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Abstract

Ž . Ž . Ž .Adsorptions of monovalent atoms noble and alkali metals of submonolayer coverages 0.1–0.2 ML on the Si 111 -63
=63-Ag surface commonly induced similar 621=621 superstructures, all of which exhibited high electrical conductances.
Common processes seem to work among these adsorbates in such phenomena; the valence electrons of the adsorbates are

Ž .transferred to the substrate surface-state bands carrier doping . On the contrary, adsorption of C molecules on the60

63=63-Ag surface reduced the conductance, presumably because conduction electrons in the surface-state band of the
Ž .substrate are transferred to the molecules due to their strong electronegativity acceptor-type adsorbates . q 2000 Elsevier

Science B.V. All rights reserved.
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Ž .Si 111 -63=63-Ag surface is one of the most
popular and long-standing targets in surface science.
After a long controversy on its atomic arrangement,

Ž .a model called Honeycomb-Chained Triangle HCT
structure having p31m symmetry was accepted to be
consistent with all experimental and theoretical re-

w xsults hitherto reported 1 . But, very recently, it is
turned out by theoretical calculations that it is not the
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end; the HCT is not the ground-state structure. So-
Ž .called Inequivalent Triangle IET structure having

p3 symmetry, in which a mirror symmetry in the
HCT structure is broken, is found to be more ener-

w xgetically favorable 2 . This prediction is confirmed
Ž .by low-temperature 62 K scanning tunneling mi-

Ž . w xcroscopy STM observations 2,3 . The IET struc-
ture is characterized by twisted Si trimers and differ-
ent-sized Ag triangles. These ideas had already been
proposed, but in incomplete manners, from electron

w xdiffraction analyses 4,5 . However, these had seemed
to be shadowed by the p31m-symmetry HCT model.
The present comprehensive picture of this surface is
that the HCT structure is stable only around room

Ž .temperature RT or higher temperatures, but a phase
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transition should proceed from the HCT to the IET
structure at a lower temperature, nature of which
transition is still unclear.

We can trace a long history also about its elec-
tronic structure. Early stages of direct- and inverse-
photoemission spectroscopies confirmed its semicon-

w xducting nature 6,7 , which was a strong basis for
assertion of its Ag saturation coverage to be one

Ž .monolayer ML ; even number of valence electrons
Žin the 63=63 unit cell three from Ag atoms and

.nine from dangling bonds of three Si atoms com-
pletely fill surface-state bands. Theoretical calcula-
tions also showed an energy gap around the Fermi

Ž . w xlevel E in the surface- state band structure 8–10 .F

But re-examinations of photoemission measurements
under different conditions revealed its metallic char-

w xacter 11–13 , that was, however, believed to come
w xfrom an extrinsic reason 11,12 . Recent inverse

photoemission and STS measurements also indicate
w xits metallic character 14,15 . On the other hand, the

recent first-principles calculations show a semi-metal
band structure for the HCT model and an intrinsic

w xmetallic character for the IET model 2 . The bottom
of an upward-dispersive surface-state band, called S1

band, is located just at E for the HCT, while it isF

slightly below E , making a small electron pocket,F

for the IET model.
This characteristic surface-state band S , stem-1

w xming mainly from Ag 5p orbitals 16 , plays main
roles in electronic phenomena on this surface; so-
called electron standing waves at step edges and
domain boundaries in STM images reveal its free

w xelectron-like nature in two dimensions 17 . Electri-
cal conduction through this surface-state band is
detectable even by a primitive four-point probe

Žmethod; very small amount of Ag or Au atoms less
.than 0.1 ML adsorbed on this 63=63-Ag surface

donate electrons into the S band, resulting in an1
w xincrease of conductance 13,18,19 . Further adsorp-
Ž .tion of excess Ag or Au 0.1–0.2 ML induces a new

' 'order, 21 = 21 structures, which enhance the
w xconductance further 19–22 .

In this paper, we report conductance changes
Žinduced by adsorptions of noble metals Au, Ag,

. Ž .Cu , alkali metals K and Cs , and C molecules on60

the 63=63-Ag substrate, together with discussions
on the photoemission and STS data to clarify the
mechanism of the conductance changes.

Electrical conductances were measured in situ by
a four-point probe method with around 10-mm-probe

w xspacings in ultrahigh vacuum chambers 23–25 ,
equipped with reflection-high-energy electron

Ž .diffraction RHEED and evaporation sources. Sili-
con wafers used were typically 20=5=0.4 mm3 in
size and 10–100 V cm in resistivity at RT of both of
n- and p-types. There were no qualitative differences
in the results presented here between n- and p-type
wafers. All the measurements were done at RT

Ž .except for Fig. 1 b . After making the clean 7=7
surface by flashing at 12008C several times, the
63=63-Ag surface was prepared by depositing just
1 ML or more than 1 ML of Ag at 5008C. Precise
coverage controls were done by in-situ RHEED ob-
servations during the Ag deposition with a constant
rate. After the completion of the 63=63-Ag surface,
the sample was cooled down to RT for 1 h, and then
additional noble-metal atoms or C molecules were60

deposited in it.
Fig. 1 shows conductance changes of Si wafers

having the 63=63-Ag surface measured as a func-
Ž .tion of deposited coverage of noble metals, a Au,

Ž . Ž .b Ag, and c Cu, respectively. Surface structures
intermittently observed by RHEED in the course of
depositions are also indicated on the corresponding
coverages. It should be noted that these three cases
show some common behaviors; when the depositions
start, the conductances begin to increase steeply,
make maximums around 0.15 ML coverages, then,
drop up to around 0.4 ML coverages, and finally turn
to rise again beyond ;0.5 ML coverages. Around
the conductance peaks at 0.07–0.25 ML, the 621=

621 superstructures commonly appear. After these
structures disappear by further depositions, 63=63
superstructures appear, which are different from the
initial 63=63-Ag structure in RHEED intensity ra-
tios among the super-lattice spots. The final stages of
gradual increase in conductance over ;0.5 ML
coverage correspond to degradations of the 63=63
structures. These results indicate that only the 621=

621 phases are highly conductive.
We have already reported the electronic-state evo-

lution during the formation of the 621=621 super-
structure with Au deposition on the 63=63-Ag sur-
face at RT, investigated by photoemission spectro-

w xscopies 13 . When the Au coverage is less than 0.1
ML where the 621=621-RHEED pattern does not
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yet appear, the parabolic S band of the 63=63-Ag1

substrate shifts down in energy position, meaning,
larger number of electrons are trapped in this sur-
face-state band. This is because the Au adsorbates
donate electrons into the S band, leading to an1

Žincrease of conductance. Similar carrier doping phe-
nomena are observed also in the case of deposition

of small amounts of Ag on the 63=63-Ag surface
w x .18 . With further deposition of Au, the 621=621
structure begins to appear and complete around 0.2
ML coverage, and correspondingly, the S band splits1

into two metallic dispersive bands, SX and S) bands.1 1

The S) band has a larger Fermi wavenumber, caus-1

ing a further increase of conductance. Larger number
of electrons in the SX and S) bands also come from1 1

the Au adatoms. Thus, electron transfer from the
adsorbates to the substrate plays essential roles in
forming the 621=621 superstructure and conduc-
tance increase. Positively charged Au adatoms are
arranged periodically to make the superstructure. The
surface space-charge layer turns out to play no roles
in the conductance increase.

Recently, these electronic evolutions are observed
w xalso in the case of Cu adsorption 21 . The energy

shift of the S band due to dilute Cu adsorbates, and1

the formation of the dispersive metallic bands SX and1

S) are also confirmed with Cu deposition. Since the1

621=621 superstructure for Cu adsorption is less
stable than that for Au adsorption, only a part of
surface is covered with the 621=621 phase for the
Cu case, while the Au-induced 621=621 structure
covers the whole surface. This is the reason for a

Ž .smaller increase of conductance for Cu case Fig. 1c
Ž .than for Au case Fig. 1a . Photoemission measure-

ments for the Ag-induced 621=621 phase at low
temperatures are now in progress.

Fig. 2a and b show changes in conductance of a
Si wafer during K and Cs adsorptions, respectively,

Ž .onto the Si 111 -63=63-Ag surface at RT, together
with changes in RHEED patterns observed in the
separate runs of deposition under the same condition

Fig. 1. Changes in sheet conductance of Si wafers during deposi-
Ž . Ž . Ž . Ž .tions of a Au, b Ag, and c Cu on the Si 111 -63=63-Ag
Ž . Ž . Ž .surface at a , c RT and at b 200 K, respectively. By making a

Ž .small DC current I 10–100 mA flow through the Si wafer from
the end clamps, a voltage drop V between a pair of Ta wires
contacted to the central area of the wafer surface was measured to

w xdeduce the resistance RsVr I 23–25 . Such measurements were
done continuously during the metal depositions. Conductance

Žchange Ds was calculated from the resistance by Ds s 1rRy
.Ž .1rR WrL , where R is the initial resistance of the 63=630 0

surface before the noble-metal depositions, W and L are the width
of the Si wafer and the spacing between the Ta-wire voltage
probes, respectively.
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Fig. 2. Changes in sheet conductance of a Si wafer, measured in a
Ž . Ž .similar way as in Fig. 1, during depositions of a K and b Cs on

Ž . w xthe Si 111 -63=63-Ag surface at RT, respectively 26 . The
63=63-fractional-order spots in RHEED were always observed
through the depositions.

w x26 . The alkali metals were evaporated from com-
Ž .mercially available dispensers from SAES Getters .

The results are shown just as a function of deposition
time, because the coverages of alkali-metals were not
precisely estimated. The conductances as well as the
structures change in similar ways for both adsorp-
tions; the conductance rises steeply at the beginning
to reach a maximum, which corresponds to the ap-
pearance of a 621=621 superstructure. Then, the
conductance decreases steeply to a minimum, less
than the initial value, which corresponds to the dis-
appearance of the 621=621 superstructure, chang-
ing into a 63=63 structure. Around the conductance
minimum, a 6=6 superstructure appears. With fur-
ther adsorptions, the conductance rises again, during
which the 6=6 superstructure converts into a 621=

621structure again. This RHEED pattern continues
with further deposition of Cs, while it changes into a
263=263 superstructure for the K-adsorption case.

The changes in structure and conductance at the
initial stages of deposition of K and Cs look quite
similar to the cases of noble-metal adsorptions in
Fig. 1, though the later stages of alkali-metal deposi-
tions show more complicated behaviors. Although
the changes in surface electronic states during the
alkali-metal adsorptions have not yet been investi-
gated, the formation of similar 621=621structures
as well as the steep conductance increase strongly
suggest that the common mechanisms can be applied
to these phenomena as in the case of noble-metal
adsorptions, because of the common feature of
monovalency of adsorbates. As confirmed by pho-
toemission measurements in the cases of noble-
metal-induced 621 = 621superstructures, metallic
surface-state bands are presumably formed to make
the surface highly conductive also in the case of K-
and Cs-induced 621 = 621superstructures. These
phenomena may be raised by a fact that the adatoms
provide the valence electrons to the substrate to
modulate the surface-state band of the initial 63=

63-Ag structure.
In fact, none of Ca, Mg, and In adsorptions on the

63=63-Ag surface induce any new superstructures
or conductance increases; the 63=63-Ag structure
is gradually destroyed as the coverage of the divalent

w xor trivalent atoms increases 27 , and the conduc-
tance monotonically decreases from the beginning of
the deposition to reach a smaller value of around 1
ML coverage of these metals. These comparative
observations convince us of the importance of mono-
valency of the adatoms to induce the 621 =

621superstructures and also to raise the surface con-
ductance.

We made similar measurements of conductance
during deposition of C molecules on the 63=63-60

Ag substrate at RT. The results are shown in Fig. 3,
where the coverage of C molecules is defined to be60

1.1=1014 cmy2 , a number density for closed pack-
ing in C monolayer. The conductance begins to60

decrease steeply as the deposition starts, and make a
minimum around 0.5 ML coverage, and then, turn to
increase with further deposition. This behavior
sharply contrasts to the monovalent-metal adsorp-
tions in Figs. 1 and 2.
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Fig. 3. Changes in sheet conductance of a Si wafer, measured in a
similar way as in Fig. 1, during depositions of C molecules on60

Ž . Žthe Si 111 -63=63-Ag surface at RT. C molecules more than60
.99.9% in purity were sublimated at a rate of about 0.1 MLrmin

w xfrom a Knudsen cell held at 4008C 28 . Note that 1 ML of C60

was defined as the molecule density for which the available
surface area was completely covered with a close-packed hard-
sphere layer with the intermolecular spacing in bulk C crystals,60

1.005 nm.

From STM observations of this adsorption pro-
w xcess 28 , the conductance changes in Fig. 3 are

correlated to the adsorption structures. At the initial
stage of less than 0.1 ML coverage where the con-
ductance steeply decreases, the C molecules ad-60

sorb only at step edges on the 63=63-Ag, while no
molecules are found on terraces. The molecules at
step edges are so tightly bound to the substrate that
free rotation of each C is forced to stop, which60

enables STM to observe internal structures of indi-
vidual molecules. In a coverage range 0.1–0.5 ML,
two-dimensional C islands grow on terraces where60

the molecules are arranged in 621=621 periodicity
Ž .and partly in 363=363 periodicity . At a higher
coverage range around 1 ML, the surface is wholly
covered by C monolayer. Individual C adsorbed60 60

on terraces does not exhibit its internal structure in
STM images at RT, meaning their fast free rotation
at each position.

How can we understand the decrease in conduc-
tance by C adsorption observed in Fig. 3? It is60

known that C chemisorbs strongly on noble metal60
Žsurfaces due to significant charge transfer around

.one electron per molecule to C from the metal60

surfaces, thereby forming C anions, so that its60
Ž .lowest unoccupied molecular orbitals LUMO is

partially occupied by electrons, which is actually
w xobserved by photoemission spectroscopy 29 . This is

due to strong electronegativity of C . Also on the60
Ž . Ž .clean Si 111 and Si 100 surfaces, C makes strong60

chemical bonds with substrate dangling bonds, but
only fractional electronic charge is transferred from
the substrate, so that partial filling of the LUMO is

w xnot observed by photoemission spectra 30 . On the
Ž .Si 111 -63=63-Ag surface, there are no dangling

bonds, so that C is very weakly bound on terraces,60
w xwhich is shown by STM observations 28,31 and

w xcore-level spectroscopy 32 . However, it is not a
physisorption. Since it is observed that the E ap-F

w xproaches toward the LUMO peak in STS spectra 33
and some vibration energies are shifted in high-reso-

w xlution electron-energy-loss spectra 34 , it can be said
that a very small amount of charge is transferred to
C from the substrate. In other words, some con-60

duction electrons in the surface-state band S of the1

substrate are trapped by C adsorbates. This is60

presumably the reason for the conductance decrease
observed in Fig. 3. This conductance decrease cannot
be explained in terms of band bending induced by
C adsorption, because the surface space-charge60

layer under the 63=63-Ag surface should be a
stronger hole-accumulation layer due to excess nega-
tive charges of C adsorbates, which should lead to60

a conductance increase, opposite to the observed
decrease. Therefore, it can be said that C acts as an60

acceptor to compensate conduction electrons in the
surface-state band of the substrate.
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