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Abstract. The interaction of a sodium atom with the silicon(111} surface is studied from the
point of view of molecular orbital theory. The Si surface is modelled by finite clusters and
the interaction of the alkali atom is investigated from different approach positions. Electron
cotrelation is incorporated by invoking the concepts of fourth-order many-body perturbation
theory. The results are compared with available data in the literature.

1. Introduction

The interaction of alkali-metal (AM) atoms with silicon clusters is an important field of
study from the point of view of gaining an understanding of the electronic properiies of
metal—semiconductor (MS) junctions [1-5]. In addition to the purely scientific motivation for
such studies, the theoretical and experimental knowledge gained from such investigations
are expected to be useful in the elucidation and formulation of increasingly complex and
versatile device concepts. Potential applications of technological interest include negative
electron-affinity (NEA) devices [1], opioelectronics, image intensifiers, Schottky diodes [2],
infrared detectors, very-large-scale integrated (vL81) circuits [3] and spin-polarized electron-
beam sources [4]. In this paper, we use Si, clusters (n = 2-10) to model the Si{111) surface
and its interactions with Na, with a view to understanding the mechanisms involved in the
crystalline evolution, the possible reconstruction of this surface and Si interactions with
metal adsorbate. We first present a summary of the relevant work available in the literature,

The experimental work of Avci [6] on Si(i11) (7x7) shows that at low coverage (<
0.3 mL} the alkali atoms (Na, K, Cs and Rb) transfer their s electrons to the Si surface and
remain as screened positive centres. For higher coverage (0.3-1.0 ML), the formation of a
metallic layer takes place. Papageorgopoulos and Kamaratos [7] have studied experimentally
the deposition of Na on (I1x1) and (7x7) sguctures of Si(111). From work-function
measurements, they found that the dipole moment of the Na on the (1x1) structure was
greater than that on the (7 x7) structure. They concluded that this might be due to the facts
that the (1 x 1) structure is more uniform than the reconstructed (7 x 7} structure and that the
average dipole length of Na on the (1x1) structure is greater, Their results from thermal
desorption spectra of Na on the Si(111) surface indicate metatlization of the Na layer at
high coverage and higher binding energy of Na on a reconstructed (7x7) Si surface than
on the (1x1) surface.

As far as theoretical work is concerned, Northrup [8] performed a first-principles pseudo-
potential calculation within the local-density approximation. His results give a detailed
picture of how bonding occurs between Na and Si(i11) surface. He considered three
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possible adsorption geomeiries; the onefoid top site (0TS), the threefold hollow site (THS)
and the threefold filled site (TFS). He concluded that the THS was slightly favoured with
respect io the TFS, while the OTS peometry was ruled out for adsorption. In addition the
bonding was found to be ionic, formed by the Na 3s orbitals and the dangling-bond orbitals
on the Si surface. The Na-Si bond length was found to be 2.71 A and the ionization
potential for Si(111) (Ix1):Na was calculated to be 2.1 eV, as compared to 4.8 eV for
the ideal surface. Ossicini er @l [9] studied the interface formed by one monolayer of
Na adsorbed on the ideal Si(111) surface by using linear muffin-tin orbital methods in the
atomic-sphere approximation. The interaction between Na and the Si surface was found to
have both covalent and ionic character, but the covalent one was dominant, with bonding
and antibonding structures forming a couple of states around the Si gap. The system formed
in this way has a non-metallic character as observed by Northrup [8] and also suggested by
Batra and Ciraci [10] on the basis of a study on the K-Si(111) systernn. The results again
preferred the THS, with a charge transfer of 0.29e.

As indicated above, coniroversies exist in the studies of AM-atom interactions with the
Si(111) surface. The difference in the theoretical results is particularly surprising, since these
have mosily used the local-density approximation. In this work, we extend our previous
calculations [11-13] and use the techniques of ab initio unrestricted Hartree~Fock (UHF)
theory [14, 15] to study the interaction of an Na atom with the Si(111) surface. Effects
of electron correlation [16-19] are investigated by invoking the concepts of many body
perturbation theory (MBPT) at the fourth order level (MP4). All the computations were
carried out using the programs GAMESS [20] and GAUSSIAN 92 [21].

2. Bare Si clusters

We have investigated twenty-seven Si clusters in the ideal FcC (111) symmetry. The most
stable clusters only are shown in figure 1. In the notation used to represent the Si clusters
in this paper, the first number represents the Si atoms taken from the first plane, the second
number is for the Si atoms from the second plane and so on. As shown in the figure we
have considered both planar and non-planar clusters: ten planar clusters, twelve two-layer
clusters, three three-layer clusters and two four-tayer clusters. In figure 1 the open circles
are the atoms in the first layer and the shaded circles represent the atoms in second layer.
The wide range of clusters considered allows for the investigation of physical and chemical
properties as functions of cluster size and geometry and also of possible evolutions to bulk
properiies. For each cluster the total cluster energy was optimized with respect to the
interatomic distances or the so-called ‘lattice constant’, while the interatomic angles were
kept fixed at bulk values to preserve the FCC symmetry. Possibilities of different spin states
were also investigated. The optimum lattice constant for a given cluster was then used to
calculate the fourth-order perturbation-theory energy eigenvalues. The binding energy per
atom for a given cluster was then obtained from the formula

Eo(Sin) = [nE(Si1) — E(Si,)]/n ()

where E(Si;) is the energy of a single Si atom and E(Si,) is the energy of an Si cluster
with n atoms.

Table 1 lists the optimum lattice constants, the ground-state configurations, the UHF
and MBPT ground-state energies and the MBPT binding energies per atom of the Si clusters.
Figure 2 shows the binding energy per atom as a function of cluster size, Some odd-even
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Figure 1. Most stable Si, clusters in ideal FCC{111) symmetry.

alterations are noted and all the clusters are found to be bound at all levels of theory.
The MBPT values of the binding energy per atom range from a minimum of 0.93 eV
for Siz(2,0) to a maximum of 2.12 eV for Sig(8,0). Thus a maximum of 45.8% of the
bulk cchesive energy of 4.63 eV [22] is recovered in the present calculations. We find
that even clusters are particularly stable, in partial agreement with the results for free
clusters [23-25] and experimental results obtained from mass spectral distribution [26-30]
and photofragmentation [26]. Also, the singlet states are more stable than the triplet states
as found in some previous theoretical studies [23-25] on Si clusters. To compare with
some other works in the literature, for the Si; molecule, our calculated electronic state
3%, is in agreement with experiment [31] and the error in our bond length of 2.285 A
is only 1.7% compared to the experimental bond length of 2.246 A. For Sis, the Dy,
'!Ag thombic structure is found to be the most stable structure. This agrees with some
previous calculations [23-25], but disagrees with the results of semiempirical calculations
on Si4 [32, 33]. It can be noted that, in general, the planar clusters are more stable than the
clusters with two layers and that cluster stability decreases with increasing number of layers
for n € 8. For larger clusters (n > 8), one notices an increase in cluster stability by the
addition of third and fourth layer atoms. As far as lattice constant is concerned, non-planar
structures have larger values of the lattice constant than the planar structures, and the bulk
values of 10,27 au [34] is reached around # = 9.

3. Na adsorption on Si clusters

Four possible chemisorption sites were investigated by placing the Na adatom at different
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Figare 2. Binding energy (eV) versus number of atoms for 5i,(111) clusters.

approach positions above the surface layer Si atoms of the twenty-six optimized clusters,
The sites considered (figure 3) are the OTS, the THS, the TFS and the valley site. In the
0TS, the Na atom is on top of one of the surface Si atoms. In the THS, the adatom sits at
the centre of a triangle formed by the Si surface atoms whereas in the case of the TFS, the
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Figure 3. Adsorption sites on the ideal Si(111) surface.

adatom sits at the centre of a triangle formed by the Si surface atoms followed by another
Si atom directly below it. In the valley site the adatom sits at the centre of a rhombus,
The distance R of the adsorbate from the closest plane of the Si, cluster is optimized at
the UHF level of theory by considering the total energy of the AM-Si, system as a function
of the adsorbate distance R for each of the cluster systems. The value of R was allowed
to become negative, the negative values corresponding to the penetration of the adsorbate
atom inside the cluster. Substrate relaxation due to the adatom was not considered. The
optimum geometry was then used to calculate the fourth-order perturbation-theory energy
eigenvalues. To determine the relative stabilities of chemisorption at the different sites, the
chemisorption energies E; are calculated from

E. = E(AM) + E(Si,) — E (AM=Si,) 2)

and the results are shown in table 2. First we note that in contrast to the results for the
bare clusters, the chemisorption energies at the UHF level are usually greater than those at
the MP4 level. From figure 4, it is seen that in the case of the THS there is a general trend
of increase in chemisorption energy with the increase of number of atoms at the MP4 level.
The dip at n = 9 corresponds to a comparatively low value of cluster binding energy. In
threefold-filled and on-top approaches we found a general reversed trend. The valley-site
approach is found o be fairly independent of the cluster size. In general, we find that the
presence of more atoms in the first plane decrease the chemisorption energy for all four
adsorbate sites, The THS is predicted to be energetically more favourable, followed by the
threefold filled, valley and on-top approaches.

To analyse the chemisorption results, we first discuss them by categories of approach
positions. For the on-top position, there is a general decreasing trend in chemisorption
energy with increasing n. Correlation effects are very impartant in this approach and change
the binding energy by 275.8% and —97.4% in two of the most extreme cases. Obviously, for
this position, the increased electronic repulsion plays a strong role. The MBPT chemisorption
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Table 2. Total energies and chemisorption energies of Na—Si,(111) systems.

UHF ground-state  MP4 ground-state  UHF chemisorption  MBPT chemisorption

Rmin  energy energy energy E energy E.

System {au)  (au) (au) (V) V)
Adsorption on 0TS

Ma—S8is(1,3) 540 —14.9622 ~15.1878 0.88 0.56
Na—Sis(5,0) 550 —18.7605 —19.0320 L75 1.57
Na-Siz(7.0) 710 -26.1111 —26.586 Q.60 0.50
Na—5i7(6,1) 5.70 259970 —26.2976 ~0.29 0.51
Na—Si(1,3.3) 5.60 —26.0953 —26.4547 242 -0.04
Na—Si|p(7.3) 6.10 —37.2295 —37.8344 213 0.14
Na-8i((1,3.6) 550 -37.0228 ~-31.5521 4.89 -1.26
Na-51p(3,3,3,1}) 5.45 -37.3082 —37.9018 2,74 0.07

Adsorption on valley site

Na-5iy(4,0) 5.60 -15.0605 —15.2877 1.1 1.01
Na—Sig(8.,0) 4.60 —29.8780 -30.3641 0.48 0.19
Na—Sig(4.4) =5.80 -29.9009 —30.3631 1.10 1.03

Adsorption on THS

Na-~Si3(3,0) 5.60 —11.3160 —11.4816 1.24 1.77
Na-8is(6,0) 555 —22.4912 —-22.8336 1.05 1.38
Na-8ig(3.3) —4.55 —22.4852 ~22.8286 3.59 1.08
Na—Sig(3.3) —4.45 —22.380% —22.7336 2.29 2,19
Na—§ip(3,3,3) 8.50 —33.5287 —34.0044 2.17 —0.36
Na-Sis(6,3) —5.40 —33.1401 —33.9686 0.66 1.41
Na-Sig(6,3) 4.65 —33.2994 —33.8044 498 —3.05
Na-Sis(6,3) —460 -33.6343 —34.0410 2.54 0.57
Na-Sijg(1,3,6) —4.8 —37.0489 —37.5436 5.60 —1.49
Na-8ij¢3,3,3,1) 4.9 —37.2904 —37.9290 2.25 272

Adsorption on TFs

Na~8iy(3,1) —4.80 —14.9705 —15.2248 . 1,57
Na-Siz(6,1) —4.80 —26.0407 —26.3054 0.89 0.72
Na-8i7(1,3,3) 7.60 -26.07M2 —-26.5027 L.76 1.26
Na-8ig(3,1,1,3) ~3.50 -29.6604 -30.1970 0.75 0.89
Na—Siyn(7,3) 490 -37.2368 ~37.8518 2.33 0.61

energy is rather size dependent in this approach position, decreasing by 1.43 eV from n =
5 to n = 10. The adsorbate distance R increases by 12.9% from smaller to larger clusters.
If one compares the systems Na—Si;(7,0) and Na—Si;0(7,3), one notes that the presence of
second-layer atoms lower the chemisorption energy and the adsorbate—cluster distance. This
has been noted before in our work for hydrogen interaction with lithium clusters [35, 36].
The presence of atoms in the third layer also lowers the chemisorption energy but helps
increase the adsorbate-cluster distance. This trend can be explained in terms of a strongly
localized bond between the adsorbate and the substrate atom directly below it, which is
weakened by the presence of Si atoms in additional layers,

For the valley site there is a comparatively large decrease in the adsorbate distance
from Si4(4,0) to Sig(8,0). Penetration of the adatom inside the cluster is characterized by
a rather small increase of 0.02 eV in chemisorption energy. Correlation effects appear to
be much less significant for the valley site. In the case of the threefold hollow approach,
the chemisorption energy E. is strongly size dependent, with an increase of 0.95 eV from



6550 M Mahapatra et al

3
3-fold hollow
2 -4

=

=

-

[=11)

8

=

LA

=

2

=

I

&

' valley

QU

=
SI — -

3-fold filled
on-{op
4] T Y T
3 5

Number of Si atoms in Cluster

Figure 4. Chemisorption energy of an Na atom on Si clusters at different sites.

smaller to larger clusters. The chemisorption energy is also cluster geometry dependent.
For example in the case of Na-Sis, E; ranges from 1.09 to 2.19 eV while for Na—Siy it
ranges from 0.57 to 1.41 eV, This difference in £ can be attributed to the difference in
binding energies for the particular cluster and we find that a low chemisorption energy
corresponds to a more stable cluster and vice versa [35,36]. In this approach, the presence
of second-iayer atoms usually increases the chemisorption energy by penetration of the
adatom inside the cluster while the presence of atoms in the third layer makes E; negative
by increasing the adsorbate distance. For the TF$ approach, there is a general trend of
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decrease in chemisorption energy with increasing number of atoms, decreasing by 0.96 eV
from Siy to Sijp. For this adsorption position, there is a general decrease in the value of £,
as the number of layers increases, but for the systems with equal numbers of atoms as in
the case of Na—Siy, the presence of third-layer atoms increases the chemisorption enetgy.
In this case penetration of the adatom inside the cluster is accompanied by a decrease in
E..

4. Electron charge distributions

It is important to study the distribution of electronic charge in the AM—Si systems in view of
the controversy surrounding the nature of the adsorbate—substrate bond and the possibility
of the transfer of electronic charge from the AM atom to the Si surface. In the current
calculations, the gross atomic populations for both the Si and AM-Si cluster systems were
first obtained from Mulliken population analysis [37], where the gross atomic populations
are defined in terms of the basis function populations g, by

A= n €)

©

The atomic charge on atom A is defined to be {(Z4 —g4), where Z4 is the atomic number of
A. Finally the changes A in atomic charges resulting from AM adsorption on Si, clusters
are calculated using the formula

AQ = Q(am-Si,) — Q(am, Si,}. )

The values of changes in electronic charge for Na adsorption are listed in table 3. The Si
atoms in this table are grouped together by symmetry equivalence for the atomic populations
and the number of atoms in each group is given in parentheses.

For the on-top site, the charge transfer ranges from 0.56 to 0.80 (in units of electronic
charge). The charge transfer from adsorbate to substrate increases by 0.1 from the second
tayer Na—S8is(1,3) to the third layer Na-Si(1,3,3), but the presence of atoms in the fourth
layer decreases the charge transfer by approximately the same amount. If we compare
Na-8i5(5,0) and Na—S8i7(7,0), we notice that the presence of more atoms in the first layer
increases the charge transfer. The presence of atoms in the second layer decreases the charge
transfer, as do the atoms in the third and fourth layers. For the valley-site approach, the
increase in charge transfer is significantly low (0.05) from Na-Sis to Na-Sig, which might
be compared with the difference in chemisorption energies of the corresponding clusters,
which is only 0.02 eV. Here we find that charge transfer increases due to the presence of
atoms in the second layer and, for planar clusters, more atoms in the first plane increase
the charge transfer. On the other hand, the amount of charge transferred changes by 50%
in the THS from smaller to larger clusters. It is found that the presence of atoms in the
second and third layers of the cluster increases the charge transfer from the adsorbate while
the fourth-layer atoms significantly decrease it. In the threefold-filled approach, the charge
transfer ranges from 0.21 to 0.78. One notes that in case of Na—Sig(3,1,1,3) the charge
transfer is very low (0.21) due to the presence of atoms in the fourth layer. The presence of
atoms in the third layer increases A Q while atoms in the fourth layer significantly decrease
it. Analysing all four adsorbate sites, it can be concluded that in general the charge transfer
increases while increasing number of atoms up to the third layer except for the on-top
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Table 3. Changes A in gross atomic charges between Na—Si, and Na plus Si, in the FOC(111}

symmetry.
Cluster AA{Na) AQ(S)) AQ(SH AQGBD AQSH AQES) AQESH AQSH
Adsorption position: OTs
Na-8i4(1,3} 0.66 -0.13 —0.142) -025
Na-5i5(5,0) 0.56 -0.23 —0.08(4)
Na-Siz(7,0) 0.77 -0.30  -0.05(4) —0.13(2)
Na-8i7(1,3,3) 0.76 -0.00 —-0.08(3) -0.04 009 -0.37
Na-8is(6,1) 0.80 0.21 0.02 001  -012(2) -043 -0.39

Na-8i1p(3,3,3,1) 067 -0.06(2) -0.04(3) ~0.01 ~0.03(2) -0.00 -0.36
Na-8ijp(7,3) Q.70 ~0.27 —-0112) -0.12(2) -0.1(2) 0.08(3)

Na—Sip(1,36) 061 0.01 0.10(2) —-0.24(2) —0.25 0.04 0112y ~0.35
Adsorption position: valiey site

Na-8i4(4,0) 0.52 -0.27(2) 0.01(2)
MNa—Sig(4.4) 0.56 -0.28 0.00(5) -0.27
Na-5ig(8,0) 0.57 0.04(2) —0.14(2y —-0.09(4) 0.04

Adsorption position: THS

Na—5i3(3,0) 0.46 =012 —0.i72)

Na—51(6,0) 0.63 -0.20 =0.11 =0.39 0.18 =0.05(2}

Na-Sig(3,3) 0.51 —0.16(2) —0.01(3}

Na-Sts(3,3) 0.59 -0.17(2) —0.26 0.042) -0.07

Na-Sie(3,3,3) 0.71 0.09 0.07 0.12 -0.27 =016 023 012 -0.12
Na-Sig(6,3) 0.68 -0.16 —0.16(2) -0.10 0.1 -0.09 0.03(3)

Na-5i9(6,3) 0.52 0.05 006(2) —0.22(2) -0.i5 —0.07 ~0.01(2)

Na-8ig(6,3) 0.64 ~013 —0.252) —-0.20(2) -0.12 0.16(2) ©.21

Na-S8i19{1,3.6) 0.69 -0.14 =--0.06(2) —0.27{2) -0.23 0.08 0.14(2y -0.02
Na-8ij9(3,3,3,1) 0.54 0.00(5) 0.01 —0.18(2) —-0.15 —0.03

Adsorption pasition: TFS

Na-5ia(3,1) 0.40 -024 01502 0.3

Na-Siz(6,1) 0.55 -0.0% —0.32 =012  —0.00 0.06 -Q.15 0.08
Na-8i7(1,3,3) 0.70 -0.00(3) =0.23(3) -=0.01

Na-8ig(3,1,1,3) 021 -0.21 =0.17¢2) 023 0.02 0.01 0.04(2)
Na-8i10(7,3) 0.78 0.11 -0.02(4) -0.04 —-0.03 =0.25(2y -0.23

position and atoms in the fourth layer cause a hindrance to chemisorption. Usually more
atoms in the first plane increase the charge transfer significantly.

We now make some comparisons with other calculations to arrive at a picture of alkali-
atom-Si(111) surface interaction. In our present work, using ab initio self-consistent UHF
and MP4 total-energy cluster calculations with Hay—Wadt effective core potentials [38, 39],
the THS is found to be the most favourable adsorption position for Na and the bonding
between AM and Si substrate is observed to be neither purely ionic nor covalent but of mixed
type. Partially ionic bonding was also observed in the ab initio moiecular-dynamic (MD)
study of Moullet ef al {40,41] for the Si(111):Na system. In this MD simulation, the basic
geometry consisted of one layer of Na and eight layers of $i. The valence electrons were
treated in the local-density approximation (LDA) of the density-functional theory and the
core—valence interaction was described by angular-momentum-dependent pseudopotentials.
In our calculations, the $i-Na distances are found to be 6.16 au, 6,23 au, 6.02 au and 5.4 au
for the THs, TFS, valley site and OTS respectively. For the most favourable adsorption
site (THS), our predicted value is 0.55 au larger than the calculated value of Moullet et al
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[40,41], whereas for the TFS and OTS, the values are respectively 0.4 an and 0.1 au larger.
The difference in the methodologies might be the cause of these discrepancies. Northrup’s
[8] LDA calculations using self-consistent pseudopotentials also favoured the THS, but the
bonding was found to be ionic. From the results of angle-resolved inverse and uliraviolet
(direct) photoemission spectroscopy (IPS and UPS respectively) studies, Reihl ez al [42] found
the THS to be the most favoured site, but the bonding was ionic. As far as charge transfer is
concerned, it is observed in our calculations that the charge transfer is not confined to the
first Si layer only as indicted from the MD simuiation calculation [40,41], but the charge
transferred from the Na atom to the substrate, which is consistent with the experimental

observation of Reihl et al [42]. The decrease in the HOMO-LUMO gap in our calculations
also indicated the possibility of metaliization.
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