() Research Article
Check for
updates

| 282 Vol. 12, No. 2 / February 2024 / Photonics Research

PHOTONICS Research

Controllable shaping of high-index dielectric
nanoparticles by exploiting the giant optical
force of femtosecond laser pulses

YuHENG Mao,"T ® SHuwen Bai,>" MINGCHENG Panmal,' Liban ZHou,™® SHimer Liv," SHuier Li,*
Haiving Liu,' ® HaHua Fan,' Jun Dal,* AND SHENG LAN"*

'Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials and Devices, School of Information and Optoelectronic Science and
Engineering, South China Normal University, Guangzhou 510006, China

2Shenzhen Institute of Terahertz Technology and Innovation, Shenzhen 518102, China

3State Key Laboratory of Optoelectronic Materials and Technologies, School of Electronics and Information Technology, Sun Yat-sen University,
Guangzhou 510006, China

“School of Optoelectronic Engineering, Guangdong Polytechnic Normal University, Guangzhou 510665, China

"These authors contributed equally to this work.

*Corresponding author: slan@scnu.edu.cn

Received 24 August 2023; revised 26 November 2023; accepted 5 December 2023; posted 6 December 2023 (Doc. ID 503661);
published 1 February 2024

Nanoparticles made of different materials usually support optical resonances in the visible to near infrared spec-
tral range, such as the localized surface plasmons observed in metallic nanoparticles and the Mie resonances
observed in dielectric ones. Such optical resonances, which are important for practical applications, depend
strongly on the morphologies of nanoparticles. Laser irradiation is a simple but effective way to modify such
optical resonances through the change in the morphology of a nanoparticle. Although laser-induced shaping
of metallic nanoparticles has been successfully demonstrated, it remains a big challenge for dielectric nanopar-
ticles due to their larger Young’s modulus and smaller thermal conductivities. Here, we proposed and demon-
strated a strategy for realizing controllable shaping of high-index dielectric nanoparticles by exploiting the giant
optical force induced by femtosecond laser pulses. It was found that both Si and Ge nanoparticles can be lit up by
resonantly exciting the optical resonances with femtosecond laser pulses, leading to the luminescence burst when
the laser power exceeds a threshold. In addition, the morphologies of Si and Ge nanoparticles can be modified by
utilizing the giant absorption force exerted on them and the reduced Young’s modulus at high temperatures. The
shape transformation from sphere to ellipsoid can be realized by laser irradiation, leading to the blueshifts of the
optical resonances. It was found that Si and Ge nanoparticles were generally elongated along the direction parallel
to the polarization of the laser light. Controllable shaping of Si and Ge can be achieved by deliberately adjusting
the excitation wavelength and the laser power. Our findings are helpful for understanding the giant absorption
force of femtosecond laser light and are useful for designing nanoscale photonic devices based on shaped high-

index nanoparticles. ~© 2024 Chinese Laser Press
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1. INTRODUCTION

In ancient times, people made farm tools and weapons by hit-
ting iron that had been heated to a high temperature. In this
case, the Young’s modulus of iron is reduced at high temper-
atures so that it can be readily shaped by hitting. As compared
with metals, dielectric materials usually possess higher melting
temperatures and larger Young’s moduli. As a result, they are
difficult to shape. For example, it is necessary to heat glass to a
temperature as high as ~1700 K in order to make a glass vessel.

femtosecond lasers have been widely used in the cutting, weld-
ing, and molding of metals by exploiting the photon energy car-
ried by the laser light. In the micro- or mesoscopic world, laser
light is also employed to excite [1-4], manipulate, and shape
[5-9] metallic micro- and nanoparticles. It is well known that
metallic nanoparticles usually support localized surface plasmon
resonances (LSPRs) in the visible to near infrared spectral range,
which depend strongly on the morphologies of nanoparticles.
Therefore, the LSPR of a metallic nanoparticle, at which the elec-

Since the invention of the laser in 1960s, human life has been
significantly changed by laser light. Nowadays, picosecond and
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tric field is greatly enhanced, can be modified by changing the
shape of the nanoparticle. The modification of the LSPR of
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a metallic nanoparticle is generally accompanied by the change in
the color of the scattering light of the nanoparticle. This feature
has been exploited to realize nanoscale color display with laser-
shaped metallic nanoparticles [10]. In most cases, shaping of
metallic nanoparticles by laser irradiation is realized by exploiting
the heat released by the non-radiative recombination of photo-
generated carriers. In comparison, less attention has been paid to
the optical force exerted on nanoparticles by laser light. It is well
known that a laser beam can be employed to manipulate a nano-
particle by exploiting the oprtical force acting on the nanoparticle.
It was demonstrated that a metallic nanoparticle can be shaped
by a continuous wave laser light, leading to the color change in
the scattering light [5,7,8].

Dielectric nanoparticles with high refractive indices, such as
silicon (Si), germanium (Ge), and gallium arsenide (GaAs)
nanoparticles, support distinct Mie resonances in the visible
to near infrared spectral range. They are considered as artificial
atoms for constructing metasurfaces and metamaterials operat-
ing at optical frequencies. Similar to their metallic counterparts,
the Mie resonances supported in a dielectric nanoparticle de-
pend strongly on the morphology of the nanoparticle. It implies
that one can modify the wavelengths of these optical resonances
by shaping the dielectric nanoparticle. In a previous study, it
was shown by numerical simulation that an ellipsoidal Si nano-
particle exhibits a distinct magnetic quadrupole (MQ) reso-
nance well separated from the electric dipole (ED) one [11].
Comparing with the MQ of a spherical Si nanoparticle, it is
revealed that the MQ of the ellipsoidal Si nanoparticle will offer
larger two-photon-induced absorption (TPA) when it is reso-
nantly excited by femtosecond laser pulses [12]. It means that
shaping of dielectric nanoparticles is also desirable from the
viewpoint of practical applications. In recent studies, spherical
Si nanoparticles made by femtosecond laser ablation were usu-
ally used to construct Si/Au nanocavities with an embedded
WS, monolayer for investigating plasmon-exciton coupling
[13-15]. In this case, it is highly desirable that the optical res-
onance of a Si/Au nanocavity, which is determined by the size
and shape of the Si nanoparticle, can match the exciton reso-
nance of WS, monolayer. In this regard, laser-induced shaping
of Si nanoparticles appears as a simple and effective way to
achieve this goal.

As mentioned at the beginning, dielectric materials usually
possess a higher melting point and smaller thermal conductivity
as compared with metals. In addition, the absorption of such
dielectric materials in the visible to near infrared spectral range
is also much smaller in comparison with metals. Otherwise,
they cannot support distinct Mie resonances. Therefore, it re-
mains a big challenge to realize controllable shaping of dielec-
tric nanoparticles by using femtosecond laser light.

In this work, we investigated the shaping of Si and Ge
nanoparticles placed on ITO/SiO, and Au/SiO, substrates
by femtosecond laser pulses. We demonstrated that high-index
nanoparticles made of semiconductors with indirect bandgaps
can be lit up by resonantly exciting the optical resonances with
femtosecond laser pulses. It was observed that the burst of hot
electron luminescence can be induced by raising the laser power
above a threshold. The Young’s modulus of Si or Ge reduced at
high temperatures when the burst of luminescence occurred.
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It was found that a spherical nanoparticle can be transformed
into an ellipsoidal one with its long axis parallel to the polari-
zation of the laser light by irradiating the nanoparticle with laser
light above the threshold. The shaping of a dielectric nanopar-
ticle depends not only on the melting point and Young’s modu-
lus of the dielectric material but also on the substrate used to
support the nanoparticle.

2. RESULTS AND DISCUSSION

A. Shaping of Si Nanoparticles by Femtosecond
Laser Pulses

In Fig. 1, we show schematically the morphology change in-
duced by femtosecond laser pulses in a Si (or Ge) nanoparticle
placed on an ITO/SiO, or an Au/SiO, substrate. Since the
nonlinear optical absorption (e.g., TPA) at the optical resonan-
ces of the Si (or Ge) nanoparticle is greatly enhanced, high-
density carriers can be injected into the Si (or Ge) nanoparticle
through the resonant excitation of the optical resonances by
using femtosecond laser pulses. If the excitation laser power ex-
ceeds a critical value (i.e., a threshold), the heat released from
the thermalization of hot carriers will heat the Si (or Ge) nano-
particle to a high temperature at which the intrinsic excitation
of carriers occurs. As a result, one can observe the burst of
hot electron luminescence from the Si (or Ge) nanoparticle
[16-20].

In previous studies, much effort was devoted to enhancing
the quantum efficiency of the hot electron luminescence
[1,2,16-22]. In comparison, less attention was paid to the mor-
phology change of the nanoparticle induced by femtosecond
laser pulses. Since the first demonstration of the optical tweezer
in 1980s by Ashkin, the gradient force generated by a focused
continuous wave (CW) laser beam is commonly employed to
manipulate micro- and nanoparticles [5,8,23,24]. However,
very few studies have been devoted to the optical forces gen-
erated by femtosecond laser light, which are associated with
nonlinear optical effects [18,25]. Apart from scattering and gra-
dient forces, the absorption force induced by femtosecond laser
light can be very huge if the nonlinear optical absorption of a
nanoparticle is great. In this case, the momentum carried by the
photons of the femtosecond laser light will be converted to the
optical force exerted on the nanoparticle in an ultrashort time
(~100 fs), resulting in a giant optical force acting on the nano-
particle. On the other hand, the dielectric nanoparticle (Si or
Ge) will become softer at high temperatures due to the reduced
Young’s modulus. Physically, the circular electric field distribu-
tion at the MD resonance provides highly efficient nonlinear
optical absorption, which is employed to inject high-density
carriers into a nanoparticle and to generate giant absorption
force acting on the nanoparticle. Based on a previous study
[12], the high-order Mie resonances supported by a Si nano-
particle can also be employed to achieve enhanced nonlinear
optical absorption and emission from the Si nanoparticle.
Therefore, it is expected that the resonant excitation of such
optical resonances can also be used to realize the shaping of
Si nanoparticles. On the other hand, it was reported that struc-
tured light will offer enhanced nonlinear optical efficiency due
to the match between the electric field of the light and the
mode pattern of the nanoparticle [26]. Thus, lighting and
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Fig. 1. (a) Schematic showing the controllable shaping of a spherical Si nanoparticle placed on an ITO/SiO, or an Au/SiO, substrate into an
ellipsoidal one by using femtosecond laser pulses. (b) Schematic showing the controllable transformation of a spherical Ge nanoparticle placed on an
Au/SiO, substrate into an ellipsoidal one by using femtosecond laser pulses. A spherical Ge nanoparticle placed on an ITO/SiO, substrate cannot
be shaped by femtosecond laser pulses because of melting of the Ge nanoparticle.

shaping high-index dielectric nanoparticles by using structured
light is an interesting topic to be investigated in the future [27].
Therefore, a morphology change is expected to occur for the
nanoparticle once it is lit up by femtosecond laser light. As
demonstrated later, spherical Si nanoparticles can be shaped
into ellipsoidal ones no matter if they are placed on an ITO/
SiO, substrate or an Au/SiO, substrate. In comparison, spheri-
cal Ge nanoparticles can only be transformed into ellipsoidal
ones when they are placed on an Au/SiO, substrate. In both
cases, it was found that the long axes of shaped Si or Ge nano-
particles are parallel to the polarization of the femtosecond
laser light.

In Fig. 2(a), we show the evolution of the luminescence
spectrum of a Si nanoparticle placed on an ITO/SiO, substrate
with increasing excitation laser power (P). In this case, an
800 nm femtosecond laser beam polarized along the x direction
was employed to excite the Si nanoparticle. It can be seen that
the luminescence burst occurs at 2 = 12 mW. In Fig. 2(b), we
present the scattering spectra of the Si nanoparticle measured
before and after the luminescence burst. In both cases, one can
identify the electric dipole (ED) and magnetic dipole (MD)
resonances supported by the Si nanoparticle. It is noticed, how-
ever, that the MD resonance is shifted to a shorter wavelength
after the luminescence burst. In comparison, the ED resonance
remains nearly unchanged. It is noticed that the MQ reso-
nance, which is initially hidden in the broad ED resonance,
emerges in the scattering spectrum due to a blueshift. This
behavior is similar to that predicted in the numerical simulation
[11]. We examined the morphologies of the Si nanoparticle
before and after the laser irradiation based on scanning elec-
tron microscopy (SEM) observation, as shown in the insets

of Fig. 2(b). From the top view of the Si nanoparticle, it
was found that the Si nanoparticle was elongated along the
polarization of the laser light, which was set in the x direction.
We also examined another Si nanoparticle, which was excited
by using 800 nm femtosecond laser light polarized along the
y direction. Similarly, we observed the luminescence burst
when the laser power reached P = 12 mW, as shown in
Fig. 2(c). The modification in the scattering spectrum of the
Si nanoparticle is quite similar to that observed for the previous
one, as shown in Fig. 2(d). However, it was found that the
Si nanoparticle was elongated along the y direction after the
luminescence burst, which was the polarization direction of
the laser light. This behavior implies that the deformation of
the Si nanoparticle is closely related to the polarization of the
laser light.

Physically, the change in the scattering spectrum of the Si
nanoparticle may originate from the modification in the struc-
ture or morphology of the Si nanoparticle. In order to clarify
this point, we performed numerical simulations for the scatter-
ing spectra of Si@SiO, core-shell structures and ellipsoidal Si
nanoparticles with different dimensions in the z direction.
It was found that the change in the scattering spectrum cannot
be attributed to the oxidation of the Si nanoparticle. Instead,
the morphological change of the Si nanoparticle from sphere
to ellipsoid, which was also verified by the SEM images, can
reproduce the scattering spectrum of the Si nanoparticle ob-
served in the experiments. In Fig. 2(e), we present the two-
dimensional scattering spectra simulated for ellipsoidal Si
nanoparticles with different diameters in the z direction (),
in which the evolutions of the MD, ED, and MQ resonances
with decreasing ,, are clearly identified. Although we had only
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(a) Evolution of the luminescence spectrum with increasing laser power measured for a Si nanoparticle (particle A). (b) Scattering spectra

measured for a Si nanoparticle (particle A) before and after the laser irradiation above the threshold. The SEM images before and after the laser
irradiation are shown as insets. The polarization of the laser light is indicated by arrows. The length of the scale bar is 100 nm. (c) Evolution of the
luminescence spectrum with increasing laser power measured for another Si nanoparticle (particle B). (d) Scattering spectra measured for another Si
nanoparticle (particle B) before and after the laser irradiation above the threshold. The SEM images before and after the laser irradiation are shown as
insets. The polarization of the laser light is indicated by arrows. The length of the scale bar is 100 nm. (¢) Two-dimensional scattering spectra
calculated for ellipsoidal Si nanoparticles with fixed dimensions in the XY plane (4, = 220 nm, 4, = 222 nm) and variant dimension in the
z direction (4, = 190-230 nm). Measured results before and after laser irradiation are indicated with yellow dashed lines. (f) Two-dimensional
scattering spectra calculated for ellipsoidal Si nanoparticles with fixed dimensions in the XY plane (4, = 214 nm, 4, = 216 nm) and variant
dimension in the z direction (4, = 190-230 nm). Measured results before and after laser irradiation are indicated with yellow dashed lines.

that Si nanoparticles can be elongated along the polarization di-
rection of the laser light after the luminescence burst, no matter
if they are placed on an ITO/SiO; or an Au/SiO, substrate.

In previous studies, we have demonstrated that Si nanopar-
ticles can be lit up by injecting high-density carriers through

the data for one Si nanoparticle before and after the laser irra-
diation, the wavelengths of the MD, ED, and MQ resonances
extracted from the simulation result match well with those
observed in the experimental observation [see the two dashed
lines in Fig. 2(e)]. In Fig. 2(f), the evolutions of the MD, ED,

and MQ resonances of a Si nanoparticle (4, = 214 nm,
d, =216 nm) with decreasing 4, are predicted based on
numerical simulations. The two dashed lines indicate the initial
and final values for &, extracted from the scattering spectra [see
Fig. 2(d)]. In our experiments, we examined the scattering spec-
tra and morphologies of many Si nanoparticles and confirmed

resonantly exciting the optical resonances with femtosecond
laser pulses [16-20]. We think that the underlying physi-
cal mechanism is applicable to other high-index dielectric
nanoparticles made of semiconductors with indirect bandgaps.
Consequently, high-index dielectric nanoparticles can also be
shaped by utilizing the optical force of femtosecond laser pulses.
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B. Lighting and Shaping of Ge Nanoparticles by
Femtosecond Laser Pulses

In order to confirm this suspect, we carried out similar experi-
ments for Ge nanoparticles placed on an ITO/SiO, or an
Au/SiO, substrate by using 715 nm femtosecond laser light.
In Fig. 3(a), we show the luminescence spectra measured for a
Ge nanoparticle placed on the ITO/SiO, substrate at different
laser powers. A rapid increase in the luminescence intensity is
observed when the laser power exceeds 2 = 3 mW. It verifies
that Ge nanoparticles can also be lit up by injecting high-
density carriers. However, the ED and MD resonances in the
scattering spectrum of the Ge nanoparticle remain almost
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unchanged, as shown in Fig. 3(b). Based on the SEM images
shown in the insets, it was found that the Ge nanoparticle was
melted by the high temperature, leading to a spherical shape
with a smooth surface. This behavior is different from that ob-
served for Si nanoparticles placed on the ITO/SiO, substrate.
The reason is the much lower melting point of Ge (~1210 K)
as compared with that of Si (~1683 K). We calculated the
dependence of intrinsic carrier density on temperature for Ge
[28]. It was found that the intrinsic carrier density increases
rapidly for temperatures higher than 1200 K, which exceeds
the melting point of Ge. Once a Ge nanoparticle is melted,
it tends to maintain a spherical shape due to the surface tension.
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(a) Evolution of the luminescence spectrum with increasing laser power measured for a Ge nanoparticle placed on an ITO/SiO, substrate.

The luminescence images recorded by using a CCD at different laser powers are also provided. (b) Scattering spectra measured for a Ge nanoparticle
placed on an ITO/SiO, substrate before and after the laser irradiation above the threshold. The SEM images before and after the laser irradiation are
shown as insets. The length of the scale bar is 100 nm. (c) Evolution of the luminescence spectrum with increasing laser power measured for a Ge
nanoparticle placed on an Au/SiO, substrate. The luminescence images recorded by using a CCD at different laser powers are also provided.
(d) Dependence of the luminescence intensity on the polarization angle of the analyzer. The dependence of the laser light intensity on the polari-
zation angle is also provided for reference. (e) Scattering spectra measured for a Ge nanoparticle (particle C) placed on the Au/SiO, substrate before
and after the laser irradiation above the threshold. The SEM images before and after the laser irradiation are shown as insets. The polarization of the
laser light is indicated by arrows. The length of the scale bar is 100 nm. (f) Scattering spectra measured for another Ge nanoparticle (particle D)
placed on the Au/SiO, substrate before and after the laser irradiation above the threshold. The SEM images before and after the laser irradiation are
shown as insets. The polarization of the laser light is indicated by arrows. The length of the scale bar is 100 nm.
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As a result, the transformation from a sphere to an ellipsoid is
not observed. Thus, the modification in the scattering spec-
trum of the Ge nanoparticle is expected to be small before
and after the laser irradiation, as shown in Fig. 3(b).

Now we inspect the luminescence spectra measured for a Ge
nanoparticle placed on an Au/SiO, substrate at different laser
powers, as shown in Fig. 3(c). In this case, the luminescence
intensity of the Ge nanoparticle increased gradually with in-
creasing laser power. However, there was not an obvious thresh-
old above which the luminescence burst occurs. We checked
the luminescence intensity at different polarization angles by
using a polarization analyzer, as shown in Fig. 3(d). It was
found that the luminescence was dominated by the radiation
of an ED oriented in the x direction, which is parallel to the
polarization of the laser light. In this case, the hot carriers gen-
erated by the femtosecond laser light are accelerated by the elec-
tric field of the laser light, oscillating in the x direction [29].
The momentum of the free carriers is converted to the optical
force acting on the nanoparticle, leading to the elongation of
the nanoparticle in this direction.

Different from Ge nanoparticles placed on the ITO/SiO,
substrate, Ge nanoparticles placed on the Au/SiO, substrate
can be shaped by femtosecond laser light. In Figs. 3(e) and
3(f), we show the scattering spectra measured for two Ge nano-
particles before and after the laser irradiation. Before the laser
irradiation, each Ge nanoparticle exhibited distinct mirror-
image-induced magnetic dipole (MMD) resonance in the scat-
tering spectrum due to the existence of the Au film [30-32].
After the laser irradiation, a blueshift of the MMD resonance
was observed while the ED resonance remained almost un-
changed. Based on the SEM images shown in the insets, it was
found that in each case the Ge nanoparticle was elongated along
the polarization of the laser light, which was intentionally set
at the x and y directions, respectively. This behavior is quite
similar to that observed for Si nanoparticles deformed by fem-
tosecond laser light. For the Ge nanoparticle placed on the
Au/SiO, substrate, the nonlinear optical absorption of the
Ge nanoparticle is enhanced due to the formation of MMD
resonance. In addition, the melting of the Ge nanoparticle is
avoided because of the good thermal conductivity of Au.

Physically, the controllable shaping of high-index dielectric
nanoparticles relies on the giant absorption force originating
from the resonant excitation of the optical resonances sup-
ported by nanoparticles. The reduced Youngs modulus of
the material at high temperatures also plays a crucial role in the
shaping of such nanoparticles. In fact, the major limitation of
the method is the requirement of resonant excitation. Once a
nanoparticle is deformed, the optical resonance supported by
the nanoparticle will be shifted, alleviating the further shaping
of the nanoparticle due to the reduced nonlinear optical absorp-
tion. Thus, it is necessary to change the wavelength of the laser
light in order to achieve a large deformation of the nanoparticle.
Another limitation of the method is that the shaping of a
nanoparticle is influenced by the substrate used to support the
nanoparticle. The Mie resonances supported by a high-index
nanoparticle can be modified by the substrate [33], leading
to the change in the electric field distribution, nonlinear optical
absorption, and temperature distribution. On the other hand,
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the cooling of the shaped nanoparticle is also affected by the
thermal conductivity of the substrate. When a substrate with
poor thermal conductivity is used, the shaping of a nanoparticle
may not be successful [e.g., Ge nanoparticles on an ITO/SiO,
substrate; see Fig. 3(b)].

C. Optical Forces Exerted on Ge Nanoparticles by
Femtosecond Laser Pulses

In order to understand the physical mechanism responsible for
the shaping of Si and Ge nanoparticles, we analyzed the optical
forces induced by femtosecond laser pulses and exerted on a
Ge nanoparticle. In our experiments, we used 715 nm femto-
second laser light to excite the Ge nanoparticle. The energy of
a single photon is £, = 2.78 x 107 J. Based on previous
studies, the density of photo-generated carriers will exceed
10%° ¢cm™ when the luminescence burst occurs [17]. Since car-
riers are injected via a TPA process, the number of photons
absorbed by the Ge nanoparticle with 4 = 180 nm is esti-
mated to be V = 6.10 x 10, corresponding to a total energy
of E, = 1.70 x 1073 J. Thus, the momentum carried by these
photons is found to be M, = 5.70 x 10> N - 5. Considering
that the momentum of the photons is converted to an optical
force in a short time corresponding to the duration of the fem-
tosecond laser pulses (r = 130 fs), the absorption force exerted
on the Ge nanoparticle by a single femtosecond laser pulse is
calculated to be F, = 4.40 nN.

Apart from the optical force arising from the absorption of
photons (an absorption force), we also calculated numerically
the scattering force (radiation pressure) and gradient force ex-
erted on the Ge nanoparticle based on the Maxwell stress ten-
sor, as shown in Fig. 4(a) [5]. In this case, the diameter of
the laser beam with a Gaussian intensity distribution was as-
sumed to be D = 670 nm while the diameter of the Ge nano-
particle was chosen to be 4 = 134 nm. The maximum values
for the scattering and gradient forces were found to be
F, =150 fN and F, = 30 {N, respectively. Apparently, they
are much smaller as compared with the absorption force
(F, = 4.40 nN). Therefore, the shape transformation of the
Ge nanoparticle is induced mainly by the absorption force
of the femtosecond laser pulses, which reduces the dimension
of the Ge in the vertical direction.

Due to the existence of the MMD resonance for the Ge
nanoparticle placed on the Au/SiO, substrate, the TPA is
greatly enhanced, leading to a larger absorption force exerted
on the Ge nanoparticle. We calculated the temperature distri-
butions in Ge nanoparticles placed on the ITO/SiO, and
Au/SiO, substrates after the excitation of a single femtosecond
laser pulse based on the two-temperature model, as shown in
Fig. 4(b) [34]. It was found that the temperature distribution
inside the Ge nanoparticle is not uniform in both cases. For the
Ge nanoparticle placed on the ITO/SiO, substrate, the tem-
perature is higher on the surface. In contrast, a higher temper-
ature is observed at the center for the Ge nanoparticle placed on
the Au/SiO,; substrate. In addition, it was found that the tem-
perature of the Ge nanoparticle placed on the Au/SiO, changes
more rapidly than that of the Ge nanoparticle placed on the
ITO/SiO, substrate due to the good thermal conductivity
of Au film. Due to the enhanced TPA and increased optical
force for the Ge nanoparticle on the Au/SiO, substrate, the
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(a) Optical force induced on a Ge nanoparticle by femtosecond laser pulses. (b) Evolution of the temperature calculated inside the Ge

nanoparticles (¢4 = 134 nm and 184 nm) placed on an ITO/SiO, substrate and an Au/SiO, substrate within one laser pulse period. Transient
temperature distributions in the XZ plane (corresponding to one laser pulse excitation) calculated for a Ge nanoparticle (4 = 134 nm and 184 nm)
placed on an ITO/SiO, substrate and an Au/SiO, substrate, as shown in the insets (i) and (ii), respectively. (c) Scattering spectra measured for four
different Ge nanoparticles irradiated by laser light above the threshold. The corresponding SEM images of the Ge nanoparticles are provided. The
length of the scale bar is 100 nm. (d) Scattering spectra measured for a Ge nanoparticle irradiated by laser light above the threshold for different
rounds. The corresponding SEM images of the Ge nanoparticle are provided.

shaping of the Ge nanoparticle occurs at a temperature lower
than the melting point of Ge. Thus, we could observe an elon-
gated Ge nanoparticle after the laser irradiation.

D. Controllable Shaping of Ge Nanoparticles by
Femtosecond Laser Pulses

Since there is no luminescence burst for a Ge nanoparticle
placed on the Au/SiO, substrate, we can achieve different de-
grees of deformation for the Ge nanoparticle by simply increas-
ing the laser power. In Fig. 4(c), we present the scattering
spectra measured for four Ge nanoparticles excited by using
femtosecond laser light with different powers. The diameters
of the Ge nanoparticles are similar before the laser irradiation.
It is noticed that the blueshift of the MMD resonance after the
laser irradiation becomes larger with increasing laser power.
Based on the SEM images shown in the insets, it was found
that the Ge nanoparticle was elongated in the direction parallel

to the polarization of the laser light. More importantly, it was
observed that the dimension of the ellipsoid in the x direction
becomes larger with increasing laser power, in good agreement
with the larger blueshift of the MMD resonance. In Fig. 4(d),
we demonstrated a controllable shaping of a Ge nanoparticle by
deliberately adjusting the laser power. In the first round, the
excitation wavelength was chosen to be 750 nm, which was
resonant with the MMD resonance of the Ge nanoparticle. The
laser power was increased gradually to 2 = 0.80 mW. After
the laser radiation, the MMD was shifted slightly by ~10 nm
(from 750 to 740 nm). Based on the SEM image, it was found
that the dimension of the Ge nanoparticle in the x direction
was increased by 1.5% while that in the y direction was in-
creased by ~1.0%. In the second round, the excitation wave-
length remained unchanged, and the laser power was raised
from P = 0.80 mW to P = 0.96 mW. A further blueshift
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of the MMD by ~15 nm was observed. Accordingly, the di-
mension in the x direction was increased by ~7.5% while that
in the y direction was increased by 1.5% as compared with the
original values. In the third round, the excitation wavelength
was set at 725 nm, and the laser power was increased from
P =0 to P =0.80 mW. A large blueshift by ~65 nm was
found for the MMD, implying a significant change in the mor-
phology of the Ge nanoparticle. Based on the SEM observation,
it was found that the Ge nanoparticle was elongated dramati-
cally in the x direction, corresponding to a change of ~45.5%
in the long axis. In comparison, the change in the short axis was
much smaller (~1.5%).

In this work, we found that a high-index dielectric nanopar-
ticle can be elongated along the polarization of the irradiation
laser light. In general, the elongation of a nanoparticle occurs
once it is lit up above the threshold laser power. In this case, the
change in the dimension of the nanoparticle is governed mainly
by the laser power used to irradiate the nanoparticle. However,
the threshold laser power for lighting up a nanoparticle depends
strongly on the size of the nanoparticle. By controlling the laser
power, one can obtain shaped nanoparticles with different elon-
gation rates ranging from 7.2% to 42.2% [see Fig. 4(c)]. Once
the nanoparticle is deformed, the optical resonance supported
by the nanoparticle is blueshifted, alleviating the further shap-
ing of the nanoparticle. In this case, one can shape the nano-
particle again by changing the wavelength of the laser light to
the new optical resonance [see Fig. 4(d)]. The change in the
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dimension of a nanoparticle demonstrated in this work can
be as large as 45%.

Actually, realizing reversible transformation is attractive and
important from the viewpoint of practical application [35]. In
fact, we attempted to realize the reversible shaping of high-
index nanoparticles by using a laser power much higher than
the threshold. Unfortunately, we did not succeed in obtaining
spherical nanoparticles although the laser power is much higher
than the threshold. We also tried the reversible shaping of
an ellipsoidal nanoparticle by using laser light with polarization
perpendicular to the long axis of the nanoparticle. In this way,
we could reduce the long axis of the ellipsoid and increase its
short axis. However, the shape of the nanoparticle is different
from the original one.

E. Optical Characterization of Deformed

Ge Nanoparticles

As discussed above, a spherical Ge nanoparticle is generally
transformed into an ellipsoidal one with its long axis along the
polarization of the laser light. Basically, such a Ge nanoparticle
can be characterized by using the scattering spectrum of polar-
ized white light, as schematically shown in Fig. 5(a) [36,37].
In this case, a polarized white light beam is incident obliquely
on a Ge nanoparticle sitting on the Au/SiO, substrate. The
polarization angle of the white light can be adjusted by rotating
a polarizer so that white light with different polarization angles
can be generated. In Fig. 5(b), we compared the scattering spec-
tra simulated and measured for an ellipsoidal Ge nanoparticle
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(a) Schematic showing the measurements of the forward scattering spectra of a Ge nanoparticle placed on an Au/SiO, substrate by using

polarized white light. (b) Simulated and measured scattering spectrum of an ellipsoidal Ge nanoparticle under unpolarized white light. The di-
mensions of the Ge nanoparticle extracted from SEM image in the x, y, and z directions are assumed to be 4, = 293 nm, 4, = 220 nm, and
d, = 121 nm, respectively. The simulated and measured forward scattering spectra under polarized white light with different polarization angles are
shown in (c) and (d), respectively. The length of the scale bar is 100 nm.
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excited by unpolarized white light. The dimensions of the Ge
nanoparticle extracted from SEM image in the x, y, and z di-
rections are assumed to be 4, = 293 nm, d] = 220 nm, and
d, = 121 nm, respectively. Except the smaller scattering inten-
sities at the short wavelengths originating from the lower effi-
ciencies of the detector, the measured spectrum matches well
with the simulated one. In Fig. 5(c), we present the two-
dimensional scattering spectra simulated for the Ge nanopar-
ticle at different polarization angles () ranging from 0° to
90°. Apparently, the polarization angles of 0° and 90° corre-
spond to s- and p-polarized light, respectively. When the Ge
nanoparticle is irradiated by using s-polarized light, the ED
along the y direction is excited. The ED and its mirror image
create an MMD in the x direction, resulting in a peak in the
scattering spectrum. Similarly, an ED along the x direction will
be excited when the Ge nanoparticle is irradiated by using
p-polarized light. A scattering peak resulting from the MMD
in the y direction will appear in the scattering spectrum.
Therefore, the ED along the long axis in the x direction and
the short axis in the y direction of the ellipsoid can be excited by
using p- and s-polarized light, respectively, resulting in the scat-
tering peaks located at the long and short wavelengths. As
shown in Fig. 5(c), one can see a scattering peak at ~670 nm
for ¢ = 0°, which corresponds to the MMD induced by the
s-polarized light. This scattering peak disappears at ¢ = 90°,
and a new scattering peak emerges at ~750 nm, which corre-
sponds to the MMD induced by the p-polarized light. In
Fig. 5(d), we present the two-dimensional scattering spectra
measured for the Ge nanoparticle at different polarization an-
gles. It can be seen that the measurement results are in good
agreement with the simulation ones, verifying clearly the for-
mation of an ellipsoidal Ge nanoparticle induced by laser
irradiation.

3. METHODS

A. Sample Preparation

The Si and Ge nanoparticles used in this work were fabricated
by using femtosecond laser ablation. Si and Ge nanoparticles
with diameters of 50-400 nm were obtained by centrifuging
the aqueous solution containing Si and Ge nanoparticles at
a speed of 7000 r/min. The aqueous solution was dropped
and dried on an ITO/SiO, or an Au/SiO, substrate.

B. Optical Characterization

The forward scattering of Si and Ge nanoparticles was charac-
terized by using a dark-field microscope (Observer Al, Zeiss)
equipped with a charge-coupled device (CCD, DS-Ri2, Nikon)
for imaging and a spectrometer (SR-500i, Andor) for spectrum
analysis. The illumination light was chosen to be unpolarized or
polarized white light. The femtosecond laser light with a rep-
etition rate of 76 MHz and a duration of 130 fs was employed
to excite Si and Ge nanoparticles placed on an ITO/SiO, or an
Au/SiO, substrate. It was focused on Si and Ge nanoparticles
by using the 100x objective lens (NA = 1.3) of an inverted
microscope (Observer Al, Zeiss). The luminescence emitted
from Si and Ge nanoparticles was collected by using the same
objective lens and directed to a spectrometer (SR-500i, Andor)
for analysis or to a CCD (DS-Ri2, Nikon) for imaging.

C. Numerical Simulation

The scattering spectrum and temperature distributions of Si and
Ge nanoparticles placed on an ITO/SiO, or an Au/SiO,
substrate were calculated numerically by using a commercially de-
veloped software (COMSOL Multdiphysics v5.4) or with the fi-
nite-difference time-domain (FDTD) method by using a
commercially developed software (FDTD solution). The numeri-
cal simulations were performed in a region whose diameter was set
to be the wavelength of the incident light. The Si and Ge nano-
particles were placed at the center of a sphere, which was enclosed
by a perfectly matched layer capable of absorbing all the outgoing

radiation.

4. CONCLUSION

In summary, we have investigated the shaping of Si and Ge nano-
particles by exploiting the optical forces generated by femtosec-
ond laser pulses. It was found that both Si and Ge nanoparticles
can be lit up by resonantly exciting the optical resonances with
femtosecond laser pulses, leading to the luminescence burst
when the laser power exceeds a threshold. In addition, the mor-
phologies of Si and Ge nanoparticles can be modified. The key
point for realizing the controllable shaping of a high-index
dielectric nanoparticle is injecting high-density carriers into the
nanoparticle through resonantly exciting the optical resonances
supported by the nanoparticle, which generates a giant absorp-
tion force. As a result, the Young’s modulus of the material will
be reduced at the high temperature induced by the thermaliza-
tion of hot carriers, facilitating the deformation of the nanopar-
ticle. In addition, the fast cooling of the shaped nanoparticle is
also important, and it can be achieved by using a thin metal film
with good thermal conductivity as the substrate for the nanopar-
ticle. It was found that Si and Ge nanoparticles were generally
elongated along the direction parallel to the polarization of the
laser light. Controllable shaping of Si and Ge can be achieved by
deliberately adjusting the excitation wavelength and the laser
power. The shape transformation from the sphere to ellipsoid can
be realized by laser irradiation, leading to the blueshifts of the
optical resonances. The controllable shaping of a high-index di-
electric nanoparticle demonstrated in this work can be used to
realize the continuous tuning of the optical resonance supported
by the nanoparticle. By inserting a two-dimensional material, the
dielectric-metal hybrid nanocavity created by combining such
a nanoparticle and a thin metal film can be employed to inves-
tigate strong plasmon-exciton coupling when the optical reso-
nance of the nanocavity matches the exciton resonance in the
two-dimensional material. In addition, the color change in the
scattering light of the nanoparticle induced by the controllable
shaping may find applications in nanoscale color display. Our
findings are helpful for understanding the giant absorption force
of femtosecond laser light and useful for designing nanoscale
photonic devices based on shaped high-index nanoparticles.
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