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Abstract

We present a new method for making monodisperse highly spherical poly-crystalline

silicon (Si) nanoparticles dispersed in solution and a method for trapping, moving

and printing these nanoparticles on a substrate. Spherical Si nanoparticles with low

dispersion in size (<3.5%) and diameter of 130 nm and 210 nm were fabricated using

combined hole-mask colloidal lithography and laser-induced transfer. The particles are

highly crystalline and possess electric and magnetic dipole resonances in the visible

spectrum varying with the diameter. They could be trapped in 2D against a substrate

using an optical tweezer and then printed onto the substrate by means of radiation

pressure. The proposed method pave the way to the use of optical forces for assembling

complex resonant dielectric nanostructures with engineered optical properties.
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High refractive index dielectric nanoparticles, and in particular silicon (Si) ones, have been

studied extensively in recent years due to their ability to sustain geometrical optical reso-

nances representing a low loss alternative to plasmonics.1 They have been employed as build-

ing blocks in a multitude of nanophotonic applications, e.g. to construct metasurfaces to

control the phase, polarization and amplitude of light with sub-wavelength resolution,2–14 as

components for on-chip photonics,15,16 in surface-enhanced spectroscopies17–19 and in colour

printing and photodetection with nanoscale resolution.20–23 This large wealth of applications

have been enabled by the unique properties of the individual building block: single parti-

cles supporting electric and magnetic optical resonances24–32 Aforementioned examples share

one common trait: all the structures are fabricated on hard substrates. However, there is

an increasing need to develop platform for nanomedicine, where silicon nanoparticles have

been already used for in vivo magnetic resonance imaging or drug delivery and cancer treat-

ment.33–35 Contrary to the previous cases, these applications require particles dispersed in

solution. While the fabrication of silicon nanostructures on a substrate is well established,

usually relying on lithographic techniques allowing precise control of shape and size of the

structures, fabrication of nanoparticles in solution relies on conventional chemical synthesis

methods based on a precursor reactions or laser synthesis of colloids.36 When it comes to

colloids of Si nanoparticles, precise control of their sizes turns out to be a challenging task.

While several methods to fabricate Si nanoparticles sized from few nanometers to microns

in solutions have been reported37–42 only a few of them41,42 can achieve monodisperse, size

selected particles. Laser synthesis (by ablation of crystalline Si wafers or amorphous Si films)

is an attractive alternative, because of easier control of parameters - ablation spot size, film
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thickness, laser fluence, etc. However, ablating Si films is not as straightforward as metallic

ones, mainly because the liquid phase of silicon has higher density compared to its solid

phase, leading to a volume reduction induced by melting. In this regard, even single pulse

ablation of a film with a Gaussian beam may result in multiple particles with different sizes

being generated. Some methods to workaround this issue have been reported for laser gener-

ation of silicon nanospheres on a substrate,43 although still with limited control of the sizes

and small particle generation speed (one particle per pulse at 1kHz repetition rate).

In this work, we propose a new method combining hole-mask colloidal lithography (HCL)44

and laser induced transfer (LIT)45 techniques to fabricate colloidal solutions of Si nanoparti-

cles with precisely controlled sizes. Our approach capitalizes on a recently reported modified

HCL method for large scale fabrication of high index dielectric nanoparticles42 and extend

the process to generate monodisperse solutions of spherical particles. We show that our

method can be used to fabricate colloids of highly spherical Si nanoparticles with different

diameters (we show examples of 135 nm and 210 nm) and standard deviation of sizes <3.5%

of the particle diameter. We characterize the obtained particles using scanning electron mi-

croscopy (SEM) and dark field spectrometry to determine their shapes, size distribution and

optical response. Transmission electron microscopy (TEM) and Raman spectrometry are

then used to characterize the crystallinity of the particles. As a proof-of-principle for bio-

related application of the platform, we demonstrate optical trapping and controlled printing

of these nanoparticles from the solution to a host substrate by simply selecting the optical

forces acting on the nanoparticles.

Results and discussion

Colloid Fabrication

The dispersion of the nanoparticles in solution starts with a Si nanodisk sample preparation

using the HCL method, as described in details elsewhere42 (see Methods for more details).
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The HCL method can be used to produce arrays of shaped nanoparticles with controlled

sizes over 4 inch wafers. In brief, a poly-Si film is deposited on top of a fused silica wafer, a

resist is spin coated and polystyrene beads are dispersed on top. A metal film deposition over

the beads, and removal of the beads by tape stripping results in a hole mask. After etching

of the sacrificial layer, nickel is deposited into the holes and transferred into the Si films

underneath by chlorine anisotropic etching. The nickel mask is finally removed, resulting in

a short-range ordered array of silicon disks distributed over the 4 inch glass wafer surface. A

scanning electron microscope (SEM) image of the nanodisks fabricated is shown in Figure 1.

With the Si nanodisk sample as a starting point, Figure 1 schematically shows the steps

to produce a colloidal solution of Si nanospheres. The main principle is conceptually similar

to the LIT.45,46 In this method, a donor substrate (the Si nanodisk sample in this case) is

placed over a receptor and irradited by a femtosecond laser. Upon irradiation, the disks on

the donor substrate are melted and transferred from the donor to the receptor. Contrary to

the previous works,45,46 the receptor in this case is not a hard substrate, but rather a droplet

of water. Molten Si nanoparticles detach from the donor substrate and form spheres due to

the surface tension of liquid silicon. They then solidify and fall into the water droplet. A

square shaped, flat-top laser beam32 is scanned through the sample to melt and transfer a

large amount of nanoparticles resulting in a colloidal solution with uniformly sized spherical

Si nanoparticles that can easily be collected using a micropipette (see Methods for details).

In the process, a PDMS frame is used to contain the water on a glass substrate and to

reduce the curvature of the water droplet arising from the surface tension. It is also used as

a spacer, to raise the donor substrate above the water surface, so that the laser melting and

particle removal processes happen in air environment. Note, that direct melting of particles

in water does not allow to achieve the same good shape and size distribution of the produced

nanoparticles.
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Figure 1: (a) Experimental setup for spherical nanoparticle fabrication and transfer to water
solution. (b) and (c) SEM images of Si nanodisk samples prepared using HCL method.

Size characterization

To perform the morphological and optical characterization of the fabricated samples, the

water solution was dried on a glass substrate at room temperature to make the particles

settle on the substrate surface. The resulting particles on glass were first characterized by

SEM (Hitachi SU8220) to study the sizes and shapes obtained. The dark-field scattering

spectra of the nanoparticles were subsequently measured (see Methods for details) using an

optical dark-field microscope (Nikon, Ti-U) equipped with a spectrometer (Andor SR-303i)

and a high-sensitivity 400 x 1600 pixel EMCCD detector (Andor Newton). We characterized

two different sets of spherical nanoparticles, obtained from samples with different nanodisk

diameters. The measured size distribution and scattering spectra for the case of smaller

particles are shown in Figure 2. The size distribution measured for 50 randomly selected Si

nanoparticles, shown in Fig.2(a), presents a mean value of around 137 nm with a standard

deviation of around 4 nm only, which is <3% of the particle diameter. The measured

scattering spectra from 10 randomly selected nanoparticles are shown in different colors in

Fig.2(b). The spectra consistently show two clear peaks, at around 470 nm and 530 nm,

which correspond, respectively, to the well-known excitation of electric dipole and magnetic

dipole resonances in high refractive index nanospheres.25 The small variation of the spectral
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peak positions from particle to particle further corroborates the small dispersion in sizes and

shapes obtained with this fabrication method. For comparison, the simulated nanoparticle

scattering spectrum, obtained mimicking the experimental conditions using a commercial

numerical solver based on the Finite Element Method (COMSOLMultiphysics) and a particle

size of 137 nm, is shown in Fig.2(c) (details of simulations can be found in Methods). As

seen from the figure, a fairly good agreement between experiment and simulations is found.

A small blue shift of the resonance position in experiment compared to the simulations can

be explained by a thin layer of natural oxide grown on top of the nanoparticles. On top of

this, the particles show a poly-crystalline character, having different crystalline domains as

well as some remaining amorphous regions, which tend to be allocated near the surface of the

spheres (as discussed in next section). Each of these have their own optical properties (both

in term of refractive index and absorption coefficient), which makes the precise modeling of

the nanospheres obtained after the LIT process can be rather difficult. For completeness,

representative dark field microscope and SEM images of the nanoparticles are also shown in

Fig.2(d) and (e), respectively.

a) b)

c)
mean = 137.31
σ = 4.27

Figure 2: Size and spectral characterization of the smaller spheres. a) Size distribution
measured for 50 randomly selected Si nanoparticles. b) dark field scattering spectra of 10
randomly selected Si nanoparticles. c) simulated scattering cross-section of a Si nanoparticle
with diameter of 137 nm. Dark field optical microscope d) and SEM e) image of the Si
nanoparticles on a glass substrate.

The corresponding set of results for the larger nanoparticles is shown in Figure 3. The
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measured size distribution show, in this case, a mean value of 209 nm with a standard devi-

ation of around 7 nm, which is <3.5% of the particle diameter. The scattering spectra show

peaks of electric and magnetic dipole resonances at around 675 nm and 775 nm, respectively,

in good correspondence with the simulated results. The observed slight discrepancies in the

scattering spectral shape between experiment and simulations might be attributed to slight

deviations from the perfect spherical shape, roughness on the particle surface or deviations

in the material parameters used, particularly in connection with the observed crystalline

grains, as discussed next. All these effects, not accounted for in the simulations, may have

a larger impact on the magnetic dipole resonance as a result of its electric field distribution

rotating near the particle surface and can, in particular, lower the intensity of the associated

peak.

a) b)

c)

mean = 209.16
σ = 6.69

Figure 3: Size and spectral characterization of the larger spheres. a) Size distribution mea-
sured for 50 randomly selected Si nanoparticles. b) dark field scattering spectra of 10 ran-
domly selected Si nanoparticles. c) simulated scattering cross-section of a Si nanoparticle
with diameter of 209 nm. Dark field optical microscope d) and SEM e) image of the Si
nanoparticles on a glass substrate.

Crystal properties

To characterize the crystal properties of the fabricated nanoparticles they were first imaged

using cross-sectional TEM method (see Methods for details). The results, shown in Figure 4
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indicate that the resulting nanospheres have a polycrystalline structure. Small nanoscrystals

of a few tens of nanometers in size and different crystal orientations are seen in different parts

of the studied nanoparticles. To further corroborate the results from the TEMmeasurements,

we used micro-Raman spectroscopy and inspected the crystal properties of the individual

nanoparticles. In fact, the nanoparticles act as cavities and amplify their own intrinsic

Raman signal due to the large internal near field. In order to collect a statistically significant

set of data, we performed Raman measurements of multiple single nanoparticles on the

substrate. Two different types of particles were found in the sample, with very distinct

Raman spectra (see Figure 5(a) for characteristic Raman spectra). In one case the structure

present only a sharp peak at approximately 520 cm-1 which is attributed to poly-crystalline

silicon vibrational modes. The other type of particles measured presented instead Raman

spectra with an additional peak at 480 cm-1 which is assigned to silicon amorphous phase and

that partially overlap with the 520 cm-1 phonon mode.47,48 The presence of both 480 cm-1

and 520 cm-1 peaks indicate that some particle present not only a crystalline phase, but also

an amorphous one, as confirmed by the additional second order Raman peak at 300 cm-1 49

.To gain more quantative and statistically relevant information, we measured the response

for over 50 particles (figure 5(b)) and then quantified the volume fraction of polycrystalline

phase within each particle by normalizing the area under the polycrystalline peak (520 cm-1)

on the sum of amorphous (480 cm-1) and polycrystalline peaks in each nanoparticle.50 From

the statistical analysis in figure 5(c) we can thus claim that around 90 % of particles consist

of over 90% polycrystalline phase, while the remaining 10 % of particles show a mixture of

amorphous and crystalline phase with various amorphous content.

Optical Trapping, Printing

So far we have demonstrated that it is possible to fabricate colloidal spherical Si nanoparticle

solutions with low polydispersity. However, for many applications, it is desirable to manip-

ulate colloidal nanoparticles and eventually place them on a substrate in specific positions.
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Figure 4: Cross-sectional TEM images of a Si nanoparticle with approximate diameter of
200 nm.

Placing optical nanoantennas in determined positions can, for example, be very useful to en-

rich the functionality of some prefabricated devices with the resonant character of spherical

nanoantennas, which cannot be produced on a substrate by standard lithographic techniques.

This would also allow to realize hybrid devices composed of silicon particles on any kind of

substrate not compatible with standard CMOS fabrication method, or to place particles in

specific positions, such as in between metallic contacts to realize electro-optical switching

or optical sensors.1,51 So far, most of the existing approaches rely on randomly dispersing

colloidal nanoparticles on a substrate by drop casting, hence lacking throughput and repro-

ducibility.52 Alternative approaches for precise placement of nanoparticles from a solution
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Figure 5: Typical Raman spectrum of the Si nanoparticles after the LIT process. (a) Selected
Raman scattering spectra from two different particles fabricated, showing the presence of
an intense phonon mode in poly-Si (blue line) and the presence of additional amorphous
phase Raman peaks (red line). (b) Data obtained for a large number of particles, ordered by
increasing polycrystalline content. (c) Calculated crystalline volume fraction in each particle
measured, indicating that over 90 % of the particles possessing more than 90 % of crystalline
phase.
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onto a substrate have been realized using electrostatic forces between the nanoparticles and

the substrate53 or by means of DNA origami.54 A still largely underexplored possibility re-

lies on the use of optical tweezers.55–57 This method is sketched in Figure 6(a): dielectric

nanoparticles can be confined in a tightly focused laser beam and then manipulated and

printed at specific positions on a substrate.

In a typical trapping experiment, light-matter interaction give rise to two forces, namely

radiation (Fr) and gradient force (Fg). While the first one points along the direction of

propagation of light, the second is oriented towards the highest field intensity. Recently, a

method was developed to extract the exact fine balance between these two forces for dielectric

nanoparticles.58 Using this method, we estimate the optical forces on a poly-crystalline silicon

nanosphere from a 0.7 NA objective in water under a 1064nm laser illumination. The results

are shown in Figure 6(b) as a function of the nanoparticle diameter. To achieve stable

resonant 3D trapping experimental conditions required are Fg > −Fr, which is not the

case for this relatively low NA objective because of the large scattering cross section from

these nanoparticles. However, the particle can yet be trapped in 2D by adding the physical

constrain of a substrate of the same charge polarity as the nanoparticle. Such an approach

has already been used to trap resonant metallic nanostructures.59,60 In this case, for a given

power, the electrostatic repulsive forces (Fe) between the substrate and the particle can be

sufficient to counteract the destabilizing radiation forces, such that Fr = Fg + Fe. Therefore,

a particle in this geometry can be confined against and unconstrainedly moved parallel to

the surface. However, if the laser power is increased, the particle can be pushed harder

towards the surface. If the power is high enough, the radiation force will overcome the

repulsive Coulomb interaction and the particle will enter a regime where van der Waals

interaction dominates. The particle is hereby immobilized and remains stuck ("printed") to

the surface even after the illumination is removed. We developed such a strategy during a

proof-of-principle experiment, where we show that it is possible to print these nanoparticles

into specific positions. To do so, 10 µL solution containing the Si nanoparticles with an
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approximate diameter of 210 nm was drawn into a flow cell chamber. Using 13 mW laser

power, Si nanoparticles were then trapped near the surface and moved to the desired location,

where the laser power was abruptly increased to 55 mW, sufficient for optical printing to

occur. Figure 6(c) shows the dark-field microscope image of the printed nanoparticles from

the solution. To demonstrate the flexibility of this approach we printed consecutively 17

similar nanoparticles to obtain the letters "Si" (for silicon) on the substrate.

Figure 6: (a) Schematics of the optical trapping system. Fr and Fg show the radiation
and gradient forces acting on the nanoparticle. (b) Radiation and Gradient forces as a
function of the diameter for poly-Si nanospheres in a Gaussian beam at the position of the
maximum gradient force. Note that the gradient force was increased x10 times. (c) Dark
field microscope image showing the nanoparticle printing stages to achieve "Si" letters.

During the preparation of this manuscript a work from a different group demonstrating

optical printing of Si nanoparticles from a polydisperse solution has been published.61 It

was shown that optical forces can be used to select particular sizes from the polydisperse

solution based on their spectral resonance position, matching the trapping laser wavelength.

In our work, we show a method how to prepare a monodisperse Si nanoparticle solution,
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which greatly simplifies and speeds up the optical printing process.

Conclusions

We present a new method for making quasi monodisperse colloidal solutions of highly spheri-

cal polycrystalline Si nanoparticles. The method combines the large throughput lithographic

technique, the so called hole-mask colloidal lithography, with the laser induced transfer. We

employ this method to generate silicon nanospheres with controlled diameters of around 135

and 210 nm with the standard deviation of <3.5% of the particle diameter. The method is

applicable to other lithographic techniques to prepare the initial donor samples and, poten-

tially, to other material platforms. We also show at-will spatial manipulation of the resulting

nanoparticles in the solution by means of optical trapping. To demonstrate the power of

this technique, we also show the possibility of printing them onto a substrate in a controlled

manner. This opens novel opportunities for making hybrid devices composed of resonant sil-

icon nanoparticles printed on top of prefabricated devices or substrates that are not required

to be compatible with the standard CMOS fabrication process.

Methods

Colloid Fabrication: Initial nanodisk samples were prepared using the HCL method. Com-

mercially available fused silica wafers with 170 nm thick Si layer (Siegert Wafers, Gmbh)

were diced and coated with 240 nm thick PMMA film as a sacrificial layer. Surface was

then positively charged by dropcasting a solution of poly-diallyldimethylammonium chloride

(PDDA). Polystyrene bead solutions (microparticles Gmbh, Germany) with different radii

(100 and 200 nm) were diluted in water to a concentration of 0.1%, dispersed on the different

chips and, after 3 min, rinsed in DI water. To make a hole mask, 10 nm Au film was then

deposited on top followed by removal of the beads by tape stripping. PMMA resist was then

etched in oxygen plasma, a hard mask of 40 nm Ni was evaporated and Au mask together
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with PMMA removed by lift-off in acetone. Samples were etched in Cl- gas followed by

removal of Ni mask using ceric ammonium nitrate-based etchant, resulting in arrays of short

range ordered nanoparticles. A height of 170 nm and in-plane diameters of 100 and 220

nm were obtained for the small and large PS diameter respectively. For the laser induced

transfer (LIT), a femtosecond laser system (Ti-Light + Integra-C, Quantronix) delivering 1

mJ, 50 fs laser pulses at central wavelength of 800 nm and repetition rate of 1 kHz was used.

The laser beam was shaped into a square-shaped flat-top profile with size of 6×6 µm2 using

an image transfer of 300×300 µm2 pinhole with a tube lens and a 50× microscope objective

lens (Nikon, LU Plan Fluor, NA = 0.8). The laser beam was attenuated to deliver about 80

mJ/cm2 laser fluence at the sample surface to perform the LIT for the disks with 200 nm

size and 180 mJ/cm2 for those with 100 nm size. We scanned the laser beam through the

donor sample placed over the pool of water contained by PDMS frame to melt and detach

the particles from the donor sample and drop them into the water solution. During the LIT

process each disk forms a single sphere and they do not agglomerate but float separately in

water.

Size Characterization: The water solution of Si nanoparticles was dropcasted and dried at

room temperature for particles to settle on a glass substrate. The particles on the substrate

were then imaged using an SEM (Hitachi SU8220), and their backward scattering spectra

were measured using an optical dark-field microscope (Nikon, Ti-U) equipped with a high-

sensitivity spectrometer (Andor SR-303i) and a 400 x 1600 pixel EMCCD detector (Andor

Newton).

Crystal Properties : Particles from the solution were deposited on a Si substrate and dried

at room temperature. The sample was prepared for the cross-sectional TEM measurement

in a Focused Ion Beam tool (FEI, DA300). A platinum (Pt) film was deposited on the

particle by reaction between precursor gas and 5 kV e-beam induced deposition, followed

by two ion-beam induced depositions. The lamella was then cut to a thickness of less than

50 nm and cleaned with 5 kV Ga+ ion beam. The Si particle was then imaged using a
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TEM (FEI, Tecnai 200 kV). Raman measurements were performed using a confocal Raman

system (WITec alpha300 R), using 50× objective, NA = 0.75, 532 nm laser, 1600 lines/mm

grating, scanning the area of 5 µm around each nanoparticle with 5 s integration time. Each

measured nanoparticle was also imaged by SEM to confirm that it is indeed a Si nanosphere.

Optical Trapping, Printing : Due to a strong interaction with light, the silicon nanospheres

can be trapped and manipulated in solution with ease by means of radiation and gradient

forces. For the trapping and printing experiment, the silicon nanospheres solution was first

diluted and sonicated to avoid particle aggregation. Then, 10 µL of this solution was drawn

into a flow cell chamber. A long working distance 60× microcope objective lens with 0.7NA

and 1064 nm laser line (Cobolt 1064) were used for trapping. 13 mW laser power was

applied for trapping and manipulating the Si nanospheres near the surface. After placing

each trapped particle at the desired position, the laser power was increased to 55 mW. The

radiation pressure from the laser beam pushed the nanoparticle forward very close to the

surface and finally printed it.

Numerical Simulations : The dark-field scattering spectra of the nanoparticles on a sub-

strate were simulated using a commercial software based on the Finite Element Method

(COMSOL Multiphysics). We used the scattered field formulation, using as the background

field the solution in the absence of the nanoparticle, i.e., the sum of the incident and reflected

fields from the substrate in the incidence region and the transmitted fields in the transmitted

region. Both reflected and transmitted fields are simply implemented via Fresnel’s coeffi-

cients. We consider oblique incidence, corresponding to the illumination NA of the dark-field

microscope objective. Similarly, we integrate the Poynting vector of the backward scattered

field in a solid angle restricted to the collection NA of the dark-field objective. The whole

system is enclosed by a spherical Perfectly Matched Layer to absorb all outgoing radiation.

The material parameters for silicon, corresponding to the crystalline phase, were taken from

literature.62
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