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Abstract

Growth modes and surface reconstructions in the systems of Group I-V and transition metals of the Periodic
Table on Si(100) have been studied by scanning tunneling microscopy (STM) as a function of coverage and substrate
temperature. The adsorption sites of metal, formation of superstructures and growth mode as functions of covcrage
and temperature are classified briefly depending on the type of metal. The mechanisms of epitaxial growth and
reconstruction are discussed based on the phase diagrams of thesc systems.

1. Introduction

The surface structures and growth modes in
metal-semiconductor interfaces have been inves-
tigated to make clear the formation mechanisms
of superstructures as functions of the type of
metal, substrate structure, metal coverage and
deposition temperature. A number of studies by
low energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) found that
there are many superstructures depending on the
coverage and deposition temperature. However,
structures determined by these methods are given
only by symmetries and lattice constants and not
by atomic arrangements. Therefore, the forma-
tion mechanisms of superstructures related to the
growth mode have not been cleared on an atomic
scale.

Particularly, the data for the metal / Si(100)
systems are a few comparing to those for metal /
Si(111) systems in spite of the simple atomic
structure of the substrate surface. Thus, we

planned to study the surface structures and
growth modes on an atomic scale using scanning
tunneling microscopy (STM) for various metals
on the Si(100)2 x n surface to understand the
reconstruction mechanism as functions of the type
of metal, coverage and deposition temperature.
The different adsorption sites, growth modes and
formation mechanisms of superstructures de-
pending on temperature are classified by the type
of metal. Typical formation mechanisms of super-
structures and several modes of epitaxial growth
are presented for the metal/Si(100) systems on
an atomic scale based on their phase diagrams.

2. Experimental

Ag (Group 1), Mg (Group 1), Al (Group III),
Pb (Group IV) and Pt, Pd (transition metals) on
Si(100)2 X 1 systems were prepared in ultra-high
vacuum (UHV) of 2 x 107! Torr and the struc-
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tures of deposited surfaces were studied by
LEED, AES and UHV-STM (OMICRON UHYV-
STM) as a function of coverage and substrate
temperature. The substrate temperature was ele-
vated by electron beam bombardment from the
back side of the specimen and measured by an
infrared pyrometer or a thermocouple. All STM
images were taken at room temperature after the
sample was transferred from the sample holder of
LEED and AES to that of STM, by an oblique-
stick. The coverages are measured by a quartz
thickness monitor and given in monolayers, with
1 ML defined as the Si atom density on the
Si(100) surface (1 ML = 6.8 X 10'* atoms/cm?).
The local coverage was also estimated by count-
ing the density of metal-related features on the
surface seen in the STM images.

3. Results and discussion

3.1. Adsorption sites and first layer structures de-
posited at room temperature

3.1.1. Adsorption sites

For adsorption of metals on the Si(100)2 x 1
structure, there are five sites as shown in Fig. 1
[1]. According to our STM observations for
metal / Si(100) systems, the most stable site is T3
in the hollow site between adjacent Si dimer rows
surrounded by four Si dimers. However, the dif-
ference in bonding energy between T3 and T4 is
small and depends on the number of valence
bonds of the metal atom. An adsorption unit is
not only an atom, but also a dimer. Fig. 2 shows
STM images of the adsorption sites for Ag at low
coverage [2]. The adsorption site is T4 and an Ag
chain consists of orthogonal dimers.

Fig. 1. Top view of the Si(100)2Xx 1 surface with asymmetric
dimers. The 2X 1 unit cell is indicated by dashed lines. The
five adsorption sites, HH, HB, T3, T4 and B2 are indicated.
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Fig. 2. Different Ag adsorption configurations in the grooves
between the vertical Si dimer rows. The Ag structures are
brighter than the Si dimers. (A) Single Ag atom in the bridge
site between two Si dimers of adjacent rows, (B) Ag dimer
and (C) two small Ag chains each consisting of three Ag
atoms.

— 2 nm

For alkali-metal adsorption of Cs, Na and K
on Si(100), a double-layer model aligned on the
T3 and HH sites has been proposed by Abukawa,
Okane and Kono for the first layer [3]. Moreover,
for the Pt/ Si(100) and Pd / Si(100) systems, metal
atoms are embeded at the HH site of Levine’s
model [4] at high temperature after the recon-
struction and form a regular superstructure of
c(4 x 2) [5,6]. The optimized configurations and
electronic structures of the first layer before and
after reconstructions in the metal/Si(100) sys-
tems are particularly interesting from the theoret-
ical viewpoint.

3.1.2. Surface structures of the first layer deposited
at room temperature

3.1.2.1. Monolayer growth. Most metals used in
the present experiment form ad-atom lines per-
pendicular to the underlying Si dimer rows. These
metal (Al, Pb and Mg) lines form the two-dimen-
sional (2D) islands and the islands cover all the
surface with increasing coverage. For Al, ad-di-
mers grow in a long line perpendicular to the Si
dimer rows below 300°C and the interline spacing
decreases with increasing coverage [7]. The growth
pattern varies depending on the deposition tem-
perature. A completed layer of ad-dimer lines has
a 2 X 2 structure without destruction of the un-
derlying Si dimer structure. However, whether
the metal lines consist of single atoms or dimers
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Fig. 3. Two possible atomic arrangements of the ad-dimer
line; (a) is a parallel and (b) an orthogonal ad-dimer structure.

depends on the type of metal. For the dimer
lines, there are two types of dimer orientations
against dimerization of the underlying Si dimers,
e.g., parallel and orthogonal dimer configurations
as shown in Fig. 3.

From our STM observations, Mg [8] and Pb [9]
form single atom lines and the first layer of the
2 X 2 structure is completed at 0.25 ML, whereas
Al and Ag form dimer lines and the first layer of
2% 2 is completed at 0.5 ML. Furthermore, the
Al dimer line [7] has a parallel dimer configura-
tion contrary to the orthogonal dimer structure in
the homoepitaxial growth of C, Si and Ge. Here,
it should be noticed that the structure of the first
layer is not always perfect: e.g., Ag dimer rows
grown parallel to the Si dimer rows are mixed
with perpendicular Ag dimer lines and 3D islands
begin to grow before the completion of the first
layer in Ag.

For Pb or Ag deposition at room temperature,
different structures of c(4 X 8) and c(4 X 2) are
observed mixed with the 2 X 2 structure as shown
in Fig. 4 for Pb [9,2]. These structures are formed
correlating with the buckling of the underlying Si
dimer rows, because the adsorption of metals
stabilizes the buckling between adjacent Si dimer
rows in phase or out of phase. For Pb deposition,
3D islands grow after the formation of 2nd and
3rd layers of the structures of 2 X 1 and ¢(4 X 4)
[9] and the growth mode is a modified type of
Stranski—Krastanov [S-K]. The different growth
modes depending on the type of metal will be
described later as a parameter of the deposition
temperature.

3.1.2.2. Island growth. For depositions of Pt [3]
and Pd [4] at room temperature, small clusters of
nm size nucleate in the Volmer-Weber (V-W)
mode and the dimer structure of Si(100)2 X 1 is
simultaneously observed by STM with clusters as
shown in Fig. 5 [4]. At a coverage of several
monolayers, all of the surface is covered by clus-
ters. As a result, the LEED pattern of the
Si(100)2 X 1 structure becomes obscure with in-
creasing coverage and disappears at a coverage of
several monolayers. These facts indicate that in-
teraction between Si and metal is weakest for Pt
and Pd, intermediate for Ag and Pb and becomes
stronger in sequence of Mg and Al.

3.2. Reconstructed structure at high temperature

The structures of deposited surfaces other than
Pb change into other structures at the reconstruc-
tion temperatures at coverage less than 1 ML. So
far a number of the reconstructed structures were
observed by LEED above the critical tempera-
tures as shown in Fig. 6 by an example of the
Al/Si(100) phase diagram. The formation mech-
anisms of the reconstructed structures are differ-
ent depending on the type of metal and can be
classified briefly into the following three types.

Fig. 4. STM image of a mixed structure of 2x4 and c(4x8)
for the Pb-deposited surface of 0.2-0.7 ML at room tempera-
ture. The structure of hexagonal subunits with a c(4x8)
symmetry are mixed with a regular arrangement of the 2x4
symmetry. The c(4x8) structure is formed by out-of-phase
buckling between adjacent Si dimer rows.



T. Ichinokawa et al. / Ultramicroscopy 54 (1994) 116~124 119

3.2.1. Combination with Si missing dimer defects

The clusters of Si missing dimer defects lying
on the clean Si(100) surface disperse into the
individual Si missing dimer defects by adsorption
of metal atoms at high temperature and single Si
missing dimer defects of each combined with an
adsorbed metal atom form a superstructure by
long range order. For instance, Pt and Pd [3,4]
produce a superstructure of c(4 X 6) above 700°C
at a coverage between 1/6 and 1/3 ML, as
shown in Fig. 7. The reconstructed structure
formed at high temperature covers all the surface
and is stable from room temperature to the des-
orption temperature after the reconstruction.
Above reconstruction coverages, 3D islands nu-
cleate on the reconstructed structure by the S-K
mode and the islands are usually composed of
silicides by reacting with the Si substrate.

A reconstruction similar to that of Pt and Pd
was also reported in a Ni-contaminated surface of
Si(100)2 X n. The superstructure of the Si miss-
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Fig. 6. Formation diagram of surface structures for the Al/
Si(100) system at coverages less than 1 ML and at substrate
temperatures from room temperature up to 700°C.

ing dimer defects induced by a Ni impurity, i.e.,
the 2Xn structure (6 <n < 10), has been ob-
served depending on Ni coverage on the surface.

Fig. 5. STM images of Pd-deposited surface at room temperature at various coverages: (a) 0.02, (b) 0.04, (c) 0.3, (d) 1.2 and (e) 2.4

ML.
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The analyses of this phase were performed by
LEED [10,11] and STM [12].

3.2.2. Long range ordering of molecular clusters
consisting of several metal atoms

The adsorbed metal atoms form molecular
clusters each consisting of several atoms at high
temperature; a molecular cluster buckles underly-
ing Si dimer rows in the anti-phase or in-phase
mode for adjacent Si dimer rows. The long range
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Fig. 7. (a) STM image of the c(4 X 2)+ (4 X 6) surface and (b)
model of c(4X2)+c(4X6). c(4%2) is composed of a subunit
which consists of two dimers and a Pd atom embedded at the
center, and ¢(4 X 6) consists of a subunit in which a Si dimer is
missing from the ¢(4 X 2) subunit.

ordering of molecular clusters forms superstruc-
tures caused by buckling of the Si dimer rows.

For an Al-deposited surface above 500°C, the
c(4 X 2n) structure begins to form at 0.18 ML as
illustrated by Fig. 8 [13]. It is a stable structure
from room temperature to desorption tempera-
ture. The (4 X 2n) structure is formed in agree-
ment with the buckling of Si dimer rows and
covers all the surface at approximately 0.25 ML.
The structure model of c(4 X 12) is shown in Fig.
9 for n =6. Above the reconstruction coverage,
the second layer islands composed of Al and Si
are observed on the reconstructed surface of c(4
X 12) by displacement of Si atoms from the sub-
strate to the top of the surface as shown in Fig. 8.

A reconstruction mechanism similar to that of
Al was reported for the Group III metals In and
Ga on Si(100)2 X 1 systems by Baski et al. [14,15]
and for a Ni-contaminated surface of V19 x V19
on Si(111) by Wilson and Chiang [16].

3.2.3. Superstructure formation due to the opti-
mized configuration between metal and Si layers

For most metals, superstructures formed at
low temperature transform irreversibly into re-
constructed structures at the reconstruction tem-
peratures without any relationship to the Si miss-
ing dimer defects or the formation of molecular
clusters as described in the previous sections. In
this case, the superstructure transformation is
caused by an irreversible change from low to high
temperature phase which is determined by an
optimized configuration between metal and Si
layers.

For instance, Ag forms a 2 X 3 structure as
shown in Fig. 10 above 500°C {2] and Mg forms
2 X 3 and 2 X 2 structures depending on the cov-
erage above 300°C [8]. Furthermore, Pb forms
first, second and third layers of c(4 X 8), 2 X 1
and c(4 X 4) structures, respectively, depending
on coverage above room temperature. These
structures are formed by minimization of total
energy for chemisorbed states of metal on Si(100)
as a function of metal coverage.

Above the reconstruction temperature, most
metals grow in the S-K mode on the recon-
structed surface. However, 3D islands of Pb grow
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in the S-K mode after the formation of 2nd and
3rd layers of 2 X1 and c(4 X 4). It should be
noticed that growth modes depend on the type of
metal and deposition temperature and then there
are a number of modifications for the S-K mode.

3.3. Step structure transformation induced by metal
adsorption at high temperature

Vicinal Si(100) surfaces are well known to form
single and double steps depending on the miscut
angle and annealing temperature. Recently, we
found that the transformation from double steps
to quadruple steps is induced by Ag adsorption at
500°C for the Si(100)2 X 1 double-stepped sur-
face of miscut angle 4° [17]. The structure of the

Ag/ Si(100) surface changes at 500°C from 2 X 2
to 2 X3 at an Ag coverage of 0.3 ML [2]. The
step structure changes simultaneously with the
surface structure change. Fig. 11 shows STM im-
ages taken before and after the step structure
transformation. The step height and the terrace
width become twice as large as shown in Fig. 12
by a line scan and the spacing between protrusion
rows perpendicular to the step edge in the direc-
tion of the step edge changes from two-to three-
fold. The LEED patterns also show that the
two-fold axis of the clean surface is switched from
the direction parallel to the step edge to the
perpendicular direction caused by the reconstruc-
tion. This fact indicates that Dy steps change into
Q, steps by the surface reconstruction and then

Fig. 8. STM image of Al-deposited surface of 0.16 ML at 500°C. The bright protrusions begin to form <(4 X 2n) as shown by the
rectangle. The magnified image of a molecular cluster has hexagonal symmetry as shown in insert (A). Two types of layer islands
with structures of 1 X 2 and 2 X 2 are Si and Al formed in the second layer as shown in inserts (B) and (C), respectively.
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Fig. 9. Model of the structure of Al/Si(100)c(4 % 12).

the three-fold axis of the 2 X 3 structure is paral-
lel to the step edge. The transformation dynamics
will be interpreted as shown in Fig. 13 by the fact
that the topmost layers of every second terrace
slip down to the next lower terraces and the

3x2

step

b= 10 nm

Fig. 10. STM image of the growth of Ag/Si(100)2x 3. The
2 X 3 structure covers all the surface at a coverage of approxi-
mately 0.3 ML.

10nm

Fig. 11. (a) STM image of the clean stepped surface and (b)
that of the surface covered by 0.3 ML Ag at 500°C. The
terrace width of 3.5 nm is doubled to 7.0 nm by the surface
structure change, as indicated by the bars. The Si dimer rows
with an inter-row spacing of 2a change to the protrusion rows
with an inter-row spacing of 3a. Image (a) was taken at bias
—3.0 V and tunneling current 0.1 nA and (b) at +1.9 V and
tunneling current 0.05 nA.

—_— 2 A

bm—e———t 50 A
Fig. 12. Line profile perpendicular to the step edge, (a)
Si(100)2% 1 vicinal surface (b) Ag-covered stepped surface.
The terrace width and step height of (b) are twice those of (a)
and the steps in (b) are quadruple steps.
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Fig. 13. Diagram illustrating the step structure change on the
Si(100) single domain surface induced by Ag adsorption at
500°C. The topmost layers of every second terrace slip down
to the next lower terraces and the direction of Si dimer rows
rotates 90° by the transformation. The terrace width and step
height become twice as large by this model.

appearing terrace exhibits a 90° rotated top layer
structure with Si(100)-Ag 2 X 3.

On the vicinal Si(100) clean surface, the Dy
steps are stable due to the tensile stress perpen-
dicular to the Si dimer rows, whereas the Q,
steps are the most stable in the Ag-covered
stepped 2 X 3 surface. This fact is due to the
relaxation of the anisotropic surface stress caused
by the adsorption of Ag atoms in the grooves
between adjacent Si dimer rows.

Thus, the step energy changes completely by
Ag adsorption and the Q, steps are the most
stable step structure on the Ag-covered stepped
2 X 3 surface. The quantitative explanation should
be carried out by theoretical calculations for the
step energies depending on the surface structure.

4. Conclusion

The growth modes of metals on the Si(100)2 x
1 surface are almost similar within the same
Group, but the valence bond features of metals in
the same Group change gradually with increasing
atomic number. Therefore, the growth mode
varies with atomic number even in the same
Group. The adsorption sites and the optimized
structures of metal / Si(100) surfaces at low and

high temperatures have been investigated by STM
for several metals. The atomic arrangements ob-
served by STM provide information on the stable
structure in the physisorbed and chemisorbed
states and suggest different mechanisms of recon-
struction for the metal / Si(100) systems.

The modifications of growth mode are caused
by the local structure defects and the mixture of
local different phases and growth. The growth
and reconstructed structures of metals on Si sur-
faces are very complicated depending on the type
of metal and deposition temperature. Moreover,
the step structure transformation induced by the
surface reconstruction was observed at 500°C in
the Ag-adsorbed vicinal surface of Si(100) with
single domain. Quantitative analyses should be
performed with the help of theoretical calcula-
tions.
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