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Surface Structures and Conductance at Epitaxial Growths of Ag and Au on the Si(111) Surface
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In situ measurements of surface conductance, combined with simultaneous observations of reflection
high-energy electron diffraction, clearly demonstrated strong dependence of the conductance on
substrate-surface structures and epitaxial growth styles at early stages of Ag and Au depositions on
Si(111) surface at room temperature. The conductance showed a large change with a small amount of
deposition ( <0.1 monolayer) on the substrate of a metal-induced superstructure (V/3x+/3-Ag or 5%2-
Au), while it scarcely changed for a clean 7x7 substrate. The results are discussed in terms of the

Fermi-level pinning and space-charge layers.

PACS numbers: 73.25.+i, 61.14.Hg, 68.55.Jk

Clean and metal-covered semiconductor surfaces have
been intensively investigated, for fundamental as well as
practical interests, with a variety of surface-sensitive
techniques such as electron diffraction, microscopy, and
spectroscopy [1,2]. These methods have not only provid-
ed diversified information on the structures at atomic
scales, but also have become indispensable tools to pre-
cisely control epitaxy, leading to fabrication of novel mi-
croelectronics devices. It has become, then, of great im-
portance to simultaneously investigate both the atomic
structures and various properties (electrical, optical, and
magnetic) of surface regions. In spite of a great number
of studies on the electrical properties of the semiconduc-
tor surfaces [3], it was not until recently that much atten-
tion was paid to the relationship between the properties
and the atomic structures. The Schottky-barrier height
at epitaxial NiSi/Si(111) contacts was found by Tung to
be strongly influenced by the atomic structure of the in-
terface [4]. Heslinga er al. also demonstrated that the
barrier heights of two types of contacts, Si(111)-7x7-Pb
and Si(111)-v/3x+/3-Pb, are quite different [5]. Jato-
chowski and Bauer measured the electrical resistivity of
thin metal films grown on a Si(111) surface with simul-
taneous observation of the reflection high-energy electron
diffraction (RHEED) intensity oscillations, to investigate
size effects [6].

This Letter describes our in situ observations on the
changes both in atomic structures and in surface conduc-
tance at the initial epitaxial growths of Ag and Au films
on the Si(111) surface. While monitoring the structural
changes with RHEED during metal deposition, the con-
ductance parallel to the surface was simultaneously mea-
sured. The conductance was found to show characteristic
changes depending on the substrate-surface structures
and epitaxial growth styles of the films. The growth
mechanisms of Ag on a clean 7% 7 surface at room tem-
perature (RT) were found to be quite different from
those on a V/3x+/3-Ag surface, resulting in remarkable
differences in conductance changes. The conductance
changes for the Au case were also strongly affected by the
initial substrate surfaces, clean 7x7 or 5x2-Au. These
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variations may be attributed to changes in surface space-
charge layers, and in conduction through inhomogeneous
metal films. In contrast with the studies in the literature
on alkali-metal-covered Si surfaces [7] and gas-adsorbed
Ge and Si surfaces [8], the present study has the advan-
tage of measuring the conductance with simultaneous
structure analysis during metal deposition in a 10~ '°-
Torr environment.

An n-type Si(111) wafer of 48-50 Q cm resistivity and
25%x4x0.4 mm? size was mounted on a pair of Ta rods
and clamped with Ta plates (Fig. 1). Before each mea-
surement run, the surface was cleaned to obtain a clear
7x7 RHEED pattern, by several flash heatings up to
1500 K for 5 sec with a direct current of 9.5 A through
the Ta rod electrodes, followed by cooling after the
current was turned off. The conductance near the surface
region, under isothermal conditions at RT, was measured
as a voltage drop between a pair of Ta wire contacts (0.4
mm in diameter) about 6 mm apart, kept in contact with
the wafer by elasticity, with a constant current of 10 uA
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FIG. 1. The sample holder, drawn upside down.
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supplied through the Ta rod electrodes. The heat treat-
ments for cleaning with the Ta wires in contact made
their contact resistance small and steady. A linear rela-
tion in the current-voltage characteristics was confirmed
in the range from —1 to 1 mA with O V at 0 A. The
structural changes of the surface between the pair of Ta
wire contacts could be simultaneously analyzed with
RHEED of 15 kV acceleration. Ag and Au were evap-
orated from alumina-coated W baskets which were
placed about 50 cm away from the Si substrate. The
amount of deposited material, expressed here in units of
ML (monolayer, | ML=7.8x 10'* atoms/cm?), was mon-
itored with a quartz-crystal oscillator. Since the primary
beam of about 1 uA in RHEED disturbed the voltage be-
tween the Ta wire contacts, the beam was always turned
off during the measurement, except for the intermittent
observations of the RHEED patterns in the course of
metal deposition.

Figure 2 shows the surface resistance changes, which
are indicated as voltage drops between the Ta wire con-
tacts, during Ag deposition (rate: 0.45 ML/min) at RT
onto the clean 7x7 surface [Fig. 2(a)]l and onto the
V3x+/3-Ag surface [Fig. 2(b)]. The RHEED patterns
observed at the points indicated by arrows on the curves
are shown as insets [Figs. 2(c)-2(f)]. The change in
resistance in Fig. 2(a) was very small until the 7x7 pat-
tern disappeared, with the exception of a slight increase
at the beginning. In response to the subsequent develop-
ment of a texture structure [Fig. 2(c)] of the Ag film, the
resistance began to decrease steeply. This Ag film is
known to grow in quasi-layer-by-layer fashion, consisting
of twinning two-dimensional (2D) Ag crystals [9]. The
phenomenon, on the other hand, seems rather different
during deposition onto the /3 surface [Fig. 2(b)]. The
resistance measurement was carried out at RT after cool-
ing down from 670 K, at which the v/3 structure [Fig.
2(d)] had been prepared on the substrate with [-ML-Ag
coverage [10]. After an abrupt decrease in resistance at
the beginning, it decreases at a small rate. A ring pat-
tern, with some preferential spots from Ag crystals, grad-
ually emerged in the RHEED pattern with deposition,
while the clear /3 pattern remained to the end [Figs.
2(e) and 2(f)]. This means that Ag atoms nucleate in
three-dimensional (3D) form on the surface and scarcely
cover the substrate surface [11] due to a high surface
diffusivity of Ag adatoms on the /3 surface.

The resistance abruptly increased after the evaporator
shutter was closed in Fig. 2(b), suggesting an influence of
radiation from the Ag evaporator. However, radiation
from the same type of empty evaporator, placed near the
Ag evaporator and heated up to the same temperature,
scarcely changed the resistance, as shown in Fig. 3
(periods a and ¢). We can safely say, therefore, that it is
the deposited Ag atoms that cause the resistance changes
(periods b and d). The resistance increase after closing
the shutter may correspond to a process of nucleation of
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FIG. 2. The resistance changes during the room-temperature
Ag depositions onto (a) clean Si(111)-7x7 and (b) Si(111)-
V3x+/3-Ag surfaces. RHEED patterns are shown as insets:
(c) a texture structure after 4.5-ML-Ag deposition on the 7x7
surface ([170] incidence); v3x+/3-Ag substrate (d) before the
Ag deposition ([112] incidence), (e) after 4.5-ML-Ag deposi-
tion onto (d), and (f) small glancing-angle observation of (e).

Ag adatoms on the /3 surface.

Figures 4(a) and 4(b) show the results of Au deposi-
tion (rate: 0.21 ML/min) at RT onto the Si(111)-7x7
and -5X2-Au surfaces, respectively. Compared with the
Ag case, the initial voltages for each measurement before
deposition were slightly scattered from one measurement
run to another, probably because of interdiffusion of de-
posited Ag during heat treatments. The resistance in Fig.
4(a) does not show significant change at the initial depo-
sition, except for a slight increase at the beginning, simi-
lar to the Ag case [Fig. 2(a)]l. The subsequent decrease
in resistance temporarily slows down around 2-ML-Au
coverage, during which the 7x7 pattern [Fig. 4(d)] seems
different from the clean one [Fig. 4(c)] in the intensity
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FIG. 3. The resistance for the Si(111)-v/3x/3-Ag surface at
room temperature scarcely changes during only thermal irradia-
tion from an empty evaporator (periods a and ¢), but drastical-
ly changes during Ag deposition (rate: 1.6 ML/min) from
another evaporator (periods b and d).

distribution of superlattice spots. On the other hand,
after preparing the 5x2 structure [Fig. 4(e)] at 770 K by
Au deposition of about 0.5 ML [12], the substrate was
cooled down to RT and the resistance was measured [Fig.
4(b)]. The remarkable feature in this case is an abrupt
large increase at the beginning. The maximum resistance
in this change corresponded to a minor change in the
RHEED pattern; the streaks in the 5x2 structure [Fig.
4(e)] disappeared to convert to a 5x 1 structure. Similar
changes in resistance were observed for v/3x+/3-Au and
6x6-Au substrates. The final RHEED patterns in both
Figs. 4(a) and 4(b) were almost the same faint 1 X1, re-
sulting in similar slopes in the resistance decreases, ir-
respective of different starting substrate surfaces, which
contrasts with the Ag case (Fig. 2). We did not observe a
recovery in resistance after the deposition was stopped,
such as in Fig. 2(b).

Although a conclusive explanation for the resistance
changes mentioned above is lacking at present, a reason-
able guess is that the initial changes at low metal cover-
ages can be attributed to changes in the surface space-
charge layer of the substrate, and that the subsequent
changes with increasing metal coverage are caused by
conduction through the metals films.

The Fermi level at the surface will shift and the band
bending will change upon adsorption of metal atoms, re-
sulting in a change in carrier concentration near the sur-
face [3]. Although the change in surface conductance is
composed of the product of a mobility and an excess car-
rier concentration, the mobility change is probably not of
prime importance in our case. The Fermi level at the
Si(111)-7%7 surface has been proved to be pinned at the
middle of the band gap by an intrinsic surface state, a
metallic state, originating from the dangling-bond state
on the adatoms [13] of the dimer-adatom-stacking-fault
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FIG. 4. The resistance changes during the room-temperature
Au depositions onto (a) clean Si(111)-7x7 and (b) Si(111)-
5x2-Au surfaces. RHEED patterns are shown as insets: (c)
the clean 7x7 surface ([112] incidence), (d) 1.7-ML-Au ad-
sorption onto (c), and (e) the 5%x2-Au surface before the Au
deposition.

structure [14]. The Fermi level is so strongly pinned at
the state that the band bending scarcely changes with ad-
sorption of metal atoms, resulting in small changes in
conductance at the beginning of metal deposition onto the
7x7 surface [Figs. 2(a) and 4(a)].

Taking into account the fact that the Si(i111)-
V3x+/3-Ag surface is “semiconducting” [15], the Fermi
level at the surface is expected to easily shift with the
subsequent Ag adsorption. Since the Ag adatoms act as
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donors, the band will bend downwards to increase the
concentration of conduction electrons near the surface. A
very small amount of Ag adatoms is enough to cause such
variation, resulting in an abrupt decrease in resistance at
the beginning in Fig. 2(b).

Since photoemission data [16] indicate that the bands
at the 5x%2-Au surface initially bend upwards strongly
enough to create a p-type inversion layer due to acceptor-
like surface states, the great increase in resistance in Fig.
4(b) is understood as follows: The “pinning force™ for
the Fermi level is again weak, so that Au adsorption onto
this surface makes the bands bend downwards because of
the donorlike action of the Au adatoms. This means a
decrease of the hole concentration in the space-charge re-
gion. After reaching the minimum surface conductance
of a depletion layer, the surface will convert to an n-type
accumulation layer for the duration of the deposition and
turn to a decrease in resistance.

With increase of the metal coverage, the conduction
through the grown metal film may dominate the resis-
tance changes, the effect of which strongly depends on the
epitaxial growth mechanism. The rates of decrease in
resistance during Ag deposition in the thicker coverage
region (more than 3 ML) were quite different between
Figs. 2(a) and 2(b). This seems to support the simple ex-
pectation that 2D Ag islands on the surface more easily
create percolation paths than 3D Ag nuclei. The thick
Au films, on the other hand, seem similar in structure, ir-
respective of the initial substrate surface, resulting in al-
most equal rates of decrease in resistance with Au cover-
age.

In situ measurements like the present study will not
only provide valuable insight into the fundamental under-
standing of surface and interface phenomena such as
Schottky-barrier formation, but will also lead to industri-
al applications. Further results and detailed discussions
with photoemission data will be given in a more extended
paper.
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FIG. 2. The resistance changes during the room-temperature
Ag depositions onto (a) clean Si(111)-7x7 and (b) Si(111)-
V3% ﬁ-Ag surfaces. RHEED patterns are shown as insets:
(c) a texture structure after 4.5-ML-Ag deposition on the 7x7
surface ([170] incidence); v/3x~/3-Ag substrate (d) before the
Ag deposition ([112] incidence), () after 4.5-ML-Ag deposi-
tion onto (d), and (f} small glancing-angle observation of (e).
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FIG. 4. The resistance changes during the room-temperature
Au depositions onto (a) clean Si(111)-7x7 and (b) Si(111)-
5%2-Au surfaces. RHEED patterns are shown as insets: (c)
the clean 7x7 surface ([112] incidence), (d) 1.7-ML-Au ad-
sorption onto (c), and (e) the 5%2-Au surface before the Au
deposition.



