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Electrical phase transitions on the alkali-metal-adsorbed Si„001… surfaces
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The adsorption of alkali metals~AM’s ! on the Si~001! surface has been studied using high-resolution
electron-energy-loss spectroscopy. We find that the metallization at low AM coverages manifests itself with a
unique surface plasmon excitation, which turns out to be common to the AM~Li,Na,Cs!/Si~001! surfaces. With
increasing AM coverage, these AM-induced metallic surfaces become semiconducting again revealing the
characteristic metal-semiconductor transitions~MST’s! at the onset of the first ordered structures: (431) and
(233) for Na and Cs adsorption, respectively. We invoke a mechanism leading to a band insulator to
understand such a MST accompanying a disorder-order structural transition. In addition, the distinctly different
electrical properties of the AM saturated surfaces, semiconducting for Na and metallic for Cs, are attributed to
the availability of some excess adatoms beyond 1 monolayer at room temperature.@S0163-1829~97!06419-9#
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Adsorption of metallic elements on the semiconduc
surfaces has been a subject of intensive studies due to
technological importance in semiconductor industry besi
the scientific significance to investigate the basic nature
the interactions involved.1 Due to the rather simple configu
ration of the valence electrons of an alkali metal~AM !, the
adsorption of AM on the Si~001! surface has served as
model system to study adsorbate-derived electrical prope
of the metal adsorbed semiconductor surfaces. In fact, re
studies show that the AM/Si surfaces provide ample inf
mation regarding the electrical as well as the structural ph
transitions depending on AM coverage.1–10 Previous photo-
emission studies have shown that a small amount of
adatoms make the surface metallic by partially occupying
initially empty substrate band2–7 or a defect-related band.8

Also, in our earlier high-resolution electron-energy-lo
~HREEL! spectroscopy study for the Li/Si~001! surface, we
reported evidence for the metallicity of the surface from
prominent loss peak best developed at;260 meV, which
was attributed to a surface plasmon excitation.9

Interestingly, such a change in electrical property of
accompanies concomitant change in atomic arrangemen
the surface. The correlation between the two changes ha
been addressed properly or has often been overloo
previously.5,9 In this paper, we report results of our HREE
spectroscopy measurements of the AM~AM5Na,Cs!/
Si~001! surfaces. A semiconductor-metal transition~SMT! at
low AM coverages and a metal-semiconductor transit
~MST! accompanying a disorder-order structural transit
~DOT! have been found to occur commonly on these s
faces for most AM atoms including Li, Na, and Cs. W
discuss plausible mechanisms of these electrical phase
sitions together with distinctly different electrical properti
of the AM saturated surfaces.

We have employed a Lybold ELS-22 spectrometer, wh
was described elsewhere11 to measure surface electronic e
citations on the Na- and Cs-adsorbed Si~001! surfaces. The
experiment was carried out in an UHV chamber with a b
pressure better than 3310211 mbar. The Si~001! single crys-
tal surface~p type,p51.5–3.5V cm! was cleaned through
550163-1829/97/55~19!/12906~4!/$10.00
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several cycles of flashing at 1175 °C and annealing at 800
by resistive heating. The surface thus prepared showe
very sharp and bright (231) low-energy-electron diffraction
~LEED! pattern with a low background. The cleanness of
sample surface was then examined by x-ray photoemis
and HREEL spectroscopy where no impurity peaks were
tected. Alkali metals were evaporated by using commer
SAES dispensers that were thoroughly outgassed while
silicon substrate was maintained at room temperature du
deposition. The chamber pressure stayed below
310210 mbar during evaporation. The AM coverage w
controlled indirectly by monitoring the work-function
changeDf, which was determined from the shift of a se
ondary electron tail in x-ray photoemission spectra. TheDf
versus exposure curves measured~not presented! are quite
similar with previous measurements within60.2 eV.2,3,6–8

The ELS-22 spectrometer was used with two different p
mary energies 5 and 20 eV for energy resolutions of 8 and
meV, respectively.

The progressive evolutions of the HREEL spectra w
AM adsorption on the Si~001! surface are shown in Figs.
and 2 for Cs and Na, respectively. The two loss peaks fr
the clean Si~001! surfaceS0 andS1 are interband transitions
from the bulk valence to an empty surface band and fr
an occupied surface to the bulk conduction ban
respectively.12 In the figures, one immediately notices that
small amount of AM adatoms at the very initial stage
adsorption induces a rather broad shoulder near the el
peak, which develops into a prominent loss peak denote
surface plasmons~SP! with increasing AM coverage. The
presence of such a loss peak at low AM coverages is
accordance with the presence of some density of states a
Fermi energy in photoemission spectra, revealing the me
lic nature of these surfaces.3–5,8,9The peak SP tends to shi
towards the higher loss energy side upon further increas
the AM coverage reaching eventually 320 and 260 meV
Cs and Na, respectively. It, however, diminishes its intens
gradually before disappearing completely at a certain h
coverage~Df522.53 and21.34 eV in Figs. 1 and 2, re
spectively!. It is noteworthy to find that the surfaces exhib
12 906 © 1997 The American Physical Society
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no AM-derived ordered structures as long as SP prevails,
the surfaces remain disordered producing only the (231)
LEED pattern. Furthermore, the metallic surfaces beco
semiconducting again with increasing AM coverage at
onset coverages of the first AM-derived ordered structu
This is seen by the sizable band gaps forming as the sur
becomes ordered. The ordered structures and the app
band gaps of the reentering semiconducting surfaces ar
33) and;0.2 eV for Cs and (431) and;0.6 eV for Na.
These band gaps agree qualitatively well with the values
ported earlier.13 Such a MST for the AM~Na,Cs!/Si~001!
surfaces seems to be of a rather common phenomenon,
a similar MST has also been observed for the Li/Si~001!
surface. The ordered structure of the Li/Si~001! surface is a
(232) with a band gap of;0.7 eV.4,9

Previously, we have shown that the metallization of the
adsorbed surface is essentially an adsorbate-mediated
strate metallization. In other words, the Li 2s electrons par-
tially occupy one of the empty substrate surface bands int
sic to the clean coldc(432) structure.9 A general consensu

FIG. 1. Series of HREEL spectra showing the progress
change with increasing Cs coverage obtained at a specular g
etry (u i5u f560°). Note that the SP, signaling the metallic pha
of the surface, disappears completely as the ordered (233) struc-
ture appears indicating a reentrant semiconducting phase. The
face becomes metallic again with increasing Cs coverage produ
a prominent loss peak nearDf523.58 eV and a surface plasmo
above the excitation continuum near the elastic peak at saturatio
a result of the metallic coupling of the excess adatoms with
underlying adatom layer~see text!.
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seems to have been made for this explanation in prev
photoemission,2–6 inverse photoemission,14 and scanning
tunneling microscopy15 ~STM! studies contrary to the defec
or disorder related interpretations.8 The loss peak seen from
the corresponding metallic Li/Si~001! surface turned out to
be a surface plasmon.9 By the same token adopted for th
metallic Li/Si~001! surface at low coverages, we also a
tribute the metallization of the AM~Na,Cs!/Si~001! surfaces
to the substrate metallization. The SP’s in Figs. 1 and
might then also be surface plasmon excitations of which
energy varies with the AM coverage as for the Li case.9,10

Because an ordered arrangement of surface atoms is pr
rily a consequence of the strong lateral interatomic inter
tions between adatoms, such a DOT due to the increased
coverages may result in the MST’s of the AM/Si~001! sur-
faces as discussed further below. Although we invoke
substrate reconstruction to account for the relatively stro
extra LEED spots from the (232) structure of the Li/
Si~001! surface, we could not completely rule out a possib
ity of ordering of the AM layer itself for the ordered struc
tures of the Cs- or Na-adsorbed surface because of
relatively strong scattering factors of these atoms.

We now discuss a mechanism for the MST commo
observed on the AM~Li,Na,Cs!/Si~001! surfaces. The
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FIG. 2. Corresponding spectra as in Fig. 1 for the Na-adsor
surface. The overall features at low coverages are quite simila
the Cs-adsorbed surface except for the larger band gap of the
tering semiconducting phase for the ordered (431) structure. The
semiconducting phase at saturation, however, is in sharp con
with the metallic phase of the Cs-covered surface.
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(231) surface at room temperature is known to be a dis
dered phase of the orderedc(432) low-temperature
phase.16 As Johanssonet al. pointed out for the Li/Si~001!
surface in their recent STM study,15 AM adatoms may ini-
tially sit on the so-called C-defect sites unique to the lo
c(432) structure. The metallic phase persists as long as
partially occupied surface band remains. As the cover
increases, however, the interaction between adatoms
creases accordingly to form a long-range AM-derived
dered structure, which may destroy the localc(432) struc-
ture of the substrate. The structure then opens an energy
at a surface Brillouin-zone~SBZ! boundary by splitting the
partially occupied surface band into a completely filled a
an empty band above it as in a band insulator.17 The surface
now becomes semiconducting again depending on the siz
the gap, which accounts for the MST’s observed in t
work. It would be interesting to find the gaps shown in Fig
1 and 2 in photoemission spectra along the azimuth wh
the SBZ boundary forms.

The semiconducting nature of the first ordered structu
of the AM-adsorbed Si~001! surfaces may provide a clue t
determine the AM coverage within a single electron pictu
of band theory. Previously 1/3~Ref. 18! and 1/4 ML~Ref. 6!
have been assigned for the (233)-Cs and the (431)-Na
structure, respectively. Because both surfaces are sem
ducting, the assignment of 1/4 ML for the (431)-Na sur-
face contradicts its semiconducting nature in the single e
tron scheme. The theory predicts that the odd numbe
electrons per unit cell~1 from Na and 4 from Si! of this
surface should make the surface metallic. However the e
number of electrons~2 from Cs and 6 from Si! for the (2
33)-Cs surface is consistent with the theory predicting
semiconducting phase as observed. The apparent contro
for the the (431)-Nasurface demands an alternative exp
nation. One possibility is to invoke many-body effects th
may cause a sizable gap, so-called a Hubbard gap, w
electron correlation plays a vital role as found in the
adsorbed GaAs~110! surface.19 However, we have not ob
served any subgap excitations resulting from such a Hubb
gap in our HREEL spectra. Therefore as a simple alternat
we propose 1/2 ML for the (431)-Na surface, which pro-
vide an even number of electrons per unit cell~2 from Na
and 4 from Si! to account for the semiconducting feature
the surface within the framework of the single electr
theory.

Further changes of the HREEL spectra with increas
AM coverage beyond the reentering semiconducting ph
are also shown forDf<21.34 eV, andDf<22.53 eV for
the adsorption of Na and Cs, respectively in the figures.
spite the similar behaviors at low coverages, the two surfa
show strikingly different behaviors at high coverages. In p
ticular, the deeply semiconducting feature of the N
adsorbed surface near saturation is sharply contrasted
the metallic character of the Cs-adsorbed surface. Thi
seen by the absence and the presence of the excitation
tinuum near the elastic peak for the Na- and Cs-adsor
surface, respectively. For the Na-adsorbed surface a
peak near 3.5 eV begins to appear atDf521.34 eV at the
expense of SP and tends to shift towards the lower loss
ergy side. At saturation we observe two loss peaks of e
gies 2.1 and 3.0 eV denoted asS3 andS4 , respectively. In
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comparison with recent photoemission and inverse pho
emission data reported by Johansson and Reihl,14 we find
thatS3 andS4 are interband transitions from the two occ
pied bands and an adsorbate-derived empty surface b
The loss peak at 3.0 eV was mistakenly attributed to
overlayer plasmon previously, which was considered as
indirect evidence for the metallicity of the Na overlayer20

The semiconducting character of the Na-saturated sur
has also been observed in previous photoemission study14

The metallic feature of the Cs-absorbed surface at h
coverages is most clearly demonstrated by a relatively sh
loss peak at 0.18 eV, which begins to appear near the m
mum of the work-function changeDf523.58 eV. A simi-
lar sign for such metallicity has also been observed in p
toemission spectra by a finite density of states at the Fe
edge and the need for a large singularity index to fit the
2p and Cs 4d core-level peaks.7 This loss peak remains al
most dispersionless with respect to the momentum tran
parallel to the surface. However, its intensity grows grad
ally with increasing coverage with a slight change in its e
ergy. Since the work-function change increases beyond
minimum basically due to the excess Cs adatoms abov
ML, the metallic phase can also be caused by these ex
adatoms from the wave-function overlap between the Cs
oms in the two adlayers.3,14More specifically, thes electrons
from the excess Cs adatoms above 1 ML may form a br
s-6pz hybridization metallic band with the initially empty
6pz Cs-derived band. The loss peak at 0.18 eV in Fig. 1 m
then be a surface plasmon excitation due to Css and p
electrons in this hybridized metallic band or an interba
transition between the metallic band and an empty band 0
eV above it. However since the peak persists with
slightly varying energy above the interband excitation co
tinuum near the elastic peak, the peak is more likely a s
face plasmon of which the energy varies as the numbe
conduction electrons increases with coverage. The non
persiveness of the excitation may be understood by the
calized character of the excess Cs adatoms in the secon
layer. Note that the overlayer plasmon excitation attribu
to the Cs 4d electrons in Ref. 7 is seen in Fig. 1 as a bro
peak with loss energy centered at;1 eV.

In summary, we find that the metallization of the Si~001!
surface at the initial stage of AM adsorption is a gene
property of the AM~Li,Na,Cs!/Si~001! surfaces and confirms
the explanation, attributing it to the substrate rather than
overlayer metallization proposed earlier. The MST accom
nying a DOT, observed also commonly for th
AM ~Li,Na,Cs!/Si~001! surfaces, may occur essentially b
splitting a partially filled metallic band to open a sizab
band gap as in a band insulator. Additionally the distinc
different electrical phases at saturation, semiconducting
metallic for the Na- and Cs-adsorbed surface, respectiv
are ascribed to the availability of the excess AM adatoms
the second layer to form hybridized metallic bonds with t
AM adatoms underneath.
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