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Structures and electrical conductance of the Si„111…-A33A3-Ag surface
with additional Ag adsorption at low temperatures
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A phase diagram in the coverage-temperature plane for surface superstructures induced by additional Ag
adsorption onto the Si~111!-A33A3-Ag surface at low temperatures is determined; aA213A21 phase below
250 K and a 636 phase below 170 K are formed completely at 0.14 and 0.18 ML, respectively. These
structural transformations cause drastic changes in the electrical conductance; theA21 phase has much higher
conductivity than the initialA3 and the 6 phases. The surface migration of Ag adatoms plays an important role
in the phenomenon.@S0163-1829~96!08348-8#
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The Si~111!-A33A3-Ag surface is one of the most popu
lar, for which various kinds of surface-science techniques
applied to investigate its atomic arrangement, electro
structure, etc.1 Although its structure and nature are no
clarified, the surface is still an interesting subject in anot
sense, namely, as a system on which various phenom
occur, contrasting with the clean Si~111!-737 surface in
many ways. TheA33A3 surface has no dangling bond
resulting in a semiconductorlike electronic structure and
extreme reduction in surface energy, while the 737 surface
has a metallic surface state due to the dangling bonds.
corrugation on the surface topography of theA33A3 struc-
ture is much smaller than on the 737 surface. These differ
ences enable comparative studies on phenomena suc
atomic-layer growths and the resulting electric
properties.2,3 In fact, when additional Ag atoms are deposit
onto the respective surfaces at room temperature~RT!, they
are known to grow in quite different styles as revea
through the reflection high-energy electron diffracti
~RHEED! and scanning electron microscopy observation3

Ag adatoms migrate with extremely high mobility on th
A33A3 surface to make a two-dimensional~2D! gas phase,
which nucleate into three-dimensional~3D! islands to leave
theA33A3 surface scarcely covered. The deposited Ag
oms on the 737 surface, on the other hand, hardly migra
and make flat islands in an incomplete layer-by-layer grow
mode. This difference sensitively affects the electrical c
duction normal to the surface~through the Schottky barrier4!
as well as the surface-parallel conduction.5 The latter electri-
cal conduction of theA33A3 surface rises steeply with ad
ditional Ag adsorption of less than 0.1 ML in a 2D ga
phase, while the conductivity decreases when the gas-p
adatoms nucleate into 3D islands.5,6 At temperatures lower
than RT, the surface migration of the deposited Ag adato
are almost ‘‘frozen’’ to suppress the nucleation, and th
arrange periodically to make aA213A21 and a 636
superstructure.7

In the present study, it is found that the adsorption
additional Ag adatoms of only 0.14 ML onto th
A33A3-Ag substrate below 250 K induces a well-order
A213A21 superstructure, and exhibits an increase in the
face electrical conductivity. With further deposition up
0.18 ML below 180 K, theA213A21 structure transforms
into a 636 phase, which then has a decreasing conductiv
550163-1829/97/55~3!/1310~4!/$10.00
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Through the systematic observations both of RHEED a
electrical conductance, it is confirmed that the changes
conduction precisely correspond to the transformations of
surface superstructures; only theA213A21 phase is highly
conductive. As far as we know, such structural transform
tions among well-ordered superstructures and correspon
changes in electrical conduction induced with submonola
coverages on the low-temperature silicon surface are no
ported in the literature. Although further experimental
well as theoretical studies are needed to clarify this corre
tion between the electrical property and the surface str
tures, here we especially discuss the extremely high cond
tivity of the A213A21 structure in connection with simila
A213A21 structures formed with Au or Cu adsorption on
theA33A3-Ag surface at RT.

Our UHV chamber had a RHEED system, a sam
holder for four-probe conductivity measurements5 at tem-
peratures ranging from 80 to 1500 K, and an alumina-coa
W basket as a Ag evaporator. The substrate was ap-type
Si~111! wafer of 20V cm resistivity at RT and its typica
dimension was 253430.4 mm3. A clear Si~111!-737
RHEED pattern was produced by flashing the sample at 1
K several times by direct current through it. Th
A33A3-Ag surface was prepared by 1 ML Ag depositio
with a constant rate of 0.66 ML/min onto the 737 substrate
maintained at 650 K. The deposited amount was monito
with a quartz-crystal oscillator. After this preparation, t
sample was cooled down. The temperature of the Si wa
monitored with an AuFe-Chromel thermocouple attached
the sample holder, could be regulated by pressing the sam
holder against the liquid-nitrogen container with controll
force. During Ag deposition under isothermal conditions, t
electrical resistance of the wafer was measured as a vol
drop between a pair of Ta wires pressed against the f
face of the wafer, with a constant current at 200mA flowing
through the Ta end clamps.5 The RHEED beam was turne
off during the electrical measurements; the structu
changes were observed in separate runs of deposition.

As shown in Figs. 1~a!–1~d!, the RHEED patterns succes
sively changed during Ag deposition onto theA33A3 sur-
face @Fig. 1~a!# at 160 K. TheA213A21 spots began to
appear from 0.1 ML coverage, and became the sharpe
0.14 ML @Fig. 1~b!# corresponding to its saturation coverag
As these spots became weaker after 0.14 ML, the fa
1310 © 1997 The American Physical Society
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FIG. 1. A series of RHEED pat-
terns taken during additional Ag depo
sitions with a rate of 0.66 ML/min
onto the Si~111!-A33A3-Ag surface
~a!, at 160 K ~b!–~d!, and at 100 K
~e!–~g!, respectively. The additiona
coverages are~a! 0 ML, ~b!, ~e! 0.1
ML, ~c!, ~f! 0.14 ML, and~d!, ~g! 0.18
ML, respectively.~b!, ~d!, and ~e! the
A213A21 structure, ~f! the 636
structure, and~c!, ~g! their mixtures.
~h! Two-dimensional reciprocal lat-
tices showing theA213A21 ~interme-
diate solid and open circles for the tw
equivalent domains!, 636 ~small
open circles!, and the initialA33A3
~large solid circles! superstructures,
respectively.~i! A top view of a struc-
tural model for theA213A21 super-
structure. The intermediate shade
circles are Ag atoms composing th
A33A3 framework, while the large
solid circles are additional Ag adatom
in an arrangement of theA213A21
periodicity. This model is based on th
one proposed by Ichimiya, Nomura
and Horio ~Ref. 8! for the surface on
which additional gold adatoms of 0.14
ML are deposited onto the
A33A3-Ag surface at RT.
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636 spots emerged and became the sharpest at 0.18
@Fig. 1~c!# coexisting with theA213A21 spots. After 0.18
ML the 636 phase disappeared and only theA213A21
spots remained, gaining the maximum intensity at 0.30
again as shown in Fig. 1~d!. Beyond 0.30 ML the
A213A21 spots became weaker to leave only theA33A3
spots with polycrystalline Ag spots coexisting. At 100 K
L

L

shown in Figs. 1~e!–1~g!, compared with the correspondin
coverages at 160 K, the spots of theA213A21 structure
were weaker and broader at 0.14 and 0.24 ML@Figs. 1~e! and
1~g!# meaning smaller domain sizes. The single phase of
636 structure with stronger and sharper spots was obse
at 0.18 ML @Fig. 1~f!# at this temperature.

These A213A21 and 636 structures disappeared t
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leave only theA33A3 spots when the substrate was warm
up to higher than 250 and 180 K, respectively. Figure
shows a phase diagram showing the ranges of tempera
and Ag coverage in which the respective surface structu
were observed. At RT, any structural changes could no
observed by additional Ag deposition; theA33A3 spots re-
mained strong with coexisting transmission diffraction sp
from 3D Ag microcrystals. At 250 K theA213A21 structure
was observed only around 0.14 ML coverage. On cool
from 250 down to 180 K, the intensity of theA213A21
spots at 0.14 ML increased, and the coverage range fo
appearance widened. Below 180 K its intensity beca
weaker. Below 160 K with more than 0.14 ML coverage, t
stable 636 superlattice spots coexisted with the we
A213A21 phase, and they became the sharpest at 0.18
Only below 100 K, was the 636 single phase observed in
restricted range of coverage. A reflection pattern from flat
Ag clusters was observed with further depositions.

Figure 3 shows the changes in resistanceR ~normalized
with initial resistanceR0) of the wafer during these depos
tion processes. At RT the resistance steeply dropped
about 3% with less than 0.1 ML coverage, followed
gradual decrease with further deposition. After the evapo
tor shutter was closed, the resistance rose. These change
qualitatively similar to the case of ann-type Si substrate in
previous reports.2,3,5 At lower temperatures, the initial dro
tended to be smaller. Below 250 K, after the initial drop, t
resistance slowly decreased with increasing spot intensit
the A213A21 structure. This corresponds to a stage of
A213A21 domain growth. Coincident with the maximu
intensity of theA213A21 spots at 0.14 ML, the resistanc

FIG. 2. A phase diagram determined by RHEED observations during
deposition with a rate of 0.66 ML/min onto the Si~111!-A33A3-Ag surface
at fixed temperatures. The~

1
3,
1
3! spots were always observed in the rang

covered by this diagram.
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suddenly dropped. This corresponds to an electrical conn
tion of the growingA213A21 domains. The amount of th
resistance drop at this coverage increased with cooling f
250 to 180 K, up to about 20%, but decreased with furt
cooling. This means that the areal fraction of t
A213A21 domains at 0.14 ML takes the maximum arou
180 K. After 0.14 ML at 245 K, the resistance instant
returned, corresponding to the immediate disappearanc
theA213A21 structure. At 200 K, the rise in resistance b
yond 0.14 ML coverage became slow, which correspon
to the process of the gradual disappearance of
A213A21 structure. At 190 K, the resistance remained
most unchanged beyond 0.14 ML, because theA213A21
structure continued to exist throughout the deposition. B
with the evaporator shutter closed, the resistance rose
the disappearance of theA213A21 phase. This phenomeno
was not observed below 160 K where theA213A21 phase
remained even with the deposition off. At 160 K, the res
tance made a temporal small maximum around 0.18 ML
the course of the drop. This process corresponded to
structural transition of the 636 phase temporarily emergin
around 0.18 ML with a mixture of theA213A21 phase. At
100 K, while the resistance showed a small dip around 0
ML corresponding to the short-livedA213A21 phase, no
significant drop in resistance was observed with the app
ance of the single-phase 636 structure.

Figure 4 shows the resistance changes during the
quence of Ag deposition and its interruption at RT@Fig.
4~a!#, 180 K @Fig. 4~b!#, and 140 K@Fig. 4~c!#, respectively.
With opening and closing the evaporator shutter, the st
drops and rises in resistance were repeatedly observe
Figs. 4~a! and 4~b!. Especially in Fig. 4~b! these changes

g

FIG. 3. Changes in the resistance of the Si wafer during Ag deposit
with a rate of 0.66 ML/min onto the Si~111!-A33A3-Ag surface at the
respective substrate temperatures. The structural changes observe
RHEED in separate runs of deposition are also indicated.
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precisely corresponded to the appearance and disappear
of theA213A21 structure. While no structural changes we
observed at RT@Fig. 4~a!#, the change in resistance corre
sponds to the process of surface diffusion and nucleation
Ag adatoms, not due to the radiation from the evaporator;2,3,5

the adatom density in the 2D gas phase on the surface
creases by being incorporated into 3D Ag islands during t
interruption periods, which makes the resistance rise.6 At
140 K @Fig. 4~c!#, the resistance did not rise by stopping th
deposition, because theA213A21 structure remained even
during the interruption periods. From these observation
again, it can be said that theA213A21 phase is highly con-
ductive.

The A213A21 and 636 phases appeared only at low
temperatures which means that these reconstructions do
involve the destruction of theA33A3 framework, but are
induced just by periodical arrangements of additional A
adatoms on top of theA33A3 substrate. The adatoms mi
grate on the surface with such a high mobility at RT that th
cannot be fixed to make superstructures. Even at 180 K
shown in Fig. 4~b!, the migration was not completely sup
pressed, so that theA213A21 phase could exist only during
deposition. TheA213A21 domains at this temperature wer
formed in the balance of competing processes between
incorporation of Ag adatoms into theA213A21 domains
and their escape from them to nucleate into 3D islands.
switching the deposition off, only the nucleation process pr

FIG. 4. Changes in the resistance of the Si wafer in the sequence of
Ag deposition with a rate of 0.66 ML/min onto the Si~111!-A33A3-Ag
surface and its interruption at~a! RT, ~b! 180 K, and~c! 140 K, respectively.
The structural changes are also indicated.
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ceeded to diminish theA213A21 domains, resulting in the
resistance rise. When the deposition started again,
A213A21 domains began to grow again on top of the ba
A33A3 framework. Since the surface migration was su
pressed enough below 160 K, Ag adatoms constituting
A213A21 structure scarcely escaped. So theA213A21 dif-
fraction spots remained unchanged even when the depos
was off @Fig. 4~c!#. By further lowering the temperature, th
diffusion length of Ag adatoms on top of theA213A21 do-
mains also became short enough to form the 636 structure
in turn. At 100 K the diffusion was sufficiently suppressed
that the 636 domains could grow until theA213A21 do-
mains were completely converted into the 636 structure
@Fig. 1~f!#. The structural stability of theA213A21-Ag and
636-Ag phases thus depends on the surface diffusion of
adatoms which is determined by the substrate temperatu

When the 636 domains are formed, the electronic ban
structure of the underlyingA213A21 phase totally changes
leading to the resistance increase. When the 636 domains
disappear to recover theA213A21 structure, the resistanc
again drops~Fig. 3!. The mechanism of the extremely hig
electrical conductivity of theA213A21 structure is not clear
at present. The surface electrical conductivity on a semic
ductor, in general, can be enhanced through the surf
space-charge layer, or through the surface-state band
both. We have additional experimental results indicative
the solution for high conductivity. SimilarA213A21 struc-
tures are known to appear by adsorption of Au or Cu
about 0.14 ML on top of theA33A3-Ag surface at RT.8,9,10
We have found that these twoA213A21 phases are also
highly conductive.11 By photoemission spectroscopies at R
furthermore, theA213A21 phase induced by Au adsorptio
is found to have a metallic surface-state band crossing o
the Fermi level, while the surface space-charge layer tend
be depleted.11 So the metallic surface-state band is expec
to largely contribute to the high conductivity. Since th
A213A21-Ag structure formed at low temperatures de
with in this paper is very similar to the
A213A21-~Ag1Au! structure at RT as observed by
temperature-variable scanning tunneling microscopy,12 it is
most probable that the same mechanism works for the h
conductivity of theA213A21-Ag surface at low tempera
ture. Further studies by microscopies and spectroscopie
low temperatures are now in progress.
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