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The surface electrical conductivity was separated from the bulk one by simultaneous conductivity measure-
ments of two different surface structures formed on a single Si-wafer surface in ultrahigh vacuum. We have
found that the surface conductivities for the Si~111!-A33A3-Ag and -532-Au superstructures are inherently
higher than that of the Si~111!-737 clean surface by~11.560.5!31025 A/V and ~561!31025 A/V, respec-
tively. These excess conductivities are estimated to originate mainly from the surface space-charge layer,
although the surface-state-band conduction is considered to partly contribute, especially on theA33A3-Ag
surface.@S0163-1829~96!00940-X#

Electrical conduction at semiconductor surface has been
studied as a macroscopic property for more than 50 years as
one of the main subjects in semiconductor physics, espe-
cially in its early days. Until recently, however, it was not
achieved to investigate the conductance for atomically-
ordered surfaces, for which the ultrahigh-vacuum~UHV!
condition is essentially important. For the changes of con-
ductance caused by metal-layer growth on the surface, Hen-
zler and co-workers concluded that the increases of conduc-
tance during Ag growth on the Si~111!-737 surface at low
temperatures corresponded to the metal percolations.1 Hase-
gawa and Ino deposited metals~Ag, Au, In! onto various
substrate-surface structures@Si~111!-737, -A33A3-Ag,
etc.# at room temperature~RT!, and found that the changes
of conductance at beginning of depositions were crucially
dependent on the surface structures.2 This phenomenon was
tentatively attributed to the effects of the band bending be-
low the surface, which was governed by the surface atomic
and electronic structures.

However, the absolute values of the surface conductivity
with these well-defined structures, as a fundamental property
of the surfaces, remain unknown. Its measurements are not
straightforward because the concentration and distribution of
dopants in the bulk may change by high-temperature
heating,3,4 which is generally necessary for making a super-
lattice surface structure such as the Si~111!-737 and
-A33A3-Ag, etc., resulting in the change of both surface
and bulk conductivities. To extract the surface contribution
from the measured conductivity, we made two surface struc-
tures simultaneously on a single Si~111! wafer surface, and
measured the conductivities of the respective surface areas.
The bulks beneath them had the same temperature and heat-
ing histories, resulting in the same bulk conductivities. So
the difference in the measured conductivity could be attrib-
uted only to the difference in the surface conductivity. Fur-
thermore, by measuring ultraviolet and x-ray photoelectron
spectra~UPS and XPS! for these surfaces, and also by using
the data in the literature, the excess surface conductivities are
discussed in terms of the surface space-charge layer and
surface-state bands.

Figure 1 shows a schematic illustration of the sample
holder for the conductivity measurements and reflection
high-energy electron diffraction~RHEED! observations. The

Si~111! wafer (p-type, resistivity of 20V cm! with its size
of 403530.4 mm3 was heated by direct electric currents.
The heating temperatures and cooling processes for prepar-
ing the 737 clean surface were as follows: flashed at
1200 °C for 5 sec, slowly cooled down to 780 °C in 3 min,
annealed at 780 °C for 3 min, and finally cooled down to RT
in 3 min. The flashing up to 1200 °C is known to be neces-
sary to remove C contaminations, which were checked by
the XPS and RHEED. The longer annealing at 780 °C was
effective to make a larger domain size for the 737
structure.5 Since domain boundaries may affect the surface
conductivity, a large domain size will be favorable to inves-
tigate a surface as ideally as possible. The temperature above
700 °C was measured with an optical pyrometer, while the
temperature below it was determined through extrapolation
using the relationship between the heating current and the
temperature.6 The central portion of the Si wafer, where the
resistance was measured, was almost uniformly heated,
while both areas close to the Ta-end clamps had lower tem-
peratures. TheA33A3-Ag and 532-Au structures were

FIG. 1. A schematic illustration of the sample holder for the
surface-conductivity measurement and RHEED observation. After
confirming the surface structures by RHEED, the electron beam
was turned off during the following conductivity measurements.
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made at the substrate temperature of 510 °C by Ag deposi-
tion of 1 ML ~monolayer! with a rate of 0.4 ML/min, and at
680 °C by Au deposition of 0.4 ML with a rate of 0.4
ML/min, respectively. Higher annealing temperatures were
selected from the phase diagrams of these surface
structures.7,8 to make larger domains. During the metal depo-
sitions, a half of the wafer (BC) was covered by a mask to
prevent the metal adsorption, while both regions (BC and
DE) were annealed at a uniform temperature. The structure
of another half surface (DE) deposited with metal~Ag or
Au! was changed gradually to theA33A3-Ag or 532-Au,
while the masked area (BC) remained the clean 737 struc-
ture.

Before the conductivity measurements, the condition of
the electrical contact between the substrate and the Ta wire
electrodes (B,C) and (D,E) was confirmed by observing a
linear relation between voltage signals and electrical cur-
rents. First, the resistances of the both areas,RBC

0 and
RDE
0 , were measured at RT with the same 737 structures

before metal depositions. Because of their same bulk resis-
tivity, the ratio of the distances between the respective two
contacts was determined asP5D̄Ē/B̄C̄5RDE737

0 /RBC737
0 .

After making theA33A3-Ag or 532-Au structure on the
DE side, the resistanceRBC737 on the masked sideBC oc-
casionally changed a little because of the additional heat
treatments. Then, the corresponding resistance of the 737 on
theDE side should beRDE7375P3RBC737. The measured
resistances of theA33A3-Ag and 532-Au, RDEA33A3 and
RDE532, were compared with this corresponding value of the
737 on the sameDE side,RDE737. dc electric current up to
95 mA through the sample was changed with step of 5
mA, and linear current-voltage relations were fitted with the
least-square method. Because the heat conduction was very
slow in UHV environment, it took more than 2 h for the
sample to cool down to RT to attain a stable resistance after
the surface structures were prepared at high temperatures.

Figure 2 shows an example of the measurements for these

three surface structures~the data for the 737 are the corre-
sponding ones of theDE contactsRDE737). By averaging
several measurements like Fig. 2, the conductivitiess for the
737,A33A3-Ag, and 532-Au surfaces were determined to
be 5.06, 5.35, and 5.1831022 V21 cm21, respectively.
Since their bulk conductivitiessb are the same, it is con-
cluded that theA33A3-Ag and 532-Au have larger contri-
butions of surface conductivity than the 737 surface. The
conductivitys including both of the bulk and surface con-
tributions is given by

s5E
0

d

@ss~z!1sb#dz/d,

s̄s5E
0

d

ss~z!dz5~s2sb!d,

wheresb @V21 cm21# and s̄s @V21# are the bulk and sur-
face conductivities, respectively, andd is the thickness of the
wafer ~d50.4 mm!. Then, the difference in the surface con-
ductivities between the two surface structures is obtained just
from the both measured conductivities:s̄s12s̄s25(s12
s2)d. Thus,

s̄s~A33A3!2s̄s~737!5~11.560.5!31025 A/V,

s̄s~532!2s̄s~737!5~561!31025 A/V ,

wheres̄s(737), s̄s(A33A3), ands̄s(532) means the sur-
face conductivity of the 737, A33A3-Ag, and 532-Au
structures, respectively.

We now discuss the reasons why theA33A3-Ag and
532-Au surfaces have higher conductivities than the 737
clean surface. For clean and metal-covered semiconductor
surfaces, in general, the electrical conduction through the
surface region is divided into three types:~1! through the
surface space-charge layer,~2! through the grown-metal thin
layer, and~3! through the two-dimensional bands of the sur-
face electronic states.9

We first estimate the contribution of the surface space-
charge layer. Since the measured conductivity of the Si wafer
with the 737 structure was 5.0631022 V21 cm21 which
was consistent with the initial resistivity of 20V cm, the
doping profile near the surface region of ourp-type samples
was not considered to be significantly changed by the high-
temperature treatments. The hole or impurity concentration
is then estimated to be 1.8631015 cm23 by using the hole
mobility of its bulk values~495 cm2/V s!. The Fermi-level
(EF) position in the bulk is then estimated to be located at
0.29 eV above the valence-band maximum~VBM !. If the
EF positions at both sides of the surface space-charge layer,
i.e., at the surface and in the interior bulk, are given as the
boundary conditions, the electrical field~band bending! and
carrier density in the surface space-charge layer can be cal-
culated by solving the Poisson equation by assuming a uni-
form distribution of impurity throughout the layer. The con-
ductivity through the layer was then calculated,10 using the
bulk parameters of the hole mobility, 495 cm2/V s, and the
electron mobility, 1330 cm2/V s. The result is shown in Fig.
3 as a function of the surfaceEF position. It is known that
the surfaceEF of the 737 structure lies at 0.63 eV above the

FIG. 2. An example of the conductivity measurements for the
Si~111!737, -A33A3-Ag, and2532-Au structures from the lin-
ear relation between voltage signals and currents.
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VBM, irrespective of the bulk impurity concentration.11 This
means a very low conductivity through the surface space-
charge layer from Fig. 3, i.e., a depletion layer below the
737 structure. According to the high-resolution measure-
ments of Si 2p core-level shift using soft x-ray photoemis-
sion spectroscopy~PES! between the 532-Au and the clean
737 surfaces,12 the EF position on the 532-Au surface
should lie at 0.10 eV above the VBM. By plotting thisEF
position on Fig. 3, the conductivity should increase by about
431025 A/V compared with the 737 surface. This value
seems consistent with our measured excess conductivity,
(561)31025 A/V. Therefore it can be said that the excess
surface electrical conductivity for the 532-Au structure is
mainly attributed to the surface space-charge layer. Since,
however, our estimation of the curve in Fig. 3 is based on
unrefined assumptions~uniform distribution of the dopants
and the bulk-mobility values!, the contribution of the con-
duction through the surface-state band cannot be ruled out at
present, as discussed later.

For theA33A3-Ag surface, again, the soft x-ray PES
measurements for Si 2p core-level shift indicate that the sur-
faceEF lies at 0.10 eV~Ref. 13! or 0.20 eV~Ref. 14! above
the VBM. Then, the excess conductivity estimated from Fig.
3 is 431025 A/V or less, which is too small to explain our
measured value, 1.131024 A/V. Though this discrepancy
may partly come from the unrefined assumption for the esti-
mation of the curve in Fig. 3 as mentioned above, we need
other reasons to explain the larger discrepancy compared
with the 532-Au case. The surface-state-band conductivity
seems to have a larger contribution on this surface as dis-
cussed below.

We next discuss the contribution of two other types of
conductions, i.e., through the grown-metal layer and through
the surface-state bands. According to a recent structural
model of the 532-Au surface,15 the saturation coverage of
Au for this phase is 0.4 ML, which is too small to be re-
garded as a metal Au layer grown on the surface. In fact, the

angle-resolved UPS~ARUPS! data show a peculiar feature
which intrinsically originates from the 532 superstructure;
metallic edges in a restricted range of the emission angle are
seen.16 Collins et al.17 suggest a quasi-one-dimensional me-
tallic character of this surface on the basis of their ARUPS
measurements. So there is a possibility that a part of the
excess surface electrical conductivity of the 532-Au surface
is attributed to this quasi-one-dimensional metallic surface
state; the conductivity can be enhanced along the stripes with
fivefold-units separation observed in images of scanning tun-
neling microscopy.18 But, as mentioned above, this contribu-
tion could not be confirmed by our measurements and analy-
sis, probably because our sample surfaces were composed of
mixture of the 532-structure domains with three different
orientations.

According to the honeycomb-chained-trimer model of the
A33A3-Ag structure,19,20 1 ML Ag atoms form covalent
bonds with the substrate Si atoms, which are essentially dif-
ferent from metallic bonds in Ag bulk. This is actually
shown in the ARUPS~Ref. 21! and the inverse PES,22 which
indicate a distinct energy gap around theEF in the surface-
state band structure. However, Johanssonet al.14 report a
strongly dispersive surface-state (S1 state! band crossing the
EF . Only 2.5% of the band is occupied by electrons in neu-
tral balance with the dopant ions in the bulk. This is, how-
ever, not a metallic band, but is observed due to the ex-
tremely high-doping concentration of theirn-type Si wafer.
The surface electronic state is inherently semiconductorlike.
This S1-state band, of which minimum is close to theEF at
the Ḡ point in the surface Brillouin zone, is reproduced by
the first-principles calculations.23 Since our sample was a
lightly-doped one, ourin situARUPS measurements did not
show any photoemission intensity at theEF over the Bril-
louin zone as in the previous reports.21 This is because the
minimum of theS1 band is above theEF so that the number
of the electrons thermally excited into this surface-state band
are not enough to give rise to the photoemission intensity.
But these electrons can contribute to the electrical conduc-
tion, because theS1-state band is highly dispersive. So for
the A33A3-Ag surface, the measured excess conductivity
beyond the calculated curve in Fig. 3 is considered to be
attributed to this surface-state band. The surface charging,
which is the origin of the upward band bending below this
surface, is naturally understood by considering the excess
electrons in thisS1 surface-state band.14

We have found a phenomenon indicative of another rea-
son for the excess surface conductivity of theA33A3-Ag
surface, which is not necessarily incompatible with the
surface-state conduction mentioned above. When we depos-
ited the very small amount of additional Ag atoms~less than
0.03 ML! onto theA33A3-Ag surface at RT, the individual
adatoms continued to exist as a two-dimensional gas phase
with high mobility.24 This situation made the resistance of
the Si wafer extremely low. So it is considered that some
amount of dilute Ag adatoms layer is formed on top of the
A33A3-Ag surface under an equilibrium at RT, which
raises the excess electrical conductivity. The existence of this
dilute Ag adatom phase and its effect on the surface elec-
tronic state is already noted in the literature.14,25But it is not
yet clear why the dilute Ag adatoms enhance the conductiv-

FIG. 3. A calculated conductivity through the surface space-
charge layer as a function of the surface Fermi-level position with
respect to the valence-band maximum. The ordinate indicates the
excess conductivity with respect to the flat-band condition. The
surfaceEF positions measured by soft x-ray photoemission spec-
troscopy~Refs. 12–14! and our data of the surface conductivity of
theA33A3-Ag and 532-Au surfaces are plotted.
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ity. We just speculate that the adatoms donate the electrons
into theS1 surface-state band, leading to the enhancement of
the surface-state conduction through theS1 band as well as
the conduction through the surface space-charge layer due to
the enhanced upward band bending.

Finally we should comment on the surface electronic
structure of the 737 clean surface. This surface is well
known to be metallic due to the dangling bonds of the top-
most surface atoms.26 But its surface conductivity was lower
than that of theA33A3-Ag surface, of which electronic
structure is inherently semiconductor-like. This means that
the conduction via the metallic surface-state band of the
737 structure is not high enough to surpass the excess con-
ductivities through the surface space-charge layer and the
surface-stateS1 band of theA33A3-Ag surface. This may
be because the dispersion of the metallic band of the 737
surface is so small~less than 0.1 eV! that the electrons with
a large effective mass in the band are almost localized on the
dangling bonds of the surface atoms.

In conclusion, the surface conductivities for the Si~111!-
A33A3-Ag and 532-Au structures were measured to be

larger than that of the 737 clean surface. This result was
qualitatively confirmed also withn-type Si wafers. We have
thus found that the reconstructions only in one or two atomic
layers on the surface actually raise the inherent changes in
the macroscopic electrical conduction. The excess conduc-
tivities were explained mainly through the surface space-
charge layer. But the surface-state band conduction is con-
sidered to partly contribute, especially on theA33A3-Ag
surface. In spite of a report insisting the detection of the
surface-state conduction on the 737 surface,27 we could not
confirm its contribution. The conductivity measurements as a
function of the sample temperature, especially in the low-
temperature region, will be effective to fully characterize the
mechanisms of the surface conductivity which are now in
progress.
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