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We present the results of self-consistent pseudopotential total-energy and charge-density calcula-
tions for the potassium~vered ideal Si(111)surface. It is found that K adsorbed on the m-bonded

Si(111)-(2X 1) surface is less stable by -0.3 eV as compared to adsorption on the ideal surface, sug-

gesting that the n-bonded surface is metastable upon K adsorption. The overlayer binding energy is
estimated to be -3.4 eV. However, at monolayer coverage of the metal, the bonding is found to be
ionic on both the ideal and e-bonded reconstructed surfaces. No evidence for the overlayer metalli-

zation is detected at such coverages, presumably due to the presence of active dangling bonds and

strong ionic bonding.

In a recent paper' some interesting properties of the
m-bonding Si(111)-(2X1) surface upon potassium adsorp-
tion were reported. Based on the experimental evidence, s

the adsorption of K on the m-bonded Si reconstructed
surface only was considered theoretically. From the
total-energy minimization, the equilibrium position of the
adsorbate was reported to be at 2.8 a.u. above the center
of the tilted hexagon (formed from the surface and sub-
surface Si atoms) leading to an average K-Si interatomic
distance of -5 a.u. It was also found' that the forces
acting on Si atoms were rather small for each position of
the potassium atom approaching the equilibrium position
from a large height. It was thus concluded that the tr-

bonded chain structure of surface silicon atoms may be
distorted slightly, but basically remains stable upon ad-
sorption. The charge distribution and electronic struc-
ture corresponding to the equilibrium conSguration indi-
cated that the valence electrons of the adsorbed alkali-
metal atoms are donated to the empty vr' band leading to
an ionic bonding. As a result, it was found that at low
coverage (8~1) the surface, and at high coverage
(8~ 1) the bulk substrate, become metallic.

A signiiicant aspect of the K/Si system, which has not
been dealt with theoretically before, is the absolute stabil-
ity of the m-bonded structure since no total-energy calcu-
lations have been reported for K adsorption on ideal
Si(111). It is also important to investigate the nature,
strength of bonding, and metallization when a potassium
atom is adsorbed on the ideal Si(111) surface. In this
work we present new results for the K adsorption on the
ideal Si(111)surface. Then by comparing these with pre-
vious experimental and theoretical results, the stability is-

sue is explored in greater depth. Also in the light of our
present calculations, we discuss some earlier conductivity
measurements on an etched Si(111)surface as a function
of Cs coverage.

We have carried out total-energy and charge-density
calculations for K adsorption on the ideal Si(111)surface
by using the self-consistent41eld (SCF) pseudopotential
method ' within the local-density-functional formalism.
To compare our results directly with those obtained for
adsorption on the n-bonded reconstructed surface, the
parameters of the calculations {i.e., the type of the ionic
pseudopotentials, exchange-correlation potential, expan-
sion of the Bloch states in terms of =1000 plane waves,
etc.) are taken to be the same as in the previous study.
To treat the coverage of one K atom per two surface Si
atoms (8=1) we consider an ideal (2X1) unit cell in-
cluding 12 Si, one K, and two 8 atoms to saturate the
dangling bonds on the back surface. This corresponds to
a potassium coverage of NK-4)&10' cm . The ad-
sorbed atoms were placed above the center of the hexa-
gons (formed by three surface and three subsurface Si
atoms in the ideal configuration) at a vertical height of
2.6 a.u. above the Si surface. The smallest K-Si distance
is thus 4.9 a.u. This coniiguration is chosen to make
direct comparison with the total energy' of the m-bonded
surface. Also, this adsorption site is a low-charge-density
region (hole site) of the ideal Si{111)surface and is con-
sistent with studies' on Si(100)-(2X1) and Si(111)-
(2X 1}surfaces. In the present adsorption structure cor-
responding to 8=1, potassium atoms are arranged on
the chains along the [110] direction, the interchain dis-
tance being 12.56 a.u. (see Fig. 1). However, the nearest-
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FIG. 1. Top view describing the atomic structure of the po-
tassium adsorbed on the ideal Si(111) surface. Potassium and
surface and subsurface Si atoms are shown by large shaded,
small solid, and small open circles, respectively. The unit cell
{twice the primitive cell) used in our calculations is delineated

by dash-dotted lines. o, denotes the vertical plane, in which
charge-density contour plots are shown.

neighbor distance in the chain is only 7.25 a.u. , which is

smaller than the nearest-neighbor distance in the bulk

metal (-g.p a.u. ). The K-K separation is thus smaB

enough to allow a strong interaction among potassium
atoms on the same chain.

A significant result of our calculation is that the total
energy of the adsorption structure described in Fig. 1 [K
on the ideal Si(111) surface] is -0.3 eV lower than that
found' for the n-bonded surface. This suggests that the
ir-bonded reconstruction is unstable relative to the ideal
structure upon K adsorption at 8=1. On the other
hand, the force' and electronic structure calculations'
have proposed that the chain structure is maintained

upon K adsorption. Although there are no ultraviolet
photoemission spectroscopy (UPS) results available for
K/Si, the adsorption of Cs on Si has been studied using

synchrotron radiation. It is reasonable to use Cs/Si re-

sults to gain some qualitative insight. The UPS experi-
ment for Cs on Si(111}-(2X1)reports that the Si surface
state located near the Fermi level is shifted to higher
binding energy up to Cs coverage to -0.5 monolayer
(ML). (It should be noted that 0.5 ML corresponds to
8=1 in our notation. ) From difference-energy curves
Tochihara et al. deduced a new peak near the Fermi
level which was attributed to Cs 6s electrons. The origin
of the new peak has been challenged by Soukiassian' us-

ing the argument that the cross section for alkali-metal s
electrons is quite low for high UV photon energies. Con-
sequently, the new peak may have its origin in the m'
band of Si(111)-(2X1). Thus the above experimental re-
sults, i,e., shifting of the surface-state band to higher
binding energies, the development of a new peak just
below the Fermi level, and the pinning of the Fermi level
for 8 & 1, all appear to be consistent with the adsorption
of K on the m-bonded reconstructed surface. These
features are diScult to explain by K adsorption on the

TABLE I. Total energies E«s; for K adsorbed on the ideal
Si(111)-(1X1) at 8=2 calculated for two different kinetic ener-

gy cutoffs leading to a total of 751 and 525 plane waves (P%"s)
in the wave-function expansion set at I . Values are also given
for the clean Si(111), Es;, as well as the isolated K overlayer,
E». The heat of formation of the K overlayer is b,Q. The clean
and K-covered Si(111)had their back surfaces passivated with
H.

Energy (Ry)

EK/Si

hQ
EQ (eV)

751 PVf's

—48.969
—48.356
—0.381

0.232
3.16

525 P%'s

—48.711
—48.104
—0.380

0.227
3.09

ideal Si(111)surface since the ideal surface has a metallic
and nearly dispersionless surface-state band.

The energetics, on the other hand, show that K ad-
sorbed on the ideal Si(111)surface has definitely lower en-

ergy (by -0.3 eV) than the K/Si(111)-(2X1) m-bonded
system. This naturally leads to the conclusion that the K
adsorbed on the n -bonded Si(111)-(2X 1) is a local
minimum on the Born-Oppenheimer surface. The barrier
to cross over to the ideal topology, however, is not
known. But in the absence of the adsorbate, the barrier"
to go from the ideal surface to the m-bonded topology is
reported to be only -0.03 eV per surface atom. The cal-
culation of the corresponding barrier in the presence of K
requires the optimization of a large number of structural
parameters and hence is not feasible. It is therefore desir-
able to explore the transition from the metastable to
stable structure experimentally.

In order to reliably calculate the binding energy of the
K overlayer, b,Q (heat of formation}, on the ideal Si(111)
surface we proceeded along two independent directions.
In one case, we performed total-energy calculations using
the (1X1) cell for the ideal Si(111) surface with and
without the K overlayer. In our notation this corre-
sponds to 8=2. For this coverage, we are able to check
the sensitivity of our results to the calculational parame-
ters. For 8=1, the unit cell is too large to permit many
test calculations. The back surface, as usual, was saturat-
ed with H atoms. Our results are summarized in Table I.
The binding energy of the overlayer is defined as the
difference in the following total energies:

~Q =Es;+EK—Ercis

keeping in mind that the enthalpy of formation is defined
with the opposite sign. An important point to note from
Table I is that, although the absolute values of the total
energies for clean and K-covered surfaces have changed
by -3.5 eV upon increasing the number of plane waves
by 226, b,Q has changed by only ~0. 1 eV. Thus we con-
clude that the K overlayer at 8=2 is bound to the sur-
face by -3.1 eV. (The corresponding value reported'i
for the Na overlayer is -2. 1 eV and is lower, as expect-
ed. ) The absolute binding energy (not the overlayer bind-
ing energy) at 8=1 on the ir-bonded Si(111)-(2X1)sur-
face is known' to be higher by -0.3 eV than that of
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8=2. This is primarily due to the larger K-K distance
(and thus reduced repulsion energy) at 8= 1 as compared
to 8=2. Thus a similar change may be expected on the
ideal Si(111}surface, and hence we deduce that at 8=1
the K overlayer is bound to the ideal Si(111) surface by
-3.4 eV.

The second way to arrive at the value of EQ is from

~Q —~Q =«s —&s }+«k~s —&i~is»
where the superscripts denote the state of the substrate,
ideal (I) or n reconstructed (ir). The terms within the
first parentheses on the right-hand side correspond sim-

ply to the energy lowering due to the (2X1) n-bonded
reconstruction, which is known " to be -0.6 eV. The
difFerence of terms within the second set of parentheses
on the right-hand side is calculated by us here and is
-0.3 eV. An important conclusion arrived at is that for
8=1, the binding energy per K atom is -0.9 eV higher
on the ideal as compared to the m-bonded Si(111)surface.
Recalling' that b Q =2.8 eV, the (absolute) binding ener-

gy b Q =3.7 eV at 8=1. Thus the two methods lead to
rather similar values indicative of a strong ionic bond.
The two values dilfer somewhat because of cohesion in
the isolated K overlayer which is excluded to get the ab-
solute binding energy of the K atom. In practice„one
may not observe such a high value of the binding energy
on the ideal surface (having a narrow surface-state band)
due to the large ( —1 eV) intra-atomic Coulombic repul-
sion'i U. On the n-bonded surface, the dangling-bond
bands are broad and U can be efFectively screened out.
Therefore our calculated value for the binding energy is
more nearly correct for this surface. Thus the dimerence
in binding energies for a K overlayer on the ideal and @'-

reconstructed surfaces is likely to be smaller than our es-
timate. This raises the possibility that the metastable rr
reconstruction upon K adsorption may be observable.
High values of the binding energies also suggest that the

overlayer metallization is energetically less favorable as
compared to the ionic bond formation.

The nature of the K—Si bond is found to be quite
similar on the ideal as well as the reconstructed Si(111}
surface. The contour plots of the total valence charge
density in Fig. 2 depict the ionic bonding at the surface
region (no charge is seen around the adsorbed K atom).
The ionic bond is also supported by the strong reduction
in work function ( -2.6 eV) found in our calculation,
which is in reasonable agreement' with recent experi-
ment (-3.2 eV). Up to the coverage studied, our calcu-
lations do not show the formation of a one-dimensional
(1D) metallic band over the potassium atoms. This is il-
lustrated by examining state charge densities. Figure 3

(b)

FIG. 2. Contour plots of the total charge density in the verti-
cal plane a passing through the longer edge of the unit cell. The
positions of the atoms in this plane are indicated according to
the labeling of Fig. 1. The contour spacings are 0.0045 a.u.

FIG. 3. Contour plots of the charge density of the states in
the half-51led band lying in the band gap. (a) State with
k=(0,0,0) and (b) state vrith k=(0,0.43,0) a.u. '. Contour spac-
ings are 0.0006 a.u.
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shows the charge distribution of the states from the half-
filled band in the gap region. It is well known that the
ideal Si(111) surface has a half-filled dangling-bond
surface-state band S, in the band gap. When the same
surface is treated by a larger unit cell, say an ideal (2X 1)
unit cell, as are have done in this study, 5& is folded into
two bands, which are degenerate at certain directions of
the surface Brillouin zone. The adsorption of potassium
may induce either new, half-filled band —indicating the
overlayer metallization —or cause the upper folded
dangling-bond band to be half filled —corresponding to
the donation of the valence electrons of the overlayer to
the surface states. The contour plots of the states at I',
and J points of the surface Brillouin zone' clearly show
that they are dangling-bond states, conSrming the latter
possibility. This conclusion is conSrmed by the calcula-
tions of Northrup, 'i who has predicted an ionic bonding
for sodium adsorbed on the ideal Si(111) surface. Thus
our calculations show no evidence of the overlayer
metallization.

%e now briefiy discuss important conductivity mea-
surements on an etched Si(111)surface with adsorbed Cs
which have been reported'~ up to Nc, ——1X10' cm
The observation of a minimum in electron concentration
versus temperature at a Sxed high ( &3.5X10' cm )
coverage has been explained in terms of a two-band mod-
el. The two-band model used consists of two-dimensional
subbands in an inversion layer and a donorlike Cs impuri-
ty band. Our results are in conformity with the forma-
tion of two-dimensional subbands' since we Snd an ionic
type of bonding and a strong reduction in work function
upon alkali adsorption up to even beyond the coverages
used in the experiment. ' The high electric Seld so gen-
erated'7 leads to strong band bending. This can cause the
bottom of the conduction band to come near the Fermi
level and hence an n-type inversion layer can be produced

on a p-type material. The subbands are usually associat-
ed with such an inversion layer and appear naturally in
our SCF calculations. However, due to the small slab
thickness the subbands may be incompletely developed.
The formation of an alkali-metal impurity band, howev-
er, is not found in our calculation even up to 4&(10'
cm coverage. It is dii5cult for us to envisage the emer-
gence of impurity bands at an order-of-magnitude lover
coverage. Certainly, the presence of the dangling-bond
states in our system prevents the formation of the over-
layer metallic band. If these surface states are somehow
passivated in the experiment' then an impurity band can
develop at lower coverages. The suppression of the over-
layer metalhzation in the presence of surface states has
been found earlier. 's

In summary, the total-energy and charge-density calcu-
lations lead to the following conclusions for K on an ideal
Si(111) surface at e= 1. (i) The alkali atom is adsorbed
by donating the valence electrons to the active, but empty
dangling-bond surface states. (ii) Despite the relatively
short nearest-neighbor distance of K atoms arranged on
chains, a metallic bond leading to a 1D metal does not
occur. ' The substrate surface, which is metallic when it
is clean, continues to be metallic at 8=1. However, it
may become insulating at high coverages. (iii) Since the
total energy of the K/Si(111) system is found to be lower
than that of the K on ir-bonded Si(ill)-(2X1) system,
the latter is only a metastable structure. The transition
from the metastable to stable structure may be an in-
teresting phenomenon to observe experimentally.
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