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By utilizing a variety of surface superstructures formed on silicon surfaces, we have clarified close
correlations between the atomic-scale structures and surface-electrical-conduction phenomena. In par-
ticular, we have succeeded for the first time in experimentally confirming the electrical conduction via
surface-state bands that are inherent in the surface supertructures. Also, an important phenomenon
has been found: atoms adsorbed on the surface donate carriers to the surface-state band, resulting in
a remarkable enhancement of conductivity. The ultimate two-dimensional electron systems composed
of surface-state bands, which are made close up in our study, are expected to provide a new stage in

surface physics.

1. Introduction

Silicon surfaces are undoubtedly the most important
subject in surface science. A huge amount of know-
ledge about them has now been accumulated. In
addition to superstructures formed on their clean
surfaces, more than 300 kinds of “adsorbate-induced
surface superstructures” on silicon have been found.!
Detailed investigations of the atomic and electronic
structures of the respective surfaces have been in-
tensively carried out all over the world. However,
there are a very limited number of studies for an-
swering simple questions: What special properties do
we actually have from the surface superstructures?
Are there any electric, magnetic or optical proper-

ties at surfaces which are never exhibited in bulk?
Expectations for novel properties and the resulting
electronics devices are driving forces for researches
on semiconductor surfaces. However, since struc-
tural/chemical analyses and their controls are not
easy to do at all (therefore they are interesting), the
properties of surfaces are seldom investigated by cor-
relating them with the atomic-scale structures.

By utilizing a variety of the surface superstruc-
tures on silion surfaces, we have studied how the re-
arrangements of atoms only in one or two atomic
layers on the topmost surfaces actually affect the
electronic transport properties.? Recalling the his-
tory of modern surface physics, the electrical-conduc-
tion phenomena near semiconductor surfaces have
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been one of the most important subjects since the
discovery of transistors in the 1950’s.> However, this
subject does not seem to be involved in the main-
stream of modern surface science, where structural
controls and analyses on atomic scales are the main
concerns. Instead, eletronic transport properties
near semiconductor surfaces have been the main
themes in mesoscopic physics and device physics
where the arrangements and bondings of individual
atoms near surfaces are not of interest. This is be-
cause the atomic-scale structures are believed to play
no role in the transport properties. However, return-
ing to the root of semiconductor surface physics, we
intend to correlate the properties with the surface
atomic structures.

In fact, we have succeeded for the first time in
experimentally confirming the electrical conduction
through a surface-state band inherent in a surface
superstructure.* This demonstrates a good example
of close correlation of the electrical properties with
atomic structures. This type of conduction should
be distinguished from the conventional surface elec-
trical conduction through the surface space-charge
layer. This new type of conduction is due to an in-
herently two-dimensional (2D) electron system local-
ized only on the topmost surface atomic layer, while
the conventional 2D electron system is made up of
bulk-state electrons confined in space-charge layers
at surfaces or heterojunctions. Therefore, we can
expect some novel properties from the 2D electron
system in surface-state bands, correlating with sur-
face-structural modifications. Furthermore, an in-
teresting phenomenon has been found: individual
atoms adsorbed on a surface, which form a “2D
adatom gas” phase, donate carriers into a surface-
state band, resulting in a remarkable enhancement
of conductance.®% Nucleation of the adatoms into
microcrystals from the gas phase diminishes the
carrier-doping effect. From these findings, it can be
reversely said that the measurements of surface elec-
trical conduction may become a useful method for
monitoring the surface atom dynamics in real time
which are not directly observed in any microscopies
or diffraction methods. In this paper, we intend
to systematically describe our studies of the sur-
face electrical conduction, which decisively depends
on the atomic-scale structures and their dynamical
changes.

2. Si(111)-(7 x 7) Clean and
Si(111)-(v/3 x v/3)-Ag Surfaces

First, we introduce two types of silicon surfaces
which are investigated by comparing them in this
paper.

A clean Si(111) surface reconstructs into a 7 x 7
superstructure whose atomic arrangement is now
solved as DAS (dimer—adatom-stacking fault) struc-
ture Fig. 1(a).” Although this arrangement remark-
ably reduces the number of dangling bonds com-
pared to an ideally truncated (111) surface, there
still remain some of them. The dangling-bond state
on each “adatom” on the topmost layer has an
unpaired electron, resulting in a half-filled, and
therefore metallic, surface-state band. This band is
actually detected by angle-resolved ultraviolet pho-
toelectron spectroscopy (ARUPS), denoted as “S;”
in the 2D band-dispersion diagram of Fig. 1(b). This
surface state is always detected at the Fermi level
(Er) at any emission angles, indicating the Fermi-
level pinning due to its high density of states. And
this band is flat, negligible band dispersion. This
is because the overlap integral between the neighbor-
ing dangling-bond states is so small that the elec-
trons in this state are almost localized on the
respective “adatoms.” Therefore, electrical conduc-
tivity through the dangling-bond-state band is not
expected to be very high in spite of its metallic na-
ture. There are some experimental results suggesting
a low DC conductance through the dangling-bond
state.® Furthermore, the Er at the surface, which is
pinned by the S; band, is always located around the
middle of the band gap, irrespective of the doping
type and concentration in the bulk crystal,® so that
the surface space-charge layer is always a depletion
layer under the 7 x 7 surface [Fig. 1(c)]. Therefore,
the electrical conduction through the surface space-
charge layer is low, again.

Let us consider another surface, Si(111)-(v/3 x
V/3)-Ag, which is formed by depositing Ag atoms of
one monolayer (ML) at elevated substrate tempera-
tures. This sample has also been a popular target in
surface science; after a long controversy, its atomic
arrangement is now solved as HCT (honeycomb-
chained trimers) structure proposed by Takahashi
et al. [Fig. 1(d)].1%!! The adsorbed Ag atoms form
covalent bonds with the substrate Si atoms, leav-

ing no dangling bonds on the surface. Thus an
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Fig. 1. (a)—(c) Si(111)-(7 x 7) clean surface and (d)—(f) Si(111)-(v/3 x v/3)-Ag surface. (a), (d) Schematics of atomic
arrangements (upper — plan view; lower — sectional view). (b), (¢) Two-dimensional band-dispersion diagrams of
surface states determined by angle-resolved ultraviolet photoelectron spectroscopy (ARUPS). Solid circles represent
surface-state peaks in spectra, whose sizes roughly correspond to their intensities. T and K in (b) and T and M in (e)
are symmetric points in the 1 x 1 and /3 x /3 surface Brillouin zones, respectively. The projected band structures of
bulk are also included. (c), (f) Schematics of band diagrams showing surface states and surface space-charge layers.
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energy gap opens up between the surface-state bands
originating from antibonding and bonding states of
Si-Ag bonds.'? This is a semiconductor-like elec-
tronic structure. These states are also observed in
ARUPS measurements, denoted as “S;” and “S,”,
respectively, in Fig. 1(e). We notice a peculiar fea-
ture in this band-dispersion diagram; a part of the
antibonding-state band S; is observed below Er, so
that some electrons are trapped in this band. And
this band is observed only in a narrow range of wave
vectors around the T' point and is highly upward-
dispersive.!? This means an extended electron wave
function in this state, in contrast to the localized S;-
dangling-bond state at the 7 x 7 surface. Therefore,
this situation is like a degenerate n-type semiconduc-
tor. This surface is thus expected to have a higher
electrical conductance due to the excess electrons
accumulated in the “surface-state conduction band
S1,” in spite of its semiconducting nature. This sit-
uation of the surface electronic structure is almost
irrespective of the bulk doping type and concentra-
tion. According to the first-principles calculations,'4
the local density of states of the S; surface-state
band has a maximum at the centers of Ag trimers
in the HCT framework, which is confirmed by STM
observations.!® Therefore, by recalling the high dis-
persion of the band, the electrons can be expected to
travel via the Ag-trimer centers, resulting in a high
conductance. It is also experimentally confirmed
that the surface Ep is always located near the

16,13 g5 that the bands near

valence-band maximum,
the surface bend upwards, as shown in Fig. 1(f). The
surface space-charge layer is thus a hole-accumula-

tion layer to be highly conductive, again.

3. Surface Space-Charge Layer

As described above, the electrical-conduction phe-
nomena near semiconductor surfaces are compli-
cated. It is then very helpful to classify them into
three types of conductions:!”

(1) Conduction via a surface space-charge layer:
excess charges trapped in the surface states
cause the band bending below the surface, re-
sulting in changes of carrier concentrations in
the surface space-charge layer, whose width
reaches several microns in a lightly doped

Although this is

conduction through bulk states, the sur-

semiconductor substrate.

face electronic states thus can decisively
govern the electrical conductivity through
the layer.

(2) Conduction via surface-state bands: two-
dimensional bands are formed due to the sur-
face superstructure. The electrons or holes in
the bands should be mobile along the surface
just like the carriers in the three-dimensional
bulk bands, so that they contribute to elec-
trical conduction. The conductivity of this
type is directly dependent on the nature of
the surface-state band (metallic or semicon-
ducting) and also on the mobility of the car-
riers therein.

(3) Conduction via a grown atomic layer: if, for
example, a metal atomic layer grows on a
semiconductor surface at low temperatures,
the grown layer dominates the conduction
above a percolation-threshold coverage. Dif-
fusivity of carrier scattering at surface/inter-
face varies, depending on the morphology
of the surface, leading to changes of carrier
mobility. So the growth modes and kinetics,
which are dependent on the surface structure,
sensitively affect the conductivity.'®

In this paper, we focus our attention only on the
first two types, because we have mainly studied
the very early stage of foreign atom adsorption on
the surface, so that the conduction of type (3) is
negligible.

Even though we measure the surface electrical
conductance og, we have to separately evaluate the
contributions of types (1) and (2). This is because
05 is a sum of the conductance through the surface
space-charge layer oy, and that through the surface-
state bands ogs; 05 = 0gc + 0ss- Fortunately, it has
already been established that og. can be estimated
if the surface and bulk Ep positions are known,!?
which is the basis of semiconductor devices. By solv-
ing the Poisson equation including the band bending
determined by the difference of Er positions between
at surface and in deep bulk, the concentration of
the excess carriers accumulated in the surface space-
charge layer can be calculated. og will be obtained
by multiplying the carrier mobilities with the cal-
culated carrier concentrations; the mobilities can be
assumed to be the same as those in the bulk unless
the band bending is not so steep. The o4 obtained
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Fig. 2. A curve shows the conductance osc through the
surface space-charge layer, calculated as a function of
the surface- Er position for a p-type Si crystal of 20 2 cm
resistivity at room temperature. The difference of Er po-
sitions between at surface and in deep bulk determines
the band bending near the surface, under which condition
we have solved the Poisson equation to obtain the excess
carrier concentrations accumulated in the surface space-
charge layer. By multiplying the mobilities (we have used
the same values as in bulk) with the calculated carrier
concentrations, we have finally obtained os.. The o
under the flat-band condition (under which the surface
EF coincides with the bulk Er) is defined as zero, because
no excess or depleted carriers are accumulated near the
surface (the carrier concentrations are the same as in deep
bulk). Moreover, by assuming that the extra conductiv-
ity due to the surface-state bands o is zero on the 7 x 7
clean surface, its data point is located on the calculated
curve. The measured values of os for the metal-covered
surfaces [(v/3 x v/3)-Ag, (5x 2)-Au and (/21 x v/21)-(Ag
+ Au)], with reference to o of the 7x 7 clean surface, are
plotted at the respective Er positions. The Er positions
are determined by bulk-sensitive XPS. The data points of
the (v/3xv/3)-Ag and (5 x 2)-Au surfaces are located near
the calculated curve, while that of the (v/21 x v/21)-(Ag
+ Au) surface is significantly above the curve.*

in this way is shown by a curve in Fig. 2 as a function
of the surface Er position.

When the surface Ef is located near the bulk
valence-band maximum, E,p,, the bands bend up-
wards so that the surface space-charge layer becomes
a hole-accumulation layer where the excess holes
are induced in the bulk valence band, resulting in
enhancement of conductivity. When, reversely, the
surface Fr is located near the bulk conduction-band
minimum, F.p,, the bands bend downwards so that
the surface space-charge layer becomes an electron-

accumulation layer where the excess conduction elec-
trons are induced in the bulk conduction band,
resulting in enhancement of conductivity, again. If
we include the carrier-scattering effect at the surface
which results in reduction of their mobilities, the cal-
culated curve of oy will less steeply rise at both ends
of the band gap. Between these extremes, i.e. when
the surface Er is located around the middle of the
band gap, the surface space-charge layer is a deple-
tion layer where the carriers are depleted from the
region near the surface so that the conductivity is
low.

The surface Fr positions of the respective surface
superstructures can be determined with reference to
that at the 7 x 7 clean surface.” By measuring the
shifts of the Si 2p core-level position in X-ray pho-
toelectron spectroscopy (XPS) with suitable photon
energy of bulk-sensitive condition, the band bend-
ing can be directly determined, because any surface
chemical shifts are negligibly detected under such a
condition. The surface Er positions at the 7 x 7
clean and the (\/5 X \/5)—Ag surfaces are thus deter-
mined to be 0.63 eV? and 0.10 eV 6 above Eypm,
respectively.

By comparing the values of o, at the respec-
tive Er positions in Fig. 2, the conductance of the
(\/5 X \/5)—Ag surface is estimated to be higher than
that of the 7x 7 surface by about 50 uS/square. How-
ever, by measuring the conductance with a method
described in the next section, oy of the (\/5 X \/5)—
Ag surface was higher by about 110 uS/square than
that of the 7 x 7 surface, which was about double
of the expected oy difference. When this experi-
mental value of oy is plotted at its surface Er po-
sition in Fig. 2, the data point is located slightly
above the calculated curve. This suggests some extra
contribution of oy in addition to og.. But, by con-
sidering the experimental errors for determining the
surface Er position (about 0.1 eV) and os(~ 10%),
and the uncertainty of the mobility values in cal-
culating the curve in Fig. 2, it may be too early
to conclude the contribution of 0y.2° However, it
was the Si(111)-(v/21 x v/21)-(Ag + Au) surface de-
scribed in Sec. 5 that unambiguously enabled us to
confirm the contribution of the conductance through
surface-state bands o4.* As shown in Fig. 2, the data
point of its o5 deviates remarkably from the calcu-
lated curve of o4, which means a significant contri-
bution of og to os. As discussed in Sec. 6, on the
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Fig. 3. RHEED sample holder for the electrical-conduc-
tance measurements. Four Ta wires are pressed on the
Si surface to pick up the voltage drops. By making
the Si wafer flash heated up to 1200°C for cleaning with
the wires in contact, the contact resistances between the
Ta wire and the Si wafer tend to be stabilized. Since
the electron beam for RHEED severely disturbs the elec-
trical measurements, it is always turned off except for
intermittent observations of the RHEED pattern.?°

other hand, the electrical conduction through the
Si-surface-state band of the (\/§ X \/5)—Ag surface
has been confirmed through a conductance enhance-
ment by carrier doping into the S; band by adsorbed

atoms.56

4. In-Situ Measurements of Surface
Conductance in UHV

When the atoms rearrange only in one or two atomic
layers on top of the surface, does the electrical re-
sistance of a Si wafer with a macroscopic thickness
(0.4 mm for our samples) actually change by de-
tectable amounts? To answer this naive and inter-
esting question, we made two surface areas of dif-
ferent surface superstructures on a single wafer to
measure the respective resistance simultaneously.?"
As shown in Fig. 3, half of the Si wafer was masked
from the evaporating Ag beam so that the 7 x 7
clean surface was kept on the half, while the other
half of the surface changed into the (v/3 x /3)-
Ag structure. The resistances of the two areas
were simultaneously measured by making DC current
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Fig. 4. Resistance changes continuously measured dur-
ing Ag depositions on (a) the Si(111)-(7x 7) clean surface
and (b) the Si(111)-(v/3 x v/3)-Ag surface at room tem-
perature. The Si crystal was 25 x 4 x 0.4 mm? in size and
n-type with 48-50 2 cm resistivity. Changes in RHEED
patterns observed in the separate runs of depositions un-
der the same conditions are also indicated. Since the
electrical conductivity in the deep bulk of Si wafer can-
not be changed by this deposition, the resistance changes
detected here are due to the conductivity changes only
near the surface.?

(1 ~ 200 pA) flow through the Ta clamps at both
ends of the Si wafer, and by picking up the voltage
drops between two pairs of Ta-wire contacts pressed
on the respective areas. By this “six-probe method,”
we could measure the conductance difference origi-
nating only from the difference of surface superstruc-
tures, even if the conductance through the underly-
ing bulk may change due to impurity redistributions
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Fig. 5. (a) RHEED pattern taken after 4.5 ML Ag deposition on the Si(111)-(v/3 x v/3)-Ag surface at room temper-
ature. The intensities of the fractional-order spots indicated by arrowheads scarcely decrease by the deposition. This
means that the deposited Ag atoms tend to nucleate into microcrystals, resulting in the surface being scarcely covered.
In fact, transmission-type diffraction spots from 3D Ag microcrystals are seen in the pattern. (b) UHV-grazing-incidence
scanning electron micrograph taken after deposition of about 0.2 ML Ag on the Si(111)-(v/3 x v/3)-Ag surface at room
temperature. (c) Its magnified image showing surface steps and “colonies” of 3D Ag microcrystals. (d) After addi-
tional deposition of about 0.2 ML Ag on the surface (c), the existing microcrystals do not grow; but, rather, additional

microcrystals are newly formed. This is a heterogeneous nucleation process.®

in bulk raised by high-temperature flashings in UHV.
The difference in o4 between the (\/5 X \/5)—Ag and
the 7 x 7 clean surfaces thus measured is plotted in
Fig. 2.

During metal depositions, furthermore, in-situ
and real-time measurements of resistance changes
are possible by the conventional four-probe method
with combining RHEED (reflection high-energy elec-
tron diffraction) observations. These methods en-
able one to correlate the resistance changes with
dynamical structural changes such as growth styles
of atomic layers, structural phase transitions, and
SO on.

Figure 4 shows the resistance changes during
Ag deposition on a room-temperature substrate of
(a) a Si(111)-(7 x 7) clean surface and (b) a Si(111)-
(v/3 x v/3)-Ag surface, respectively.? In (a), the re-
sistance scarcely changes until about 3 ML (mono-
layer) coverage of Ag where the 7 x 7 superspots in
the RHEED pattern almost disappear. Although
the surface Ew shifts by about 0.25 eV towards
the valence-band maximum during this period of
deposition,2!:22 this amount of E shift is not enough
to convert the surface space-charge layer into a hole-
accumulation layer from the initial depletion layer.
As a result, the conductance remains low. Moreover,
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although the dangling-bond state on the clean 7 x 7
surface vanishes by Ag-atom adsorption, this change
of the surface electronic state will not contribute to
the conductance changes because the conductance
through the dangling-bond state is inherently low,
as mentioned in Sec. 2. When Ag coverage exceeds
3 ML in Fig. 4(a), the resistance begins to decrease
steeply, accompanying a change in the RHEED pat-
tern showing a texture structure.?? These indicate
that Ag grows in a form of flat microcrystals, and
that conductive percolation paths among them are
formed by connecting each other.

In contrast to (a), a quite different phenomenon is
observed on the (\/§ x v/3)-Ag substrate in Fig. 4(b).
The resistance suddenly drops just after the Ag
deposition is started, and after passing through a
small overshoot in the drop around Ag coverage
as small as about 0.03 ML, the steep drop stops,
followed by a gradual decrease with Ag coverage.
During this process, the RHEED pattern shows a
formation of 3D Ag microcrystals on the substrate,
while the v/3 x /3 superspots are scarcely weakened
[Fig. 5(a)]. This indicates that the deposited Ag
atoms can easily migrate to aggregate into the 3D
Ag microcrystals, leaving the (v/3 x v/3)-Ag surface
scarcely covered. This nucleation process is con-
firmed also by UHV-SEM (scanning electron micro-
scopy) observations, as shown in Figs. 5(b)-5(d). In
spite of this surface being scarcely covered, the resis-
tance of the whole surface is actually reduced. But,
as shown in Fig. 4(b), when the Ag deposition is
stopped by closing the evaporator shutter, the re-
sistance steeply rises towards the initial value. One
may guess at a glance that these resistance changes
are caused by thermal radiation from the evapora-
tor. But we have checked, using an empty evapo-
rator heated up to the evaporating temperature, that
it is not the case (see Fig. 3 in the first paper of
Ref. 2). A “surface-state conduction band S;” (men-
tioned in Sec. 2) plays an important role in these
unusual behaviors of the electrical conductions on
the (\/§ X \/g)—Ag surface. Their mechanism will be
solved in Sec. 6.

In this way, the electrical-conduction phenomena
decisively depend on the surface superstructures of
the substrate. In the case of depositions of Au,??2?
In?24 and Pb,?® also, similar phenomena of the
resistance changes depending upon the surface struc-

tures have been found, though the details are of
course different in the respective cases.

5. Electrical Conduction Through
Surface-State Bands

Figure 6 shows the changes in the conductance and
RHEED pattern during (a) Au adsorption at RT and
(b) Ag adsorption at 200 K on the Si(111)-(v/3x v/3)-
Ag surface. In both cases, V21 x+1/21 superstructures
appear only in a coverage range of 0.08-0.3 ML
[denoted as (v21 x v/21)-(Ag + Au) and (v/21 x
v/21)-Ag, respectively]. Figure 7 shows the RHEED
pattern and STM image of the (V21 x v/21)-Ag
surface, which indicate a well long-range-ordered
structure in spite of adsorption at low substrate tem-
perature. The conductances in both cases of Fig. 6
remarkably rise corresponding to the appearance of
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Fig. 6. Changes in the conductance and RHEED pat-
tern of a Si wafer with the Si(111)-(v/3 x v/3)-Ag surface
continuously measured during (a) Au deposition at room
temperature, and (b) Ag deposition at 200 K.* The Si
crystal was p-type with 20 2 cm resistivity.
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Fig. 7. Si(111)-(v/21 xv/21)-Ag superstructure. (a) Its RHEED pattern observed in situ at 160 K during Ag deposition
on the (v/3 x v/3)-Ag surface.?® (b) Its STM image observed at 60 K, perpared at ~ 150 K. The coverage of additional
Ag was less than the saturation coverage (~ 0.15 ML), so that the underlying (v/3 x v/3)-Ag domains still remain (for
example, at the lower left corner). Large and small lozenges indicate the unit cells of the V21 x v/21 and v/3 x V3
superstructures, respectively.
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these v/21 x /21 superstructures. As mentioned
in Figs. 4(b) and 5, no changes in the surface su-
perstructures were observed by Ag adsorption on
the same (\/§ X \/g)—Ag substrate at RT; the de-
posited Ag atoms just aggregate into 3D microcrys-
tals. But at lower temperatures below 250 K, the
surface migration of the deposited Ag atoms is sup-
pressed to two-dimensionally cover the surface with
the v/21 x /21 superstructure.2® In the case of Au
adsorption, the superstructure can be formed even
at RT because of their much smaller aggregation
tendency. In both cases, however, the v/21 x v/21
superstructures complete around 0.15 ML deposi-
tion, and their atomic arrangements seem to be the
same according to STM observations?” and RHEED
rocking-curve measurements.?®

When the coverages exceed 0.3 ML, the /21 x
V21 structures disappear to restore the V3 x V3
periodicity (Fig. 6). But their relative intensities
among the v/3 x /3 superspots in RHEED are differ-
ent from those at the initial (v/3 x /3)-Ag surface.
This means that atomic arrangements are different in
spite of the same periodicity [denoted as (v/3 x v/3)-
(Ag + Au) in the case of Au adsorption]. Corre-
sponding to these structural transformations from
the v/21 x v/21 to the other v/3 x /3 structures,
the electrical conductances steeply decrease (Fig. 6).
And then the conductances turn to gradual increases
with coverage. We have also found that Cu depo-
sition, as well as Au and Ag, induces very similar
changes in structure and electrical conductance, for-
mation of a similar v/21 x /21 superstructure and a
resulting remarkable increase of conductance.?” How-
ever, because of limitation of space, we will focus our
attention only on the (v/21x1/21)-(Ag + Au) surface
induced by Au adsorption.

As seen in Fig. 6(a), the conductance makes a
maximum around 0.15 ML Au coverage, of which
value is plotted in Fig. 2 as the conductance oy
of the (v/21 x v/21)-(Ag + Au) surface. This data
point remarkably deviates from the calculated curve.
Figure 8 shows the shifts of surface Er (band bend-
ing) during this Au deposition process, measured by
XPS. At the initial (\/§ X \/g)—Ag surface before Au
deposition, the surface Ep is located around 0.1 eV
above E.pm, as mentioned in Sec. 2. But at the
(v/21 x v/21)-(Ag + Au) surface, it shifts to around
0.3 eV above Fypy,. This is almost the same posi-
tion as in the deep bulk, so that the bands turn out

V21xv21
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Fig. 8. Shifts of the surface Fermi-level position during
Au adsorption onto the Si(111)-(v/3 x /3)-Ag surface
at room temperature, measured through Si 2p core-level
shifts in bulk-sensitive XPS.* The Si crystal was p-type
with 20 Q cm resistivity.

to be flat. This means that the excess holes accu-
mulated in the surface space-charge layer under the
initial (v/3 x v/3)-Ag surface are depleted by Au ad-
sorption. Therefore, as estimated from the curve in
Fig. 2, the conductance via the surface space-charge
layer os. should be decreased by this Fg shift. On
the contrary, the measured surface conductance oy
significantly increases, coincidently with the forma-
tion of the (v/21 x \/_) (Ag + Au) structure. And
the Au coverage (about 0.15 ML) needed for this su-
perstructure is too small to make percolation paths
on 2D triangular lattices.?? As a consequence, we
have to conclude that the surface-state bands of this
superstructure make the conductance very high.*
We next show the electronic structure near Er of
this surface superstructure, investigated by ARUPS.
In Fig. 9, the spectra in a range of emission an-
gles 0, = 25°-35° exhibit peaks near Ey, indicated
by small arrowheads, which is called the S} surface
state. This state is very similar to the S;-state band
of the initial (v/3x/3)-Ag surface [see Fig. 1(e)]. An-
other surface-state band inherent in the (v/21x+/21)-
(Ag + Au) superstructure is shown by big arrow-
heads in the spectra of . = 30°-40°, called the Sj
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Fig. 9. Angle-resolved ultraviolet photoelectron spectra

taken from the Si(111)-(v/21 x v/21)-(Ag + Au) surface.
The electron analyzer was scanned in the [101] direction,
and the electron emission angles 6. were measured from
the surface-normal direction. The range of 6. shown here
corresponds to around the T’ point in the second sur-
face Brillouin zone. He I resonance light (21.2 eV) was
used for excitation with irradiation in the surface nor-
mal. When the angle of incidence of the UV light was
set off from the surface normal, the peak intensities of
the surface states indicated by arrowheads were strongly
suppressed, and almost disappeared at 45° incidence.2”

state, which is not observed at the initial (\/§ X \/ﬁ)_
Ag surface. A 2D band-dispersion diagram (Fig. 10)
is constructed from these spectra. The S} and S
bands are observed around the T’ point as the ini-
tial S; band in Fig. 1(e), and all of them are highly
upward-dispersive, crossing Er. The bottom of the
S band is located as deep as 0.6 eV below E, which
partially overlaps the projected bulk bands. The
Fermi wave number kp is given at a point where
the band crosses Fr. The krp of the S; band is
then approximately 0.2 A=1, while that of the S;
band of the initial (v/3 x v/3)-Ag surface is about
0.1 A—1. That is to say, the radius of the Fermi disk
(not a Fermi sphere because of two-dimensionality)
of the surface-state band approximately doubles,
so that the number of electrons contributing to

Binding Energy (eV)

B . ,.-°T". . N
N (I O O T O I T | A I
0.6 0.8 1.0 1.2 1.4

-1
Wave Vector (A" )

Fig. 10. 2D band-dispersion diagram for the Si(111)-
(V21 x v/21)-(Ag + Au) surface. T and M are symmet-
ric points of the v/3 x /3 surface Brillouin zone.*2” The
projected bulk band structures are also included. The
V21 x +/21 symmetry in S} and S} surface states is con-
firmed by scanning in other directions.?”

conduction is also roughly doubled. This increment
of electrons trapped in the surface state is provided
by adsorbed Au atoms, not from the bulk, because
the surface space-charge layer is a depletion layer un-
der the (v/21 x v/21)-(Ag + Au) structure. A semi-
quantitative estimation shows that each Au adatom
donates approximately 0.5 electrons to the surface-
state band.?” The adsorbed Au atoms act as donors
to provide the conduction electrons to the surface-
state band, and also to the surface space-charge layer
to diminish the excess holes accumulated therein.
In this way, we have clarified that a high elec-
trical conductance of the (v/21 x v/21)-(Ag + Au)
surface is due to the Si-surface-state band.* This is
the first time anyone has experimentally confirmed
the electrical conduction through a surface-state
band by identifying it. Moreover, we can estimate
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the carrier mobility p in the surface-state band from
the equation Aoy = e - u - An, where Aoy is a dif-
ference of o5 and An a difference of electron density
in the surface states between the (/21 x \/ﬁ)-(Ag
+ Au) and (\/g X \/§)—Ag surfaces, estimated from
Figs. 2 and 10. Since Acog ~ 2 x 10~* S/square and
An ~ 7 x 10'® cm™2, we find that p ~ 20 cm?/V s
at RT, which is much smaller than the bulk value
Ubulk ~ 1500 cm2/V s. This may be due to car-
rier scatterings by surface irregularities and phonons;
scattering by phonons, especially, will much more
severely affect the mobilities than in bulk, because of
the monolayer thickness of our 2D electron system.
But in order to fully understand the transport prop-
erty in the surface-state bands, we have to directly
measure the mobilities by Hall-effect or field-effect
measurements to confirm this estimation.

By the way, what is the origin of the Sj-state
band? How does it correlate with the atomic ar-
rangement? As the structure itself of (v/21 x v/21)-
(Ag + Au) is not yet solved, it is impossible to answer
this question at the present. Since, however, this
superstructure is expected to consist of periodically
arranged Au adatoms without breaking the under-
lying (v/3 x v/3)-Ag framework,3%3! we can make a
guess of the answer. It is expected that the S and
S} bands are originally the S; state of the (\/§ V3)-
Ag surface, which is partially modulated by electron
transfer from Au adatoms. Recalling that the local
density of states of the S; state has maxima at the
centers of Ag trimers of HCT structure,'4
that some of the Ag trimers are strongly modulated
by Au adsorption to become the S state, while the
remaining Ag trimers are not so influenced by Au ad-
sorption to become the S state, which is very similar
to the initial S; state. The S}-state band can be said
to be a remnant of the initial S; band, which is plau-
sible if we consider the Au coverage to be as small
as 0.15 ML. But, of course, we have to wait for theo-
retical calculations for the electronic structure based
on a correct model of atomic arrangement to answer
the above question.

we guess

6. Dynamics of Adatoms and Surface
Electrical Conduction

Now we try to clarify the strange change of resistance
observed for the (v/3 x v/3)-Ag surface in Fig. 4(b).
How do we understand a remarkable resistance drop
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Fig. 11. Resistance changes of a Si wafer with Si(111)-
(\/3 X \/g)—Ag surface at room temperature during and
after additional Ag depositions (rate = 0.16 ML/min).
The Si crystal was n-type with 100 Q cm resistivity and
30x4x 0.5 mm? in size. The depositions were stopped at
Ag coverages of (a) 4.5 ML, (b) 2.1 ML, (c) 0.52 ML, (d)
0.081 ML, (e) 0.025 ML, (f) 0.015 ML and (g) 0.0079 ML,
respectively.®

by as large as more than 20%, induced by Ag
adsorption of a coverage as small as 0.03 ML onto
a Si wafer as thick as 0.4 mm? When, moreover,
the Ag deposition is stopped at 4.3 ML Ag coverage
by closing an evaporator shutter in Fig. 4(b), the
resistance swiftly rises towards the initial value. In
Figs. 11(a)-11(d), we made similar measurements,
but the depositions were stopped at coverages of 4.5,
2.1, 0.52 and 0.081 ML, respectively. The resistances
similarly rose towards the initial values, again, af-
ter the depositions. However, in Figs. 11(e)-11(g),
where the depositions were stopped at 0.025, 0.015
and 0.0079 ML coverages, respectively (which are in
the course of the initial steep drop of resistance),
the resistances were, surprisingly, kept constant after
stopping the depositions! The resistance changes af-
ter the depositions are thus revealed to be completely
different, depending on whether the Ag coverage is
more than a critical coverage 6. (~ 0.03 ML) or less
than 6..° 6. corresponds to Ag coverage at a small
overshoot at the initial resistance drop in Figs. 4(b)
and 11.

Shown in Fig. 12(a) is a resistance change when
the Ag is deposited with some interruptions.® In this
case, again, the resistance remains constant during
the interruption intervals A, B and C, where the Ag
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Fig. 12. (a) A resistance change of a Si wafer during in-

termittant Ag depositions (rate = 0.24 ML/min) on the
Si(111)-(v/3 x v/3)-Ag surface at room temperature. The
Si wafer was n-type with 100 2 cm resistivity. Downward
arrows indicate the starting points of depositions, and up-
ward arrows their end points. Ag atoms of the amount
of 0.008 ML are deposited during each deposition period
of 2's. A-F indicate the interruption intervals.® (b) A re-
sistance change during two successive Ag depositions on
the same surface. Ag of 0.5 ML is deposited at the first
deposition, and after about a 17 min interval, 2.2 ML is
deposited at the second period.®

coverage is below .. But, once the coverage exceed
0., the resistance rises towards the initial value dur-
ing the interruption intervals D, E and F.

The RHEED and SEM observations shown in
Fig. 5 indicate that Ag atoms deposited on the room-
temperature (\/§ x v/3)-Ag surface nucleate into 3D
microcrystals. By considering this structural change,
the above-mentioned resistance changes are inter-
preted as follows. In general, to make the nucleation
set on, the density of the deposited atoms should
exceed a critical density of adatoms 6. (critical su-
persaturation). In other words, when the coverage

is less than 6., the nucleation does not proceed, and
the deposited atoms remain isolated, forming a su-
persaturated metastable “2D adatom gas (2DAG)”
Then, it is naturally understood that Ag
atoms in the 2DAG phase before being incorpo-

phase.

rated into 3D microcrystal nuclei can make the resis-
tance low, and that the resistance drops observed in
Figs. 4(b), 11 and 12(a) correspond to the increments
of the atom density in the 2DAG phase. Up to 6.,
the density of 2DAG increases by deposition, result-
ing in the resistance drop. Even if the deposition
is stopped at this stage, 2DAG remains metastable
to keep the gas density constant, and therefore the
resistance remains constant. But once the adatom
density exceeds 6., the nucleation sets on with cap-
ture of the atoms in the 2DAG phase by stable nuclei.
If the deposition is stopped at this stage, the density
of 2DAG decreases by nucleation, and will reach a
very low density equilibrated with the nuclei. This
process makes a resistance rise towards the initial
values. This change of adatom density in the gas
phase is revealed by a Monte Carulo simulation.3?
We cannot directly observe the individual adatoms
in the 2DAG phase by RHEED, SEM or STM, be-
cause they are highly mobile.? Only the stable nuclei
(3D microcrystals) can be observed. As shown in
the micrograph of Fig. 5, the 3D microrystals tend
to gather together to make “colonies.” The distances
among the colonies are as large as the order of 1 pym.
This indicates that Ag atoms in the 2DAG phase are
so mobile that they can easily migrate across atomic
steps on the surface to make their surface diffusion
lengths very long.

We have found another phenomenon which sup-
ports the scenario that the 2DAG phase reduces
the electrical resistance.® Figure 12(b) shows a resis-
tance change during two successive Ag depositions on
the (\/g X \/g)—Ag at RT. Ag atoms of 0.5 ML are
deposited at the first deposition, and after about a
17 min interruption, the second deposition of 2.2 ML
coverage is started. The resistance changes observed
during and after these two depositions look simi-
lar; the initial steep drop, the following gradual de-
crease and the steep rise after the depositions off.
But, on closer observation, we notice a difference —
the overshoot at the initial resistance drop appears
around 0.03 ML coverage only in the first deposition,
but not in the second deposition, where instead a
gradual transition from the initial steep drop to the
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following gradual decrease is observed. This can be
interpreted to correspond to a kinetic overshoot for
beginning the nucleation only in the first deposition.
At the first deposition on a “fresh” (v/3 x v/3)-Ag
surface (“fresh” means that there are no stable nu-
clei in a range of diffusion lengths of deposited Ag
atoms which may act as sinks for the gas-phase Ag
adatoms), the density of Ag adatoms kinetically ex-
ceeds the critical supersaturation density before their
nucleation starts. This temporary excess density of
adatoms is observed as an overshoot of the resistance
drop in the first deposition in Fig. 12(b) [and also
in Figs. 4(b) and 11]. In the second deposition, on
the other hand, there already exist stable nuclei with
separations of diffusion lengths of Ag adatoms on the
surface, which were formed in the first deposition,
so that the deposited atoms are swiftly captured by
the nuclei. This is the reason why the adatom den-
sity does not exceed so much beyond the critical
supersaturation density that no overshoot appears
in the resistance drop during the second deposition
in Fig. 12(b).
erations, in other words, to measure the resistance

From these observations and consid-

changes in real time can turn into a method for mon-
itoring atomistic dynamics which cannot be observed
by microscopies and diffractions.

Then we have to face the next questions. Why
do only the Ag atoms in 2DAG phase reduce the
resistance? Why do they lose such a function once
nucleated into 3D microcrystals? To answer these
questions, we have done photoemission spectrosco-
pies at RT for three surfaces: (a) the “fresh” (v/3 x
V/3)-Ag surface (without additional Ag depostion),
(b) the same surface with 2DAG on it (additional Ag
of 0.022 ML), and (c) the same surface with 3D mi-
crocrystals on it (additional Ag of 0.088 ML). Since,
as shown in Figs. 11(e)-11(g), the 2DAG can re-
main on the surface for at least one hour to keep the
resistance low, we can measure photoemission spec-
troscopies during it. At first, in the same way as
described in Sec. 3, we did XPS to determine the
band bendings at the respective surfaces. The peak
of Si 2p core level was found to shift towards higher
binding energy by 0.18 eV from at the surface (a) to
(b), while the peaks at the surface (c) shifted back to
the initial position at the surface (a).% As mentioned
in Sec. 2, the bands below the “fresh” (v/3 x /3)-
Ag surface bend upwards so that the surface space-
charge layer is a hole-accumulation layer. But, the

above results of XPS tell us that 2DAG makes the
bands bend towards the flat-band situation, result-
ing in sweeping out the excess holes accumulated
in the surface space-charge layer. Therefore, 2DAG
reduces the conductance oy, through the surface
space-charge layer. This is completely opposite to
the resistance drops observed in Figs. 4(b) and 11.
As a consequence, we have to include o, the surface-
state conduction, again. This is because the addi-
tional Ag coverage of 0.03 ML is of course too small
to form percolation paths.

Next, we measured ARUPS from the respective
Figures 13(a) and 13(b) show the spec-
tra taken from the surfaces (a) and (b), respectively,
scanned in the [101] direction around the T point in

surfaces.

the second surface Brillouin zone.® Three peaks, indi-
cated by arrowheads, correspond respectively to the
surface states S1, S and Sz, which exhibit character-
istic dispersions. These features in spectra scarcely
change from at the surface (a) to (b), but the binding
energies of the respective states shift. The changes
are more clearly observed in the 2D band-dispersion
diagram in Fig. 14.5 The three surface states at the
“fresh” (v/3 x v/3)-Ag surface (a) of course disperse
in the same way as in Fig. 1(e). These states at the
surface (b) on which 2DAG rides shift downward by
0.15 eV compared to at the surface (a), though no
significant changes in dispersion. Furthermore, when

T T T T
", (a) Initial v"3X V" 3-Ag Surface

T T T
-, (b) 0.022 ML Ag on V" 3x ¥ 3-Ag
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e
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Emission Intensity (arb. units)
Emission Intensity (arb. units)

2 i 0 ' 2 A 0 '

Binding Energy Below EF (eV) Binding Energy Below EF (eV)
Fig. 13. ARUPS measurements in the same way as
in Fig. 9 for (a) “fresh” (v/3 x v/3)-Ag surface and (b)
the same surface with 2DAG of 0.022 ML Ag on it, res-
pectively.®
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the spectra in Fig. 13 for three surfaces: (A) “fresh”
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symmetric point in the second v/3 x v/3 surface Brillouin

ZOIle.6

2DAG nucleates into 3D microcrystals on the surface
(c), these states return to almost the same position
as at the surface (a).

Especially, focusing on the behavior of S;-state
band crossing FEw, the occupation in this band
increases from the surface (a) to (b), and accord-
ingly the intensity of its peak in spectra of Fig. 13
increases. That is to say, more electrons are trapped
in the surface-state conduction band S;, leading to
an increase of conductivity. More strictly speaking,
as discussed in Sec. 5, the Fermi wave number kg
is approximately 0.1 A~' at the surface (a), while
~ 0.15 A~ at the surface (b),
so that the Fermi disk becomes larger to increase

it increases to be kg

the number of electrons contributing to conduction.®
Therefore, it can be said that Ag adatoms in the
2DAG phase act as donors to provide conduction
electrons to the surface-state conduction band S;.
At the same time, the adatoms donate electrons also
to the surface space-charge layer to diminish the ex-
cess holes therein.

By estimating the sum of electrons transferred
into the S; band and into the surface space-charge
layer, and by comparing it with the density of the de-
posited Ag adatoms, it is found that each Ag adatom
donates approximately one electron, 97% of which

goes into the S; band and 3% into the surface space-
charge layer. Moreover, by comparing the increments
of conductance Aoy and electron density An in the
S; band, the mobility u of the conduction electrons
in the S; band is estimated by u = Aogs/e- An to be
around 10 cm?/V,.% This value of mobility is similar
to on the (v/21 x v/21)-(Ag + Au) surface discussed
in Sec. 5.

This donor-type action of Ag adatom gas is sim-
ilar to Au adatoms in the (v/21 x v/21)-(Ag + Au)
superstructure described in Sec. 5. However, in the
case of adatom gas, new surface-state bands such as
St and S/ bands at the (v/21 x v/21)-(Ag + Au) sur-
face are not formed; but, rather, the original S; band
just shifts. Since Ag adatoms act as donors, they are
positively charged. This sign of charge is consistent
with observations of electromigration.?® As the re-
sults of XPS and ARUPS at the surface (c) return
to almost the same ones at the surface (a), it can be
said that the electron transfer from the adsorbates to
the substrate or the donor action of Ag atoms van-
ishes once they nucleate into 3D microcrystals. This
makes the conductance return to the initial lower
value.

7. Concluding Remarks: 2D Electron
Systems Made up of Surface-State
Bands

From a series of our studies discussed in this paper,
the electrical-conduction phenomena via surface-
state bands have been clarified only on a stage of the
Si(111)-(v/3 x v/3)-Ag surface. But we believe that
this type of electrical conduction is a general phe-
nomenon which should be observed on surfaces hav-
ing a “surface-state conduction band” (which is not
necessarily metallic). Our studies are just a starting
point of systematic investigations of the electronic
transport properties of such an ultimate 2D electron
system made up of surface-state bands, where the
correlation with the atomic arrangements on sur-
faces is essential. This point contrasts with meso-
scopic physics. For example, carrier scatterings by a
variety of atomistic irregularities on surface can be
directly investigated. STM in fact has enabled one
to image electron standing waves due to scattering
of electrons in surface-state bands by atomic steps or
defects on single-crystal Au and Cu surface.?*3% As
one can easily imagine from those STM pictures, the
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mobilities of carriers in surface-state bands will be
sensitively affected by atomic structures on surfaces.
On the other hand, by utilizing the variety of sur-
face superstructures which is not exhibited in bulk,
we will be able to control the transport properties
in novel ways. In the near future, the huge amount
of knowledge of the atomic and electronic structures
of silicon surfaces accumulated so far, will bring to
fruition a new, rich field of research on surface elec-
tronic transport properties.
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