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A detailed study of the early stages of nucleation and growth of Ag on Si(100)-(2 X 1) surfaces at room
temperature using ultrahigh-vacuum high-resolution transmission-electron-microscopy imaging and
diffraction is presented. While diffraction patterns suggest only a mixed epitaxy, off-zone axis images
clearly reveal three-dimensional Ag islands. Aside from simple single-crystal structures, these islands
are also seen to include multiply twinned morphologies with different epitaxies relative to the substrate;

details of these are discussed.

The early stages of nucleation and growth play a cru-
cial role in determining the final structure, and therefore
the properties, of epitaxial deposits. It is well known that
nucleation during crystal growth typically proceeds via
one of the following three routes: layer by layer
(Frank—van der Merwe), three-dimensional (3D) islands
(Volmer-Weber), or layer plus island (Stranski-
Krastanov). In the latter two cases, further growth of the
3D islands occurs by enlargement of preexisting nuclei
and/or coalescence of neighboring islands. During these
processes, the islands can either retain their original
structures or undergo recrystallization to form new struc-
tures. The role of the island structure is thus critical in
controlling the properties of many heteroepitaxial sys-
tems, and an understanding of their initial structure is
therefore highly desirable.

The Ag/Si(100) system is governed by island nu-
cleation and growth,'~'® and is of interest primarily from
a technological standpoint: the Ag/Si interface is atomi-
cally abrupt and is therefore used as a model system to
study Schottky-barrier heights as a function of interfacial
microstructure. However, despite its importance, the
Ag/Si(100) system has received relatively little attention.
The nucleation and growth mode of Ag both at the initial
stages and for thicker films has been characterized as
Stranski-Krastanov from scanning-tunneling microscopy
(STM),' 77 low energy electron diffraction Auger-electron
spectroscopy  (LEED-AES),}"!2  surface reflection
spectroscopy—Auger electron spectroscopy (SRS-AES),"
and reflection high-energy electron-diffraction (RHEED)
(Refs. 14 and 15) investigations; further, Ag is reported to
grow with different epitaxies, i.e., (100), (110), and
(111) of Ag normal to the Si(100) surface. Surprisingly,
little is actually known about the structure of the 3D is-
lands: while the external morphology is assumed to be
flat with mostly ;111} and {100} facets,*!%1>15 only two
investigations'®!? have even alluded to the internal struc-
ture within the islands; most studies assume a simple
single-crystal structure. )

This paper reports a detailed study of the structure of
3D islands that nucleate during the early stages of growth
of Ag on Si(100)-(2 X 1) surfaces at room temperature us-
ing a combination of ultrahigh-vacuum high-resolution
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transmission-electron-microscopy imaging (UHV-
HREM) and diffraction (TED) techniques. Contrary to
earlier suppositions, the Ag islands are seen to be a mix-
ture of single-crystal and multiply twinned particle
(MTP)'® morphologies. While the observation of mixed
morphologies is in good agreement with similar studies
on carbon, SiO, and LiF (Ref. 19) substrates, the domi-
nance of the decahedral type (Dh) over the icosahedral
type (Ic) MTP’s contradicts all earlier experimental and
theoretical studies.

Thin samples of p-type Si(100) (B doped at 1 Qcm)
were mechanically polished, slightly dimpled, and chemi-
cally thinned in a 10% HF + 90% HNO; solution before
being transferred into a UHV surface science chamber
(UHV-SSC) attached to a Hitachi UHV-H9000 electron
microscope®® (which was operated at 300 and 250 kV, the
latter to minimize radiation damage) with a working vac-
uum of 7X 107! torr. In situ sample preparation in-
volved a cyclic combination of 2.5-kV Ar" sputtering
and electron-beam annealing cycles, and clean surfaces
were characterized by the appearance of the (2X1)-type
surface spots. The Ag evaporator filaments were careful-
ly outgassed, and several monolayers of Ag were then de-
posited onto clean Si(100) surfaces at room temperature
inside the UHV-SSC. Following each observation, the
sample was ion milled and annealed to establish the clean
Si surface reconstruction before further deposition (sam-
ple cleanliness was carefully monitored after each deposi-
tion cycle using parallel electron-energy-loss spectrosco-
py). The results reported below are from numerous such
observations.

Consistent with earlier diffraction studies,®»%!* TED
patterns showed a decrease in the intensity of the Si sur-
face reconstruction spots with increasing Ag coverage.
Faint arcs whose spacings correspond to those of bulk Ag
were also observed from the very initial stages suggestive
of an abrupt Ag/Si interface. A typical TED pattern in
Fig. 1 shows the coexistence of 2X1 spots of the clean
substrate and (111) and (220) arcs of Ag. These can be in-
dexed in terms of a primary (110) epitaxy (i.e., normal
to the surface) with some rotational disorder and strain,
moiré fringes between the particles and substrate, and
moiré fringes internal to the particles themselves;'®?! we
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FIG. 1. A typical TED pattern following Ag deposition on a
Si(100)-(2X 1) surface; arrowed surface reconstruction spots
coexist with the (111) and (220) rings of Ag, denoted by the
letters 4 and B. All features can be interpreted by a combina-
tion of silicon, silver, and moiré spacings.

will clarify this below, but for the moment we should
note that these diffraction patterns are actually highly
misleading. With increasing coverages an increase in the
intensities of these arcs was accompanied by the disap-
pearance of the Si reconstruction spots (leaving behind
the 1X 1 Si lattice); at somewhat higher coverages a true
polycrystalline ring pattern developed.

HREM images were acquired in both the on- and off-
zone axis modes. Aside from dark contrast features of
Ag with extensive moiré fringes, the on-zone axis images
provided little information about the actual structure of
the deposited layer due to the strong underlying bulk sig-
nal. In order to reduce the latter and understand better
the structure of the features, the sample was tilted 2-3°
off the (100) zone to obtain off-zone images. This tech-
nique is very sensitive to the substrate surface?? or depos-
it overlayers, i.e., the Ag layer in our case, and revealed
all information reported about their structure and nature
in this paper. In order to further enhance the image con-
trast, a modified Wien filter®® was applied to all HREM
images (to reduce the shot noise in the image without in-
troducing any artifacts). The images revealed the pres-
ence of 3D Ag islands (dark contrast features in the on-
zone case); these islands have complicated structures and
were analyzed using an image processing software,
SEMPER. The presence of 3D islands from the very early
stages of nucleation and growth agrees well with the pre-
dicted growth mode,'™'® and details of their morpholo-
gies form the remainder of this paper.

Most particles were around 3-4 nm in size; an analysis
of the internal particle morphologies revealed that about
half of them were single crystals (Sc) with a primary
(100) epitaxy and a smaller number in a {(110) epitaxy
[Fig. 2(a)). The rest were comprised of particles that
were internally twinned between the adjoining (111) faces,
i.e., multiply twinned particles (MTP’s).'® The highest
fraction of these particles were of the decahedral (Dc)
type that had nucleated with a (110) epitaxy [see Fig.
2(b)], while a very small population (about 2% of the to-
tal) were seen to be of the icosahedral (Ic) type with a
(112) orientation, as shown in Fig. 2(c) (for more details
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about the structure of these MTP’s as observed by
HREM, see Refs. 21, 24, and 25). It is the presence of
these more complicated particles that cause both the arcs
and the other additional spots in the diffraction pat-
terns.'®

Such mixed morphology growth is known to exist in
fcec metal islands deposited on oxide and alkali halide sub-
strates,'#21:26=2% and were first observed only under very
clean conditions.!®3 Theoretical results’’ 3 have also
clearly demonstrated that MTP’s are thermodynamically
stable entities at the small sizes seen in this investigation;
similar results in terms of relative probabilities of oc-

(a)

(b)

FIG. 2. UHV-HREM micrographs of the different 3D Ag is-
land morphologies on clean Si(100) surfaces. (a) A (110)-
oriented single crystal; the cross fringes in the single-crystal im-
age are due to the (111) planes. (b) A (110)-oriented de-
cahedral MTP with arrows indicating the five twins separating
{111} facets. {(c) A {(112)-oriented icosahedral MTP.
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currence of Ic’s, Dh’s, and Sc’s have been reported in a
recent experimental study.®

In contrast to these studies, the Ag/Si(100) system
behaves uniquely, i.e., although it is a mixed morphology
system, there was an unusual lack of Ic particles.
Without exception that we are aware of, Ic particles are
considered to be energetically preferred over the Dc par-
ticles>' 73537 at these small size ranges. All theoretical
analyses to date (except the early work of Ino®!) have ig-
nored the substrate interaction effect. Since there is no
simple way for an Ic particle to adopt an {110) epitaxy,
we hypothesize that the deposit/substrate interaction
effect (interface) inhibits their formation. The influence
of the substrate on the particle morphologies was sup-
ported by the following observation: on exposure to air,
although the Ag particles continued to exhibit a mixed
morphology of single crystals and MTP’s, the fraction of
the Ic particles increased. This can be attributed to the
effect of the gas environment on both the interface be-
tween Ag and Si and on the Ag surface free energy®* 33
(both its absolute value and anisotropy).

Although the morphologies reported in this study are
of the static type (no fluctuations were observed under
the beam fluxes used), there was evidence of interconver-
sion during growth. One particularly striking example is
the pentagonal-shaped single crystal shown in Fig. 3
(which was observed in UHV prior to the air transfer). A
pentagonal shape is not close to any equilibrium shape
for a Sc indicating that a Dc particle was transformed by
grain-boundary migration®® to a single crystal. Intercon-
version of particles has been relatively well document-
ed*~*! since the initial observations by Yagi et al.*° dur-
ing growth in UHV conditions.

The small fraction of Ic particles raises some funda-
mental scientific questions about the variation in types of
island morphologies with environmental conditions, and
merits further investigation. Further, the changes in the
fraction of Ic particles on exposure to air underlines the
importance of observation under UHV conditions. A
subtle point that also arises is the advantage of UHV-
HREM over STM as an imaging technique in resolving
the local structure within these small 3D islands; the pit-
fall of an erroneous interpretation of the nucleation and
growth mechanism based solely on diffraction data is also
revealed.

The observations conclusively show that, rather than
being simple flat single crystals (as suggested without
proof in earlier studies), the 3D Ag islands show a classic
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FIG. 3. An atypical pentagonal Ag single crystal on a
Si(100)-(2X 1) surface indicating intermorphology conversion
via grain-boundary migration.

mixed morphology MTP growth,'® i.e., a combination of
single crystals and multiply twinned particles with
different orientations relative to the substrate (this is pos-
sibly the reason for the different epitaxies reported for
this system by earlier studies). This could also be the case
for the Ag/Si(111) system; we have also observed MTP’s
in the Au/Si(111) system.*” The investigation thus
demonstrates that one of the most fundamental questions
about the growth mode of Ag on clean Si(100), i.e., the
particle structure, has escaped more than a decade of
study.

The formation of MTP’s in the initial stages has pro-
found implications on the later stages of growth. Earlier
studies*** have shown that these MTP’s on coalescence
can form single particles (with either the MTP/Sc struc-
ture), polyparticles (partially coalesced MTP’s), or poly-
crystals (single crystals separated by a grain boundary);
recrystallization is also seen to occur in these particles as
a means of relieving the strain. The final film is a result
of these processes; its structure will therefore be strongly
dependent on the processing conditions (temperature,
deposition rate, vacuum, etc.). A time-temperature-
transformation morphology map similar to that suggest-
ed by Marks*! would be essential in controlling the final
structure and therefore the properties in such mixed mor-
phology systems (e.g., the resulting film*> would have a
variation in Schottky-barrier height ranges depending on
the inhomogenity and polycrystallinity developed during
the process of growth).
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