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ABSTRACT

We report a periodic two-dimensional (2-D) array of uniquely shaped dotlike
nanoprotrusions (NPs), which simultaneously self-organize on a Si surface under
pulsed laser irradiation. The shape of the dotlike NPs can be controlled by
adjusting the number of laser pulses. The flask-shaped dotlike NPs array is named
a vidro-nanodot (VND) array. We present a detailed analysis of internal structure

of VND using high-resolution electron microscopy.



Text

The fabrication of dotlike NPs can be categorized into two competing methods: a
bottom-up method by self-organizing or self-assembling single-molecule components
into larger structures and a top-down method by breaking or patterning into smaller
structures. Two-dimensional (2-D) nanostructure arrays or 3-D nano-objects such as a
wineglass " fabricated by focused-ion-beam chemical-vapor deposition (FIB-CVD) and

artificial atomic objects fabricated by scanning tunneling microscopy (STM) ¥

are
well-known examples of products fabricated using the bottom-up method for

nanofabrication, i.e., an approach seeking to have smaller components (e.g., atoms or

molecules) built up into more complex assemblies. Self-organized surface

7) 9)

nanostructures induced by quantum beam irradiation, such as electron > or ion *
irradiation, have also been recognized to be fabricated by the bottom-up method.
Although it has long been considered for the case of pulsed laser irradiation '*'® that the
ripple structure formed as a laser-induced periodic surface structure (LIPSS) is caused
by a top-down effect due to the interference between incident and scattered waves, ' '?
the self-organization of laser-induced surface nanostructures including dotlike

nanoprotrusion (NP) array has recently been discussed in terms of a bottom-up process.

In addition, an explanation that has been proposed for subwavelength LIPSS bifurcation



is the self-organization initiating from surface instabilities arising from two competing
processes, namely, surface roughening due to explosions and surface smoothing due to
self-diffusion. ' '

We report in this letter the discovery of a periodic array of flask-shaped NPs (hereafter,
we call it a vidro-nanodot (VND) array) on a silicon surface, which is transiently
generated by pulses-laser irradiation, as an intermediate state between primary NPs and
hemispheroidal NPs (Fig. 1). The formation of such a periodic 2-D array of dotlike NPs
is induced as a competitive phenomenon between top-down and bottom-up processes

17)

upon pulses-laser irradiation, "’ causing the dotlike NP shape to change from primary

NPs to hemispheroidal NPs. '® The change in shape is attributed to the well-studied

129 in a nonequilibrium state under the

aggregation of silicon clusters and atoms
thermal gradient of nanosecond laser irradiation. It is then demonstrated that the shape
of dotlike NPs can be controlled by adjusting the number of laser pulses (e.g., for VND
fabrication, typically, 3000-4000 pulses with an energy density of 1.24 kJ/m? at low
pressures).

Each specimen used in this study was an n-type Si(100) substrate (KN Platz Co., Ltd.)

with a resistivity of 22-45 Q-cm. The specimens were laser-irradiated at room

temperature at a low pressure in an air environment using a Nd: YAG pulsed laser (Inlite



IT Continuum Co., Ltd.) with a wavelength of 532 nm, a pulse width of 5-7 ns, and a
repetition rate of 2 Hz. The laser incident conditions were fixed by placing a polarizer
and a half-wave plate between the laser source and the specimen. A laser beam
(diameter, 6 mm) normal to the surface was selected; the beam had an average laser
energy density of 1.24 kJ/m?.

After irradiation, the surface morphology of the specimens was observed by scanning
electron microscopy (SEM: JEOL JSM-6500), and structural and chemical analyses
were performed by transmission electron microscopy (TEM: JEOL JEM-2010F). To
examine the distribution of the elemental concentration at the nanometer scale,
elemental maps were acquired by scanning transmission electron microscopy (STEM:
JEOL JEM-2010F EM-24015) and X-ray energy-dispersive spectroscopy (EDS: Noran
Vantage). The structural observations were undertaken by TEM and EDS. Electron
energy loss spectroscopy (EELS: Gatan PEELS Model-678) was also carried out using a
field-emission transmission electron microscope operated at 200 kV with a parallel
electron energy-loss spectrometer.

Figure 2 shows the structure of a 2-D VND array observed on a Si(100) surface after laser
irradiation of 3000 pulses at a 1.24 kJ/m” average laser energy density and a low pressure

(1.33 Pa). In this study, the laser incidence of the single beam is normal to the surface.



The VNDs were arrayed linearly with an interdot distance of 110-130 nm,
perpendicularly to the laser polarization direction (denoted as E in the figures) with a line
spacing of 530 nm, nearly the same as the laser central wavelength. The statistical results
in Fig. 2(b) indicate that the VNDs are more than 30 nm with an average diameter of 50
nm.

A 2-D dotlike NPs array can be found near a local laser-irradiated region of high energy
density. The area in which a VND array is observed is more than 100 pm”. The growth of
dotlike NPs differed from region to region, depending on the laser energy distribution
such as the energy gradient between the central and local irradiated regions. The energy
density of the local region on a surface where exceeds the threshold with a higher
energy density melts during pulsed laser irradiation of 5-7 ns, followed by solidification.
A dotlike NP is then cumulatively grown by changing the number of laser pulses, and
the shape changes from a primary NP (<1500 pulses) and a VND (3000-4000 pulses) to
a hemispheroidal NP (>5000 pulses) in 1.33 Pa with increasing number of laser shots. 17,
') Thus, it is suggested that the shape of dotlike NPs can be controlled by selecting the
number of laser pulses.

To investigate details of the VND structure, we carried out a microscopic observation.

Figure 3 shows TEM and STEM images and EDS elemental mappings of the



cross-section of a VND observed on a Si(100) substrate after irradiation with 1500
pulses at 1.24 kJ/m*in air. The VND was 50 nm in diameter and 120 nm in height on
average. Its internal layer was made of Si, while its surface layer was identified to be
silicon oxide from the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image in Fig. 3(b) and from the EDS mapping (taken
from the square part in Fig. 3(a)) in Figs. 3(c)-(e).

Figure 4 shows a cross-sectional high-resolution (HR) TEM image and the EELS
profiles of a VND in Fig. 3. As shown in Figs. 4(b)-(d), the bottom part of the VND
exhibits epitaxial growth; however, the upper side of the neck portion in Fig. 4(c) was
non-epitaxial grown, owing to twinning crystallization. This indicates that the cooling
rate of the corresponding part is markedly higher; moreover, some of the VNDs are
observed to include a multiply twinned structure (MTS), e.g., an MTS with five
domains as shown in Figs. 4(d) and (e), which is a well-known MTS in a Si
nanoparticle. 22 23) Figure 4(e) shows an HRTEM image of the MTS obtained by
performing noise filtering using a fast Fourier transform (FFT) of the square region in
Fig. 4(d). Anideal {111} twin with a fivefold MTS should mutually rotate each other by
about 70.5°. Thus, the total angle of the five domains should be 352.5 degrees, resulting

in a mismatch angle of 7.5 degrees. In Fig. 4(e), the angles of each rotation were about



(01) 71.5, (82) 70.5, (03) 77.0, (84) 70.5 and (05) 70.0 degrees with common axis of [110]
direction. It appears that the mismatch is relaxed by one of the domains with the
introduction of elastic strain, namely, the 03 domain in Fig. 4(e), which is in agreement
with the case of the multiply twinned particle (MTP). >

Figure 4(f) shows the EELS profiles obtained at the points indicated by arrows ¢ and u
indicating the VND neck in Fig. 4(c). The Si L-edge spectra (t) and (u) corresponded to
Si0O; and bulk Si, respectively, confirming that the internal layer of the VND is silicon,
and that the oxidized layer on the surface is a thin SiO, layer. The results of EDS
analysis at the points indicated by arrow s in Fig. 4(b) and arrows #-v in Fig. 4(c) are
also consistent with the HAADF-STEM and HRTEM observations.

Although its details have not been completely revealed, the mechanism of VND
formation can be summarized as follows. First, Si atom clusters are produced by
ablation in a local laser region and redeposited as atomic clusters fooled by irradation
again with subsequent laser shots, which results in their melting and aggregation into
dotlike NPs, such as primary NPs, accompanied by the formation of regular ripples.
Such primary NP formation process has recently been confirmed by in situ

pulsed-laser-equipped high-voltage electron microscopy (laser-HVEM). '” 1t is then

considered that a primary NP array fabricated by self-organization under a radiation



field of laser light provides stable nucleation sites for further NP growth to VNDs. The

radial expansive growth of VNDs indicates that the aggregation of atomic clusters

predominantly occurs at the tip of primary NPs.

We demonstrated that a unique VND array is formed on a Si(100) substrate via a

competitive phenomenon between top-down and bottom-up processes by pulses-laser

irradiation. In this study, the line spacing and interdot distance of the ordered VND

array related to laser wavelength were 530 nm and 110-130 nm, respectively. It is

deduced that the ordering of VNDs perpendicularly to the E direction is attributable to

the self-organization under linearly polarized laser irradiation. The dotlike NPs

produced were distinguished by their primary NP and vidro shapes. The VNDs were 50

nm in diameter and 120 nm in height on average and covered with a thin SiO; layer, and

their assembly was initiated at the tip of primary NPs. Patterned VNDs can be

fabricated and dotlike NP structures can be controlled by adjusting the number of laser

pulses. The freedom of selecting a 2-D nanostructure array presented in this article for

the laser-assisted fabrication of 3-D nano-objects on a surface has the potential to lead

to the development of novel nanodot devices.
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Figure captions

Fig. 1. Schematically illustrated shape change of dotlike NP under pulses-laser
irradiation. (a) Primary NP. Nanosize conical structure. (b) Vidro-nanodot (VND).
Dotlike NP with flask shape. (c) Hemispheroidal NP of multicrystalline structure (Non

epitaxially).

Fig. 2. Aligned dotlike NPs on Si surface after pulse laser irradiation: (a) SEM image of
dotlike NP array on Si(100) surface after pulses-laser shots in low-pressure chamber
(1.33 Pa) at repetition rate of 2 Hz and laser energy density of 1.24 kJ/m”.

(b) Diameter distribution obtained from square portion in Fig. 2(c). SEM image (with
tilted samples) of VND array with 70° tilt. (d) Magnified view of square portion

in Fig 2(c). E indicates the electric field vector of the laser light on the surface under

laser irradiation.

Fig. 3. Cross-sectional TEM and STEM images and EDS elemental mappings of
aligned dotlike NPs on Si(100) surface after pulsed laser irradiation in air with 1500
pulses at repetition rate of 2 Hz and energy density of 1.24 kJ/m”. A sample of the

dotlike NP array is prepared along VNDs aligned perpendicularly to the E direction as

12



shown in Fig. 2.

(a) Cross-sectional TEM image of NPs. (b) HADDF-STEM image from square portion
b in Fig. 3(a). (c)-(e) EDS mappings of silicon, oxygen and carbon, respectively, from
VND in square portion in Fig. 3(a). The outside part was a carbon-deposited layer, as
shown in Fig. 3(e), which was deposited when the cross-sectional specimens for STEM

and TEM were prepared by a FIB process.

Fig. 4. High-resolution TEM image and EELS profile of VND structure on Si(100)
surface after pulsed laser irradiation in air with 1500 pulses at energy density of

1.24 kJ/m?. (b) Magnified view of square portion b in Fig. 4a. The inset is the HRTEM
images taken from the top part, indicating the crystalline. (¢) Magnified view of square
portion ¢ in Fig. 4(a). The inset is the HRTEM images taken from near the interface between
the Si(001) substrate and the bottom part, indicating the epitaxial growth. (d) Magnified
view of square portion din Fig. 4(c).

(e) FFT-treated high-resolution image of obtained from square portion € in Fig. 4(d). A
multiply twinned structure (MTS) of the neck part was clearly observed upon FFT
treatment. (f) EELS profiles, (¢) and (¢ ), at surface (arrow ¢) and bottom (arrow ¢) of

neck part in Fig. 4(c), respectively.
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