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Structural and electronic properties of K/Si(1QQ)2 X 1
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The interface K/Si(100)2 X 1 has been investigated by using a variety of surface techniques sensitive to
both structural and electronic properties. The adsorption site of potassium was determined by using Xe
titration and Xe photoelectron spectroscopy. Potassium atoms are preferentially adsorbed between the
rows of dimers of the 2 X 1 reconstruction (cave-valley sites). Controversy exists about the degree of ion-
icity of the K—Si bond, and the way the surface is metallized after K adsorption. Using work-function
change, thermal desorption, and ultraviolet photoemission measurements, we determined that the potas-
sium overlayer has metallic character above 0.5-monolayer (ML) coverage. We have studied by means of
photoemission of adsorbed xenon the way the surface potential is affected by K adsorption. The charge
transfer from K to Si gives rise to a reduction of the local work function at sites close to K atoms. In ad-
dition, a long-range reduction affects the whole surface from coverages of 0.2 ML on.

I. INTRODUCTION

Alkali metals have been extensively studied for a rela-
tively long time, mainly because of their important role
as additives in many catalyzed reactions, such as the syn-
thesis of ammonia or the Fischer-Tropsch catalysis. '

Due to the technological importance of alkali-
metal —semiconductor interfaces, these systems have
deserved widespread attention in the past few years. To-
pics such as the activation of semiconducting surfaces to
negative electron affinity (used in image intensifiers and
infrared detectors), ' spin-polarized electron guns, or the
alkali-metal-promoted oxidation of semiconductors '

shall be fully understood only once the microscopic prop-
erties of the alkali-metal —semiconductor interfaces are
explained. Note only have the technological implications
of these interfaces contributed to the general interest in
these systems, but also the fascinating fundamental prob-
lems which appear during the formation of the interface.
Alkali-metal —semiconductor interfaces constitute a well-
defined model system where ideas about Schottky-barrier
formation, charge transfer, and metallization can be test-
ed in view of their application to more complex metal-
semiconductor systems. These interfaces are considered
to be abrupt and nonreactive, ' thus facilitating much
more the task of studying the parameters involved in the
formation of the interface, as compared to the case of
transition metals, where reaction or interdiffusion fre-
quently take place. The systems Cs/Si(100)2X1 and in
particular K/Si(100}2 X 1 have received great attention in
the past few years, from both theoretical and experimen-
tal workers, in part because the Si(100)2X1 surface has
been considered to be the simplest reconstruction of the
high-symmetry faces of silicon. As a consequence of
these efforts many of their relevant properties have been
measured and calculated. However, the systems are still
a matter of controversy, and different and contradictory

models have been put forward to explain the relevant ex-
perimental facts. ' ' In view of the extensive literature
published on these interfaces, ' ' we refer the reader
to Refs. 2 and 41 for an updated review, and will consider
in the following only the information relevant to the ex-
perimental magnitudes measured in this paper.

The controversy about the fundamental properties of
K/Si(100}2X1 involves in particular the K—Si bond
length;' ' ' the metallic or semiconducting character
of the interface and the nature of the metallization pro-
cess; ' ' and the adsorption site of the alkali-metal
atoms. ' ' ' Obviously, all three points are deeply in-
terconnected and a full understanding of these interfaces
will be achieved only when all three are clarified. We will
consider in the following the last two properties in more
detail. Before proceeding, it is convenient to clarify the
concept of monolayer (ML). We define in this paper 1-
ML coverage (6=1) as a density of atoms equal to the
atomic density of the Si(100) surface, i.e., 6.78X10'
atoms/cm . This is a suitable definition because the
values of the coverages can be directly related to the
number of K atoms present.

Concerning the metallization process and the nature of
the K-Si bond, Tochihara reported for K/Si(100)2 X 1 a
saturation coverage of 0.5 ML at room temperature (RT)
and a decrease of the work function of 2.1 eV without
passing through a minimum. Aruga, Tochihara, and
Murata performed angle-resolved electron energy loss
spectroscopy' (EELS} and determined the dispersion of
two loss peaks. These authors interpreted the bonding of
K to the surface according to Levine's model for
Cs/Si(100)2X1 (Ref. 3) (adsorption on the pedestal sites
and formation of one-dimensional chains, see Fig. 1). On
the basis of detailed calculations, ' ' the observed loss
peaks were attributed to the one-dimensional plasmons
associated with the metallic K chains on the surface.
Oellig and Miranda ' observed for the first time that the
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K-induced work-function change does, in fact, pass
through a minimum before reaching the bulk value. The
maximum decrease of the work function was 3.0 eV, a
value much larger than the one reported by Tochihara.
The results of Ortega et al. showed that Cs/Si(100)2 X 1

behaves in a similar way. Enta et al. ' ' determined the
band structure of K/Si(100)2X1 at saturation coverage.
The surface at this coverage was semiconducting, and rel-
atively unaffected by the K adsorption. The band struc-
ture for a one-domain Si(100)2X1 substrate was deter-
mined by Enta et al. as well. Castro et al. ' favored
metallization over 0.5 ML (see also Sec. IV). Finally,
metastable deexcitation spectroscopy (MDS) experiments
by Nishigaki et al. clearly indicated that the charge
transfer from K to Si is small, even at very low coverages.

The adsorption site of the K atoms has remained up to
now a controversial issue. Since the pioneering work of
Levine, where the pedestal site was proposed for
Cs/Si(100), a larger number of authors have assumed this
model, further favored by subsequent low-energy electron
diffraction (LEED) studies. ' Very recently XPD (x-ray

photoemission diffraction) (Refs. 32 and 33} and AED
(Auger electron diffraction) (Ref. 34) studies have been
performed. XPD results indicate that at the RT equilib-
riurn coverage the adatoms are sitting on both pedestal
and valley sites. AED results point to the fact that the
adsorption position of K is not the pedestal one, as previ-
ously assumed, but rather a mixture of pedestal and cave
positions, depending strongly on the annealing tempera-
ture. Further information on the adsorption site can be
extracted from the Xe thermal desorption data by Pervan
et al. (Ref. 35, see also Sec. IVE). STM (scanning tun-
neling microscope) work on these interfaces has provided
rather contradictory results. Badt et al. observed a
disordered adlayer; Hasegawa et al. observed adsorp-
tion of Li and K at the on-top site for low coverages fol-
lowed by ordering in lines perpendicular to the dimer
rows. Binder et al. observed adsorption on the cave
site. Finally, x-ray standing wave results by Etelaniemi,
Michel, and Materlik for Rb/Si(100)2X1 indicated ad-
sorption on pedestal and valley sites for coverages close
to 1 ML and promotion of the cave site after annealing.
Theoretical studies generally supported Levine's model. '

More recent calculations have favored, however, the cave
site: Batra' concluded for Na/Si(100)2 X 1 that the pede-
stal and cave sites are equally favored. Ling, Freeman,
and Delley" obtained total energies in the order of in-
creasing stability for the bridge, pedestal, valley, and cave
sites (see Fig. 1), E(bridge) =E(pedestal) ~ E(valley)
~ E(cave), with bond lengths of 3.1, 3.2, 3.5, and 3.2 A,
close to the experimental value. Ramirez' obtained the
same filling order for the four sites. Finally, Batra calcu-
lated the energetics of Na/Si(100)2X 1 at different cover-
ages. '

The purpose of our work has been to shed some light
on this debated system, where so much controversy ex-
ists, both from experimental and theoretical points of
view. Our approach has consisted of carefully determin-
ing some of the properties of the system in order to clari-
fy the debated issues, in particular the onset of metalliza-
tion and the K adsorption site. As these properties are
strongly dependent on the actual coverage, a careful cov-
erage calibration was performed and cross-checked with
different techniques. In this paper we will give a full ac-
count of our results, which have been partially presented
elsewhere. ' ' ' The paper is organized as follows: in

Sec. II the experimental details are described; in Sec. III
we will present our results for the clean Si(100)2X 1 sur-

face, relevant to the interpretation of the K/Si(100)2X 1

ones; in Sec. IV the results for the K/Si(100)2 X 1 inter-
face are presented; finally in Sec. V we will comment on
the properties of this interface.

FIG. 1. Adsorption sites on Si(100)2X 1. (a) Perspective view

of the 2 X 1 reconstructed surface of Si(100). (b) Top view of the
Si(100)2X1 surface covered with 0.5 ML of K. White circles:
silicon atoms; dashed circles: potassium atoms. The different
adsorption sites are shown: A (pedestal), 8 (cave), C (valley),
and D (bridge). Sites A and D are generically labeled with num-

ber II as "pedestal positions, " while sites B and C are labeled
with number I as "cave positions. "

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu-
um (UHV) chamber equipped with the standard analyti-
cal techniques LEED, AES (Auger electron spectroscopy)
performed with a CMA (cylindrical mirror analyzer),
TDS (thermal desorption spectroscopy), and UPS (ultra-
violet photoemission spectroscopy, photon energy
h v=21. 2 eV). The Si(100}sample (n-type, 30—50 fl cm,
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1 X 10X 10 mm ) was cut from a commercial wafer. It
was clamped onto a tantalum plate, which was fixed to
the sample holder. The sample temperature could be
controlled between 40 and 1300 K by means of a closed-
loop He refrigerator, connected to the sample by a flexi-
ble copper braid, and resistive heating of the tantalum
plate. The temperature was measured by a Cr-NiCr ther-
mocouple spot welded to the back of the tantalum plate,
in good thermal contract with the sample but far away to
prevent any contamination. The temperature axis was
properly calibrated by means of the heats of sublimation
of a thick potassium film and of a thick Xe crystal, grown
at low temperature, and desorbing from the Si(100)2X1
surface. The sample was cleaned by cycles of Ar+
sputtering (2 keV, 5 pA), annealing at 1200 K during a
few minutes, and slow cooling at a rate of 1 K/s. The
surface thus prepared always displayed a sharp 2X1
I.EED pattern. The ratio of the AES peak heights C270
and Sizz was less than, , and no other impurities (in

particular 0, Ni, and Cu) could be detected by means of
AES. The base pressure was 8X10 "Torr. Potassium
was evaporated by resistively heating a commercial
dispenser (SAES-Getters, Italy), which was carefully de-
gassed. During the K deposition the pressure never rose
over 2X10 ' Torr.

Band-beading measurement

We briefly review in this section the employment of the
saturation of the surface photovoltage (SPY) at low tem-
peratures, as a tool to determine the overlayer metalliza-
tion, and to measure the Schottky-barrier height versus
adsorbate coverage.

The work function P of a semiconductor can be
represented as a sum of several contributions: the po-
tential energy difference due to the surface dipole layer
( VsD), which is chosen to be equal to the affinity energy
(y), the band bending ( VBB), and the chemical potential
(p) (see Fig. 2),

~S EBB+I RT I LT (2)

because at low temperature, when the bands are flat, the
work function is given by

0= VsD+ VBB+v .

Usually VBB+p is called the Schottky barrier (pB). Il-
luminating the surface by very intense light makes it pos-
sible to depopulate (populate) the surface states, and ac-
cordingly decrease (increase) the Schottky barrier. ~ In
the case of an n-type semiconductor, light-induced depo-
pulation of the surface states will flatten the bands. This
decrease of the band bending is observed as a decrease of
the work function. The value for which the work func-
tion has been changed during exposure to the light is
equal to the band bending and it is known in the litera-
ture as surface photovoltage. Demuth et aI. demon-
strated that at temperatures around 50 K the electron-
hole recombination is frozen for a silicon sample in such
a way that it is possible to produce flatband conditions,
even when the intensity of the light is about 10'
photons/cm s. When an n-type silicon surface main-
tained at low temperature is illuminated by ultraviolet
light of the He I line, the holes produced during the pho-
toemission process accumulate at the surface region, and
flatband conditions are achieved in a self-compensating
process. For a detailed analysis of the values of the
recombination speeds see Ref. 44. The effect is observed
as a rigid shift to higher (for an n-type sample) or lower
(for a p-type sample) binding energies of the UPS spec-
trum. It should be remembered that only a part of the
shift is due to the saturation of the surface photovoltage.
Another contribution is due to the temperature depen-
dence of the chemical potential p, which is smaller at low
temperatures. ' We shall use the abbreviations pRT
and pLT for the values at RT and 50 K, respectively. For
our sample doping pRT=O. 3 eV and pLT=0. 1 eV. ' It
can be directly deduced that the amount of the shift when
decreasing the temperature from RT to 50 K ( Vs ) is

( LT VSD+PLT (3)

VL

Vso

whereas at elevated temperatures, when the bands are ful-
ly bent, the work function is equal to
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FIG. 2. Saturation of the surface photo voltage for
K/Si(100)2 X 1. Part (a) (left) depicts the situation at room tern-
perature (the bands are fully bent). Part (b) displays the bands
at low temperature (55 K), while the surface is illuminated by
ultraviolet light and the surface photovoltage is saturated. CB:
conduction band; EF.. Fermi level; VL: vacuum level; VBB..
band bending; VsD.. dipole part of the work function; yz..
Schottky barrier; P„r ig„r): work function at room tempera-
ture (low temperature); pRT (pLT): chemical potential at room
temperature (low temperature).

4RT VSD+I RT+ VBB (4)

Therefore one can determine the Schottky-barrier height
by measuring the shift Vs.

It is known also that the surface photovoltage can be
saturated even if a certain amount of metal is present at
the surface. Considering Eqs. (3) and (4), at low tem-
peratures a work-function change due to potassium ad-
sorption represents the change of the surface dipole only
{the chemical potential p is a bulk parameter and is not
affected by deposition of particles on the surface of the
crystal),

~ALT ~ VSD (5)

On the other hand, when the work function is measured
at temperatures at which the band bending is fully
developed,
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~I RT ~VSD+~~BB (6)

Therefore the difference between the two curves (b,@)
corresponds to the pure band bending,

~I RT ~ALT ~ VBB (7)

III. THE Si(100)2X 1 SURFACE:
RESULTS AND DISCUSSION

The dimers of the Si(100)2X1 surface can be either
symmetric (both atoms at the same height) or buckled
(one atom is at a higher level than the other one). STM
results have shown that well-prepared surfaces are
formed by dimers which appear symmetric within the
STM accuracy. A certain amount of buckled dimers
stabilized by defects is always present at the surface, al-
though it can range from 3% to 30%, depending on the
preparation conditions. Concerning the electronic struc-
ture, photoemission data have shown that the surface is
semiconducting, with a filled surface state at about 0.7 eV
below the Fermi level, ' ' and an unoccupied state at
about 0.3 eV above it.

A. Valence-band spectra

Figure 3 shows the valence-band spectrum of the
Si(100)2X1 surface taken both at 273 and at 55 K. The
region closer to the Fermi level is displayed in more de-
tail in Fig. 4 (bottom spectrum). The shoulder around 0.8
eV below the Fermi level (at 273 K) corresponds to the
surface state, while the small emission at the Fermi ener-

gy (see Fig. 4, bottom spectrum) is attributed to the pres-
ence of defect states at the surface. Note that the elec-
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FIG. 3. Angle-integrated ultraviolet photoemission spectra
for Si(100)2X 1 taken at 273 (continuous line) and at 55 K (dot-
ted line). The shift to higher binding energies observed at low

temperature is due to the saturation of the surface photovoltage.

There is, however, a critical amount of metal for which it
is no longer possible to produce flatbands, since the ad-
sorbed metal causes a drastic increase of the recombina-
tion speed of the charges accumulated at the surface, a
process which accompanies the metallization of the over-
layer. The actual amount of metal necessary to prevent
the saturation of SPV can change very much in each case.
It depends both on the properties of the metal and the
semiconducting substrate, and on the type of growth of
the metal (e.g., layer by layer, cluster formation, etc.).
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FIG. 4. Angle-integrated ultraviolet photoemission spectra
for K/Si(100)2X 1 at different coverages, taken at 273 K. Note
the onset of the emission at the Fermi energy for at least 0.83
ML. Inset: a typical spectrum for a thick ( -20 ML) K film.

trons detected by our spectrometer are strongly angle in-
tegrated, which enhances the intensity of this emission.
The photovoltaic shift of the valence-band spectrum at 55
K compared to the RT position (Fig. 3) is 0.6 eV. Ac-
cording to Eq. (2), the band bending Van is thus 0.4 eV,
in close agreement with the measurements by Monch,
Koke, and Krueger. "

B. Xenon adsorption on Si(100)2X 1

1. Xenon thermal desorption spectroscopy

Figure 5 displays the Xe-TDS results for the
Si(100)2X 1 surface. The adsorption temperature and the
Xe doses were carefully calibrated to avoid the growth of
a second Xe layer. To this end, we selected an adsorption
temperature higher than the desorption temperature of
the second layer. On the other hand, the observation of
the desorption peak corresponding to the second layer
(under different experimental conditions, not shown) al-
lowed us to calibrate the Xe coverage. The thermal
desorption (TD) spectrum for the saturated surface ex-
hibits a well-resolved two-peak structure, with a peak at
82 K (denoted II in Fig. 5) and another at 92 K (denoted
I in Fig. 5). For low Xe coverages only peak I is ob-
served. The maximum of this peak is at 100 K, shifting
to lower temperatures as the exposure of Xe increases.
Beyond 2 L (where 1 L=10 Torr s) the position is sta-
bilized at 92 K. From 5 L on a broadening on the low-
temperature side is observed, which is indicative of the
population of a new kind of adsorption site. This
broadening evolves into a well-developed maximum at 82
K. A comparison of the peak heights suggests that the
number of adsorption sites corresponding to the desorp-
tion maxima is nearly equal. This is reasonable within
the dimer model for the Si(100)2X 1 surface, as two types
of sites are expected for Xe adsorption (see also Sec.
III B 3): pedestal-bridge (II in Fig. 1) and cave-valley (I in
Fig. 1) sites, each corresponding to a different coordina-
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tion of Xe atoms with the substrate Si atoms. The
desorption energies are 175 and 202 meV/atom, respec-
tively. 55

2. Ultraviolet photoemission spectroscopy
of adsorbed xenon

We have used photoemission of adsorbed xenon (PAX)
to reveal the lateral inhomogeneities of the surface poten-
tial. For a detailed description of the technique, we refer
the reader to Refs. 58 and 59. Very briefly, the binding
energy (BE) of the 5p levels of adsorbed Xe atoms is
pinned to the vacuum level, independently of the sub-
strate nature. This property converts the binding energy
of the Xe levels with respect to the Fermi energy of the
substrate in a tool able to probe the local work function
at the adsorption site.

Figure 6 shows a set of ultraviolet photoemission (UP)
spectra of the Sp level of Xe atoms adsorbed on the
Si(100)2X 1 surface, corresponding to 0.5 and 11 L Xe ex-

posure. The Sp peaks apparently contain no structure or
asymmetry. The coverage dependence of the full width
at half maximum (FWHM) of both 5p &/2 and 5p3/2 peaks
appears in the left panel of Fig. 6, where the difference of
the FWHM of both peaks (b, FWHM) is also represented
versus the Xe exposure. Additional broadening of the

Sp3/2 peak takes place already at a Xe coverage corre-
sponding to 1 L exposure. On the other hand, the Sp
peaks have been fitted by a set of Lorentzians following
standard procedures (an example appears in the right
panel of Fig. 6). Up to 3 L xenon exposure only one set
of Lorentzians (one for the 5p&/z peak and two for the

Sp3/2 peak as is well known) is needed. The best fit was

obtained assuming a splitting for the Sp3/2 level of 0.11
eV and a value of 1.30 eV for the energy difference be-
tween the Sp&&2 and Sp3/2 peaks. The experimental spec-
tra beyond the exposure of 3 L have to be deconvoluted
by using two sets of Lorentzians, which is in agreement
with the occurrence of the second thermal desorption

Xel Si(100)2x1

LA

C

a
X

70 90 1 10 70 90
TEMPERATURE (K)

FIG. 5. Thermal desorption spectra for Xe adsorbed on a
clean Si(100)2X1 surface. The traces correspond to increasing
Xe exposures of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 11 L from
bottom to top. The Xe desorption peaks I and II are assigned to
the Xe adsorption sites displayed in the perspective view of the
surface and denoted as in Fig. 1 (see also text). Inset: numerical
simulation of the experimental traces. The traces correspond
(from bottom to top) to increasing initial Xe coverages of 0.30,
0.50, 0.70, 0.85, and 1.0 ML.
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FIG. 6. Right panel: Xe Sp ultraviolet photoemission spectra
for 0.5 and 11 L Xe exposure. Experimental curves and opti-
mized fittings are shown. For 0.5 L only one component is

needed for the Sp&&2 peak (at higher binding energy), while two
components are needed for 11 L. Left panel: FWHM for the

Sp)q~ and Sp3/p Xe peaks vs Xe exposure, and incremental
FWHM (5 FWHMj between both peaks vs Xe exposure. Note
the changes starting at 1 —2 L exposure.

maximum in the TD spectra and with the increase of the
FWHM of the Sp, &2 peak. This second state appears in

the Xe-UP spectrum at a BE higher by 0.2 eV with
respect to the first state. The area ratio of both states for
saturation is 60% to 40%, respectively, which is in full

agreement with the relative abundance of the two kinds
of adsorption sites obtained by simulation of the experi-
mental TD spectra.

3. Discussion

The relatively simple structural model for the
Si(100)2X1 surface enables one to establish a correlation
between the two desorption maxima and possible xenon
adsorption sites on the surface, a task much more compli-
cated in the case of other Si surfaces. Assuming that
the Xe adsorption energy increases with the coordination
number of the adsorption site, then the TD peak which
develops first (92 K) should correspond to adsorption in
the cave sites. The second Xe peak at 82 K corresponds
then to adsorption on top of the rows of dimers (pedestal
sites). This intuitive approach is fully supported by mod-
el calculations of the bonding energy of a xenon atom at
each of the four adsorption sites (pedestal, bridge, cave,
and valley, see Fig. 1), assuming a simple pairwise sum-
mation of Lennard-Jones (6-12) potentials between the Xe
atoms and the substrate atoms. ' Thus we conclude
that the peak at 92 K corresponds to xenon atoms ad-
sorbed on the cave sites. Once these sites are completely
occupied by xenon atoms, only the sites over the dimer
rows remain free for further adsorption. In consequence,
we attribute the peak at 82 K to adsorption on the pede-
stal sites (see Fig. 1). Note that due to a misprint error,
the assignment of the two Xe desorption peaks was
wrongly made in Ref. 35, where preliminary results of
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our work were presented. The relative intensities of both
peaks are in reasonable agreement with the expected
values for this surface.

IV. THE K/Si(100)2X 1 INTERFACE:
RESULTS AND DISCUSSION

In order to ascertain the geometric and electronic
properties of the K/Si(100)2X I interface we will estab-
lish a careful coverage calibration, cross-checked by
difFerent techniques (AES, xenon TDS, PAX, potassium
TDS). We have studied the temperature dependence of
the growth of K multilayers. The possibility of lowering
the temperature down to 40 K allowed us to study the
Schottky-barrier formation by means of SPV saturation.
We have also obtained the work-function change versus
K coverage at RT and 50 K, and studied the local versus
nonlocal nature of the work-function change by means of
PAX.

A. Coverage calibration

Some contradictions exist in the literature about im-
portant properties of the interface, as saturation cover-
age, work-function change upon deposition, etc. To-
chihara reported a maximum change in the work func-
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FIG. 7. (a) Work-function change (left-hand scale, open cir-
cles) and relative AES intensity ratio I(K»2)/I(Si») (right-hand
side scale, full circles), upon adsorption of K on Si(100)2X1 at
325 K, vs evaporation time. The flattening of the curves from
—170 s of evaporation indicates a coverage saturation of
6~=0.60 ML. Lower panel: potassium thermal desorption.
The experimental thermal desorption traces for potassium are
shown. Curve (b): -20 ML, heating rate 0.4 K/s, adsorption
temperature, 55 K; curves (c): increasingly higher coverages up
to 1.46 ML, heating rate 1 K/s, adsorption temperature, 273 K.

tion with respect to the clean surface of b,!)I!=2.1 eV.
Enta et al. ' ' obtained saturation at a ratio of
I(Kz5z)/ISi9z) =0.47 and i)!!t=3.3 eV. Both authors ob-
served no minimum in the work-function curve. Oellig
and Miranda ' observed that up to -2 ML of K grow at
RT, and a minimum in the work-function curve at
b,/=3. 0 eV. In the case of Na/Si(100)2X 1, Glander and
Webb obtained a saturation coverage of 0.68 ML.

In this paper, potassium was deposited at 55 K. The
surface was then annealed to 273 K during one minute.
We have found that if either the annealing temperature
(for one minute anneal) or the potassium deposition tem-
perature are larger than 325 K, no more than 0.6 ML of
K can be adsorbed. As shown in Fig. 7(a), at 325 K the
AES intensity ratio I(Kz~z)/I(Si9z) increases linearly
with deposition time, but only up to a certain value, after
which it remained constant at a value of 0.35. At this
temperature a work-function decrease of 3.3 eV is mea-
sured (compare to Fig. 9, Sec. IV C), but only a shallow
minimum is observed at I(Kz5z)/I(Si9z) =0.28, a behav-
ior very similar to that found by some authors. ' '

We assign the minimum in the work function observed
at I(Kz~z)/I(Si9z) =0.28 (see also Sec. IV C) to a K cov-
erage of 0.5 ML on the basis of xenon desorption experi-
ments (see Sec. IVE for details on the experiments and
the adsorption model assumed). This assignment agrees
with the association made by many authors between the
minimum of the work function and a coverage of 0.5 ML
(Ref. 29, and references therein). For 6+~0.5 ML, the
coverage was measured also using the AES ratio, cali-
brated considering the value corresponding to 1 ML as
determined by Xe TDS.

Our data of potassium desorption indicate that multi-
layer adsorption at 273 K is possible. Figure 7(b) shows
the desorption of a thick (20 ML) potassium film deposit-
ed at 55 K. The peak follows zeroth-order desorption ki-
netics, which is typical for the sublimation process. This
thermal desorption spectrum provided us with a kind of
internal temperature sca1e. Thermal desorption data for
smaller amounts of potassium adsorbed at 273 K are
presented in Fig. 7(c). When the adsorption temperature
was increased to only 325 K no more desorption peak in
the range presented in Fig. 7(c) could be detected.

B. Adsorption energy of potassium

We have evaluated the adsorption energy of potassium
by performing stepwise thermal desorption (STD). The
K-covered substrate was annealed to increasingly higher
temperatures during 1 s, and the remaining K coverage
was evaluated by means of AES. We followed the
method proposed by Rawlings et al. in order to evalu-
ate the adsorption energy (E,d ) as a function of coverage,
assuming a preexponential factor of v=10' s '. By this
method an approximate value of E,d (averaged over a
finite 68& range) is obtained. Figure 8(a) presents the
evolution of the coverage versus annealing temperature,
while Fig. 8(b) shows the dependence of E,d versus cover-
age, both in the range between 0.1 and 0.7 ML. The re-
sults agree reasonably well with the values obtained by
Tanaka et al.
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FIG. 9. Surface work function vs K coverage (upper scale)
and vs the I(K»&)/I(Si») Auger peak ratio (lower scale). Black
dots: surface at 55 K; white circles: sample at room tempera-
ture. Note that both curves coincide for I(K»&)/I(Si») larger
than 0.6-0.7. Inset: band-bending change vs K coverage ob-
tained from the temperature dependence of the K-induced
work-function change.

C. Work-function measurements

The variation of the work function of the Si(100)2X 1

surface due to the potassium adsorption was monitored
at 55 and 273 K, and is presented in Fig. 9. Note that
due to the linearity of the ratio I(Kz~z)/I(Si9z) versus

8& (for 8+ ~0.5 ML), the upper scale in Fig. 9 is also
linear for this coverage range. From Fig. 9 it is clear (see
also Ref. 35) that both work-function curves decrease
rapidly in the low coverage regime. Further deposition
of potassium reduces the slope of the b,g(8) curve, indi-
cating depolarization effects characteristic of the alkali-
metal adsorption. ' The minimum corresponds to an
I(K~,z)/I(Si9z) ratio of 0.28.

The room-temperature work-function change exhibits
a larger decrease than the low-temperature one. This is
due to the fact that at any coverage the room-
temperature curve includes the change of the surface di-
pole and band bending, whereas the low-temperature
curve includes the change in the surface dipole moment
only.

The coverage dependence of the band bending induced
by potassium adsorption was measured the first time by
using the SPV effect. The experimental points are
displayed versus K coverage in the inset of Fig. 9. The
decrease of band bending saturates around 6&=0.25
ML, at a value of 0.30 eV, thus indicating that the K-Si
interface potentials are completely defined after deposi-
tion of 0.25—0.30 ML of K, in good agreement with
theoretical calculations.

Finally, note that the points corresponding to the
higher K coverages in Fig. 9 in fact coincide (the absolute
value of the work function P is identical at 273 and 55 K).
At these metal coverages the mechanisms responsible for
the SPV are not longer active. We conclude that for a K
coverage between 0.8 and 1.0 ML [which corresponds to
an I(Kz~z)/I(Si9z) ratio of 0.6 and 0.7, respectively,
dashed line if Fig. 9], the electron-hole pair recombina-
tion rate was increased so that SPV could not be saturat-
ed any longer. This behavior indicates that the surface is
in fact metallic at this coverage.

D. Valence-band spectroscopy of K/Si(100)2 X 1 surface

The angle-integrated UP spectrum of the
K/Si(100)2X 1 interface shows no prominent features for
coverages below 0.5 ML. The region around the Fermi
energy appears in Fig. 4 for different K coverages, and
also for a thick K film (see the inset in Fig. 4). The emis-
sion at the Fermi energy is completely defined at a cover-
age of 1 ML, and starts to grow from 0.5 ML, being
clearly visible at 0.8 ML. The observation of the Fermi
level in the UP spectrum at 1 ML is a direct proof of the
metallic character of the interface at this coverage. This
evidence supports that the K atoms donate only a frac-
tion of the 4s electron to the silicon atoms, in good agree-
ment with recent MDS experiments. The inset in Fig. 4
shows the spectrum obtained for a thick (-20 ML) K
film. The density of states has the typical triangular
shape observed for alkali metals. The sharp peak at a
BE of 3.8 eV is an Auger Mz 3 VV transition of 17.4 eV ki-
netic energy, which is detected at this apparent binding
energy with 21.2-eV photons.
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E. Thermal desorption of Xe from K/Si(100)2X 1
Xe/K/Si (100)2x1 eK-0.55 ML

Potassium was deposited on Si(100)2X 1 at 55 K, and
the covered surface was annealed one minute at 273 K.
The surface was then cooled down to 50 K. The amount
of K present at the surface was not affected by the an-
nealing process, as judged by AES. The interface so
prepared was then exposed to 10 Torr of Xe during a
time long enough to saturate the surface. Extensive stud-
ies showed that xenon does not adsorb on top of potassi-
um under these conditions, and only occupies the free
sties of the Si surface. In fact, the adsorption energy of
Xe atoms on top of K atoms is expected to be much
lower than on Si atoms. ' Figure 10 shows a series of
Xe-TD traces corresponding to increasingly higher potas-
sium coverages. It is evident from the traces that the in-

crease of the potassium coverage is accompanied by the
suppression of the high-temperature component of the
xenon traces (peak I, at 92 K). A numerical simulation of
the spectra has shown that the amount of xenon adsorbed
at saturation decreases in a nearly linear proportion with
the amount of potassium adsorbed. Moreover, a compar-
ison of the areas indicates that the area under the spec-
trum d is nearly half of the area under the spectrum a.
We can conclude that potassium deposition does not alter
the properties of the free sites at the silicon surface (from
the point of view of the xenon adsorption energy).

In addition, the elimination of the peak at 92 K means
that potassium atoms block the surface sites responsible
for this signal. Since these sites correspond to cave-valley
sites (see Sec. III B 3), we conclude that potassium atoms
(in these annealed overlayers) are preferentially adsorbed
on the cave-valley sites of the 2 X 1 reconstruction.

It is to be noted that the AES peak height ratio K/Si
for the spectrum d corresponds to 0.55 ML according to
our coverage calibration, i.e., we have found that the
minimum in the work function corresponds to the
amount of K which quenches the Xe-TDS peak I of Fig.
10. This, in turn, is close to the coverage that can be de-

posited at 325 K [Fig. 7(c)j. It is reasonable to assign this

coverage to 0.5 ML, since the Xe-TDS peak II is not
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FIG. 10. Thermal desorption spectra for saturation of Xe on
a clean Si(100) surface (curve a) and covered with 0.18 (curve b),
0.38 (curve c), and 0.55 (curve d) ML of potassium, respectively.
In all cases the K adlayer was annealed to 273 K, then cooled to
55 K and exposed to 30 L Xe. The perspective view of the sur-

face shows schematically K adatoms (dashed) occupying the
cave sites and Xe adatoms adsorbed at the pedestal sites (II).
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FIG. 11. Temperature dependence of the K-atom distribu-
tion between cave and pedestal sites. The K adlayer was depos-
ited at 55 K, and the surface then exposed to 30 L of Xe. When
the adlayer is annealed to 273 K prior to Xe exposure (continu-
ous line), the K adatoms occupy only the cave sites. If the ad-

layer is not annealed, the K adatoms occupy both pedestal and
cave sites (dashed line).

quenched at all. In this way an internally consistent
determination of the absolute coverage can be obtained.

We obtained Xe-TD traces for nonannealed adlayers as
well. Figure 11 shows two curves for an amount of 0.55
ML of K. In the case of the annealed adlayer K atoms
have fully populated the cave sites. In the case of nonan-
nealed adlayers, the blocking by K atoms of pedestal sites
is more efficient, and in addition a small number of cave
sites are left free. This indicates that the ordering of the
nonannealed K adlayer is much worse, and a broad distri-
bution of Xe adsorption sites exists. The total Xe uptake
is somewhat reduced in this case, because the less-
ordered distribution of the K atoms blocks the surface
more effectively for Xe adsorption.

F. Potassium-induced local work-function change

The most conspicuous experimental feature about
alkali-metal adsorption on semiconducting surfaces is the
strong reduction induced in the work function of the sur-
face. The methods usually employed to measure the
work-function changes (Kelvin probe, photoelectron
spectroscopy) average over the surface of the sample. It
is highly desirable to detect the work-function changes
induced by alkali-metal deposition with lateral resolution,
in order to assess the extent of the modification in the
electrostatic potential. In this way it could be determined
whether those changes are more pronounced in the vicin-
ity of the alkali-metal adatoms and how they involve the
clean (i.e., not covered by alkali-metal adatoms) patches
of the semiconducting silicon surface.

Mainly two experimental techniques, STM and PAX,
are currently able to resolve lateral inhomogeneities in
the surface electrostatic potential. We set out to experi-
mentally determine by means of PAX the eventual lateral
inhomogeneities in the surface electrostatic potential
brought about by alkali-metal adsorption on semicon-
ducting surfaces.

It should be expected that the dramatic work-function
decrease of the Si(100)2X 1 surface due to potassium ad-

sorption should also induce a significant shift of the xe-
non 5p levels to higher BE. To demonstrate the influence
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of the potassium overlayer on the Xe Sp levels, selected
UPS spectra of the Xe Sp lines, corresponding to potassi-
um coverages ranging from 0 to 0.55 ML, and exposed to
1 L of xenon, have been plotted in Fig. 12. The xenon ex-
posure was chosen such that the Xe atoms are adsorbed
always (at least for small K coverages) only on the cave
sites. As expected, the Sp peaks shift to higher binding
energies with increasing K coverage. The total shift is
2.0 eV for 6&=0.55 ML. ' In addition, already for very
small potassium coverage the Xe Sp spectra exhibit a
peak asymmetry. For 8~=0.04 ML, a shoulder on the
high-binding-energy side of the Sp, &2 peak is clearly seen.
With increasing potassium coverage the shoulder intensi-
ty increases, and, at 8K=0. 12 ML, develops into a new
peak. This asymmetry of the Sp peaks arises from the su-
perposition of two spectra of Xe adsorbed on two
different adsorption sites. These two states are separated
by 0.5 eV and can be interpreted as corresponding to Xe
atoms adsorbed next to K atoms [higher-binding-energy
state, in the following we shall refer to this state as
Xe(K/Si)] and further away from K atoms [lower-
binding-energy state, in the following we shall refer to
this state as Xe(Si)]. The separation of 0.5 eV represents
an enhanced local decrease in the surface potential next
to K atoms (at the Xe probing distance) with respect to
the overall shift, which is due to a K-induced long-range
decrease of the surface potential. Thus these data direct-
ly illustrate the twofold effect of K adsorption on Si: long
and short range. Note that the change in the Sp peak line
shape with potassium coverage is consistent with the
model, as the intensity of the Xe(K/Si) state increases for
higher K coverages. The spectrum of the clean
Si(100)2X 1 surface can be fitted with a single set of three
Lorentzians [one for the Sp, &z level and two for the Sp3/2
(see Sec. III B)] for this xenon exposure (1 L). The BE of
the Sp&&2 peak is 7.80 eV below the Fermi energy. This
peak corresponds to Xe atoms sitting in cave-valley posi-
tions on the clean Si patches. When potassium adatoms
are present on the surface, two kinds of Xe states are ob-

1 I I I t t

5p

served in the experimental data. They differ because of
the different electrostatic potential they feel. Computer
decomposition of all the experimental spectra is possible
with only two sets of Lorentzians. An example of the re-
sults of the fit is also shown in Fig. 13. The set of
Lorentzians at lower BE (labeled A in Fig. 13) represents
the Xe atoms adsorbed on the clean patches of the sur-
face, while the Lorentzian set at higher BE (labeled B in
Fig. 13) corresponds to the Xe atoms adsorbed in the vi-
cinity of the K adatoms. Upon increasing the K cover-
age, further Xe atoms come into contact with K adatoms
and are affected by their influence on the electrostatic po-
tential. '

At a potassium coverage of 0.04 ML the Xe(Si)-5p, &2

peak is shifted by around 0.23 eV with respect to the po-
sition found for the clean surface. This shift is in a cer-
tain way a measure of the long-range perturbation of the
silicon surface due to potassium adatoms. It is interest-
ing to compare these values with corresponding findings
for K adsorption on a metal. On the K/Ru(100) surface,
Markert and Wandelt reported that the short-range
effect is 0.57 eV [energy difference between the Sp levels
corresponding to Xe(K/Ru) sites and to Xe(Ru) for the
clean surface], while the long-range effect [energy
difference between the Xe(Ru) state for the clean surface
and the same state for the K-covered surface] is only 0.08
eV. This indicates that the local potential perturbation
due to the presence of K adatoms is very similar on the
Ru and Si surfaces. On the other hand, the smaller long-
range effect detected on Ru can be related to the smaller
screening length of Ru as compared to Si.
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FIG. 12. Xe Sp ultraviolet photoemission spectra taken at
different K coverages. Note the K-induced shoulder appearing
already at 0.04 ML, which evolves into the main peak at higher
coverages. Note also the overall shift of the spectra to higher
binding energy.
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FIG. 13. Selected Xe Sp ultraviolet photoemission spectra
showing the deconvolution in two components A and B. The
state B corresponds to Xe atoms adsorbed on silicon at sites
close to K adatoms; the state A corresponds to Xe atoms ad-
sorbed on silicon at sites farther away from K atoms.
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V. DISCUSSION

The experimental results presented in this paper, to-
gether with the previously existing work, provide us with
a consistent picture of the K/Si(100)2 X 1 interface from
the experimental point of view.

Some considerations should be made on coverage cali-
bration. Inadequate coverage calibrations have given rise
to many of the problems found in correctly interpreting
the experimental results on this system. Most workers
have attributed a coverage of 0.5 ML to the minimum of
the work-function curve, which is a correct assignment
according to our results. Work-function measurements
at RT indicate that the reduction of the work function is
3.3 eV. Only Tochihara in his pioneering work on this
system reported a value of 2.1 eV, which has not been
reproduced by other authors. Probably the actual cover-
age was too low or the sample was inadequate due to im-
perfections or impurities.

Enta et al. ' ' concluded that their RT saturation
coverage was 1.0 ML, obtained for b, / =3.3 eV. Assum-
ing our value of 0.6 ML for this coverage, their results
are in full agreement with ours, as they observe a Fermi-
level onset for coverages slightly above the saturation
one. Their assignment of 1 ML to the saturation cover-
age agrees with the theoretical prediction of a sernicon-
ducting character for surface at this coverage. For mod-
els assuming total charge transfer at all coverages, ' '
the surface would be actually semiconducting at 1 ML,
but these models are not supported by recent MDS exper-
iments, showing that the charge transfer is small even
at very low coverages.

The second point of interest is the strength of the K-
Si bond. It should be noted that the growth of multilay-
ers of K at 273 K is certainly possible, but the stability of
the rnultilayers decreases quickly as temperature is raised
above -300 K. Saturation of the amount of K present
on the surface at temperatures close to RT, as found by
many workers, ' ' ' ' can be explained as an effect
due to a slightly too high sample temperature. It is
difficult to establish the exact value for the adsorption en-

ergy on the basis of desorption data, as has been shown
previously by several authors. However, an estimate of
the adsorption energy can be directly obtained from the
temperature of desorption (Redhead method ). As the
desorption for coverages over 0.5 ML takes place at tem-
peratures close to those observed for a thick K layer, also
a similar E,d is obtained ( —1.0 eV/atom for v=10'
s '). For 8~0.5 ML values of —1.5 —2 eV/atom have
been obtained by STD.

Metallization is accompanied by definition with the ap-
pearance of a band crossing the Fermi energy. For RT
saturated surfaces, no emission at the Fermi energy has
been detected. ' When the surface is metallized, an
emission at the Fermi energy should appear. In this
sense, the surface is not metallic at 0.6 ML. The onset at
the Fermi level, however, can be difficult to detect by
photoemission measurements if a substantial density of
states at the Fermi energy is not present. In fact, due to
the small UPS cross section of s-like states, the measured
density of states at the Fermi energy is very low even for

a bulklike alkali-metal film (see Fig. 4). By using different
techniques we have found various upper limits to the ac-
tual coverage at which metallization takes place. Our re-
sults indicate that at least at 0.8 ML the surface is rnetal-
lic, by the appearance of the Fermi-level cutoff. The
disappearance of the SPV at -0.8 ML also indicates that
at this coverage a substantial density of states exists at
the Fermi level. Considering the behavior of adsorbed po-
tassium against 02 exposure, ' ' ' metallization could
already occur at 0.5 ML, because for OK &0.5 ML the
surface displays during 02 adsorption similar features in
UPS and work-function changes to those in thick K lay-
ers. Other evidence suggesting such a rnetallization at
around 0.5 ML has been obtained by observing the ener-

gy losses of the K 2p peak, which could be associated to
surface plasmons, although an interband transition can
also originate the observed effect. Whether the possible
metallization at 8~=0.5 ML will correspond to the K
overlayer or to the Si surface is a problem difficult to
solve with the available data for this particular coverage.
However, the observed metallization remains for
OK =1.0 ML. At this coverage intense Fermi-level emis-
sion is observed (see Fig. 4), and so the models predicting
a semiconducting surface at this coverage should be dis-
carded.

Concerning the K adsorption site, our results indicate
that the cave-valley sites are first occupied, in agreement
with some theoretical calculations, ' '" and other experi-
mental evidence. ' The adsorption at the on-top site
for very low coverage could be possible, but this site
does not seem to be favored for higher coverages. ' Our
observations are in agreement with XPD, ' AED,
and LEED (Ref. 75) results. Since the actual coverage at

temperatures around 300 K can be over 0.5 ML, the
amount of K atoms at the surface can exceed the number
of cave sites. This would naturally explain the formation
of a (not-completed) double layer as pointed out in Refs.
32 and 33, where the measurements were taken for the
saturation coverage at RT. If the adlayers are not well
ordered, the percentage of adatoms sitting at pedestal
sites can be even higher (see Sec. IV E and Fig. 11).

VI. CONCLUSIONS

In summary, the picture of the system K/Si(100)2X1
obtained from the experimentally observable properties
can be described as follows. The interaction between K
and Si gives rise to an intense work-function change,
which for very low coverages takes place basically around
the K sites. The work function diminishes and reaches a
minimum at OK=0. 5 ML with bed=3. 3 eV at RT. Fur-
ther growth of K is possible at 273 K, and the adsorption
energy of K adatorns on Si(100}ranges between 1.5 and 2
eV depending on the coverage. The Schottky-barrier for-
mation is accompanied by a band-bending change at the
surface of 0.3 eV, and the barrier is formed at -0.25 ML
( —50% of the first half of a monolayer}. Detectable pho-
toemission from the Fermi level appears between 0.5 and
0.8 ML. The surface remains metallic after deposition of
0.5 ML up to multilayers.
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