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ABSTRACT

Scanning tunneling microscopy and X-ray photoelectron spectroscopy have been utilized to probe the growth kinetics,
phenomenon of nucleation and segregation of Indium nano-islands on atomically clean stepped Si (113) 3x2 surface. Kinetically
controlled growth of few monolayers (2.5 ML) of Indium (In) atoms at room temperature leads the formation of two
dimensional (2D) nanoclusters on Si (113) surface. The thermal stability of these In nanoclusters was investigated by residual
thermal desorption experiments where the In adsorbed system was annealed at different temperatures (100-600°C). It is found
that, the size and density of the In nanoclusters on Si surface were influenced by the annealing temperature. In particular, on
annealing the In/Si (113) system at 300°C, 2D nanoclusters were converted into a metastable state of 3D nanoclusters.
Competition between layering and nano-clustering has been observed twice during the entire thermal annealing process and
discussed in detail. The size tunability of these metal nanoclusters on silicon surfaces could be utilized for the fabrication of
next generation nanoscale devices. Copyright © 2015 VBRI Press.

Keywords: Indium; Si (113); STM; nanocluster.
_____________________________________________________________________________________________________________________________________________________________________________|

Introduction

Metal nano-clusters (NCs) are promising material in the
area of optoelectronic devices due to their superior optical
& structural properties [1, 2]. The growth of metal NCs can
be achieved by numerous techniques such as
photolithography [3], sub-lithography [4], scanning probe
tip [5], ion beam sputtering [6], molecular beam epitaxy
etc. However, it can naturally be achieved by the
phenomena of i) self-assembly, where surface
reconstructions [7] play a significant role to create metallic
nano-structures and ii) lattice mismatched strain, which can
be utilized to grow epitaxial nanowires [8]. The success of
metal NCs for futuristic device applications will strongly
depend on the availability of three, two- or one-
dimensionally organized materials [9, 10]. So the
understanding of growth conditions of metal NCs and their
size tunability is essential to utilize them in the fabrication
of next generation nanoscale devices. Further, the size of
the metal NCs not only depends on the growth techniques
and conditions, but also can be altered by post growth
sputtering or annealing treatments. There have been a
number of reports on the formation of size dependent NCs

compounds by means of sputtering and post annealing
treatments [11-13].

The growth of metal NCs on Silicon (Si) surfaces has
attracted scientific and technological attention because of
their easy availability and cost effectiveness [14]. There are
many studies of metal NCs growth on low index/planar
silicon surfaces, such as Si (100) and Si (111) surfaces [7,
8]. However, there have been few reports of metal growth
on high index/stepped silicon surface, such as Si (557) and
Si (56512) surfaces [15, 16]. Among high-indexed surfaces,
a clean Si (113) is a stepped surface, thermally more stable
and good substrate for epitaxial growth [17].

Fig. 1 shows the cross-sectional schematic view of the

bulk silicon cut perpendicular to the [332] direction along
with high index orientation planes at different angle. 1l1-
group elements (like Ga, In) have become promising
candidates for the surfactant mediated epitaxy [18, 19],
therefore, the growth of these elements on silicon surfaces
has attracted much interest for availing initial understanding
of high quality I11-V based semiconductors. There have
been few reports on Ga, Al adsorption on reconstructed Si
(113) 3x2 surface [20, 21] which lead to the formation of
various superstructural phase formations on reconstructed
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Si (113) surface. Conversely, the growth of In on Si (113)
surface is not premeditated. Recently, the growth of In
metal atoms on Si (113) surface has been studied by our
group [11] where the formation of In induced various
superstructural phases on Si (113) has been reported. In
view of future nanoscale device applications, a
comprehensive knowledge of self-assembly and the
epitaxial process becomes mandatory for any dedicated
growth of low dimensional structures.
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Fig. 1. Schematic diagram for various facets of Si surface with high
index orientation planes at different angles.

In the present study, an intensive analysis is performed
to understand the nucleation, segregation and surface
morphology of In metal atoms on reconstructed Si (113)
3x2 surface via scanning tunneling microscopy.
Interestingly, the size tunability of the In-metal NCs as a
function of substrate temperature has been observed and
discussed in detail. During the thermal desorption process,
a competition between layering and clustering of In metal
nanoclusters on Si (113) surface has been examined and
correlated with our previous report.

Experimental

The experiments (Indium adsorption and desorption) were
performed in an Omicron-Multiprobe Surface Analysis
System with a base pressure of 5x10™* Torr. Modified
Shiraki process [22] was adopted for ex-situ cleaning of the
Si (113) sample (p-type, B-doped, resistivity 0.5 Q/cm, size
~20x8x0.35 mm®, Vin karola, USA) before inserting it into
the Ultra High Vacuum (UHV) system. The sample is
mounted on a high precision four axis manipulator that
enables its positioning for growth and analysis. Sample
heating (direct and resistive mode), from 30°C to 1100°C,
was monitored by a W-Re 5%-25% thermocouple
calibrated with an optical pyrometer. Si (113) sample was
annealed at 500°C for four hours, followed by flashing at
1100°C (5 Sec) and slowly cooled down to room
temperature resulting in an atomically clean surface Si
(113) with impurity levels below the detection limit. Indium
metal (99.999%, from CERAC, USA) was evaporated from
a homemade Tantalum Knudsen cell at a desired flux rate
by circulating the current. The adsorption and desorption
process was monitored by X-ray Photoelectron
Spectroscopy  (XPS, OMICRON, France) with a
hemispherical electron energy analyzer and Mg K, (1253.6
eV) source. Omicron UHV-Scanning  Tunneling
Microscope (STM) was used to probe the surface
morphology of In/Si (113) system. The residual thermal
desorption (RTD) experiments have been carried out by
keeping the sample at a particular temperature for 1 min
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followed by XPS and STM measurement. All STM images
were taken at RT. As for the way STM images were taken,
they were not taken consecutively. Therefore, the same area
was not observed in a series of STM images.

Results and discussion

The chemical composition of the clean Si (113) 3x2
reconstructed surface is determined by XPS analysis. Fig.
2(a) shows the XPS-survey scan of atomically clean Si
(113) surface which exhibit peaks at binding energies 99.8
eV and 150.0 eV corresponding to Si (2p) and Si (2s) peaks
respectively along with a very tiny peak at 284.6 eV
associated to Carbon (1s) spectra. No peak corresponding
to oxygen was observed in the XPS spectra which elucidate
the cleanliness of the Si surface. In Fig. 2(b), the surface
morphology of atomically clean Si (113) surface is
displayed where the large area STM image reveals that the
surface is uniformly steeped with large terraces having an
average terrace width of about 40 nm. For better
understanding of terrace orientation and step height,
corresponding 3D image is shown in Fig. 2(c). The
measured step height of the terraces was ~ 0.8 nm while the
angle between every adjacent terrace was found to be 56°.
These obtained values (terrace width: 40 nm, step height:
0.8 nm) are found to be in good agreement with the values
of terrace width and step height reported by Dijken et.al.
[23]. Inset of Fig. 2(b) displays row like atomic
arrangement of 3x2 reconstructed Si (113) surface which
shows some missing protrusion, leaving vacancies in the
atomic arrangement due to the moved adatoms from Si
(113) surface. The unit cell of Si (113) 3x2 reconstruction
is shown in a frame in the inset of Fig 2(b).
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Fig. 2. (a) XPS survey scan of the clean Silicon (113) 3x2 reconstructed
surface, (b) STM image of Si (113) 3x2 reconstructed surface at
200x200nm? scan area, Inset show 20x20nm? scan (1=600 pA, V=0.7V)
and (c) corresponding 200x200nm? scan area 3D image (I=700 pA, Tip
voltage ( V1)=0.9V).

There have been several reports on the reconstruction of
Si (113) surface [24-28] where the phase transition from
1x1 to stable 3x2 reconstructions has been explained.
Schreiner et al. [29] observed 3x1 and 3x2 surface
reconstructions after annealing the Si (113) surface in the
temperature range 200°C-700°C. Sequential observation of
3x1 and 3x2 phases with increasing annealing temperature
indicates that the 3x1 phase is a metastable state and 3x2
phase is the most stable reconstructed phase observed at
room temperature (RT). Siebert et al. [30] have also shown
that 3x2 reconstructed surface is more stable than other
reconstructions due to the lower average energy per atom
(—4.775 eV). Here, the atomically clean reconstructed Si
(113) 3x2 surface (Fig. 2b) has been utilized for the
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kinetically controlled growth of In metal atoms at room
temperature with a very low flux rate of 0.08 ML/min,
which follows layer-by-layer growth mode (Frank-van der
Merve). The detail of complete growth kinetics is given
elsewhere [11].

Fig. 3(a) represents the XPS survey scan of clean Si
(113) surface covered with 2.5ML of In metal atoms grown
at RT where two additional peaks at binding energies 444.0
eV and 451.4 eV were observed, which corresponds to In
(3ds,) and In (3ds,) peaks along with Si (2s) and Si (2p)
peaks at 99.8 eV and 150.0 eV respectively. The XPS core
level spectra of In (3ds;,) of In/Si (113) structure is shown
in inset the of Fig. 3(a). In (3ds,) spectra is deconvoluted
into two components: the component at Binding Energy
(BE) 443.9 eV displays the presence of In-In bond
(metallic indium) and peak at 445.2eV can be attributed to
inelastic losses to the conduction electrons in the charge
accumulation layer [31]. Fig. 3(b) shows the surface
morphology of 2.5 ML covered In on Si (113) surface
grown at RT. The surface shows tiny two dimensional NCs
on top of the 2ML covered In on Si (113) surface. The
surface terraces were clearly observable in the grown
surface, where there is a slight reduction in step bunching
value (0.4 nm) which could be due to the occupation of In
metal NCs at the edge of the steps in order to stabilize the
surface free energy, leads to drop in the actual step
bunching value. For exact evaluation of cluster size and the
variation in the step bunch with temperature, corresponding
3D image is shown in Fig. 3(c). The calculated average
cluster density and size of these 2D-NCs is found to be 5
E12 cm™ and 620.3 nm, respectively.

Intensity (a.u.)

Fig. 3. (a) XPS survey scan of room temperature In adsorbed Si (113)
surface. Inset shows the deconvoluted In3ds, core level spectra, (b) STM
image (200x200 nm?) of In covered Si(113) 3x2 surface and (c)
corresponding 3D image (I=700 pA, V=0.9V).

The thermal stability and morphological evolution of
layer-by-layer grown In/Si (113) system has been analyzed
by the residual thermal desorption method where In
covered Si (113) system was subject to annealing at
different temperatures (from 100 to 600° C) for a fixed time
(1 min). It was observed that the size and density of the In
clusters on Si surface were influenced by the annealing
temperature, as shown in Fig. 4(a-f). 3D images of
corresponding STM image have been shown in Fig. 4(i-vi).
On annealing the In/Si (113) surface at 100°C, no
significant change in the surface morphology was observed
apart from slight temperature driven rearrangement of In
atoms on the surface. A size variation in the NCs was
observed as compared to the RT deposited system. The
average cluster density and size of these 2D-NCs is found
to be 7 E12 cm? and 4.5+0.3 nm, respectively. On
increasing the substrate temperature to 200°C, density of
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2D-NCs reduces significantly and a flat surface
morphology was observed. This could be due to the
complete desorption of loosely bound In atoms from
bilayer leaving with very tiny NCs (cluster density: 1.2 E13
cm?, size: 2+0.3nm) on the surface. It can be explained as
follows: initially In NCs are separated into smaller
nanoislands due to temperature driven mobility
(segregation) and on further increasing the annealing
temperature, evaporation of these smaller nanoislands took
place. A Similar trend of rearrangement of In atoms was
observed by Auger Electron Spectroscopy (AES) analysis
[12] where the In/Si AES intensity ratio decreases with
increasing temperature. This illustrates the initial

desorption of partial monolayer from the In/Si (113)
surface.

Fig. 4. STM image (100x100 nm?) shows the morphological changes of
deposited indium on Silicon (113) 3x2 reconstructed surface subjected to
annealing at temperatures (a) 100 °C, (b) 200 °C, (c) 300 °C, (d) 400 °C,
(e) 500 °C and (f) 600 °C, (i)-(vi) corresponding 3D images (I=700 pA,
Vt=09V)

On annealing the In/Si(113) surface at 300° C, it was
observed that the surface is fully covered with Indium 3D
spherical nanoclusters (SNCs). The average size and
density of these SNCs is calculated to be 10+0.3 nm and
2E12 cm respectively. Annealing at this temperature (300°
C) provides more mobility to the surface atoms to nucleate
themselves and allow to form SNCs. A similar trend of
temperature-induced rearrangement of In atoms was also
observed in planar Si (111) 7x7 [32] and trenched Si
(5512) 2x1 [14] surfaces where the conversion of 2D layer
into 3D island has been observed. Goswami et al. [33]
explained that under the favorable condition, atoms
agglomerate in larger cluster size/preferred size by the
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quantum size effects in metallic overlayer. There could be a
possibility of Si atoms residing at the interstitial site
migrate to the surface and cause the formation of indium—
silicon bonds. However, the deconvoluted In (3ds,) core
level spectra (not shown here) decline the possibility of In-
Si bond formation. On annealing In/Si (113) system at 400°
C, the STM image show tiny 2D-NCs (Fig. 4(d)) on Si
(113) surface having an average size of 2.5£0.3 nm and
cluster density of 1.1 E13 cm™. Here, we observed the
conversion of 3D-SNCs into 2D-NCs on top of the surface.
This interesting temperature induced conversion of 3D
SNCs to 2D- NCs can be explained either due to desorption
of atomic layer or temperature driven enhanced mobility
which causes atomic rearrangements. Our previous report
[12] confirmed that at annealing temperature above 350°C
signifies desorption of bilayer (In-In bond) and the
formation of a stable monolayer on the Si (113) surface. In
view of this, STM image at 400° C annealing shows Si
(113) surface having 1ML coverage of tiny 2D-In metallic
NCs.

Table 1. Calculated average size and density of In NC subjected to
annealing at different temperatures.

Annealing Average Nanocluster
Temperature  Nanoclustersize  Density
(°C) (nm) (x10%2cm-2)
RTdeposited 6+0.3 5

100 45+0.3 7

200 2+0.3 12

300 10+0.3 2

400 2.510.3 11

500 240.3 9

600 4+0.3 4

On annealing the In/Si (113) at 500° C, a flat overlayer
of In on Si (113) surface was observed as shown in Fig.
4(e). A similar surface morphology has also been observed
at annealing temperature 200° C which shows the flat
bilayer (In-In) covered Si (113) surface. In both the cases,
initially 2D-NCs are segregated on the surface by the effect
of temperature and finally converted into a stable and
smooth In flat-layer on the Si (113) surface. Here, the
transformation of surface morphology from 2D-NCs to flat
overlayer of In was ensued. This unusual phenomenon
occurred may be because of the gradual reduction in the
strain of In/Si (113) system which promotes the layering of
In islands [32]. On further annealing the single monolayer
covered Si (113) surface at 600°C, it was observed that
most of the indium atoms desorbed from the surface while
2D-islands having an average size of 4+0.3 nm and density
of 4 E12 cm? remains on the surface (Fig. 4(f)). The
complete desorption of In atoms from Si (113) surface took
place at 620 °C and a clean reconstructed Si (113) 3x2
surface was obtained [exactly similar to Fig. 2(a)]. The
complete desorption temperature of In atoms on Si (113)
surface is found to be in between the reported desorption
temperature on planar Si (111) (570 °C) and high-index
trenched Si (5512) (820°C) [16] surfaces. Higher
desorption temperature than planar (111) surface clearly
indicates a stronger bonding between adsorbate and
substrate atoms in a high-index surface owing to better
coordination. This may be ascribed to the terrace and
stepped-type morphology of the Si (113) surface, furnished

Adv. Mater. Lett. 2015, 6(8), 690-694
-

Advanced Materials Letterg

with intermediate dangling bond density and hence
providing stability to In atoms. On annealing the Si (113)
surface beyond 620 °C, 3x2 reconstruction reappeared on
the surface.

A consolidate size and density of the In NCs developed
at different annealing temperatures has been tabulated in
Table 1. RT deposited Si (113) surface covered In-NCs are
completely converted to comparatively flat surface by
annealing up to 200°C. The average size of the NCs has
been reduced from 6 0.3 to 2+0.3 nm. On further
annealing metastable state of SNCs was observed with
average size and density of 10+0.3 nm and 2x10% cm?
respectively. Annealing at 500°C, NCs of average size
2+0.3 nm was observed which is similar to the size
obtained at 200°C annealing temperature. Beyond this
temperature at 600°C, 1 ML covered In flat layer nuclide
into tiny nano-islands with average size of 4+0.3 nm.
Interestingly, in the present study of In/Si (113) system, a
competition between layer and nano-cluster rearrangement
has been observed twice during the entire thermal
desorption process (both before bilayer & monolayer
desorption) which suggests that the surface morphology
play significant role in defining the stability of the layers
and desorption pathways of adsorbed In atoms from the
surface.

Conclusion

In this work, the phenomena of layering to nano-clustering
and vice versa of In atoms on reconstructed Si (113) 3x2
surface has been studied by means of STM while XPS
study is utilized for the elemental analysis of Si (113)
surface. The atomically resolved thermally stable Si (113)
surface (inset of Fig. 2a) was observed after the in-situ
cleaning procedure with stable 3x2 reconstructions. Initial
In deposition on Si (113) surface forms small size In NCs
with average size of 6+0.3 nm. Controlled thermal
desorption analysis divulged the formation of In 3D-SNCs
with a maximum size of 10+0.3 nm. A competition between
layer to cluster rearrangement has been observed twice
during the entire thermal desorption process and the
complete desorption of In atoms from Si (113) was
observed at 620°C. The outcomes of the current study
contribute to the fundamental understanding of growth
kinetics, phenomenon of nucleation and segregation of
Indium nano-islands on reconstructed Si (113) surface.
Further, the size tunability of metallic (In) NCs can be
utilized for controlled epitaxy as well as fabrication of next
generation nanoscale devices.
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