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Abstract. Electronic excitation spectra of the alkali-metal
(AM) (Na,Cs)-adsorbedSi(111)7×7 surfaces have been in-
vestigated by using high-resolution electron energy loss spec-
troscopy. We find that AM induces metal–semiconductor
transitions at the early stage of adsorption by completely fill-
ing half-filledSi adatom dangling-bond states. A loss peak of
energy less than0.31 eV appears as a precursor of the semi-
conducting phases, which disappears with increasing cover-
age, resulting in the formation of energy gaps of0.43 eV
and1.08 eV for Cs andNa, respectively. BothCs- and Na-
adsorbed surfaces become metallic at saturation, in sharp con-
trast with the semiconductingK-saturated surface. We discuss
the physical origin of the AM-induced loss peaks and its im-
plications for the electrical phase transitions.

PACS: 71.30.+h; 71.20.Dg; 73.20.-r

Understanding the evolution of electronic properties as
a function of adsorbate coverage has been one of the key
problems in the study of alkali-metal (AM) adsorption on sil-
icon surfaces [1–10]. Most studies have been concentrated
on the metalization process, in which two different models
have been suggested, i.e. substrate and overlayer metaliza-
tion. When AM atoms are deposited on aSi(001) surface,
the semiconducting surface changes initially into a metallic
phase, and then becomes semiconducting again beyond a cer-
tain coverage [6–10]. This type of metalization, occurring at
an early stage of adsorption, has been understood in terms
of substrate metalization, where valence electrons from AM
atoms partially occupy empty dangling bonds of theSi sub-
strate atoms. This early metallic phase is characterized by
a finite density of states at the Fermi level in photoemission
spectroscopy (PES) and a surface plasmon peak in electron
energy loss spectroscopy (EELS). At saturation coverage, the
semiconducting surface commonly developed at an interme-
diate coverage becomes either reentering metallic or remains
semiconducting depending on AM species. The metalization

at saturation coverage is understood well in terms of an over-
layer metalization essentially derived by the wave-function
overlap between adsorbed atoms [5, 7, 10]. On the other hand,
AM adsorption on theSi(111)7×7 surface has been studied
relatively sparsely in comparison with theSi(001) surface,
probably because of the complexity and the large unit cell of
the 7×7 surface, which might have hindered a theoretical ap-
proach. However, the metallic 7×7 surface provides a unique
opportunity to investigate interaction between a simple metal
and a metallic semiconductor surface.

Magnusson and Reihl reported a transition from a metal-
lic to a semiconducting surface after submonolayer coverage
of K and Cs on a metallicSi(111)7×7 surface [1]. Both
AMs are found to interact preferentially withSi adatom dan-
gling bonds, filling the empty state and lowering the energy
of the filled state associated withSi adatoms. This picture
was confirmed further by another PES study [2], and more
directly through STM measurements [11]. Redistribution of
electronic charge between theSi adatom and the rest atom
induced by AM adsorption was also suggested from a sur-
face core-level PES study [12] and a recent STM study [13].
Metalization near saturation coverage is also an intriguing
issue in the study of the AM-adsorbedSi(111)7×7 surface.
Magnusson and Reihl found that theK/Si(111)7×7 is semi-
conducting over a wide coverage range reaching up to satu-
ration at room temperature (RT), while theCs/Si(111)7×7
metalizes near saturation [1]. The metalizedCs-saturated
surface was noticed by an emission at the Fermi level in
valence-band PES and by the asymmetric broadening of the
Cs4d core level [14]. The difference between the results
for Cs andK was attributed to theCs−Cs interaction being
stronger than theK−K interaction originating mainly from
the multiple-site adsorption ofCsatoms. Recently, metaliza-
tion of K/Si(111)7×7 was also observed from the second
layer formed at cryogenic temperatures [3].

In this article, we report electronic excitation spectra of
the AM (Na,Cs)-adsorbedSi(111)7×7 surfaces measured by
high-resolution EELS. We confirm the metal–semiconductor
transition reported earlier for theCs-adsorbed surface and
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find a similar metal–semiconductor transition for theNa-
adsorbed one. Interestingly, the semiconductingNa-adsorbed
surface becomes metallic again at saturation at RT, in sharp
contrast with the semiconductingK-saturated surface. We as-
cribed the difference betweenK- andNa-saturated surfaces to
the different growth modes of the AM overlayers.

1 Experiments

Experiments have been performed in an ultra-high-vacuum
chamber with a base pressure better than3×10−11 mbar.
The p-typeSi(111) sample (B-doped,ρ = 7.5–12.5Ω cm)
was cleaned through several cycles of flashing at1150◦C
and frequent annealing at800◦C as done routinely in pre-
vious work [15]. The resulting surface exhibited a well-
defined 7×7 LEED pattern and no impurity signals in X-ray
photoemission spectroscopy (XPS).Na and Cs were evap-
orated onto the sample surface at RT from well-outgassed
SAES dispensers. The chamber pressure remained below
1×10−10 mbarduring the evaporation of AM. The change in
the work function,∆φ, due to AM adsorption was measured
from the shift of the secondary electron cutoff in XPS. Elec-
tronic excitation spectra were obtained by using a Leybold
ELS-22 spectrometer at a specular geometry (θi = θf = 60◦).
The primary energy of the incident electron beam was

Fig. 1a,b.The change in the work function as a function of deposition time
for Cs (a) andNa (b) adsorbed at room temperature

15.0 eV, and the energy resolution measured in a straight-
through geometry was8 meV.

2 Results and discussion

Upon adsorption ofNa or Cs, the 7×7 reconstruction of
cleanSi(111) surface persists, although a certain degree of
disorder develops with increasing coverage. This is infered
from LEED observations, which show that the 7×7 LEED
pattern becomes diffuse but not destroyed completely, which
is quite consistent with recent X-ray standing-wave meas-
urements where the growth of disordered AM overlayers
was reported [16, 17]. The change in the work function,∆φ,
with increasingNa or Cs coverage follows the typical trend
routinely observed from AM-adsorbed semiconductor sur-
faces (see Fig. 1), and the values at saturation coverage are
in good accord with existing data within±0.1 eV [1, 4, 18].
One notes that∆φ by Na adsorption shows a clear mini-
mum, in sharp contrast with the almost flat or quite shallow
minimum by Cs. The presence of a minimum in∆φ has
been considered as a sign of surface metalization [19], and
this notion is confirmed by our EELS measurements as dis-
cussed below.

In Fig. 2, we present a progressive change of EEL spectra
with increasingCs coverage. One finds a metallic excitation
continuum from the cleanSi(111)7×7 surface at the bottom

Fig. 2. A series of EELS spectra showing a progressive change with increas-
ing Cs coverage on theSi(111)7×7 surface. The spectra were obtained at
a specular geometry (θi = θf = 60◦) with primary energyEp = 15 eV
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of the figure [20]. The metallic continuum loses its intensity
gradually with increasingCs coverage and a loss peak S1 of
energy about0.23 eVbecomes evident near∆φ =−2.23 eV.
With further adsorption ofCs, S1 becomes weak in intensity
and eventually disappears resulting in the appearance of en-
ergy gap of about0.43 eVnear∆φ=−2.71 eV. Upon further
adsorption, two new loss peaks S2 and S3 at about0.70 eV
and1.33 eV, respectively, begin to grow in the spectra, which
tend to shift toward the lower energy side with increasingCs
coverage. At saturation (∆φ=−2.97 eV), the top spectrum in
Fig. 2 seems to consist of three loss peaks at 0.25, 0.7, and
1.0 eV. Although there is no measurable energy gap, one also
notes that the metallic-excitation continuum is not fully de-
veloped in the spectrum.

The corresponding change in EEL spectra byNa adsorp-
tion (Fig. 3) is distinguished from the one byCs in several
aspects. First, a new loss peak of energy about0.31 eVat the
early stage of adsorption (denoted as P1) is well resolved from
the elastic peak, whereas S1 from theCs-adsorbed surface is
not. At ∆φ = −2.01 eV, the spectrum shows an energy gap
of about1.08 eV, much larger than that at0.43 eV from the
Cs adsorbed surface, with the advent of a broad loss band
centered at about2.0 eV (denoted as P2). One finds that P2
grows in intensity with increasing coverage, resulting in the
concomitant reduction of the energy gap. After the sharp min-
imum in ∆φ, a very intense metallic-excitation continuum
reappears, indicating the metalization of the surface, which

Fig. 3. Corresponding change as in Fig. 2 forNa adsorption. The metallic-
excitation continuum is fully developed at saturation in contrast withCs
adsorption

is compared with the weakly developed metallic tail forCs
adsorbed surface.

Now we discuss the origin of the loss peaks S1 and P1. The
similar changes in EEL spectra initially brought about by the
adsorption of bothNaandCssuggest that P1 and S1 may stem
from the same origin. One may think of several sources, in-
cluding a local AM–Si vibrational excitation, a surface plas-
mon, and an interband electronic excitation. Among these,
one may safely rule out the possibility of a vibrational excita-
tion of the AM–Si bond since the energy,250 meV, is too high
to be so, considering the much lower values of25 meVand
7 meV calculated for the vibrational modes induced byNa
andCs adsorption, respectively [21]. The calculations were
carried out by assuming the on-top site as a binding site where
one anticipates the highest vibrational energy.

Previous PES studies showed that adsorbed AM atoms
interact primarily with Si adatoms of the reconstructed
Si(111)7×7 surface. When valence electrons from AM
atoms completely occupy the half-filled dangling bonds of
Si adatoms, the surface becomes semiconducting [1, 2]. STM
observations also have confirmed the interaction of AM
atoms withSi adatoms [11, 13]. In addition, the disappear-
ance of the metallic excitation continuum in EEL spectrum of
the cleanSi(111)7×7 surface originating from the half-filled
adatom dangling-bond states further implicates the interac-
tion between AM andSi adatoms. The loss peaks P1 and S1
may then be attributed to either an interband transition be-
tween surface subbands or an intraband surface plasmon ex-
citation as often observed from AM/Si(001) surfaces [6, 7].
The distinction between these two possibilities may be made
from comparison with relevant PES observations. Since the
presence of an intraband plasmon excitation necessarily im-
plies the existence of a partially filled band [6], a metallic
peak should be observed in PES, but is not necessary for an
interband transition.

In their PES and inverse PES (IPES) study ofCs/Si(111)
7×7 surface, Magnusson and Reihl reported that the metallic
peak of a cleanSi(111)7×7 surface had disappeared already
at ∆φ ≈ −1.5 eV [1]. Since the loss peak S1 persists up to
∆φ =−2.52 eV, S1 may not be directly related to the metal-
lic peaks in PES. This observation is in strong contrast with
the one from AM/Si(001), where a surface plasmon excita-
tion remains as long as the corresponding metallic peak exists
in PES [6]. We therefore assign S1 to an interband electronic
transition between narrowly spaced surface subbands induced
by AM adsorption. Since each of theSi adatoms in the 7×7
unit cell has a different environment, they may well produce
a complex surface band, although only one adatom-induced
surface band has been observed experimentally, mainly be-
cause of the limited energy resolutions both in PES and in
IPES [22, 23]. A recent STM study also showed that the
charge redistribution induced by AM adsorption was in fact
quite complicated [13]. As the loss peaks S1 and P1 disappear
with a further increase in coverage, the EEL spectra reveal
that the surface becomes semiconducting with energy gaps
of 0.43 eVand1.08 eVfor theCs- andNa-adsorbed surfaces,
respectively. The larger energy gap of theNa-adsorbed sur-
face has also been observed for AM adsorption on theSi(001)
surface [7]. For theCs-adsorbed surface, two loss features,
S2 and S3 develop with prolonged dose, as shown in Fig. 2.
The existence of the two loss peaks agrees well with IPES
measurements, where twoCs-derived unoccupied states have
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been observed [1]. The energy separation between them is
about0.5 eV, which agrees quite well with the energy dif-
ference between S2 and S3. According to the calculation of
free-standing hexagonalCs monolayers, the energy differ-
ence between unoccupiedCs6p- andCs5d-derived bands
is 0.68 eV at the center of the surface Brillouin zone [24].
We thus attribute S2 and S3 to interband transitions from the
top of the valence band to the unoccupiedCs6p- andCs5d-
derived states. Another loss peak, S4, located near1.0 eV,
is an overlayer plasmon excitation, which has also been ob-
served at theCs-adsorbedSi(001) surface [7].

As shown in Fig. 3, the Na-adsorbed surface exhibits
only a single broad loss feature, P2, for the semiconduct-
ing phase, in comparison with two loss peaks S2 and S3
for the Cs-adsorbed surface. This is consistent with the ab-
sence of empty d bands forNa, and P2 may then be as-
cribed to the transitions to the emptyNa 3p-derived bands.
The metallic nature of the surface at saturation suggested by
the distinguished metallic continuum in the EEL spectrum
(top in Fig. 3) is rather surprising considering the semicon-
ducting feature of theK-saturatedSi(111)7×7 surface at
RT [1, 3]. The metalization of the AM overlayer is usually
understood in terms of the competition between AM–AM
and AM–Si interactions [5, 14]. Since theNa−Na interac-
tion may be weaker than theK−K interaction, assuming the
same bonding configuration, the metallic nature of theNa-
saturated surface implies a different growth mode ofNa on
the Si(111)7×7 surface than forK or Cs. Since a previous
STM study showed that clusters were formed inside the 7×7
unit cell at highNa coverage [13], the metalization of the
Na-saturatedSi(111)7×7 surface might be caused by these
clusters. It is interesting to compare the metallicNa-saturated
Si(111)7×7 surface with theNa-saturatedSi(001) surface,
which remains semiconducting [5, 7, 10], although the possi-
bility of cluster formation was also suggested from the abrupt
decrease in the work function [25].

3 Summary and conclusions

We have investigated a progressive change in electronic prop-
erties induced by AM (Na,Cs) adsorption on theSi(111)7×7
surface by analyzing EEL spectra as a function of AM cover-

age. BothNaandCsare found to induce characteristic metal–
semiconductor transitions at an early stage of adsorption by
completely filling theSi adatom dangling-bond states. At sat-
uration, the reentering metallic nature of theNa-saturated sur-
face becomes more pronounced than that of theCs-saturated
one, primarily because of the formation of clusters.
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