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Angle-resolved ultraviolet photoelectron spectra for the Si(001)2 X 1-K surface have been mea-
sured as a function of K coverage. It is found that the Si(001)2 X 1-K surface is semiconducting at
saturation K coverage, in contrast to previous interpretations of electron-energy-loss spectra based
on a metallic Si(001)2 X 1-K surface. It is further inferred that the saturation coverage of K for
the Si(001)2 X 1-K surface is one monolayer instead of half a monolayer as generally assumed for

alkali-metal/Si(001) surfaces.

Alkali-metal adsorption on low-index semiconductor
surfaces has been studied extensively for the last decade
from academic and technological points of view.! A
basic assumption about the electronic properties of these
adsorption systems is that the alkali-metal provides its
outermost s electrons to the substrate and the surface be-
comes metallic at saturation alkali-metal coverages.! >

of alkali-metal —semiconductor systems, the
Si(001)2 X 1-K surface is the system for which the most
quantitative analyses have been given.?~> For a satura-
tion K coverage on the Si(001)2X1 surface, Aruga
et al.> measured angle-resolved electron-energy-loss
spectra to obtain a dispersive loss peak around the loss
energy of 1.8 eV. Tsukada and co-workers® interpreted
the dispersion, based on a first-principles band-structure
calculation, as due to an interband plasmon excitation
between K4s-like and K4p, ~like bands of one-
dimensional metallic K chains. Nakayama et al.* fur-
ther gave a general analysis of a collective excitation of
electrons to show a linear frequency-momentum depen-
dence for the one-dimensional metallic surface. Ciraci
and Batra® later pointed out that the loss peak is not
necessarily due to collective excitations and that the me-
tallic surface originates from active dangling bonds from
the substrate. Common to these interpretations is the
existence of a nearly one-dimensional metallic surface.

Angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) is a powerful tool for investigating the elec-
tronic structures of surfaces. It is rather surprising that
essentially no ARUPS measurements have been reported
for alkali-metal—-semiconductor systems. In this Brief
Report we report ARUPS spectra of Si(001)2X 1-K sur-
face for the first time and show that the surface is semi-
conducting at full K coverage.

Experiments were performed with a UHV photoelec-
tron spectrometer which basically consists of a hemi-
spherical electron analyzer, a Hel resonance lamp, a
cylindrical-mirror Auger analyzer, and LEED optics.
The base pressure of the chamber was ~5x 10~ !! Torr
and the energy and angle resolutions of the spectrometer
were ~0.1 eV and ~=*1.5° respectively. A Si(001)
wafer (p type 20~40 Qcm, 0.5X4X25 mm?>) was pre-
treated’ and cleaned in situ by cycles of Art bombard-
ment and annealing at ~900°C. After cleaning, no con-
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taminants were observed in the AES spectra, and LEED
showed clear two-domain 2X 1 patterns. K was deposit-
ed onto a room-temperature substrate frora a chromate
dispenser (SAES getter) under a pressure of ~6x 10710
Torr.

First, we describe the characterization of the
Si(001)2 < 1-K surface. Figure 1 shows change in work
function ¢ and Auger electron intensity ratio
I(K(LMM))/I(Si(LMM)) as a function of the duration
of K deposition. The work functions were measured
from the low-energy cutoff of an ARUPS spectrum for a
negatively biased sample. ® decreases almost linearly up
to A®=—3.3 eV at t =4 min, then increases very slow-
ly. The AES ratio increases almost linearly up to t =4
min and then stays essentially constant. The LEED pat-
terns observed throughout were those for the 21, ex-
cept for a weak additional two-domain 3 X2 pattern for
only AP~ —1.9 eV. These results are in qualitative
agreement with the recent results of Oellig and Miran-
da.® However, in Ref. 8 it is reported that the satura-
tions of A® and K AES intensity do not coincide with
each other, which disagrees with our results. In our ex-
periment both the AP and the AES ratio were measured
on the same sample prepared under the same condition.
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FIG. 1. K-deposition dependence. of the change in work
function (WF) and Auger electron intensity ratio
I(K(LMM))/I(Si(LMM)) for K/Si(001). Work function for
the clean Si(001)2X 1 was ~4.8 eV.
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This makes our measurement more precise than that of
Ref. 8. It is also to be noted that the breaks in the Si
LMM Auger intensity curve in Fig. 2(a) of Ref. 8 are
quite ambiguous; without the straight lines, the dots
form a smooth curve. Therefore, the conclusion of a
layer-by-layer growth of K deduced in Ref. 8 is very
doubtful. Tochihara® also reported the work function
change upon K adsorption on a Si(001)2X 1 surface. His
result did not show minimum in A® and the absolute
value of AP was much less than ours and that of Ref. 8.
We suppose Tochihara’s sample had more imperfections
such as defects and contaminants.

ARUPS spectra were measured for both the clean and
K deposited samples; ARUPS spectra for the K saturat-
ed 2% 1-K surface were measured at the stage of the ar-
row A in Fig. 1. Figures 2(a) and 2(b) show representa-
tive ARUPS spectra of the saturation Si(001)2 X 1-K sur-
face measured at the polar angles 6 along {(110) and
(010) directions, respectively: Incident light is at 45°
along the opposite azimuth. For each spectrum, the
cleaning and K deposition was carried out each time
since the surface appeared rather unstable. Figures 3(a)
and 3(b) summarize the binding energy, E,, versus the
wave vector parallel to surface, ku’ for the clean 2X1
(open symbols) and the saturation 2 X 1-K (solid symbols)
surfaces. We note that the spectra and E, —k diagrams
for the clean 2X 1 surface are essentially identical to
those of a recent ARUPS work on the Si(001)2 X1 sur-
face.!® It is reported that some of the structures in the
clean 2X 1 surface for E, 2 eV can be ascribed to the
direct-transition peaks or peaks due to the one-
dimensional density of states in bulk bands.!® The struc-
tures for E, S2 eV are mainly surface originated.°
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FIG. 2. Representative He1 (hv=21.2 eV) ARUPS spectra
of the saturation Si(001)2X 1-K surface as a function of polar
angle 6. Azimuths are along (a) (110) and (b) (010) direc-
tions. Inset shows relation to two-domain 21 surface Bril-
louin zone.
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FIG. 3. E, vs k| plot for the clean Si(001)2< 1 (open sym-
bols) and the saturation Si(001)2 < 1-K (solid symbols) surface.
(a) along (110) azimuth (b) along 010). Circles correspond
to clear peaks or shoulders in actual spectra and triangles cor-
respond to broad unclear structures. Denoted polar angles are
for the saturation 2 X 1-K surface.

In Figs. 2 and 3 we first notice that there are struc-
tures which close the Fermi level, E, for the clean 21
surface but no such structures exist for the saturation
2% 1-K surface. The structures just below E. for the
clean 21 surface are known for Ge(001)2 X 1 surfaces
to be due to disorders on the room-temperature sam-
ple:!! The surface order changes with temperature as
c(4x2) (low temperature)«<>2 X 1 (high temperature) and
the metallic structures disappears for low tempera-
tures.!! For the K-saturated 2 1 surface in Figs. 2 and
3, even this metallic peak disappears with no traces of
metallic surface band which is a prerequisite in Refs.
3-5. Therefore, the dispersive electron-energy-loss peak
observed by Aruga et al.? should be attributed to a sur-
face band-to-band transition of the semiconducting
2% 1-K surface.

The properties of the clean Si(001)2x1 surface are
now rather well known. Recent STM works!*!3 finally
revealed that the clean 2 X 1 surface is composed of sym-
metric and asymmetric dimers of Si atoms together with
vacancies of these dimers. The metallic surface peaks
found in Figs. 2 and 3 should originate from the vacan-
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FIG. 4. Normal-emission ARUPS spectra (He1) for the
various stages of K adsorption on the Si(001) surface. Incident
light is at ~45° along {110) azimuth. The A®d’s are the mea-
sures of the degree of K adsorption (cf. Fig. 1). The insets are
the expanded spectra near the E; for A®= —0.24 and —0.68
ev.

cies to be consistent with the result for the Ge(001)2 < 1
surface. K adsorption on the 2 X 1 surface is assumed to
take place on the rows of the symmetric and/or asym-
metric dimers.®>~> However, the Si(001)2x 1 surface, in
reality, contains a rather large fraction (probably
~10%) of vacancies.!®!3 Therefore, it is of interest to
see how the metallic peak changes as a function of the K
coverage.

Figure 4 shows normal emission ARUPS spectra as a
function of K coverage. The noted A® are a measure of
K coverage (cf. Fig. 1). The metallic peak of the clean
surface developes as K adsorbes up to A®~=—0.7 eV
and recedes off for A® <« —0.7 eV. Coincided with the
intensity increase of the metallic peak for A® X —0.7 eV
is a slight shift of the peak to the higher binding-energy
side, as is well demonstrated in the insets for
A®d=—-0.24 and —0.68 eV. Polar angle dependence of
ARUPS spectra for A®= —0.68 eV showed no disper-
sion of the metallic peak and the intensity of the peak
decreases with increase in 6 and becomes zero for
6> 30°. Except for the change in the metallic peak, the
other structures in the spectra do not show any essential
changes up to A®P=-1.9 eV. On going from
AdP=—1.9 to A®P=—3.2 eV (saturation K coverage),
the spectra display a substantial change.

From these experimental findings, the following view
of the growth of the Si(001)2X1-K surface can be
drawn. Since ® decreases substantially at an almost
linear rate and K uptake increases also almost linearly
up to the saturation of K coverage, the K atoms are
nearly ionized upon the adsorption up to the saturation
coverage. The 4s electrons donated from K atoms seem
to be consumed first by filling the empty states localized
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at the vacancies. This is indicated by the intensity in-
crease of the vacancy-derived metallic peak with K
deposition for A® R —0.7 eV. The observed nondisper-
siveness of the peak also coincides with the disordered
nature of the vacancy. The slight shift of the metallic
peak for AP~ —-0.7 eV as compared to that for
AdP = —0.24 eV indicates that more vacancy states are
occupied by electrons donated from K atoms for the
higher coverage. Between AP~ —0.7 and — 1.9 eV, the
K adsorption seems to cause rearrangement of the Si di-
mers to eliminate the vacancies, which is indicated by
the decrease in the metallic-peak-intensity and by no
other changes in the spectra for these coverages. It is
also possible that the observed 3 X2 LEED pattern is an
indication of a well-ordered K overlayer on the dimer-
ized substrate. Presence of 3 X2 overlayers was also sug-
gested for Cs/Si(001) surface.!* From Ad=—1.9 eV,
the surface electronic structure appears to change to
very different structures of that of the saturation
Si(001)2 X 1-K surface.

It is to be noted that the coverage of K for
Ad=—1.9 eV, for which the 32 pattern is observed,
is about 1 of the saturation in Fig. 1. If the 3X2 order
is an indication of + monolayer (ML) [ML being the sur-
face atom density of a truncated Si(001) surface] cover-
age of K of a dense 3 X2 overlayer of Ref. 14, the satu-
ration coverage for 2X1 K becomes 1 ML. If the 32
corresponds to + ML of a dilute 3X2 of Ref. 14, the sat-
uration coverage is % ML. However, if one takes % ML
of K on the Si 2 X1 surface, the resulting surface is me-
tallic as is the case in Refs. 3 and 5. If one takes 1 ML
of K on the Si 2X 1 surface, the resulting surface would
be semiconducting since the number of surface valence
electrons per the 21 unit cell in this case is always a
sum of even numbers. The conservation of valence elec-
trons at the surface would be held since the bonding be-
tween Si and K atoms is expected to be weak. However,
whether the substrate Si forms chains of dimers even for
the 1 ML saturation 2X 1-K surface is another problem.
If it is the case, one can expect an additional surface
band near the E; which is filled by electrons from K 4s.
This additional band seems absent in Figs. 3(a) and 3(b).
However, little can be said from the present ARUPS
alone about the geometry of the substrate.

In summary, angle-resolved UPS spectra for the
Si(001)2 X 1-K surface have been measured for the first
time as a function of K coverage. It is shown that the
K-saturated 2 1 surface is not metallic in contrast to
the theoretical analyses for this surface’~> and the gen-
eral assumption for alkali-metal/Si systems.! The mea-
sured work-function change and K-uptake change indi-
cate that K atoms are nearly ionized on the surface for
the whole coverages. Observed behavior of surface-state
peaks with K coverage indicates that the 4s electrons of
K atoms fill the empty states of substrate vacancies at an
early stage of K adsorption. For the full K coverage, it
is suggested that the measured electronic structure of the
Si(001)2 X 1-K surface is explained by a 1 ML K-covered
surface with or without the dimerization of the substrate
Si atoms.
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