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Angle-resolved ultraviolet-photoelectron-spectroscopy (ARUPS) spectra of the Si(001)-(2 X 1)/K
and Si(001)-(2X1)/Cs surfaces have been measured for alkali-metal-atom coverages ranging from
zero to saturation. Valence-band spectra and corresponding binding energy versus wave vector dia-
grams for the full-coverage Si(001)-(2 X 1)/K and Si(001)-(2 X 1)/Cs surfaces show that the two sur-
faces are semiconducting, in contrast to a generally accepted view of the one-dimensional and me-
tallic alkali chain of the alkali/Si(001) systems. Plausible dispersions of surface-state bands are pro-

posed for the full-coverage Si(001)-(2X1)/K and Si(001)-(2X1)/Cs surfaces.

Normal-emission

ARUPS spectra of outermost core levels of K and Cs have been found to be essentially invariant
with alkali-metal-atom coverage in spite of large changes in work function. The effect of substrate

doping on the ARUPS spectra has been examined.

I. INTRODUCTION

Study of alkali-metal adsorption on semiconductor sur-
faces is the basis for understanding, for example, negative
electron affinity (NEA) and alkali-assisted catalytic reac-
tions on semiconductor surfaces. K or Cs adsorbed on a
Si(001) surface is a prototypical adsorption system to
which many modern techniques of surface science have
been applied. Holtom and Gundry! made a pioneering
work on a Cs/Si(001)-(2X 1) system using low-energy
electron diffraction (LEED), Auger-electron spectra
(AES), and other techniques. They showed that the sur-
face order of Si(001)-(2X 1) is basically invariant under
the adsorption of Cs. It was postulated from this fact
that a one-dimensional chain of Cs atoms is formed on
the Si(001)-(2X1) surface. This postulation of one-
dimensional alkali chain (1D AC) became a basic assump-
tion in the following interpretation of Si(001)-(2X1)/K
surface.

Aruga et al’ measured angle-resolved electron-
energy-loss spectra of a full-coverage Si(001)-(2X1)/K
surface. Electronic structures of the Si(001)-(2X1)/K
surface were analyzed theoretically based on the 1D AC
model.>* Although the two theoretical analyses are not
in agreement with each other as to the nature of the K-
substrate bonding, both found the surface-state bands to
be metallic. Less quantitative works>® have been report-
ed on the Cs/Si(001) system since the work of Holtom
and Gundry.! Interpretation of the two works was also
based on the 1D AC.

In a previous paper,’ we reported angle-resolved
ultraviolet-photoelectron-spectroscopy (ARUPS) study of
the K/Si(001) system. Contrary to the expectation from
the 1D AC, our ARUPS spectra showed semiconducting
nature of the Si(001)-(2X1)/K surface. In an inverse
photoemission study, Batra et al.® reported a dispersion
of unoccupied surface states of the Si(001)-(2X 1)/K sur-
face. The result was also not in agreement with the ex-
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pectation from the 1D AC model. There is a large
difference between the metallic 1D AC surface and the
observed semiconductive Si(001)-(2X1)/K surface. For
the metallic surface, the coverage of K is assumed to be
IML [1 monolayer (ML) being the surface atomic density
of a truncated Si(001)-(1X1) surface; 6.8X10'/cm?].
With this coverage, the semiconductive Si(001)-(2X1)/K
surface would not result unless the charge neutrality at
the surface were broken.” In a subsequent study, we have
observed that the Si(001)-(2X1)/Cs surface is also semi-
conducting. We describe in this paper a full account of
ARUPS works on both the K/Si(001) and Cs/Si(001) sys-
tems.

II. EXPERIMENT

Experiments were performed with a UHV photoelec-
tron spectrometer which basically consists of a hemi-
spherical electron analyzer, a He resonance lamp, a
cylindrical-mirror-type Auger analyzer, and LEED op-
tics.” The base pressure of the chamber was ~5X 10 !
Torr and the energy and angle resolutions of the spec-
trometer were ~0.1 eV and ~ *1.5° respectively. Two
types of Si(001) wafer were used. One is p type, 20—40
Qcm, 0.5X4X25 mm?® and the other is n type, 8—18
mQ cm, 0.28 X4X25 mm®. For simplicity, the former is
called a nearly intrinsic sample and the later a high-dope
n-type sample in this paper. Both types of Si wafer were
pretreated’ and cleaned in situ by cycles of Ar ion bom-
bardment followed by annealing at ~900°C. After clean-
ing, no contaminants were observed in the AES spectra,
and LEED showed clear two-domain 2X 1 patterns. K
and Cs were deposited onto a room-temperature sub-
strate from chromate dispensers (SAES getter) under a
pressure of 4-6X 10" ' Torr. K- and Cs-adsorbed sam-
ples for the ARUPS experiments were prepared every 1
and 4 h of ARUPS measurements, respectively. Cleaning
of the K/Si(001) and Cs/Si(001) surfaces was carried out
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by annealing at ~900°C for 30 sec combined with oc-
casional Ar" bombardment (typically once a day). The
annealing of the sample was carried out by passing direct
current through the sample wafer and temperature was
monitored by an infrared and an optical pyrometer.
Work functions of the clean and alkali-adsorbed samples
were measured from low-energy cutoff of normal-
emission UPS spectra observed with a sample bias volt-
ageof 10 V.

III. EXPERIMENTAL RESULTS

A. Si(001)-(2 X 1)/K surface

Figure 1 shows changes in work function and Auger
electron intensity ratio I(K(LMM))/I(SI(LMM)) as a
function of the duration of K deposition. The Auger in-
tensity ratio increases almost linearly up to ~4 min and
stays constant afterward. This proves that the uptake of
K on the Si(001) surface is at a roughly constant rate un-
til saturation takes place. The effect of variation in the
reference Si Auger intensity is estimated to change the
linearity very little. The work function decreases very
drastically and almost linearly at the early stage of the K
deposition. The decrease in work functions saturates
after around 4 min. On continued deposition there is
only a very small work function increase (cf. Fig. 3).
LEED patterns observed were two-domain 2X 1 patterns
throughout the experiment in Fig. 1 except for an addi-
tional but weak two-domain 3X2 patterns for
AP~ —1.9eV.

Figure 2 shows normal-emission ARUPS spectra of the
Si(001)-(2 X 1)/K surface as a function of the change in
work function A® which corresponds to Ad in Fig. 1.
For —1.1 eV S A®, a peak at the Fermi level E which is
characteristic of a metallic sample is dominant; it shows a
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FIG. 1. Changes in work function and Auger electron inten-

sity ratio for the K/Si(001) system as a function of the duration
of K deposition. The substrate is at room temperature during
the K deposition. Work function for the clean Si(001)-(2X1)
was ~4.8 eV, and the substrate was a nearly intrinsic wafer.

Y. ENTA, T. KINOSHITA, S. SUZUKI, AND S. KONO 39

-3.2ev

Ad=-0.88ev

0| b

-0.68eV 96V (2x1+3x2)_
> -19e x1+3x

N ' R A
= .
5| i
o i
— ‘
© —laev - |
> L
—
n
z
18]
—
z

\
1 L 1 1 l\—-—.‘
4L 3 2 1 Er
BINDING ENERGY (eV)

FIG. 2. Normal-emission ARUPS spectra (He1) for the vari-
ous stages of K adsorption on the Si(001) surface. Incident light
is at 45° along {(110) azimuth. The A®’s are the measures of
the degree of K adsorption (cf. Fig. 1). The insets are the ex-
panded spectra near the E; for A®=—0.24 and —0.68 eV.
The substrate was the same as in Fig. 1.

maximum intensity around A® ~ —0.7 eV. For the clean
Si(001)-(2 X 1) surface, a similar but weak metallic peak is
found and is attributed to dangling bond states of Si di-
mers in area of disordered asymmetric dimers.” Another
important finding in Fig. 2 is that in spite of the drastic
change in the metallic peak, other spectral features for
binding energies E, 2 0.5 eV are nearly invariant up to
AP=—1.9eV.

From A®=—1.9 eV to —3.2 eV, the whole spectrum
changes. To see this change closer, we show detailed
spectra for —2.592 A® = —3.21 eV in Fig. 3. Figure
3(a) is normal-emission valence-band spectra as in Fig. 2.
There occurs an essential spectral change between
AP=—2.59 and —2.99 eV before reaching the
minimum in ®. After A= —2.99 eV, the spectra do
not change essentially except that the whole spectra tend
to shift to the higher binding energy side as a small peak
at the E. develops. The small metallic peak at the E
starts to develop just after ¢ reaches the minimum,
namely for the deposion time larger than ~5.0 min in
Fig. 1. The Auger ratio curve in Fig. 1 shows that the
amount of adsorbed K has essentially reached a satura-
tion value just before the ®, ;. and that even after the
¢ i, the K coverage does not appear to change within
an experimental error. If there were an essential
difference in the surface properties between the semicon-
ducting Si(001)-(2X 1)/K surface just before the @, and
the Si(001)-(2 X 1)/K surface after the & ;,, there would
be appreciable differences in the K coverage and the spec-



39 ANGLE-RESOLVED ULTRAVIOLET PHOTOELECTRON ...

INTENSITY (arb.units)

PO
AR \'-x;g.99
andt g
\. -259
L hT258

1
20 19 18 17 16

‘Iz.sls

0
(EF)
BINDING ENERGY (eV)

FIG. 3. (a) Normal-emission ARUPS spectra of the valence
band (He1) and (b) K 3p levels (He11) for the Si(001)-(2X1)/K
surface as a function of A®. The A®P corresponds to the K
deposition time of ~3 to 30 min in Fig. 1. Spin-orbit splitting
of K 3p levels is not resolved. The substrate was the same as
Fig. 1.
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FIG. 4. Representative ARUPS spectra (He 1) of the Si(001)-
(2X1)/K surface at K-adsorption stage just before reaching the
P i (AP =—3.15 eV) in Fig. 3. 6 is the polar angle of photo-
electron detection, and it is changed along (a) (110) and (b)
{010) directions. Inset shows relation to two-domain 2 X 1 sur-
face Brillouin zone. The sample was a high-dope n-type wafer,
but no difference was found for a nearly intrinsic wafer.
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tral profile between the two surfaces. Therefore, a full-
coverage semiconducting Si(001)-(2X1)/K surface is
essentially formed just before ® reaches the minimum
and that, upon further K deposition, a metallic peak,
which may be due to the small amount of excess K metal,
starts to pin the Fermi level at the surface and shift the
whole spectrum. This hypothesis is justified when we
compare E,-k, (binding energy versus wave vector) dia-
grams for the samples at A® ~ —3.15 eV (just before ¢
minimum) and A® ~ —3.2 eV (saturation) in Figs. 4 and
5.

Figure 3(b) shows normal-emission ARUPS spectra of
K 3p levels as excited by He 11 (hv=40.8 eV) for the same
conditions in Fig. 3(a). The spectra look about the same
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FIG. 5. E,-k; diagrams for the Si(001)-(2X1)/K surfaces
with different degrees of K adsorption and substrate doping (a)
along (110) direction and (b) along (010) direction. Solid
symbols are from the previous result (Ref. 7) for a nearly intrin-
sic wafer with K-adsorption stage just after the ®,,;,. Crosses
are for a high-dope n-type wafer with K-adsorption stage just
before the ®,,;,. Open symbols are for a high-dope n-type with
K-adsorption stage of saturation coverage.
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for all the conditions; the energy position of K 3p levels
changes slightly to the low-binding-energy side between
A®d=—2.59 and —2.99 eV corresponding to the change
in valence-band spectra. A slight shift of K 3p peak after
@, ., must be related to the change in E; pinning position
in Fig. 3(a).

In the previous study,7 we showed ARUPS spectra and
E,-k, diagrams of a sample for A®= —3.26 eV which
corresponds to K-adsorption stage just after the & ;.
The substrate was the nearly intrinsic sample. For the
present study, we show in Figs. 4 and 5 ARUPS spectra
and E,-k diagrams, respectively, of the high-dope n-type
sample for A= —3.15 eV which corresponds to K-
adsorption stage just before the ® ;.. The spectra in Fig.
4 are obviously very similar to those in Fig. 2 of the pre-
vious report.” Very weak structure near the E found in
the previous spectra is absent for all the 6, thus the semi-
conducting nature of the Si(001)-(2 X 1)/K surface is very
clear. When we examine the spectra very closely, we no-
tice that the spectral features are shifted by 0.2-0.3 eV to
the lower-binding-energy side in Fig. 4 as compared to
those in Fig. 2 of Ref. 7.

This solid shift becomes obvious when E, -k, diagrams
are compared in Fig. 5. The solid symbols are from the
previous result’ and the crosses are from the results in
Fig. 4. The two E,-k diagrams are shifted by ~0.2-0.3
eV from each other except for weak or broad structures
for which the peak positions are somewhat ambiguously
determined. In Fig. 5 we also show E,-k, diagrams
(open symbols) for the n-type high-dope sample for
Ad = —3.30 eV, which corresponds to the K-adsorption
stage just after the @, . The E,-k, diagrams for this
sample show almost exactly the same dispersion as those
for the previous sample’ except for a noticeable addition-
al structure near the Ep. Therefore, the E,-k diagrams
for the three kinds of surface appeared to be essentially
the same. The solid shift of the spectra appeared to be
related to the E, pinning by a metallic state possibly due
to excess K atoms, and the metallic peak is higher for the
high-dope n-type sample than for the nearly intrinsic
sample. When the Si(001)-(2X1)/K surface is not
Fermi-level pinned by the metallic state, the Si(001)-
(2X 1)/K surface appears very semiconducting as evi-
dently seen in Fig. 4. Therefore the assumption of the
metallic 1D AC Si(001)-(2X1)/K surface is denied.

Two obvious surface-related bands are seen in Fig. 5,
i.e,, S, and S, bands. The S| band must be the same
band as S, since we have two-domain 2 X1 surface and
corresponding surface Brillouin zones are overlapped
along the (110) direction. The S band may have the
same origin as the S, band, and it may be related to
disordered and/or domain-boundary regions of the sur-
face. It is also of importance to note that no effect of
doping level is found for the semiconducting Si(001)-
(2X1)/K surface at the K-adsorption stage just before
the @ ;..

B. Si(001)-(2 X 1)/Cs surface

Figure 6 shows changes in work function and Auger
intensity ratios I(Cs(MNN))/I(Si(LMM)), I(Cs(NOO))/
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FIG. 6. Changes in work function and Auger electron inten-
sity ratios for the Cs/Si(001) system as a function of the dura-
tion of Cs deposition. The substrate was a high-dope n-type
wafer and kept at room temperature during Cs deposition.

I(Si(LMM)) as a function of the duration of deposition.
The Auger ratios increase almost linearly up to ~9 min
and stay constant afterward. This proves that the uptake
of Cs on the Si(001) surface is at a constant rate before it
saturates. The effect of a change in the reference
Si(LMM) Auger intensity is estimated to be very small.
The work function shows a distinct minimum at ~5 min
for the Cs/Si(001) system, which was not the case for the
K/Si(001) system. LEED patterns observed were two-

- domain 2X 1 patterns throughout except for additional

but weak two-domain A=
—2.3~-2.8¢eV.

Figure 7 shows normal-emission ARUPS spectra of the
Si(001)-(2 X 1)/Cs surfaces for the early stages of Cs depo-
sition, —1.79 < AP <0 eV. For the Cs/Si(001) system,
the structure at the E has rather strong intensity as
compared to that for the K/Si(001) system shown in Fig.
2. This structure at the Ey changes its position to the
higher-binding-energy side with increase in Cs deposi-
tion. This structure finally disappears for A® < —2 eV
(cf. Fig. 8). The rest of the spectral profiles shows a gra-
dual change with decrease in work function in Fig. 7.
Figure 8 shows normal-emission ARUPS spectra for the
whole range of A®. The spectra for AP < —3.24 eV
have less structures with a gradual change with A®. For
—3.30SA® < —3.11 eV, we notice a slight increase of
intensity at the Ep. For these A®’s, the Cs uptake is
nearly saturated. Therefore, the small peak at the E is
likely due to a small amount of excess Cs metal on the
Si(001)-(2X1)/Cs surface for the same reason as ex-
plained for the Si(001)-(2 X 1)/K surface.

We have observed and compared detailed ARUPS
spectra for the sample at ®_ ;. (A®=—3.57 eV, B point
in Fig. 6) with ARUPS spectra at Cs saturation (A4 point
in Fig. 6). It appeared that although gross features were
alike for the two samples, the spectra at Cs saturation
were rich in fine structures. This indicates that the
Si(001)-(2 X 1)/Cs surface at @, is not a different surface

3X2 patterns for

min
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FIG. 7. Normal-emission ARUPS spectra (He 1) for the early
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are the measures of the degree of Cs adsorption (cf. Fig. 6).
The spectra on the right are the detailed spectra near the E,.
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from the Si(001)-(2 X 1)/Cs surface at Cs saturation, but it
is in the middle of growth of the Si(001)-(2X 1)/Cs sur-
face to Cs saturation.

Figure 9 shows normal-emission ARUPS spectra of Cs
5p levels as a function of A®. There is no essential
change in the spectra as to the peak position and width
for —3.57SAP < —0.72 eV. For A®R —3.3 eV after
passing the ®_; . the spectral width of the two spin-orbit

components become larger, and for AG= —3.11 eV there
may exist two components in each of the spin-orbit com-
ponents.

Figure 10 shows ARUPS spectra of the near-saturation
Si(001)-(2 X 1)/Cs surface at the A4 point in Fig. 6 which
must be close to the spectra of an intrinsic Si(001)-
(2X1)/Cs surface. The spectrum at 6=0° shows a small
peak just below the E.. The small peak is likely due to
excess Cs metal as explained for Fig. 8. This can be
justified by the facts that the E; level cuts at the foot of
the small peak and that the small peak is close to the Ej
only near the T point. Therefore, the intrinsic Si(001)-
(2X1)/Cs surface is unlikely to be metallic. This can be
further confirmed in E,-k diagrams in Fig. 11. They are
compared with the results for the Si(001)-(2X 1)/K sur-
face. Surface-related bands for the Si(001)-(2X1)/Cs sur-
face are marked as S, S}, S, S,, and S;; the S band
must be identical to the S, band, and the S| band may
also be the case as explained for the Si(001)-(2X1)/K

surface. It appears that the S, band for the Si(001)-
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FIG. 9. Normal-emission ARUPS spectra of Cs 5p levels
(He1) for the Si(001)-(2X 1)/Cs surface as a function of A® (cf.
Fig. 6). The spectra were measured with a bias voltage of 5 V
on the sample for clarity of the spectra. Other conditions are
the same as in Figs. 6-8.
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(2X1)/Cs surface shifts to lower-binding-energy side as
compared to the Si(001)-(2 X 1)/K surface and that the S,
band for the Si(001)-(2X1)/K surface splits to S, and S,
bands for the Si(001)-(2 X 1)/Cs surface.

IV. DISCUSSION

A. Changes in Auger intensity and work function

As seen in Figs. 1 and 6, both K and Cs Auger intensi-
ty ratios increase almost linearly up to certain values.
The ratios are referenced to Auger intensity of the sub-
strate Si. Even if we take into account an exponential de-
cay of the Si Auger intensity, the linear nature of the
Auger intensities of alkali-adatoms is not changed very
much. Therefore, K and Cs adsorptions take place up to
saturation at almost constant sticking probabilities onto
the room-temperature Si(001)-(2 X 1) substrate. K and Cs
adsorptions essentially stop at certain coverages.

Oellig and Miranda'® reported Auger work on a
K/Si(001) system at 300 K. They claimed that the K ad-
sorption takes place in a layer-by-layer mode which con-
tradicts with our finding. It may be possible that actual
substrate temperatures may differ in the two cases. Orte-
ga et al.'' reported Auger intensity changes for a
Cs/Si(001) system at substrate temperatures of 200 and
300 K, which is in qualitative agreement with ours.

Work-function changes for K/Si(001) and Cs/Si(001)
systems have been reported by several workers. They are
compared in Table I. For K/Si(001), the A®_, values of
Refs. 10 and 12 are very different from ours, which may
be due to difference in actual experimental conditions.
For Cs/Si(001), all the values are in reasonable agree-
ment. The work-function changes are further discussed
in relation to the core-level spectra of alkali atoms.

B. Changes of the Si(001)-(2 X 1) surface during early
stage of K and Cs adsorptions

At the early stage of K and Cs adsorptions, a dramatic
variation of intensity of a metallic peak is found in Figs. 2
and 7. The metallic peak of the clean Si(001)-(2X 1) sur-
face is attributed to disordered portion of the Si(001)-
(2X 1) surface.” By the adsorption of alkali atoms at the
beginning, electron occupancy of these metallic states ap-
pears to be increased drastically. This is indicated by the
initial increase of the peak. The slight shift of the peak
can be understood if the density of states of the metallic
states have a sharp maximum.

Upon further adsorption of alkali metals, the intensi-
ties of the metallic peaks decrease without changing the
rest of the spectral features. This indicates that the dan-
gling bond states in the area of disordered array of asym-
metric dimers are filled by alkali valence electrons at first,
then the filling of the dangling bond states itself changes
the asymmetric dimers into symmetric ones to heal off
the disorder. Indeed, LEED patterns at this stage of ad-
sorption are clearer than those for clean Si(001)-(2 X 1)
surfaces. For further alkali adsorption, the spectra
change to those of the full-coverage Si(001)-(2 X 1)/K and
Si(001)-(2 X 1)/Cs surfaces which are discussed in the fol-
lowing section.
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TABLE 1. Values of work function change for the K/Si(001) and Cs/Si(001) systems in eV. A® . is
the change at maximum decrease and A®,,, is the change at alkali saturation.

K/Si(001) Cs/Si(001)
Aq)mux Aq)sul Aq)mux A(b.sal
Present —3.33 —3.21 Present —3.56 —3.11
Ref. 10° —3.0 —2.6 Ref. 1 —3.8 —3.6
Ref. 12 ~—=20 Ref. 5 —3.7 —3.2
Ref. 8" —3.6 Ref. 11 —3.4 —2.8

?On 200 K substrate.
®Only a single value is reported.

C. Coverage of alkali metals

As found in Sec. III, the full-coverage and intrinsic
Si(001)-(2X 1)/K and Si(001)-(2 X 1)/Cs surfaces are semi-
conducting. It is further said rather safely from this that
the alkali coverage for the intrinsic Si(001)-(2 X 1)/K and
Si(001)-(2X 1)/Cs surfaces is 1 ML instead of + ML as
generally assumed. This statement is based on the follow-
ing argument. Namely, if we have + ML of K or Cs, the
number of valence electrons available for surface states
becomes odd per 2X1 unit cell. For example, the num-
ber of electrons of dangling bonds is 2, and the number of
electrons of alkali atom is one. Therefore, the surface
must be metallic in this case. If we have 1 ML of alkali
atom, the number of valence electrons available for sur-
face states becomes even, thus the surface can be semi-
conducting.

In a recent x-ray photoelectron-diffraction study,
Abukawa and Kono!'? determined part of the geometry of
the Si(001)-(2X 1)/K surface. Their structural model is
depicted in Fig. 12. There are two types of K sites, and
the K coverage is indeed 1 ML.

D. Surface-state dispersions

Surface-state dispersions for the Si(001)-(2X1)/K and
Si(001)-(2 X 1)/Cs surfaces are not obvious in Figs. 5 and
11. However, if we assume that the substrate Si dimers
are intact for the Si(001)-(2X1)/K and Si(001)-(2X 1)/Cs
surfaces, hypothetical surface-state dispersions can be ex-
tracted from our results as shown in Fig. 13. For the
clean Si(001)-(2 X 1) surface, dispersion of dimer dangling
bond states is already known.!* With this knowledge, the
surface-state dispersion of a clean 2X 1 surface in our ex-
periment is drawn. The nature of the two-domain 2 X1
surface is taken into account. When the substrate surface
is covered with K or Cs as in Fig. 12, each of the dan-
gling bond surface states must be provided by one elec-
tron from alkali atoms. Then the S, and S, bands of
clean 2 X1 surface may be doubled and may split for cer-
tain symmetry points for the alkali-adsorbed surfaces.
Under this assumption, surface-state dispersions for the
Si(001)-(2X 1)/K and Si(001)-(2X1)/Cs surfaces are
drawn in Fig. 13. For the Si(001)-(2X1)/K surface each
of the S, and S, bands must have two components. This
double component may be degenerated or the splitting is
too small to be seen in ARUPS spectra. In fact, peaks for

the S, band are broad in Fig. 4 indicating it is actually
split. For the Si(001)-(2X 1)/Cs surface, the otherwise S,
band is actually split into the S, and S; bands. An unoc-
cupied surface state as observed by inverse photoemis-
sion® may be ascribed to an antibonding state between the
alkali s state and Si dangling bond state for the semicon-
ductive Si(001)-(2 X 1)/K surface.

E. K 3p and Cs 5p core-level spectra

A surprising finding in Figs. 3 and 9 is that the energies
of the core levels do not change in spite of the large
change in work function. If charge transfer from alkali

SIDE VIEW

FIG. 12. Schematic illustration of Si(001)-(2X1)/K surface
as proposed from x-ray photoelectron diffraction (Ref. 13). In
the XPD study, only the geometry of K layers (shaded large cir-
cles) are determined and the relation to the Si dimers is an as-
sumption.
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FIG. 13. Surface-state dispersions for the clean Si(001)-
(2X 1), Si(001)-(2X 1)/K, and Si(001)-(2X 1)/Cs surfaces as de-
duced from Figs. 5 and 11. It is assumed that the Si dimers are
intact for the Si(001)-(2X1)/K and Si(001)-(2X 1)/Cs surfaces.
The two-domain 2X1 overlap is included. Dashed lines are
bands that may be degenerated or splitted very little from the
solid-line bands.

atom to the substrate is large, as generally assumed, the
dipole field between the ionized alkali atoms and the sub-
strate would increase resulting in a shift to higher binding
energy of the alkali core electrons. Since this shift is not
observed, the so-called charge transfer may not occur on
these K/Si(001) and Cs/Si(001) systems. Recently, Ishida
and Terakura'® reported a first-principles calculation of
electronic structure of Na/Al(001) surface. They found
that the classical point-charge-transfer type of bonding is
incorrect but the adatom-substrate bond has strong co-
valency.!”> The mechanism that causes work-function
change is charge redistribution around alkali atoms, and
the net charge of the alkali atom is not changed essential-
ly.!® If this type of covalent bonding is the case for
K /Si(001) and Cs/Si(001) systems, there will not be much
change in net potential around the alkali-atom site, which
gives explanation to the present finding in the core-level
spectra.

However, as discussed in Sec. VD the deduced sur-
face-state dispersion, if it is correct, seems to be con-
sistent with the view that the s-electron charge of alkali
atoms transfers to the otherwise dangling bond of Si di-
mers. The invariance of the core-level position may need
careful examination with theoretical analysis of the
alkali-substrate bonding in the initial state of photoexci-
tation together with the theoretical analysis of screening
of core hole in the final state of photoexcitation.

The Cs 5p spectra in Fig. 9 show broadening: of the
peaks. This may be due to the fact that there are two
types of alkali-atom site, such as in Fig. 12, for the
Cs/Si(001) system. Other causes of the change in spectral

.profile such as plasmon excitation and band formation

may be involved in the core-level spectra for high cover-
age of K and Cs.

F. Effect of substrate doping

The effect of substrate doping appeared in the strength
of the metallic peak for the clean Si(001)-(2X 1) surface
and for the alkali/Si(001) surfaces at early stage of alkali
adsorption. The metallic peak is stronger for the high-
dope n-type sample than for the nearly intrinsic sample.
This may be understood by the population change in the
E; pinning surface state which may be controlled by bulk
doping.'® However, effect of substrate doping was not
visible in the spectra of the semiconducting Si(001)-
(2X1)/K and Si(001)-(2X1)/Cs surfaces; spectral posi-
tions and dispersions of the peaks are identical for the
two kinds of substrates (results not shown). For a semi-
conducting surface, the E; level at the surface would
align to the E;. level of subsurface region of the substrate.
The presence of p-type subsurface layer irrespective of
bulk doping has been reported.!” If we have this type of
p-type subsurface layer in our substrate, the invariance of
the ARUPS spectra for the semiconducting Si(001)-
(2X1)/K and Si(001)-(2X1)/Cs surfaces can be under-
stood. If this is the case, the doping dependence of the
metallic-peak intensity for the clean and the lightly
alkali-metal-adsorbed Si(001)-(2 X 1) surfaces must be re-
lated to the degree of surface order which may be affected
by doping. Further study is needed to clarify these
points.

V. CONCLUSIONS

Angle-resolved UPS spectra of valence bands and
outermost p core levels of alkali-metal-element for the
K/Si(001) and Cs/Si(001) systems have been measured.
Full-coverage Si(001)-(2X 1)/K and Si(001)-(2 X 1)/Cs sur-
faces are found to be semiconducting in contrast to a gen-
erally assumed one-dimensional alkali-metal chain struc-
ture for these surfaces. Plausible dispersions of surface
states for the full-coverage (2X1)/K and (2 X 1)/Cs sur-
faces are deduced. It is supposed in the deduction that
the Si dimer structure is intact even with full coverage of
alkali metal and further assumed that the electronic
states of the otherwise Si dimer dangling bonds are occu-
pied by the s electrons of alkali metals. However, it is
noted from the observation of alkali outermost core-level
spectra that the bonding between the alkali-metal ada-
toms and the Si dimers may not be a charge-transfer type
but is a covalent type.

Note added in proof. In a recent ARUPS study on a
single-domain Si(001)-(2X1)/K surface, surface-state



39 ANGLE-RESOLVED ULTRAVIOLET PHOTOELECTRON . .. 1133

disperions are determined.'® Results showed two bands:
one disperses around ~0.8 <E, < ~0.9 eV along the I'-J
direction and ~0.8 <E, < ~ 1.4 eV along T'-J'; the other
~1.1<E,<~1.6 eV along T-J and ~1.3<E, <~1.6
eV along T'-J' directions. These bands appeared to be
different than the deduced bands in Fig. 13.
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