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The atomic and electronic structure and interface formation of alkali
metal (Na, K, Rb, Cs) and Si(100)2 x 1 surfaces is investigated by photoe-
mission — XPS, UPS — using synchrotron radiation, scanning tunneling
microscopy (STM) and by photoemission extended X-ray absorption fine
structure (PEXAFS) experiments. The XPS-UPS results indicate that the
alkali metal-silicon bond is a weak and polarized covalent bonding even at
low coverages with adsorbate metallization at the monolayer. In contrast to
IIT-V semiconductor surfaces, alkali metals do not induce significant struc-
tural changes of the surface. STM images performed with atomic resolution
for the representative K/Si(100)2x 1 systems demonstrate that, at one mono-
layer coverage, the K atoms form one-dimensional linear metallic chains par-
allel to the Si dimers rows (110) direction and distant by 7.68 A with a single
site of adsorption. Below half a monolayer, the K atoms occupy various co-
existing sites with no long range order. An ordering transition occurs around
half a monolayer in which the adsorbate-adsorbate interaction, which was
so far neglected in theoretical calculations, appears to be the leading driving
force. The proposed models and concepts are discussed and compared to the
latest state-of-art theoretical calculations.
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1. Introduction

Surface science was basically initiated at the beginning of the 20th century
by the investigations of Langmuir, Taylor, Gurney and Topping on the effect of
alkali metals on the electronic emission of tungsten cathods [1-3]. Since that time,
alkali metal adsorption on metallic or semiconducting surfaces was intensively in-
vestigated because of fundamental as well as many applied aspects such as cataly-
sis, negative electron affinity cathodes, ion propulsion, photoelectric or thermionic
emitters, thermionic conversion, Schottky barrier formation, negative ion sources
for neutral beam devices [4-8]. Another striking aspect of alkali metals is their
exceptional and versatile role in the promoted oxidation and/or the nitridation of
semiconductor surfaces [9, 10]. Langmuir and Taylor have shown that Cs vapors
induced a dramatic increase in the electronic emission of tungsten cathods as a
result of the very important decrease (several volts) of the substrate work function.
The model proposed by Langmuir, Taylor, Gurney and Topping at about the same
time suggested that the alkali metal transfers its valence electron to the surface
leading to the formation of an ionic bonding. The Cs* ion forms with its image
a dipole leading to the reduction of the surface work function [1-3]. When the
Cs*+-Cs* distance is reduced with increasing coverages, the Cst-Cs™ interaction
provokes depolarization of the dipoles and subsequent minimum in the substrate
work function around half a monolayer. Beyond, the Cs overlayer becomes metal-
lic [1-3]. Until the early 80’s, this picture was believed to be valid for all types of
surfaces because the shape and the decrease of the work function upon alkali metal
deposition was very similar for a large variety of substrates [11, 12]. However, even
in its more recent approaches, the ionic bonding model was unable to explain the
electronic properties of alkali metal adsorption on transition metal surfaces [13,
14]. In this case, it is necessary to have theoretical methods taking into account
the true electronic structure of the surface in particular the presence of highly
localized electronic surface states [15]. From theoretical FLAPW ab initio calcu-
lations using the local density functional approach (LDF) [15, 16] as well as from
photoemission experiments using synchrotron radiation (XPS, UPS) and electron
energy loss spectroscopies (ELS) [13, 14, 17], it was demonstrated that the nature
of the bonding between alkali metal adsorbates and transition metal surfaces such
as W(100), Mo(100), Ta(100), Mo(110) and W(110) was strong, polarized and co-
valent even at low coverages [17]. This bonding was shown to be formed as a result
of the hybridization between the alkali s valence electron and the substrate local-
ized electronic d surface state [15, 17]. The absence of significant charge transfer
was also demonstrated by the lack of large shifts at the substrate and/or adsorbate
core levels [17, 18]. In contrast, the classic ionic bonding picture appears to remain
suitable for jellium-like surfaces like aluminium or full d-band metal as reported
on the footing of surface extended X-ray absorption fine structures (SEXAFS),
UPS and ELS measurements [19-21]. The case of the electronic properties of al-
kali metal/semiconductor systems is interesting since these surfaces and interfaces
have also, like transition metals [22], localized electronic surface states as dangling
bonds. So, one of the important issues is to know if one of these pictures could
also be valid for elemental semiconductor/alkali metal systems.
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. In this article, I will review the current status about the atomic and elec-
tronic structures of alkali metal/silicon systems based on our recent investigations
with photoemission (XPS-UPS) using synchrotron radiation, extended X-ray ab-
sorption fine structures (SEXAFS-PEXAFS) and scanning tunneling microscopy
(STM) experiments. The proposed models and concepts of alkali metal adsorp-
tion on silicon will be discussed and compared with the most recent theoretical
calculations.

2, Experimental details

The XPS-UPS and PEXAFS experiments were performed at the Synchrotron
- Radiation Center of the University of Wisconsin-Madison using an experimental
chamber at pressure better than 3 - 101! torr. The photoelectron energy was
analyzed by an angle-integrating double pass cylindrical mirror analyzer (CMA).
Alkali metal deposition was performed using SAES Getters sources. Since surfaces
modified by alkali metal overlayers have been shown to be highly sensitive to
impurities [9], a special care was taken to keep the surface clean. The pressure
increase during alkali metal deposition always remains below 2 - 10~1! torr. More
details about experiments and data analysis could be found elsewhere [6, 9, 10].

3. Electronic properties of alkali metal/Si(100)2 x 1 surfaces:
nature of the bonding, bond length and surface metallization

One way to trace if the bonding between an adsorbate and a substrate is
ionic is to look at the effect of high and low electronegative species on the surface
of interest, here silicon. Adsorption of a highly electronegative element such as
fluorine on Si(100)2 x 1, Si(111)2 x 1 and Si(111)7 x 7 surfaces has been shown to
induce very large chemical shifts (several electron volts) to higher binding energies
at the Si 2p core level observed in photoemission spectroscopy as a result of an
important charge transfer from the silicon surfaces to the adsorbate [23]. On the
other side, deposition of low electron affinity elements such as calcium on silicon
surfaces has been shown to induce an important chemical shift (1 eV) to lower
binding energy at the Si 2p core level as a result of a charge transfer from the
adsorbate to the substrate [24]. So, in case of a strong ionic bonding between alkali
metals and silicon surfaces as favored by recent pseudopotential calculations [25],
one should at least expect dramatic changes into the Si 2p core level, with existence
of a large chemical shift to lower binding energy. Instead, there is no significant
change of the Si 2p core level line observed in photoemission for Na, K, Rb and
Cs deposition on the (100) surface of silicon as shown in Fig. 1 [6]. This rules
out the model of an ionic bonding claimed [25] on the footing of pseudopotential
calculations. _

Figure 2 displays valence band photoemission spectra for the representative
Na/Si(100)2 x 1 interface at various sodium coverages. On the clean surface, peak
A represents the 3p electronic surface state related to the dangling bond while
peak B is connected with a bulk-like state. In case of a strong ionic bonding,
one should expect destruction of this electronic surface state (peak A) with Na
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Fig. 1. Si 2p core level for a Si(100)2 x 1 surface covered with 1 monolayer (1 ML) of
Cs, Rb, K and Na. The photon energy was 130 eV.
Fig. 2. Na/Si(100)2 x 1: valence band spectra for various sodium coverages between
0 and 2 monolayers. The photon energy was 82 eV.

deposition. Instead, upon Na adsorption, peak A has its intensity increased with
the coverage up to one monolayer (1 ML). Then, from 1 to 2 ML, the intensity
of peak A decreases. This behavior indicates formation of an electronic interface
state (peak C) at 1 Na ML with a 1.8 eV binding energy [26]. Similar electronic
interface states have been shown to occur with other alkali metals on silicon [26,
27) as well as germanium surfaces [28]. In all cases, the formation of these electronic -
interface states is related to the hybridization [26, 29] between the alkali s valence
orbitals with the substrate p dangling bond leading to a covalent bonding [26,
30]. The alkali s valence electron, which has an extended wave function, loses part
of its s character through the hybridization with the more localized p dangling
bond [6, 26].

Another aspect of alkali metal/silicon surfaces could be obtained by looking
at the Na 2p core levels for the representative Na/Si(100)2 x 1 system in Figs.
3a and 3b. As can be seen from Fig. 3a, the Na 2p core level exhibits a feature
around 2.5 eV lower kinetic energy at coverages above half a Na monolayer. This
is related to the formation of plasma oscillations [6, 26]. Further confirmation
of this aspect could be found by exposing the system to small amount of oxy-
gen as shown in Fig. 3b where the plasmon frequency is reduced as a result of
charge transfer from Na to oxygen leading to the reduction of electrons involved in
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Fig. 3. (a) 1 ML Na/Si(100)2x 1: Na 2p core level spectra at various sodium coverages.
The photon energy was 82 eV. (b) Oz/1 ML Na/Si(100)2 x 1: Na 2p core level spectra
at various oxygen exposures. The photon energy was 82 eV.

collective oscillations and plasmon destruction at 1 Langmuir (1 Langmuir = 1 L
= 10~ torr - s) of oxygen exposure [6, 26]. Similar findings have been made for
silicon surfaces covered with Cs or K [6, 31, 32] and Ge surfaces covered with Na
[28]. The existence of plasmons within the alkali overlayer demonstrates adsor-
bate metallization (and not substrate metallization as claimed in pseudopotential
calculations [25]) in agreement with previous theoretical investigations [33].

Another interesting feature is the rather low temperatures of desorption of
alkali metals from silicon surfaces which have been shown to be necessary to re-
move the adsorbate from the silicon (100) surface, between 550 °C and 650 °C for
Na, K, Rb and Cs, respectively [34-37]. This indicates that the bonding between
the alkali metal adsorbate and the silicon substrate is weak [34, 35] especially if
a comparison is made with transition metal surfaces (on which the alkali metal is
strongly bonded to the surface [15, 17]) where temperatures well above 1000° C
are necessary to desorb the alkali overlayer [38].

Further insights about the nature of the alkali metal-silicon bonding are
provided by using EXAFS techniques to measure the bond length between the ad-
sorbate and the substrate. SEXAFS measurements for the K/Si(100)2 x 1 system
at 1 K ML give a K-Si bond length of 3.1420.01 A (Table) which corresponds
exactly to the sum of K and Si covalent radii [39]. PEXAFS investigations using
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TABLE
Interatomic distances measured* by SEXAFS and PEXAFS.
SEXAFS (from Ref. [39])
System Auger line R1 (R)

I ML K/Si(100)2 x 1 | K KLL 3.14 £0.10
PEXAFS (from Ref. [4])

System Photopeak | R1 (&) r2 (A) R3 (A)
Clean Si(100)2 x 1 Si 2p 2.344:0.04 | 3.87+£0.08 | 4.6910.10
0.4 ML Na/Si(100)2 x 1 Si 2p 2.3510.05 | 3.861+0.08 | 4.7240.10
1 ML Na/Si(100)2 x 1 Si 2p 2.3240.06 | 3.8540.08 | 4.7540.13
0.3 LO,/1 ML Na/Si(100)2 x 1 | Si 2p 2.5040.08 | 3.92:+0.08 | 4.914+0.10
1 ML Cs/Si(100)2 x 1 Si 2p 2.364:0.06 | 3.901+0.08 | 4.78+0.13
0.4 ML Na/Si(100)2 x 1 Na 2p 2.80:0.10 | 4.4040.12
1 ML Na/Si(100)2 x 1 Na2 . [2:7840.10 | 4.36:0.12

*All measurements were made at § = 25°, where § is the angle between the sur-
face normal and the electric vector of incoming synchrotron radiation. These values are
obtained from the F(R) after phase shift correction. R1, R2 and R3 indicate the first,
second and third nearest neighbors.

the Na 2p core level in the constant initial state mode (CIS) for the Na/Si(100)2x 1
interface indicate that the Na=-Si bond length is the same for 0.4 Na ML and 1 Na
ML at 2.804:0.01 A which corresponds closely to the sum of Na and Si covalent
radii [40] (see Table and Fig. 4 which displays the Fourier transform F(R) without
phase shift correction of the EXAFS signal). These results support the model
of covalent bonding described above. It is interesting to remark that they are
in a very good agreement with recent total energy ab initio calculations for the
K/Si(100)2x 1 [41, 42] and Na/Si(100)2 x 1 systems [43] as well as latest dynamical
low energy electron diffraction (LEED) investigations [44]. Also of interest is the
absence of a bond length change between 0.4 and 1 Na ML — see Table and [40] as
observed for a metal substrate like Ag [19]. In this case, the increase of the Cs-Ag
bond length by 0.3 A between 0.5 Cs ML and 1 Cs ML was interpreted as a result
of a transition from an ionic to a covalent state [19], in agreement with the classic
ionic bonding picture [1-3]. This suggests that, in the case of alkali metal/silicon
interfaces, the bonding remains the same at low and monolayer coverages, e.g.
covalent which is in agreement with the observed electronic properties since:
i) hybridization between alkali metal and silicon valence electrons already occurs
at low coverages [26, 28] and ii) there is no significant core level shift indicating
that a charge transfer occurs at low alkali metal coverages [6, 45].

The decrease of the substrate work function with alkali metal coverages (-3,
-3.2, -3.4 eV for Na, K and Cs respectively [10, 46-49]) also indicates that the
covalent bonding between the alkali and the silicon atoms is polarized similar to
the case mentioned above of Cs covered transition metal surfaces [15]. Also of
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Fig. 4. Magnitude of the Fourier transform F(R) measured from PEXAFS oscillations

at the Na 2p core level for clean Si(100)2 x 1, 0.4 ML Na/Si(100)2 x 1 and 1 ML
Na/Si(100)2 x 1 systems.

interest, the absence of significant core level shift at the Si 2p core level mentioned
above indicates that alkali metals (except lithium) do not interdiffuse through the
surface with no silicide formation in contrast to the behavior observed for many
other metals [5].

This model of weak and polarized covalent bonding [26] is now further sup-
ported by several other recent investigations using metastable deexcitation spec-
troscopy (MDS) [51] and high resolution core level photoemission experiments
using synchrotron radiation [45] on alkali metal covered silicon surfaces.

4. Structural properties of alkali metal/Si(100)2 x 1 system

4.1. Potasstum aloms ordering on the Si(100)2 x 1 surface
tnvestigated by STM

During many years, the structural properties of alkali metal adsorption were
investigated using rather conventional electron diffraction techniques at low or
high energies (LEED, RHEED) {48, 52-56]. The first model was proposed nearly
20 years ago by Levine using LEED measurements for the Cs/Si(100)2 x 1 system
in which Cs was shown to keep the same 2 X 1 reconstruction at all coverages [52].
Levine suggested that Cs atoms are adsorbed in one-dimensional chains parallel
to the silicon dimer row along the {(110) direction with a single site of adsorption
being the pedestal site (see Fig. 5). Later, Tochihara studied the K/Si(100)2 x 1
surface and came to the conclusion that the picture described by Levine for Cs
was also valid for potassium [53]. It is only recently that these systems were re-
visited with the use of more sophisticated techniques. Abukawa and Kono using
photoelectron diffraction (PED) measurements with a single scattering analysis
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Fig. 5. Model of the reconstructed Si(100) surface with all the possible sites of alkali
metal adsorption suggested in the literature.

suggested that Cs (K) are adsorbed on both pedestal and valley bridge sites in a
two-layer model [57]. Similar suggestions of a two-layers model were also made us-
ing other experimental techniques such as thermal desorption experiments (TDS)
(58], RHEED [59], dynamical LEED [56] and medium energy ion scattering (MEIS)
[60] while ELS measurements [32] support the one-dimensional chain model pro-
posed by Levine [52]. Total energy ab initio D-MOL calculations for the represen-
tative K/Si(100)2 x 1 system have shown that the energy for each proposed site
of adsorption is very close and that the most favorable site would be the cave site
(see Fig. 5) [41, 42].

In order to be able to solve some of these controversies, scanning tunneling
microscopy (STM) experiments for the K/Si(100)2 x 1 system were performed on
a stepped (4°) surface [61]. In this case, each terrace has the same 2 x 1 domain
and is large enough to represent a normal (100)2 x 1 surface. Furthermore, the
(110) direction is perpendicular to the step edge which could allow to determine
the orientation of alkali chains. Figure 6a displays the STM image for the 1 K
ML/Si(100)2 x 1 interface by tunneling into the filled states. The K atoms appear
to be adsorbed along one-dimensional linear chains parallel to the Si(100)2 x 1
dimer rows (the (110) direction) and distant by 7.68 A [61, 62]. The STM picture
obtained by tunneling into the empty states gives a complementary image (Fig. 6b
and Ref. [61]). This picture is consistent with the model of Levine [52] but could as
well be valid for cave adsorption sites as proposed by Ling Ye, Freeman and Delley
on the basis of total energy ab initio D-MOL calculations [41]. The corrugations
measured by tunneling into filled and empty states are 1.5 A and 0.7 A respectively.
Since the largest vertical distance between top and low K heights in the two-layers
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Fig. 6. (a) STM image (filled :states) of 1 ML of potassium on the Si(100)2 x 1 - 4°
-stepped surface (Vi = +1.2 V). The distance between 2 potassium chains is 7.68 A.
(b) STM image (empty states) of 1 ML of potassium on the Si(100)2 x 1 - 4° - stepped
surface (Vi = ~1.2 V).

models is 0.55 A (this distance is calculated using the measured K-Si bond length
at 3.14 A [39]), this means that the presence of a second layer as favored by
other techniques [56-60] would have been clearly seen on the STM picture [61]
and Fig. 6a. Therefore, the STM results [61] which, unlike other experimental
technique [52, 53, 56~60], provide a more “direct view” of the K atoms on the
Si(100)2 x 1 surface, definitively favor a one-layer model with a single site of
adsorption and do not support at all other suggestions of 2-layers or 2-sites models
[66~60]. It is interesting to remark in Fig. 6a that the K one-dimensional chains
pass over the step edges to be bonded to the corresponding chains of the next
terrace without following the substrate registry at the step edge. This indicates
that the K-K interaction is stronger than the K-Si interaction (which is weak
as explained above). Furthermore, at low coverages, the STM images indicate
that K is adsorbed on various coexisting sites with no long-range order [61]. This
suggests the existence of an ordering transition around half a monolayer in which
the adsorbate-adsorbate interaction appears to be the leading driving force [61].
Also of interest in Fig. 6a is the existence.of 3D potassium clusters at the step
edge which are likely to result from K adsorption on surface defects [61, 62]. It
is also possible that this effect might result from enhanced sticking probabilities
at the step edge as recently suggested for Cs adsorption on silicon surfaces [63].
However, in this case, a more important effect should, in principle, be observed.
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So interpretation of these 3D clusters in terms of surface defects is more plausible
[61].

4.2. Effect of Na or Cs on the structure of the Si(100)2 x 1 surface

The adsorption of alkali metals on surfaces, even at very low coverages has
been shown to induce dramatic structural changes (teconstruction and/or removal
of relaxation) of the surfaces of metals like W(100) or Mo(100) [17, 64] or semi-
conductors like InP(110) [65]. So it is interesting to investigate if such structural
changes also occur in the case of silicon surfaces. Figure 7 displays the Fourier

+03L0,
1 Na ML

' | 0.4 Na ML

”qRH(GU)
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R (A)

Fig. 7. Magnitude of the Fourier transform F(R) measured from the PEXAFS os-
cillations -at Si 2p core level for clean S5i(100)2 x 1, 0.4 ML Na/Si(100)2 x 1, 1 ML
Na/Si(100)2 x 1 and 0.3 L of O2/1 ML Na/Si(100)2 x 1 systems.

transform (without phase shift correction) of the EXAFS signal at the Si 2p core
level from PEXAFS measurements for the Na/Si(100)2 x 1 [40]. As can be seen
from Fig. 7, Na deposition on Si(100)2 x 1 at 0.4 ML and 1 ML do not induce sig-
nificant structural changes of the surface in the Si-Si first, second and third nearest
neighbors [40]. The situation is similar for a larger alkali atom such as Cs — see
Table. It is in contrast to the behavior observed for III-V compound semicon-
ductors such as InP(110) where small Na coverages induce removal of the surface
relaxation and surface reconstruction [65]. These differences may be related to the
fact that, in the case of silicon surfaces, the Na(Cs)-Si bond is weak as mentioned
above. The absence of significant structural changes of the silicon (100) surface
upon alkali metal deposition is consistent with recent dynamical LEED results in
which it was found that Na induced Si-Si dimer relaxation by 0.2 A, which however
is of the order of the accuracy of the measurement (& 0.1 A) [55]. This relaxation
is likely to result from charge redistribution through the formation of the Na-Si
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covalent bonding [26]. Also of interest in Fig. 7 are the dramatic changes into the
Si-Si nearest neighbors induced by small oxygen exposures (below the threshold of
catalytic oxidation [66]) which further stresses the very high sensitivity of surfaces
modified by alkali metal overlayers [9].

5. Conclusions

In contrast to the historic ionic bonding picture of Langmuir, investigations
by XPS-UPS photoemission using synchrotron radiation and surface EXAFS tech-
niques of the adsorption of alkali metals on elemental semiconductors indicate
the formation of a weak and polarized covalent bonding. This model, which is
somewhat similar to the picture describing alkali metal/transition metal interfaces
where a strong covalent bonding occurs, appears to be a rather general feature of
surfaces having highly localized electronic states. It significantly differs from the
historical ionic bonding picture popular for nearly 70 years which still seems to
describe correctly the interaction of alkali metals with jellium-like or full d-band
metal surfaces. STM images indicate that at 1 ML, K atoms form one-dimensional
chains parallel to the Si dimers rows with the existence of an ordering transition
around half a monolayer coverage in which the adsorbate-adsorbate interaction,
which was so far neglected by theoreticians, appears to be the leading driving
force. Finally, PEXAFS measurements also show that alkali overlayers do not sig-
nificantly modify the surface structure of Si(100)2 x 1.
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