mers was supported experimentally by ion-scattering
measurements”'® and LEED experiments.!! 4b initio
total-energy calculations also favored asymmetric di-
mers.'? This model was questioned by Pandey,'* who
proposed a defect model based on symmetric dimers.
Various calculations carried out later within the LDA
framework yielded contradictory results, preferring ei-
ther asymmetric dimers'*™ !¢ or symmetric dimers.!” ™%
Many of these results'>~!® were obtained using the same
ingredients: first-principles pseudopotentials, slab mod-
els, and a plane-wave basis set. Small calculational
differences (basis-set convergence, sampling of k; points,
etc.) lead to different results due to the fact that the ener-
gy difference per dimer between the asymmetric and the
symmetric structures is relatively small. It was found to
be on the order of 0.02-0.1 eV in Refs. 12-18. A coex-
istence of asymmetric and symmetric dimers with about
10% surface defects was observed in scanning-tunnel-
microscopy (STM) experiments?! carried out at room
temperature. Recent STM experiments?*? clearly show
that at 120 K the number of buckled dimers increases at
the expense of symmetric dimers. We report in this pa-
per total-energy calculations for semi-infinite Si(001)-
(2X 1) using ab initio pseudopotentials and a basis set of
localized Gaussian orbitals. Our results show that buck-
led dimers are energetically favored over symmetric ones
by 0.14 eV per dimer.

Adsorption of As on Si(001) changes the reconstruc-
tion of the clean surface from (2X 1) to (1X2), as shown
by Bringans et al.? These authors have worked out a
structural model from their experimental findings and
from total-energy calculations for a ten-layer slab. In
their model As atoms form symmetric dimers on top of
the Si(001) surface. The dangling-bond orbitals of the As
atoms give rise to dangling-bond bands, whose dispersion
has been measured.? In addition to these states the ex-
periment shows strong resonances in the energy region
from —2 to —4 eV. The origins of these resonances
could not reliably be assigned in Ref. 2 due to the slab
geometry used in the calculations. The scattering
theoretical method which we have used for the studies
presented in this paper allows a determination of surface
resonances with high spectral resolution. We have clear-
ly identified these states as originating from the dimer
bonds. The calculated dispersions of the resonances are
in very good agreement with the measured features. Our
computations lead to an equilibrium configuration of the
surface in accordance with the model presented by
Northrup (see Ref. 2). Each atom turns out to be fully
coordinated in this (1X2) geometry.

Adsorption of S or Se on Si(001) shows particularly in-
teresting structural properties in that a monolayer of
these adatoms completely removes the substrate recon-
struction. So far, this is a result of our theory only.
However, for S adsorbed on Ge(001), Weser et al.? re-
ported already the preparation of a well-ordered

Ge(001)-(1X 1) configuration. Core-level spectroscopy
investigations,”> photoemission measurements,?* and
total-energy minimization calculations® for that system
have identified a bonding geometry with the sulfur atoms
residing in bridge positions above the Ge atoms of the
topmost substrate layer. For S or Se monolayers on
Si(001), that particular configuration has not been ob-
tained experimentally so far. For S:Si(001), no ordered
adlayer could be observed.’® For Se:Si(001), Bringans
and Olmstead® reported a replacement of the (2X1)
LEED pattern of the clean reconstructed surface by a
(1X1) pattern for a submonolayer film of Se on Si (001)
after annealing to 550°C. We note in passing that
Bringans and co-workers?”?® have demonstrated surface
restoration and passivation beautifully by adsorbing As
monolayers on Si and Ge (111) surfaces. For ordered
monolayers of S or Se on Si(001) we have calculated op-
timal surface configurations, binding energies, and the
surface electronic structure. The results will be presented
in this paper and will be discussed in comparison with
our earlier results for S:Ge(001)-(1X1).2>%

Adsorption of Cl on Si(001) retains the (2X1) recon-
structed substrate surface. It can be expected, however,
from simple chemical arguments that the adsorption of a
Cl monolayer leads to symmetric dimers in the Si sub-
strate surface layer with the Cl adatoms saturating the
partially filled Si dimer dangling bonds. The resulting
surface structure should be very similar to the geometry
of the hydrogen-chemisorbed Si(001) surface.”3%3! This
model is supported by early photoemission measurements
of Rowe and Margaritondo®? and recent surface-extended
x-ray-adsorption fine-structure (SEXAFS) investigations
by Thornton et al.>* CI:Si(001)-(2X 1) has also been
studied experimentally by low-energy electron-energy-
loss spectroscopy (LEELS)** and thermal-desorption mea-
surements.>®> In 1990, Johansson et al.* carried out ex-
tensive ARPES measurements on Cl:Si(001)-(2X1).
They have detected numerous Cl-induced states in an en-
ergy region from —5 to —10 eV below the Fermi level.
However, an unambiguous determination of the origin of
these states was difficult due to the lack of detailed
theoretical results on CI:Si(001)-(2X1). Very recently,
Craig and Smith3® computed the structural and electronic
properties of the Cl-covered Si(001) surface using the
semiempirical modified intermediate neglect of
differential overlap (MINDO) technique. Their calcula-
tions, carried out for a 10-layer slab, show that the sym-
metric Si-Si dimer configuration with chemisorbed Cl
atoms, as described above, corresponds to a local
minimum in configuration space. Moreover, they
identified another surface topography with a lower total
energy as compared to the above-mentioned dimer
configuration. In that geometry, the Cl atoms are ad-
sorbed in two different bridge positions, which we will
discuss in more detail below. Craig and Smith have pub-
lished integrated densities of states for both
configurations.>®

The purpose of this paper is to present theoretical re-
sults for the clean reconstructed Si(001) surface and for
As, S, Se, and Cl adsorption on Si(001) as obtained under
identical numerical conditions for semi-infinite systems in
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order to contribute to a detailed understanding of the
chemical trends in the changes of bonding and recon-
struction when monolayers ranging from group-IV to
group-VII adatoms are adsorbed on Si(001).

The paper is organized as follows. In Sec. II we briefly
describe the theoretical method. Section III presents and
discusses theoretical results for the clean and chem-
isorbed Si(001) surface and compares them with available
experimental data. Our conclusions drawn from this
study are given in a summary in Sec. IV.

II. METHOD OF CALCULATION

The calculations have been carried out within the
LDA3"% using our self-consistent scattering theoretical
method.>>*® This approach solves the Kohn-Sham equa-
tions*! for a semi-infinite system self-consistently by treat-
ing the ordered clean, reconstructed, or adsorbate-
covered surface as a two-dimensionally periodic perturba-
tion of a bulk crystal. Due to the electronic screening
this perturbation is extremely localized perpendicular to
the surface. To represent this localized perturbation, the
wave functions are expanded in terms of a linear com-
bination of atomic orbitals and the corresponding secular
equation is solved by a calculation of its inverse or
Green’s function. The Green’s function contains the full
information on the electronic one-particle spectrum of
the semi-infinite surface system. Optimal surface
configurations are determined by minimizing the total en-
ergy. This is achieved by calculating the forces acting on
the atoms in the area of the perturbation and by a simul-
taneous relaxation of ionic coordinates and electronic-
charge density until the forces are vanishingly small. The
formal treatment and the computational procedure have
been described in detail in Refs. 40 and 42. Here we ad-
dress a few technical points only, which are specific to the
calculations reported in this paper. In our basis set we
use 20 Gaussian orbitals (s, p, d, s*) per atom. An addi-
tional ten Gaussian orbitals are localized at each surface
atom to take the spatial extent of the wave functions into
vacuum into account.*> We have used norm-conserving,
nonlocal pseudopotentials of Bachelet, Hamann, and
Schliiter** together with the Ceperley-Alder*’ form of
exchange-correlation (XC) energy, as parametrized by
Perdew and Zunger.*® In addition, to this we have car-
ried out calculations using the separable form of the
pseudopotentials as tabulated by Stumpf, Gonze, and
Scheffler.*” A significant reduction of the numerical
effort in the calculation of the matrix elements is
achieved by these pseudopotentials. The resulting
structural and electronic properties are nearly identical
for both types of pseudopotentials. Bond lengths differ
by less than 0.5% and surface-band positions differ by
less than 0.1 eV. Brillouin-zone integrations in the bulk
calculation have been carried out using 10 special k
points. The bulk Green’s function has been computed by
summing over 301 k, values [see Eq. (40) in Ref. 40].
Surface Brillouin-zone integrations have been carried out
using eight special k; points in the full (2X1) cell. The
number of special k; points was extended to 32 for the
determination of the final optimized structures. Charge
redistributions have been taken into account within the

first five layers using a grid with a spacing of 0.25 A. We
have calculated the binding energy E,;,q for ordered
monolayers from

Ebind :Echemi _‘ESi(OOl) _Eatom >

where E ., denotes the energy of the chemisorption
systems, FEgq) is the energy of the clean, (2X1)-
reconstructed Si(001) surface, and E,,, has been estimat-
ed from a total-energy calculation for the free atom using
the same basis set as in the Green’s functions calculation.
The spin-polarization energy of the free atoms has been
separately computed for spin-polarized pseudoatoms us-
ing the energy functional of Ref. 46.

III. RESULTS AND DISCUSSION

Let us first address a few important quantities of the
underlying Si bulk crystal. Table I represents the equilib-
rium lattice constant, the bulk modulus, and the cohesive
energy as they result from our calculation. To calculate
these properties, we have employed both the Ceperley-
Alder (CA) and Wigner (W) forms of the exchange-
correlation energy functionals. The equilibrium lattice
constant and the bulk modulus are obtained from the to-
tal energy, calculated as a function of lattice constants,
and the Murnahghan equation of state*® has been em-
ployed. The cohesive energy has been calculated from
the difference between the energy per Si atom in the bulk
solid and the energy of a spin-polarized pseudoatom. In
each case, the spin-polarized energy functional of Ref. 46
has been used. In our results the bulk lattice constant is
underestimated by 1.1% (0.4%) when the Ceperley-Alder
(Wigner) XC functional is used. Plane-wave calculations
carried out by Zhu, Fahy, and Louie® with an energy
cutoff E =18 Ry (=350 plane waves) yield slightly
better results (see Table I). We note in passing that the
less-well-founded Wigner form of exchange and correla-
tion energy®® happens to yield lattice constants, bulk
moduli, and cohesive energies in even better agreement
with experiment than the Ceperley-Alder XC functional.

A. Clean Si(001)-(2 X 1) surface

We have carried out minimizations of the total energy
to optimize the structure of the clean Si(001) surface

TABLE 1. Calculated bulk properties of Si using Ceperley-
Alder (CA) (Ref. 46) and Wigner (W) (Ref. 50) forms of
exchange-correlation potentials in comparison with results of
the plane-wave (PW) calculations of Ref. 49. The experimental
values are from Ref. 51.

Lattice Bulk Cohesive
Exchange constant modulus energy

Calculation  correlation (A) (Mbar) (eV/atom)
present CA 5.37 1.15 5.03
PW CA 5.38 1.00 5.24
present w 5.41 1.00 4.67
PW w 5.43 0.90 4.95
experiment 543 (0K) 0.99 4.63
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within the (2X 1) symmetry. Minimization without any
restrictions leads to asymmetric dimers with a bond
length of 2.25 A and a buckling angle of 19°. The corre-
sponding values of Kobayashi et al.! are 2.27 A and 14°.
Dabrowski and Scheffler!® have reported a buckling angle
of 15° for the optimized structure. Restricting the atomic
degrees of freedom to symmetric configurations we find a
stable configuration with a dimer bond length of 2.25 A.
The symmetric geometry is 0.14 eV per dimer higher in
energy than the asymmetric geometry. We have repeated
the optimization procedure using several start
geometries. In each case we arrived at the same
minimum in configuration space.

The surface band structure following from our
Green’s-function calculation for the optimized asym-
metric structure is shown in Fig. 1. The shaded area
represents the projected bulk band structure. We have
labeled the various states according to their physical ori-
gin and character. The states S, —S5 are predominantly
s-like. The bands B;-Bs stem from back-bond states.
They are strongly p-like with small s and d admixtures.
The dimer bond gives rise to the band Dy. In the funda-
mental gap, there are two bands labeled D, and D 4y,
which originate from the dangling bonds at the up and
down atoms of the surface dimers, respectively. The sur-
face is semiconducting with an indirect gap of 0.15 eV.
This gap is very sensitive to the buckling angle. In the
case of symmetric dimers the Si(001) surface turns out to
be metallic in our calculations, in contrast to experimen-
tal findings.*?

Figure 2 shows a small section of the calculated surface
band structure along the [100] direction from I' to J' for
the asymmetric dimer configuration in comparison with

7//

Si (001) - (2x1)
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_

FIG. 1. Surface band structure of the clean Si(001)-(2X1)
surface in the asymmetric dimer configuration. The shaded area
represents the projected bulk band structure.

Si (001) - (2x1)

(ev)

Energy

T [100] J’

FIG. 2. Self-consistently calculated electronic surface bands
in comparison with experimental surface band structure
(A,B,D,F,G) of Ref. 53. Open (solid) symbols denote weak
(strong) surface structures.

ARPES data by Johansson et al.>> The [100] direction is
the diagonal of the surface Brillouin zone and it is
equivalent for the (2X1) and (1X2) reconstructions.
Measuring along this direction in general avoids multi-
domain effects in the spectra. Five features have been
detected for k; vectors along this direction in an energy
range of 5 eV below the Fermi level, which was estimated
to be at 0.6 eV above the top of the valence bands.>> The
labeling of the experimental results within the plot refers
to the nomenclature of Ref. 53. The labeling on the
right-hand margin refers to the theoretical identification
of the bands according to Fig. 1. The measured surface-
state band A4 can be interpreted as the dangling-bond
band Dup of the asymmetric dimer model, as is evident
from the common dispersion and energy position of A4
and D, respectively. The calculated bandwidth of 1.0
eV is somewhat larger than the bandwidths measured by
various groups (0.6,°* 0.7,5 and 0.8 eV>®). The measured
band D agrees well in dispersion and energy position with
the calculated back-bond resonance B,. Johansson et al.
have claimed a strong p, character for this resonance on
the basis of its polarization dependence in the ARPES
data. The structure D is a very pronounced feature (see
Fig. 8 of Ref. 53) in the photoemission spectrum. The or-
bital character of the calculated B, state is in very good
accordance with this finding. The related charge-density
contours show a density maximum spilling out into vacu-
um in the z direction between the dimers, explaining why
this bond occurs as a strong feature in the data. A very
similar state has been observed and calculated for the
clean Ge(001)-(2X 1) surface.’® The measured band G
cannot be interpreted free from doubt as a surface reso-
nance on the basis of the experimental observations.>
Comparing with our theoretical results it neither coin-
cides with the B band nor with the dimer band Dy,. Our
results reveal that there is a strong bulk resonance in this
energy region. We have indicated it in the figure by a
dashed line. At J' its energy position happens to nearly
coincide with the measured structure G. But this reso-
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nance cannot fully explain the measured band, since its
dispersion is much smaller than that of the measured
band G. The calculated dimer-bond state Dy and the
back-bond state B; have not been resolved in experiment,
probably due to their particular wave-function character.
Two further measured bands B and F are shown in the
figure. The structure B is only seen near J' and it has a
very weak dispersion. It could be detected only near J’
by using light which was polarized perpendicular to the
plane of incidence in order to suppress the strong emis-
sion of the dangling-bond state. In the other parts of the
surface Brillouin zone it cannot be discerned from the
dangling-bond emission. This state cannot be interpreted
on the basis of models for a well-ordered (2X 1) dimer-
reconstructed surface. The results of STM measurements
lead to the conclusion that there is a coexistence of asym-
metric dimers, symmetric dimers, and defects at real
Si(001) surfaces. Especially at lower temperatures, there
are large domains with higher-order reconstructed
[c(4X2) or p(2X2)] asymmetric dimers.??> Zhu, Shima,
and Tsukada!* have studied models of dimers which are
arranged in p(2X2) or c(4X2) periodicities in a pseudo-
potential slab calculation. The resulting dispersion of
their dangling-bond bands is consistent with the disper-
sion of the measured band B. However, a detailed com-
parison between energy dispersions of the measured
bands with those calculated in Ref. 14 is difficult due to
the large slab-induced splittings of the surface states in
the calculations and due to the fact that the structure B
could not be resolved experimentally in the whole Bril-
louin zone.

The origin of the state F cannot be clearly identified
from a band-structure calculation for the (2X1) struc-
ture, as well. It may be argued that the emission of F
near I' and J' results from the dangling-bond band D 4,
which has been partially filled by n doping. But the ener-
getic positions of F at I" and J' are roughly the same in
contrast to the calculated dispersion of Dg,,,. The
dangling-bond band D, is 0.3 eV lower in energy at J'
with respect to the value at I'. Our results for the sym-
metric dimer model show much less agreement with the
experimental data, and they cannot explain features B
and F as well.

We conclude that the gross features in the photoemis-
sion spectra of a Si(001) surface showing a good single-
domain (2 X 1) LEED pattern are in good agreement with
the calculated electronic structure resulting for the asym-
metric dimer model. The LEED and photoemission ex-
periments measure predominantly properties which are
averaged over large parts of the crystal surface. Howev-
er, there is a high degree of local imperfections of the sur-
face clearly detected by STM.2""22 They give rise to addi-
tional features in the electronic spectrum which are
detected by modern high-resolution ARPES.’>>3 For a
detailed theoretical investigation of these effects, calcula-
tions for point perturbations at surfaces, e.g., Green’s-
function computations,’” ~>° have yet to be carried out.

Finally, we mention that the absolute energy position
of our calculated bands is slightly higher (AE =0.2 eV)
than that of the measured bands. This deviation is a
well-known shortcoming of LDA calculations and it has
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been observed for many other clean and adsorbate-
covered surfaces as well. A rigid shift of the calculated
bands by AE=0.2 eV down in energy would show even
better agreement between theory and experiment.

B. As:Si(001)-(1X2)

The equilibrium lattice configuration resulting from
our total-energy minimization for an ordered monolayer
of As on the Si(001) surface within the (1X2) symmetry
is shown in Fig. 3(a) together with the total valence
charge density of the As-As dimer above the surface. We
obtain symmetric As dimers with a dimer bond length of
2.52 A. This relatively large dimer bond length is the

(a)

2.52 AS

J2.42 ¥

As: Si (001) — (1x2)

Z

772,

FIG. 3. (a) Side view of the As:Si(001)-(1X2) surface. The
bond lengths are given in angstroms. (b) Total valence charge-
density contours of As:Si(001)-(1X2) plotted in a [001]-[110]
plane. Bonds in the drawing plane are plotted as solid lines
while bonds that form an angle with the drawing plane are
given by dashed lines. Open circles denote atoms which are not
located within the drawing plane.
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reason why no pronounced bond charge in tche dimer
occurs. The Si-As back-bond length is 2.42 A. All Si
atoms are fourfold coordinated and the As atoms are
threefold coordinated. In a simple picture the adsorption
process can be interpreted as a breaking of Si-Si dimers
by the As atoms which form As-As dimers in the perpen-
dicular direction. This gives rise to a rotation of the
LEED pattern from (2X1) for the clean surface to
(1X2) for the As-covered surface. Such a rotation was
observed, indeed, for single-domain surfaces by Bringans
et al.’* This holds for substrate temperatures lower than
400°C. For temperatures between 400 and 700°C the
surface reconstruction remains (2X1) after As adsorp-
tion, while at higher temperatures single-layer, double-
layer, and multilayer steps have been observed.®® Recent-
ly, Alerhand et al.®! studied the structural properties of
As:Si(001) surfaces with double-layer steps by carrying
out slab calculations within the LDA for unit cells con-
taining up to 120 atoms. They have shown that an
As:Si(001) surface with double-layer steps has a stable
and a metastable configuration, which are rotated by 90°
with respect to each other.

In Fig. 4 we show the surface band structure for a
well-ordered As monolayer on Si(001), as resulting from
our calculations, and in Fig. 5 we show the charge-
density contours of a few representative states in order to
highlight the orbital character of some of the surface
features. We have labeled the bands in Fig. 4 according
to their physical origin. There are two As-induced s-like
states. Their symmetric combination S, resides in energy
below the bottom of the Si valence bands due to the fact
that the As potential is more attractive than the Si poten-
tial. The antisymmetric combination S, occurs as a
strong resonance in the lower projected bulk valence

-

As: Si (001) - (1x2)
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FIG. 4. Surface band structure of As:Si(001)-(1X2).

(a) B, (b) D4

FIG. 5. Energy-resolved charge-density contours of the B,
and D state at J', and of D and D* at I'J'/2 for As:Si(001)-
(1X2). (b)-(d) are plotted in the [001]-[110] plane containing
the As-As dimer. (a) is plotted in a [001]-[110] plane shifted by
ay-V'2/4 in [110] direction with respect to (b).

bands. The back-bond states B, —B; are mainly Si p-like.
Energetically, they reside near the edges of the projected
valence—-band structure, reflecting the fact that there are
small changes only in the binding configuration of the
topmost Si substrate layers with respect to the bulk
configuration. As one example of these back-bond states,
Fig. 5(a) shows the energy- and wave-vector-resolved
charge density of B, at J'. The As dimer bond gives rise
to two states Dy and D j in the energy range from —2 to
—4 eV. By an inspection of the charge-density contours
of D4 shown in Fig. 5(b), we recognize that the charge-
density maxima are not exactly along the interconnection
line between two neighboring As atoms but spills out into
vacuum. This result differs from the respective charge
density of the clean Si(001)-(2X1) surface due to the fact
that the As-As dimer-bond length of 2.52 A is 10% larger
than the Si-Si dimer-bond length (2.25 A). The most
prominent features in the calculated electronic spectrum
are the symmetric (D) and antisymmetric (D*) combina-
tions of As dangling-bond states. Their charge densities
at I'J'/2 are shown in Figs. 5(c) and 5(d), respectively.
The splitting in energy between these two states is rather
small. Both bands are completely filled in this binding
configuration, leading to a semiconducting surface in
agreement with experiment.

Figure 6 shows the results of ARPES measurements
carried out by Uhrberg et al.®? along the [010] direction
from I" to J' in comparison with the bands resulting from
our calculations. Again, no energy shifts have been ap-
plied. Comparing the dispersion and the relative energet-
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As: 5i (001) - (1x2)
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FIG. 6. Small section of the surface band structure of
As:Si(001)-(1X2) in comparison with experimental data of Ref.
63. Data points have been obtained with 21.2 (eV) (@) and 25.0
eV (H). Open symbols denote weak structures.

ic position of calculated bands and measured features
there is strong evidence that the observed bands in this
energy region are the dimer-bond bands Dy and DJ;.
The corresponding charge densities have a strong p, part
[see, e.g., Fig. 5(b)] which is probed most efficiently by the
experimental setup used in Ref. 62. We note in passing,
that in the case of the clean Si(001)-(2 X 1) surface, on the
contrary, there has been no indication for a detection of
the dimer state (see, e.g., Fig. 2), probably because in that
case the dimer state has only a very weak p, contribution.
The most dominant structure in the photoemission spec-
trum (Fig. 3 in Ref. 62) can be identified with the

rdJdr/e

g
-2 -1 0
Energy (eV)

FIG. 7. Wave-vector-resolved layer density of states for
As:Si(001)-(1X2) along [100] from I' to J'. The shaded area
represents the projected bulk band structure.
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dangling-bond states D and D*. The experiment shows a
small splitting between D and D * for different photon en-
ergies only. Comparing theory and experiment one
should keep in mind that the dangling-bond states are
given as localized states only in the gap. In the energy re-
gion of the projected band structure they become reso-
nances and are broadened by an interaction with the un-
derlying bulk bands. This is shown in Fig. 7 where the p,
part of the layer density of states along [010] from I" to J'
is plotted. At I' there is one dominant peak with a broad
shoulder. A second peak at higher energies increases for
larger k. Near I'J'/2 both states become localized with
a splitting of 0.1 eV. Approaching J’, the peak at higher
energies broadens and decreases, while the lower peak
remains sharp and shifts down in energy. Due to the lim-
ited experimental resolution the small splitting of the
peaks cannot clearly be observed. The Si-Si back-bond
state B, [see also Fig. 5(a)] has not been detected. This is
not surprising since the corresponding wave functions
have their maxima between the second and third layers.
The results of our calculations thus nicely confirm the
symmetric dimer model worked out by Uhrberg et al.>%?
Also in this case, our remarks concerning the absolute
energy position of the calculated bands apply. Again, the
agreement between theory and experiment would be fur-
ther improved if one shifted the calculated bands rigidly
down by AE =0.2 eV.

C. S:Si(001)-(1X 1) and Se:Si(001)-(1X 1)

Group-VI elements are adsorbed on Si(001) in twofold
coordinated sites, as can be expected from simple chemi-
cal considerations. We have carried out energy minimi-
zations for the chemisorption of S and Se setting out from
several start geometries within (2X 1) or (1X2) symme-
try. In all cases we arrived at the same (1X 1) equilibri-
um configuration where the S (Se) atoms are adsorbed in
bridge positions above the topmost Si atoms. All of the
adatoms are fully coordinated. Structurally, these chem-
isorption systems are very close to the ideal bulk-
terminated Si(001) surface. The three topmost layers are
shifted slightly by (—0.174 A, —0.028 A, 0.005 A) for
S$:Si(001) and by (0.075 A, 0.017 A, 0.006 A) for
Se:Si(001) with respect to the positions of the ideal lattice
planes. Electronically, however, there are distinct
differences between these chemisorption systems and the
ideal Si(001) surface. Figure 8 shows the surface band
structure for Se:Si(001)-(1X1) as resulting from our
Green’s-function calculation for the optimized geometry.
The characteristic fingerprints of the Se chemisorption
are the bands labeled S, B, D, and B,,. Their wave-
vector-resolved charge densities at K are shown in Fig. 9.
The band S derived from the Se s states resides in energy
below the Si bulk bands. The p-like band B, stems from
the Se-Si chemisorption bonds. The dangling bonds of
the selenium adatoms give rise to the dangling-bond band
D and the related antibonding band D*. The remaining
lone-pair orbitals of Se act like bridges between second-
nearest-neighbor Se atoms along the [ —110] direction.
Their interaction gives rise to the band B,;. The bands
D and B, are completely filled since each Se atom has
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FIG. 8. Surface band structure of Se:Si(001)-(1X1).

six valence electrons. A (2X1) reconstruction by dimeri-
zation would not yield any energy gain and thus does not
occur for Se:Si(001). This is in marked contrast to the
ideal Si(001) surface, where the corresponding bridge-
bond and dangling-bond bands reside higher in energy
due to the weaker Si potential, as compared to Se, and
overlap within the bulk gap. These bands at the clean
surface are filled partially only, leading to a metallic sur-

(a)

FIG. 9. Energy-resolved charge-density contours of localized
states at the K point for Se:Si(001)-(1X1).

face which is unstable against a (2X 1) reconstruction.
The S:Si(001) chemisorption system behaves, for obvious
reasons, very similarly to Se:Si(001). Its band structure
is, as well, very similar to the Se:Si(001) band structure,
with deviations of up to 0.5 eV.

Bringans and Olmstead have observed a (1X1) LEED
pattern for thin Se films on Si(001) after a careful
preparation procedure.’> However, from their core-level
spectra they concluded that one half of the topmost Si
atoms are bonded to two Se atoms and the other half is
bonded to one Se atom. This would be consistent with 2
of a monolayer of Se atoms in bridge positions. Detailed
ARPES measurements have not been reported for this
system. Weser et al.?® have investigated S:Si(001) experi-
mentally. They have not observed an ordered S adlayer.
It is not clear whether this is a consequence of their
preparation technique. The same authors have obtained
S:Ge(001) in a well-ordered (1X1) configuration.”’> We
have discussed the properties of that system on the basis

(a)

FIG. 10. (a) Side view of the C1:Si(001)-(2 X 1) symmetric di-
mer geometry. The bond lengths are given in angstroms. (b)
Total valence charge-density contours of CI:Si(001)-(2X 1) plot-
ted in a [001]-[ 110] plane.
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of first-principles Green’s-function calculations in Ref.
25. The resulting surface band structure is very similar
to the band structure shown in Fig. 8. Especially, the
corresponding bands B, and D seem to have been ob-
served for S:Ge(001) by ARPES measurements.?*

Recently, Kaxiras®® studied the S:Si(001) and Se:Si(001)
chemisorption systems using LDA slab calculations. His
results are very close to ours. In addition, he has shown
that these restored surfaces are stable against structural
changes such as embedding the adsorbates in subsurface
sites.

D. CL:Si(001)-(2X 1)

The optimal structure and the total valence charge
density as resulting from our calculations for the adsorp-
tion of a monolayer of Cl atoms on Si(001) shown in Fig.
10. The CIl atoms are adsorbed at the dangling bonds of
the clean surface. The Si-Si dimers become symmetric
with a dimer-bond length of 2.40 A. The CI-Si bonds are
tilted outwards at an angle of 15° to the surface normal
with a bond length of 2.05 A. The back-bond length is
2.33 A. The calculated bmdmg energy is 4.14 eV per Cl
atom. Thornton et al.3® have investigated the CI1:Si(001)
binding geometry by SEXAFS measurements. They
determined a bond length of 1.95+0.04 A. A determina-
tion of the tilt angle was not possible with the same accu-
racy. The authors concluded that their data are con-
sistent with a tilt angle of somewhat less than 25°. Re-
cently, Craig and Smith3® carried out slab MINDO calcu-
lations for CI1:Si(001). They obtained an adsorption
geometry nearly identical to ours. In addition to this,
they have determined another bonding geometry which
turns out to be 0.61 eV per surface dimer lower in energy
than the symmetric dimer geometry discussed above. In
their lower-energy configuration, shown in Fig. 11, the Cl
atoms are adsorbed in asymmetric bridge sites. We have
investigated this geometry, as well, and we have indeed
found a local-energy minimum in configuration space
corresponding to the adsorption geometry shown in Fig.
11. In striking difference to the results of Craig and
Smith, we find that this configuration is 0.96 eV per di-

FIG. 11. Side view of the ' CL:Si(001)-(2X1) “bridge
geometry” as resulting from our calculation. The dashed line
indicates the bonding geometry determined in Ref. 36.

mer higher in energy with respect to the symmetric dimer
geometry (see Note added in proof). Also, from chemical
considerations, adsorption in bridge sites would be very
astonishing for C1:Si(001).

In Fig. 12 the surface band structure for the optimal
symmetric dimer configuration (see Fig. 10) is shown.
The CI 3s and 3p orbitals give rise to many surface states
and resonances. We have labeled the states according to
their physical origin. The corresponding energy- and
wave-vector-resolved charge densities are shown in Fig.
13. Before we discuss these results, it is instructive for a
better understanding of the origin of these states to con-
sider a rather idealized system first: the adsorption of a
single CI atom at an isolated sp> orbital which represents
a Si dangling-bond orbital. This is illustrated in Fig.
14(a) where we have introduced a coordinate system with
x in [ —110] direction and y in [110] direction. To ease
the discussion of the isolated CI-Si “molecules™ it is con-
venient to use two additional coordinate system with axes
(1,2,3) and (1',2',3") respectively, parallel or perpendicu-
lar to the CI-Si bonds, as indicated in Fig. 14(a). The en-
ergy levels of a free Cl atom and an sp? orbital, as well as
of the coupled system, are shown in Figs. 14(b) and 14(c),
respectively. The state with the lowest energy is mainly
Cl s-like due to the large energetic separation of Cl 3s and
Cl 3p orbitals. The p, and p; levels do not couple to the
rest due to the symmetry. The remaining orbitals are
py,sp° bonding and antibonding states with a small Cl s
admixture. The antibonding state is empty. Coupling
the two Si-Cl molecules in Fig. 14(a) splits all states and
removes the degeneracy of the p,,p; levels. We have la-
beled the eight occupied states by S,,...,P3, in Fig.

14(d). The main features of the idealized molecule also
Cl1: Si (001) - (2x1)
5
0 -
] % ™
g =a Al
3 L A
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FIG. 12. Surface band structure of CI:Si(001)-(2X 1).
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FIG. 13. Energy-resolved charge-density contours of localized states at the I'J'/2 point for CL:Si(001)-(2X1). (a)-(d) are plotted
in a [001]-[110] plane containing a Si-Si dimer. (e) and (f) are plotted in a [001]-[110] plane containing a Cl adatom.

appear in the surface band structure for the extended sys--

tem shown in Fig. 12. At —16 eV there are symmetric
and antisymmetric combinations of the Cl s states labeled
S, and S,. The states at —7 and —5 eV are mainly p,-
like. They correspond to dangling-bond states with their
charge maxima outside the crystal in (1) and {1’) direc-
tions, as can be seen in Figs. 13(a) and 13(b). The orbit-
als, whose lobes are directed in {2) direction at the first
Cl atom and (2') direction at the second Cl atom [see

(a) /\1&3' 1 3
2 2
Cl S Dy P2 Ps
z
[
X ) sp’
(b) Cl Si (c) Cl-S1i (d) (C1-S1),
3 — p, sp® (s)

—e—SP e p
E = S
Pi P2 P3s eeeee +eee D2 Ps =+ p, P,
——
——
——
e

3
—e—e P, SP° (8) P PL

e 5 (P, SDB) S, S,

FIG. 14. (a) Side view of two hypothetical CI-Si (sp3) mole-
cules. Energy levels for (b) a free Cl atom and a single Si sp; or-
bital, (c) a single CI-Si (sp;) molecule and (d) two interacting
molecules. In this simple picture the interaction with the dimer
bond [dotted line in (a)] and the back bonds [dashed lines in (a)]
is not taken into account.

Fig. 14(a)] give rise to the band P,,. Its charge density is
shown in Fig. 13(d). For the band P,, the situation is
more complicated due to a coupling of this state with the
Si-Si back bonds. The bands P;, and P, stem from the
Cl p, orbitals which form bridge bonds between the Cl
atoms [see Figs. 13(e) and 13(f)]. They are separated by a
second-nearest-neighbor bulk distance. The band D
stems from the interaction of the Cl dangling bonds with
the Si-Si dimer bond. Charge-density relaxations near
the Si atoms due to the chemisorption give rise to the
back-bond bands B,-B;. The electrons belonging to
these states are mainly localized between the second and
third layers.

From the experience with other chemisorption systems
we expect that the Cl dangling-bond states are the
predominant candidates to be detected in photoemission
measurements. Johansson et al. have obtained in their
ARPES measurements* pronounced Cl-induced features
in the energy range from —4 to —7 eV below the
valence-band maximum. The measurements have been
carried out with light that was polarized parallel (A4) or
perpendicular ( 4 ,) with respect to the plane of incidence
to investigate the symmetry properties of the states.
Johansson et al. have determined from their experimen-
tal data empirical dispersions of the Cl-induced states.*
All measured bands have rather small dispersions (< 0.5
eV). Our calculations show that the interaction between
the Cl dangling-bond orbitals gives rise to the bands P,,
and P, with a dispersion of 1 eV along I'-J’'. The calcu-
lated bands P,, and P,, have a rather small dispersion
which would be compatible with the experimental data.
However, the absolute energetic position and the energy
separation between P,, and P,, are not compatible with
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the experimental findings. In addition to this, no peak
structures have been resolved in th¢ ARPES measure-
ments above —4 eV, where an emission from the Cl Dy
orbitals would be expected from the calculation. We are
not able to give a conclusive interpretation of the ARPES
data with flat surface bands for CL:Si(001)-(2X 1) on the
basis of our calculations. This situation calls for a de-
tailed analysis of the experimental data with respect to
symmetry and intensity of the various features in direct
comparison with the theoretical results on symmetry and
wave-function character of the various states. This
analysis will be carried out in the near future.

E. Discussion

Table II compiles the calculated Si-adatom bond
length, the ionization energy, and the binding energy for
the different chemisorption systems studied in this paper
in comparison with the covalent radii. At the clean
Si(001)-(2X 1) surface, the topmost atoms are threefold
coordinated, which is not the optimal configuration for
this ‘“four-electron system.” Buckling of the dimers
reduces the total energy. It is interesting to note that ad-
dition of one electron per Si-dimer atom (no additional
proton) leads to a more symmetric dimer
conﬁguration.‘s’("‘ Badziag, Verwoerd, and Van Hove®
have suggested that this unbuckling by additional elec-
trons which may be induced by a STM tip is a possible
explanation why symmetric dimers are observed in the
STM images of Si(001)-(2X1). In the case of As chem-
isorption these additional electrons are already incor-
porated in a ‘“natural way.” The resulting equilibrium
geometry consists of symmetric As-As dimers. The As-Si
back-bond length is larger than the Si-Si back-bond
length at the clean surface, in accordance with the ratio
of the covalent radii of Si and As. The As adatoms in the
dimers are threefold coordinated, as in the case of bulk
As. Twofold-coordinated adsorption is most favorable
for chemisorption of S or Se at Si(001), as our calcula-
tions show. The adatom-Si bond lengths follow the trend
of the corresponding covalent radii. S bonds stronger to
Si(001) than Se. However, this is not an indication that S
will grow on Si(001) as a well-ordered monolayer. Total-
energy differences to SiSe, films and enthalpy effects have
to be estimated to clarify this point. This is beyond the
limit of the present calculational scheme. The calculated
binding energy of 2.6 eV per bond for a well-ordered S
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layer is in agreement with the Si-S bond energy of 2.35 eV
estimated by Pauling.®® One should keep in mind that
overestimation of binding energies is a well-known effect
of the LDA.

Cl atoms are chemisorbed at the Si-Si dimers in
onefold-coordinated sites. The CI-Si bond length of 2.05
A is very close to the bond length in the SiCl, molecule
(2.02+0.02 A). These bond lengths are considerably
shorter than the sums of the covalent radii (2.16 A for
Si-Cl). Pauling® claimed that the strong ionic character
of the bond and an additional 7 bonding is responsible
for this “partial double bond.” The same phenomenon
has been observed for the chemisorption of Cl at Si(111).
Bachelet and Schliiter® have estimated a bond length of
2.02 A from their LDA calculations for Cl:Si(111), in ex-
cellent agreement with the results of SEXAFS measure-
ments (2.03+0.03 A) carried out by Citrin, Rowe, and
Eisenberger.®” We have calculated a binding energy of
4.14 eV per bond for the well-ordered Cl monolayer on
Si(001). The binding energy in the SiCl, molecule is 3.73
eV per bond.%

Finally, we will comment on trends in the energetic po-
sition of the adatom-induced states for the different
chemisorption systems. We will restrict ourselves to a
discussion of the characteristic dangling-bond and s-like
states. Table III shows the calculated LDA eigenenergies
for the s and p states of isolated atoms. The energy scale
refers to the vacuum level. Dangling-bond-state (D) and
s-state (S) energies at q=(a,0,0)/2 are given in the
second column of Table III for the different chemisorp-
tion systems. These energies are referred to the valence-
band maximum of bulk Si. Comparing the absolute posi-
tions of the atomic levels and the band values the ioniza-
tion energy has to be subtracted from the band values.
The energetic positions of the s states decrease nearly
monotonically with increasing number of valence elec-
trons of the adsorbed species. The shift of the dangling-
bond states is smaller due to their interaction with the
bulk states.

IV. SUMMARY AND CONCLUSIONS

In this paper we have investigated the properties of or-
dered monolayers of group-IV to group-VII elements on
Si(001). The clean Si(001) surface shows a (2X 1) recon-
struction by forming Si-Si dimers which are buckled, as

TABLE II. Summary of calculated bond lengths, ionization energies, and binding energies per atom.

The covalent radii are taken from Ref. 65.

Si-adsorbate Dimer Covalent Ionization Binding
bond length bond length radius energy energy
Adsorbate (A) (A) (A) V) V)
Si 2.33/2.28 2.25 1.17 4.11 5.07
As 2.42 2.52 1.21 4.36 5.44
S 2.23 1.04 5.33 5.20
Se 2.37 1.17 4.59 4.73
Cl 2.05 2.40 0.99 5.20 4.14
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TABLE III. Eigenvalues for s and p valence states of free
atoms resulting from a local-density approximation (LDA) cal-
culation. These values are compared with the calculated ener-
gies of the s-like states (S) and dangling-bond states (D) of the
clean Si(001)-(2X 1) surface and different adatom:Si(001) chem-
isorption systems.

Atomic LDA values Chemisorption system

(eV) eV)
Absorbate E E, S D
Si —10.88 —4.17 —11.3 —0.2
As —14.67 —5.53 —12.1 —0.9
S —-17.27 —7.11 —13.3 —2.2
Se —17.45 —6.92 —13.0 —2.1
Cl —20.67 —8.79 —16.0 —2.7

of As breaks these dimers and adds As-As dimers on top.
This process induces As dangling-bond and dimer-bond
states whose calculated dispersions are in excellent agree-
ment with photoemission data. For the adsorption of S
and Se we have obtained optimal configurations with
bridge positions as adsorption sites within a (1X1) sym-
metry. This corresponds to a restoration of the ideal
bulk-terminated geometry. Our calculations rule out ad-
sorption geometries with (2X 1) or (1X2) symmetry, in
agreement with experiment. However, the real adsorp-
tion process is more complicated due to the formation of
SiS, or SiSe, films, respectively. There are indications?
that ordered (1X 1) Se monolayers can be grown by care-

our calculations show. The electronic structure com-
pares well with the experimental spectra. Chemisorption
ful preparation techniques. Cl atoms finally adsorb at the
dangling bonds of the Si dimers, which become sym-
metric upon chemisorption. The Si-Cl bonds are tilted
15° outwards with respect to the surface normal. This
configuration, obtained as a minimum of the total energy
in our calculation, is consistent with the results of
SEXAFS experiments. The computed surface band
structure is in poor agreement with the surface-state
bands as determined from recent ARPES data. The pho-
toemission experiments show features without dispersion
which cannot be easily reconciled with our calculated
bands for the dimer adsorption model.

Note added in proof. The authors of Ref. 36 have re-
cently informed us that their MINDO codes used for the
calculations reported in Ref. 36 contained an error.
After correcting it, they find that their calculations yield
the lowest energy configuration for a monolayer of Cl ad-
sorbed at Si(001)-(2X 1), when the Cl adatoms are ad-
sorbed on top of the Si dangling bonds of the symmetric
Si dimers. This configuration turns out to be 0.75 eV per
adatom lower in energy than their bridge geometry (see
Fig. 11).
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