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Photoemission study of the Si(111)3X 1-K surface
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Surface electronic states of the Si(111)3X1-Ksurface are studied by means of angle-resolved ultra-
violet photoelectron spectroscopy along the [112]and the [101]directions. It is found that the S, state
( -0.2 eV below the Fermi level) of the 7 X7 surface disappears and surface states S2 and S3 appear near
the binding energy of -0.9 and -1.8 eV below the Fermi level in the spectra of the Si(111)(3X1)-K
surface. Hence, the Si(111)3X 1-K surface is no longer metallic like the Si(111)7X7clean surface but is

semiconducting. The saturation coverage of K on the Si(111)3X1-Ksurface is estimated to be —, ML

from comparison of the Si LVV Auger spectrum and the K 2p x-ray-photoemission-spectroscopy peak
intensity ratio to that of the Si(111)57X 7-K surface. From these results, we suggest a surface geometri-
cal structural model for the Si(111)3X 1-K surface.

INTRODUCTION

Studies of alkali-metal adsorption on semiconductor
surfaces are very interesting subjects with respect to the
changes of the geometrical and electronic structures.
Among these, the Si(001)-K and Si(111)-K systems have
been studied most extensively. ' The structural
changes of the Si(111)7X7 surface by alkali-metal ad-
sorption have been observed by means of reflection high-
energy electron difFraction (RHEED), ' low-energy elec-
tron difFraction (LEED), " scanning tunneling micro-
scope (STM), ' ' Auger electron spectroscopy, " scan-
ning tunneling spectroscopy (STS),' ion scattering spec-
troscopy (ISS), and core-level shift. ' Daimon and Ino
found another 7 X 7 structure at room temperature,
named 57 X7, and a 3 X 1 structure at high temperature
for all alkali metals (Li, Na, K, Rb, and Cs) using
RHEED, and proposed the saturation coverage of the
3 X 1 surface as —', ML. Mizuno and Ichimiya heated the
Si(111)1X1-Li surface and found 4X4, V3XV3, and
3 X 1 RHEED patterns with increasing temperature (this
condition corresponds to a decrease of the coverage}.
LEED studies " have pointed out that these 3 X 1 sur-
faces show very similar intensity-voltage (I-V) curves
suggesting that the 3 X 1 phase is made of Si reconstruc-
tion only being stabilized by a small amount of alkali
metals. Fan and Ignatiev" studied the Li- and Na-
covered Si(111) surfaces at 0.01 ML, and found the 3 X 1

reconstructed surface even at this coverage. Hashizume
et al. observed the Si(111)3X 1-K structure at 300'C us-
ing field-ion STM, and proposed a structural model,
which has two K atoms in the 3 X 1 unit mesh. Wan, Lin,
and Nogami' studied the 3X1 reconstruction of the
Si(111}surface induced by adsorption of Li using STM,
and proposed a missing-top-layer model which has paral-
lel "~-bond-like" chains of which the Si atoms are ter-
minated by the Li atoms, and one dangling bond per unit

cell remains. The number of Li atoms in the 3X1 unit
mesh is two. Recently, Hashizume et al. measured the
absolute K coverage of the Si(111)3X 1-K surface by ISS
as —,

' ML. Okuda et al. ' also suggested the saturation
coverage of the Si(111)3X 1-Na surface as —,

' ML. In this

way, the structural model and the saturation coverage of
these alkali-metal-adsorbed 3 X 1 surfaces are still contro-
versial problems.

The electronic structure of alkali-metal-adsorbed
Si(111)surfaces at room temperature has been studied ex-
perimentally using ultraviolet photoemission spectrosco-
py (UPS), ' ' angle-resolved UPS (ARUPS), ' and in-
verse photoemission spectroscopy. ' Magnusson and
Reihl' have observed the changes of the occupied sur-
face states S„S2,and S3, and that of the unoccupied sur-
face state U, (0.5 eV above the Fermi level), which is the
adatom-derived empty surface state, upon evaporation of
K. Namely, the S, state shifted to larger Ett from the
Fermi level with increasing intensity in the initial stage of
the K adsorption, and the Fermi-level crossing disap-
peared. S2 and S3 states also shifted to larger E~, but
after a certain evaporation time, the intensity of the S3
state became weak and the S2 structure merged with the
S, structure. (The same results are independently
confirmed by Tezuka, Daimon, and Ino. ' } Although the
intensity of the empty surface state U& drastically de-
creased and vanished after a certain evaporation time, an
empty surface state U', appeared at 1.0 eV above the Fer-
mi level. They concluded that the K atoms adsorbed on
the dangling bonds made the Si(111)57X7-K surface
semiconducting. Based on their result, the saturation
coverage of the Si(111)57X7-K surface will be more than
—,"„when there are more than one K atom per (average)
Si(111) dangling bond. Jeon et al. ' measured the IV-
curves of the Si(111)3X 1-Na surface with STS, and found
the surface-state band gap of about 1 eV.
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The m-bonded chain model is the cornerstone of our
structural model. Pandey' proposed the ~-bonded chain
model for the Si(111)2X1 cleaved surface and calculated
the energy of the surface-state bands. Here, the surface
Si atoms constitute seven-membered and five-membered
rings, and the dangling bonds on the seven-membered
rings are ~ bonded and make one-dimensional chains
along the [101] direction. The dispersions of these sur-
face states have been measured using ARUPS by Uhrberg
et al. ' The dispersions calculated by Northrup and
Cohen are in good agreement with the experimental
data of Uhrberg et al. , but are a little different from those
of Pandey. The main difference between these two
theoretical results is the existence of an extremum of
dispersion between the I and J points in the model of
Northrup and Cohen in contrast to no extremum in
Pandey's model. The predicted dispersion of the m-

bonded chain along the I -J and J-K' directions, calculat-
ed by Northrup and Cohen, are -0.8 and -0.08 eV,
with the smallest Es situated at the K' point (J and E'
are the symmetry points of the 2 X 1 surface). Ignoring
the extremum of the dispersion, i.e., considering only the
difference of Ez at the I and E' points, the difference is
0.57 eV. On the other hand, the width of the dispersion
calculated by Pandey is almost the same (0.58 eV). Due
to the one-dimensional ~-bonded chain, this surface is in
principle a quasi-one-dimensional metal, but practically
some distortion can induce a band gap and a semicon-
ducting surface character.

EXPERIMENT

The experiments were performed at the beam line BL-
18A of Photon Factory installed by the Institute for Solid
State Physics of the University of Tokyo in collaboration
with the National Laboratory for High Energy Physics
(KEK). This beam line is equipped with a constant-
deviation-angle grazing-incidence monochromator and
an angle-resolved photoelectron spectrometer (VG ADES
500). The overall instrumental angular and energy reso-
lutions were —1 and —150 me V, respectively, at
hv=21. 2 eV. The analyzer chamber was also equipped
with a LEED system, a Mg/Al twin anode x-ray source,
and an electron spectrometer (VG CLAM) for x-ray-
photoemission spectroscopy (XPS). The base pressure of
this chamber was 2X 10 "Torr.

The sample was a P-doped Si wafer with the electrical
resistivity of 2.4—4.0 Qcm and the size of 4X20X0.6
mm . The clean surface was obtained by direct-current
heating up to —1250'C (five times for 3 sec) in the UHV
chamber. The surface quality and the cleanliness were
checked by the observation of the 7X7 LEED pattern
and the lack of the peak of the 0 1s and C 1s signals in
the XPS spectra.

In order to make a Si(111)57X7-K structure, the Si
wafer was spontaneously cooled down for several minutes
after flashing up to 1250 C. The K atoms were then de-
posited using an alkali-metal dispenser (from SAES
Getters), which was mounted about 3 cm apart from the
Si wafer. On the other hand, the Si wafer was kept at
500'C during the deposition in order to make a good

Si(111)3X1-K structure. The pressure during the K
deposition was close to 1.5 X 10 ' Torr. We checked the
amount of adsorption of the K atoms by the change of
the LEED pattern and the change of the work function
from the value of the clean surface, 4.595 eV. The deter-
mination of the saturation coverage was made by measur-
ing the change of work function and the ratio of the XPS
intensities of the Si LVV Auger peak and the K 2p core
XPS peak.

RESULTS AND DISCUSSION
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FIG. 1. Ultraviolet photoemission spectra of the Si{111)7X 7

clean surface and the Si(111)3X1-Ksurface at emission angle

0, =0 for the photon energy of h v=21.2 eV.

The UPS spectra taken for the Si(111)7X7 clean sur-
face and the Si(ill)3X1-K surface at the emission angle
8, =0+0.5' (surface normal) are shown in Fig. 1. The in-
cidence angle 8; of the linear polarized light (p polarized)
was 45' from the surface normal. The accurate surface-
normal direction was determined from the symmetry of
the observed dispersion. The Fermi-level position in the
UPS spectra was determined from the measurement of
the metallic Fermi edge of the Ta sample holder. The
spectrum of the Si(111)7X7 surface shows the occupied
surface states S, and S2 at 0.2 and 0.9 eV, respectively.
We cannot see the S3 state clearly because of the project-
ed bulk bands which hide it at this emission angle. The
S, state seems to be crossing the Fermi level. The spec-
trum of the Si(111)3X 1-K surface shows a shoulder at
0.95 eV (S2) and a peak at 1.6 eV (S3 ), but it shows no
peak at the position of the SI state. These results suggest
the disappearance of the Fermi-level crossing.

The ARUPS spectra of the Si(111)3X 1-K surface mea-
sured along the [112] and [101]directions are shown in

Figs. 2(a) and 2(b), respectively. The accurate [112] az-
imuthal direction was determined by measuring the sym-
metry of the dispersion around the observed symmetry
point M. The [101] direction was set by rotating the
sample azimuth by 30' from the [112] direction. The
ARUPS measurements were done at every 2' from 8, =0'
to 18' and at every 3' from 8, =18' to 69' for the [112]
direction. For the [101]direction, we measured the spec-
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tra at every 2' from 8, =0' to 18', at every 3' from

8, =18 to 48', and at every 4' from 8, =48 to 76'. For
both directions, the incidence angle of the photon, 8;, is
45' from the surface normal for the region of 8, from 0'
to 39', and 8;=35' for 8, &39. This chang of 8; was
made so as to avoid the re6ected light from entering the
analyzer. Any spectrum in Figs. 2(a} and 2(b) does not
show appreciable intensity at the Fermi level. In addi-
tion, no structure is observed near the Ez of the S& state.
From these results, it is concluded that the Si(111)3 X 1-K
surface is no longer metallic but semiconducting, and the
Si dangling bonds are completely filled on this surface.
By increasing the binding energy, we observed structures

S', {very weak shoulder}, Sz, S3, S4, Ss, and S6 as recog-
nized in Figs. 2(a) and 2(b). These structures are in the
band-gap region of the projected density of states as
shown in Fig. 4 later. Figure 2(c) shows the second
derivative spectra at 8, =27', 30, 33', and 36', for the
[101] direction. In this figure we can see the Sl state,
which is diIFicult to confirm in both Figs. 2(a) and 2(b).
Figure 2(d) shows the second derivative spectrum at
8, =36' for the [101]direction to clarify the S5 and S6
states.

We show in Fig. 3(a} the surface Brillouin zones of the
Si(111)1X 1 and the Si(111)3X 1-K surface. The symbol
I' is the symmetry point of the 1 X 1 and the 3 X 1 sur-
faces and the symbols M and I7 are the symmetry points
of the 1X1 surface. The symbols A, B, C, D, E, F, G,
and H are used tentatively in this paper for describing the
symmetry points shown in Fig. 3(a) in the 3 X 1 Brillouin
zone. According to the threefold symmetry of the
Si(111)1 X 1 surface structure, this 3 X 1 structure is com-
posed of three sets of domains which difFer by 120' in the
azimuthal direction from each other. Hence, we must
consider three types of the surface Brillouin zones of the
3X1 structure as shown in Fig. 3(b). When we measure
the ARUPS along the [112]direction, we probe not only
the information along the I —+C~I ~C~I ~C~I
direction but also that along the I ~E~F~E~I
direction. In the case for the [101]direction, we likewise

get information along the I ~G~H~A B~E~D
~C~D~E~ A B~H~G~I direction in addition
to that along the I ~D ~6~E~H ~F~H ~E
~G~D~I' direction at the same time.

Figure 4 summarizes the dispersion of the electronic
states of the Si(111)3X1-K surface estimated from the
present experiment. The filled circles represent the posi-
tions of the observed peaks and shoulders in the ARUPS
spectra (or the positions of the minima of the second
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FIG. 2. ARUPS spectra of the Si(111)3X1-Ksurface along
the (a) [112]and (h) [101].directions. (c) The second derivative
spectra at 8, =27, 30, 33, and 36, and (d) that at 0, =36, for
the [101]direction. Tic marks indicate the surface-state's peaks
(or the position of the minima of the second derivative spectra).
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derivative spectra). Their size represents the intensity of
the peaks and shoulders classified visually. The open cir-
cles are the data reversed at the symmetry point M. The
projected bulk bands (hatched regions) are from Ref. 21.
In the [101]direction [Fig. 4(b)], the symmetry point K
of the 1X1 surface Brillouin zone corresponds only to
the E point of the 3X1 surface Brillouin zone. Regard-
ing this symmetry point, we can see five surface states
(S'„S2,S3, S5, and S& at 0.54, 1.07, 1.59, 3.39, and 3.67
eV, respectively) in the band gap. In addition, we can
recognize one more surface state near the M point, in the

gap at about 4.75 eV. Therefore, the number of surface
states will be six. But we do not discuss the surface states
(S', and Ss ) near the E point of the 1 X 1 surface Bril-
louin zone because the number of data points were limit-
ed. Since we have substantially probed the two directions
in the 3 X 1 Brillouin zone at the same time, we expect
seven structures of the surface states for four surface-
state branches, which we can guess from the above dis-

cussion. These seven surface-state structures are indicat-
ed in Fig. 5 by crosses for S', , solid lines for Sz~, S3+,
and S4„, and by broken lines for Sz~, S3~, and S4~
(where the broken line is hidden by the filled circles). The
solid and broken lines correspond to the dispersion of the
surface states along the I ~C~I ~C~I ~C~1 and
I ~E~I'~E~I for the [112] direction in Fig. 5(a),
and along the I ~G~H —+A B—+E~D ~C~D~E
—+3 B~H~G~I and I ~D~G~E~H F H
~E~G~D~I for the [101] direction in Fig. 5(b).
The surface-state bands S2„, S2q, S3~, S3~, S4~, and

S4& are traced by considering the equivalence of E~ at
each symmetry point. For example, the Ez at one sym-

metry point C is equivalent to another C point along each
direction. Likewise the E~ at the symmetry point G is

equivalent at the other G point along the I ~G~H
~A B~E~D~C~D~E~A B~H~G~I and
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I ~D ~G —+E~H ~E~H —+E~6~D ~I, respec-
tively. For Szz, Szz, and S3& the width of the disper-
sion is thus -0, -0.35, and -0 eV along the [112]direc-
tion and -0.42, -0.47, and -0.32 eV along the [101]
direction, respectively. We cannot estimate the width of
the dispersion of S3&, S4„,and S4~ because of the scarci-
ty of data as a result of an appreciable overlap with the
bulk bands.

We then compare the present result with the surface
state of the Si(l 1 l)2X 1 clean surface. The smallest Ez of
the SI state is found near the F point in Fig. 5(a) (this
point is not considered to be the C point because of a
comparison with the result on the 3 X 1-Na surface } or
E point in Fig. 5(b). We consider that the S& state is de-
generated with the Sz state at the I point (E~ =0.9 eV),
because there is no other surface peak near this energy.
The angular dispersion shown in Fig. 2(c) supports this
assumption, because the S', state shifts to larger E~ with
decreasing 8, below 30'. Therefore, it is strongly suggest-
ed that the S', state has a positive dispersion parallel to
the chains, going from I' to E of the 1 X 1 surface Bril-
louin zone. The difference of E~ between the I' point and
the F point, which is on the way between the J and E'
points in the 2X 1 surface Brillouin zone, becomes -0.48
eV in qualitative agreement with the above estimation.
In the next place, the results of the dispersion along the
I -J' direction are much different between Pandey and
Northrup and Cohen. The width calculated by Pandey is
almost 0 eV, whereas the result of Northrup and Cohen's
is 0.37 eV with the smallest Ez at the I point. We could
not see any dispersion along the I -C direction, which is
the direction corresponding to their I -J direction. Thus
our result is consistent with that of Pandey. Considering
the similarity in the width of the dispersion (although we
estimated only by the difference of E~ between the I and
E points for the [101]direction), which reflects the over-
lap of the involved wave function, as well as in the
behavior of the dispersion along the equivalent directions
of the 3X1 and 2X1 surface Brillouin zones, the data
points denoted by crosses in Fig. 5 are assigned to a part
of the surface state derived from the m-bonded chain (S',
state). It is not unrealistic that the Si(111)3X 1-K surface
contains the reconstructed ~-bonded chain.

Since the S', state is found at 0.5 eV below the Fermi
level, the surface-state band gap will be larger than 0.5
eV. On the Si(111)3X 1-Na surface the S', state is located
at about 0.8 eV below the Fermi level and it was shown
that the surface-state band gap of this Na-covered surface
is =1 eV by STS. ' These band gaps are appreciably
larger than the value of 0.25 eV calculated by Pandey'
for the Si(111)2X1 surface. But the experimentally re-
ported values 0.45 (Ref. 23) and 0.47 eV, for the
Si(111)2X1 surface, are comparable with the present
evaluation. The difference between the Si(111}2X1and
Si(111)3X1-(K,Na) surfaces may be due to the effect of
the alkali metal, or to the different structural relaxation
or distortion.

Figure 6 summarizes the results of dispersion along the
boundary of the 3X1 surface Brillouin zone, i.e., for
I G H A F B E D —C I, from which
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FIG. 6. Dispersion along the boundary of the 3X1 surface
Brillouin zone.

TABLE I. Intensities of Si LVV Auger and K 2p and their in-
tensity ratios (K/Si) measured by XPS.

Si LVV Auger
K 2p
K/Si

N'X7

1470
158.6

0.1079

3X1

1640
59
0.036

the width of the dispersion of the Si(111)3X 1-K surface
is estimated as -0.48 eV for the S& state, -0.47 eV for
the Sz state, and -0.32 eV for the S3 state. In this
figure, we can see clearly four surface-state branches and
two other surface states.

XPS results are summarized in Table I. The peak in-
tensities of the Si I.VV Auger and the K 2p core emission
as well as their ratio for the Si(111)57X 7-K and
Si(111)3 X 1-K surfaces are tabulated. It should be
remembered that these surfaces correspond to the satura-
tion coverage at room temperature and at around 500'C.
From this table, the saturation coverage of Si(111)3X 1-K
is determined to be 0.33 times that of the saturation cov-
erage at room temperature. Daimon and Ino considered
the saturation coverage of the Si(111)57X7-Kas 1 ML.
The atomic radius of the adsorbed K atoms (which is par-
tially ionized) is considered to be smaller than that in the
metallic phase (2.3 A) and larger than that of K+ (1.3 A).
There is also a fact that K atoms on the Si(001)2X1-K
surface stack with the Si-Si distance of 3.84 A. ' The
half of the nearest-neighbor distance of the Si atoms (3.84
A/2=1. 92 A) is the same on both the (001) and (111)sur-
faces. The atomic radius of the adsorbed K, which is
partly ionized, is considered to be comparable to or
smaller than this value (1.92 A), and the K saturation
coverage of 1 ML on the Si(111)57X7-Kis not unrealis-
tic. On the other hand, the photoemission data in Ref. 16
have suggested one K atom per Si dangling bond, i.e., the
saturation coverage as —,", =0.4 ML, for the Si(111}57X7-
K surface. Then we think the lower limit of the satura-
tion coverage of the Si(ill)3X1-K surface as 0.13 ML
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( —,", X —,
'

) and the upper limit as —,
' ML, and the number of

K atoms in the 3 X 1 unit mesh of the 3 X 1 structure will
be between 0.4 and 1. Considering these limits, we prefer
the saturation coverage of —,

' ML, because the number of
K atoms in the 3 X 1 unit mesh should naturally be an in-
teger when the alkali metals are perfectly ordered. This
result is consistent with the recent ISS result of Hash-
izume et al. However, this value is much different from
that estimated by RHEED (Ref. 5) or those of
STM, ' ' which proposed the saturation coverage of

3

ML. This difference might be caused by the sample tem-
perature of those experiments not being high enough, and
the structures not being completely 3 X 1, and a mixture
of the 57X7 surface leads to the coverage larger than
ours. As for the STM image, we will argue it later. Be-
sides, the value reported by Fan and Ignatiev" (0.01 ML)
is much smaller than ours. This difference may be caused
by the difference of the sample preparation method of the
3X1 surface. That is, they first exposed the surface to
the alkali metal at room temperature and then annealed it
at higher temperature (about 800'C) to make a 3X1
structure. In this method, most of the alkali-metal atoms
might have desorbed and the coverage might have be-
come much less than ours.

From the present results, we propose a structural mod-
el for the Si(111)3X1-K surface as shown in Fig. 7 in
which (a) shows the side view and (b} shows the top view
of this surface. The large and small dotted circles
represent the positions of the first-layer and the second-
layer Si atoms of the Si(111)1X 1 ideal surface, respective-
ly. The shaded circles represent the Si atoms which con-
stitute the m-bonded chain and the large filled circles
represent the K atoms. The thick lines represent the unit
mesh of the 3 X 1 structure. This model is similar to that
proposed by Wan, Lin, and Nogami, ' but there are two
different points. First, the number of alkali metals in the
unit cell is not two but one, suggesting the clear
difference of the saturation coverage. Second, in the
model of Wan, Lin, and Nogami, the dangling bonds of
the "m-bond-like" Si atoms are terminated by the Li
atoms. But in our model they are not terminated by al-
kali metals, and these dangling bonds make the ~-bonded

FiG. 7. Structural model for the Si(111)3XI-K surface, (a)
side view and (b) top view.

chain like the Si(ill)2X1 surface. The present model
can explain the result of the STM experiment ' ' from
a different standpoint. Namely, the filled electronic state
probed by the STM is not due to the K atoms but due to
the dangling bonds of the ~-bonded chain Si atoms in ac-
cord with the zigzag image of the STM, and the empty
state is not resulting from the Si atoms but from the K
atoms. This model has a good agreement with the result
of LEED, " i.e., not only the K atoms but the Si atoms
make a 3X1 structure. Considering the difference be-
tween the direction of the dangling bonds of the five-

membered rings and that of the seven-membered rings,
the dispersion of the present m-bond surface state should
be much smaller than that of the Si(111)2X 1 surface, be-
cause the dangling bonds on the five-membered rings are
tilted compared with those of the seven-membered rings
in which they are nearly parallel. Although this is an un-

solved problem, this model still seems reasonable allow-

ing interpretation of the previous STM data. ' ' But
we have to mention that some kind of structural relaxa-
tion or distortion is probably needed to open a large band

gap. Therefore, we think that this model is only tentative
and more structural data and/or theoretical works are
needed.

According to this model, the number of the clear sur-

face states will be at least four: (a} surface state of the n.
bond, (b) that of the Si-K bonding, (c) that of the 0 bond
among the n.-bonded chain Si atoms, and (d) that of the 0.

bond between the first-layer Si atoms and the m-bonded

chain Si atoms. Judging from the similarity of the disper-
sion as discussed above, the S', state is assigned to (a).
The UPS spectra measured by Tezuka, Daimon, and
Ino' and Magnusson and Reihl' have a surface state at
—1 eV below the Fermi level. Considering the similarity
of E~ and the structure of Si-K bonding [on-top site for
the Si(111)57X7-K surface], the Sz state is assigned to
(b). Himpsel, Heimann, and Eastman observed three
surface states on the Si(111)2X 1 surface. One will be the
surface state of the ~ bond and the others the surface
states that are caused by the m.-bonded chain, that is (c)
and (d). We only have a little information about the S3
and S4 states, but according to the result of Himpsel,

Heimann, and Eastman, these surface states could be
(c) and (d).

Figure 8 shows the change of the work function against
the deposition time of K for the Si(111)57X7-K surface
at room temperature. The work function of the
Si(111)3 X 1-K is also shown by an open circle at its depo-
sition time at 500'C. We have to pay attention to the
difference of the sticking coeScient at different tempera-
tures (room temperature and 500 C). The reduction of
the work function of the surface for the saturation cover-

age is 2.95 eV (which is almost the same as that of Ref.
16) for the Si(ill)57X7-K surface and 1.37 eV for the
Si(111)3X1-K surface. We conclude that a saturated
monolayer for the Si(111)57X7-K is formed after 5.S min

under this deposition condition. The saturation coverage
of the Si(111)3X 1-K surface is formed after 3.5 min of K
deposition. One should also be reminded of the tempera-
ture difference of the Si substrate. The deposition time
for the saturation coverage of the Si(111}3X1-Ksurface
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is not —,
' of the Si(111)57X7-Kbecause the K atoms not

only adsorb on the Si surface but also desorb from it at
500'C. It might be simply thought that the change of the
work function of the Si(111)3X1-Ksurface will be —,

' of
that of the Si(111)57X7-K surface in contrast to our
present result. But, since the work function changes radi-
cally in the early stage of adsorption and the change be-
comes less with increasing the K adsorption due to the
dipole-dipole interaction, we have to compare the change
of work function for the Si(111)3X 1-K surface to that for
the Si(111)57X7-K surface at —,

' ML, i.e., compare the

change at the same coverage. The work-function change
of the Si(111)3X1-Ksurface is smaller than that of the
Si(111}57X7-K surface at the deposition time corre-
sponding to —,

' of the saturation value. This small work-
function change of the Si(111)3X1-Ksurface compared
with the —,

' ML Si(111)57X7-K surface can also be ex-

plained by our model. Looking at Fig. 7(a), we recognize
that the interlayer distance between the layer of K atoms
and that of m-bonded chain Si atoms is very short.
Hence, the dipole moment between the K layer and the Si
layer must be small. On the other hand, K atoms are
thought to be adsorbed at the on-top site on the
Si(111)57X7-K surface. Therefore, the work-function
change should be larger than that of the Si(111)3X1-K
surface because of the larger interlayer distance and
larger dipole moment.

In this model for the Si(111)3X1-Ksurface, no dan-
gling bond remains and the surface should not be metallic
but semiconducting. Therefore, this surface structural
model is consistent with the semiconducting surface elec-
tronic state. Our results of the Si 2p core-level shift for
the Si(111)3X 1-Na surface' also support these results.

1() l5
1)EPOSITION TIME (min)

FIG. 8. Change of the work function against the deposition
time for the Si(111)57X7-K and the Si(111)3X 1-K surface.

The surface electronic states and the saturation cover-
age of the Si(111}3X1-Ksurface are studied using not
only angle-resolved ultraviolet photoelectron spectrosco-

py but also x-ray photoelectron spectroscopy. It is found
for the Si(111)3X 1-K that the S& state of the Si(111}7X 7
clean surface at -0.2 eV below the Fermi level disap-
pears and surface states S2 and S3 appear at 0.95 and 1.6
eV below the Fermi level, with no Fermi-level crossing.
So, the Si(111)3X 1-K surface is no longer a metallic sur-
face such as the Si(111)7X 7 clean surface but a semicon-
ducting surface. We measured the dispersion along the
[112]and [101]directions and found other surface states,
S& and S4. We discussed these surface states in this pa-
per. The other surface states observed at 3.39 and 3.67
eV below the Fermi level are not discussed here. The
widths of the band dispersions are -0.48 eV for the S',
state, -0.47 eV for the S2 state, and -0.32 eV for the S3
state. We cannot evaluate the width of the dispersion of
the S4 state because of the scarcity of data. Judging from
the dispersion behavior, the S& and Sz states have been
assigned to the surface state of the m bond and that of the
Si-K bonding, respectively. Taking into account the re-
sults of other experiments, the S3 and S4 states might be
assigned to the 0. bond among the m.-bonded chain Si
atoms and that of the o bond between the first-layer Si
atoms and the m-bonded chain Si atoms, respectively.

The saturation coverage of the Si(111)3X1-Ksurface
was estimated to be —,

' ML from a comparison of the Si

Auger and the K 2p photoemission intensity ratio with
that of the Si(111)57X7-K surface on which the satura-
tion coverage is thought to be 1 ML.

Based on these results we have proposed a model of the
Si(111)3X 1-K surface. This model can explain the semi-
conducting surface electronic state, STM image, the
smaller work-function change compared with that of the
Si(111}57X7-Ksurface, as well as the dispersion and the
number of surface states.
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