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Asymmetric Silicon Dimers Made by Single-Shot
Laser-Induced Transfer Demultiplex Light of Different
Wavelengths

Dmitry V. Obydennov, Daniil A. Shilkin, Dmitry N. Gulkin, Evgeny V. Lyubin,
Denis M. Zhigunov, Vladimir O. Bessonov, and Andrey A. Fedyanin*

Nanofabrication technologies significantly influence the development of
modern optical science. One of such technologies is laser-induced transfer,
which allows the creation of single Mie-resonant spherical particles on a wide
range of substrates. This study shows that this method can provide
asymmetric dimers at the output: a single femtosecond pulse being focused
on a silicon-on-insulator wafer results in appearing two nearly spherical
particles of different sizes. The resulting dimers are characterized by scanning
electron microscopy, elastic light scattering and Raman spectroscopy to gain
insight into their structural properties. Back focal plane imaging and
variable-color evanescent-wave illumination are then employed to measure
the light scattering patterns from isolated dimers. Due to the interference of
the excited resonances, the observed patterns are strongly asymmetric in a
range of visible wavelengths, which is consistent with theoretical predictions.
The results demonstrate the potential of asymmetric silicon dimers made by
single-shot laser-induced transfer for color routing at visible light.

Due to the high refractive index and relatively low absorption
losses, a significant prevalence in industry and a wide range of
available processing techniques, silicon has been one of the most
popular materials in modern photonics.[1–3] Submicron silicon
particles are able to exhibit high-quality electric and magnetic Mie
resonances in the visible[4,5] and near-infrared ranges,[6,7] which
can be used in a variety of applications including enhanced har-
monic generation,[8,9] ultrafast optical switching,[10,11] directional
scattering and emission of light,[12,13] and color-selective excita-
tion of surface electromagnetic waves.[14,15]
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Assembling resonant particles into
oligomers and arrays results in hybridiza-
tion of the resonances and interference
of the optical response.[16–22] Dimers of
silicon particles have been demonstrated
to provide electric and magnetic hot spots
in the dimer gap,[23] which offer unique
opportunities for optical trapping[24] and
nanoantenna applications.[25–29] Indepen-
dently of varying the size of the particles
in a dimer, one can manipulate the rel-
ative position of the resonances[30] and
achieve directional scattering with higher
efficiency.[31] Recent studies have also
suggested the use of asymmetric silicon
dimers to route the scattering direction
depending on the wavelength[32,33] or the
intensity of incident light.[34]

Many methods have been developed
for fabricating optically resonant silicon
structures.[35] Spherical-shaped particles

can be produced by chemical synthesis including hydro-
gen silsesquioxane disproportionation methods,[36–40] plasma
synthesis,[41,42] grinding,[43] or laser ablation.[4,44] These methods
result in relatively high yields, although do not typically provide
control over particle ordering and may require non-trivial post-
fabrication processing.[21,45,46] Lithographic techniques[13,47–49] of-
fer a certain freedom in choosing the shape of the produced parti-
cles and provide a desired arrangement in two dimensions; how-
ever, these methods do not typically allow the creation of spherical
particles and more complex 3D structures and have restrictions
on the choice of substrate on which structures can be made.

Recently, laser-induced transfer techniques[50–53] have been
successfully applied to fabricate near-spherical silicon parti-
cles with controllable size and to arrange them in desired
patterns.[18,54,55] In these methods, a single femtosecond laser
pulse focused on a donor substrate causes the material to melt
and form a droplet with momentum directed away from the
substrate. The droplet then detaches, falls onto another sub-
strate, and solidifies. Depending on the direction of particle
transfer relative to the direction of the laser beam propagation,
laser-induced backward and forward transfer techniques are dis-
tinguished. When fabricating silicon particles, bulk crystalline
silicon,[56] a silicon-on-insulator wafer,[15,18,54] or an amorphous
silicon film[55,57,58] can be used as a donor. Depending on the
donor substrate and the laser beam parameters, the range of opti-
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Figure 1. Fabrication of asymmetric silicon dimers by single-shot laser-
induced backward transfer. a) Scheme of the fabrication process: a single
femtosecond pulse being focused on a SOI wafer results in appearing two
spherical particles of different sizes. b) Scanning electron and c) dark-field
optical micrographs of the dimers fabricated at the pulse energy of 16 nJ.

cal power providing the creation of single particles is different. In
each case, most efforts aim to achieve the conditions for single-
particle transfer, while the regime of creating two silicon parti-
cles per single laser shot, to the best of our knowledge, has not
yet been addressed.

In this article, we report on the fabrication of asymmetric
silicon dimers by single-shot laser-induced backward transfer,
characterize the structural properties of the fabricated dimers,
and demonstrate their operation for color-routing at visible
light.

1. Results and Discussion

1.1. Fabrication

The fabrication process is schematically shown in Figure 1a. Sin-
gle pulses from a femtosecond laser source are focused on a
silicon-on-insulator (SOI) wafer covered with a thin cover glass.
Under the action of laser light, the upper layer of silicon melts,
forming droplets of liquid silicon, which then fly onto the glass
substrate. The source we used is a commercial laser system
(Tsunami femtosecond oscillator and Spitfire regenerative am-
plifier, Spectra Physics) providing optical pulses with a central
wavelength of 800 nm and a nominal pulse duration of 40 fs. The
laser beam was passed through a half-wave plate, a Glan prism,
and a stack of absorptive neutral density filters to adjust the opti-
cal power. The beam was focused on the SOI wafer into a 1.1-μm
spot using a 50x Nikon microscope objective lens with a numeri-

cal aperture (NA) of 0.45. The SOI wafer had a 50 nm thick upper
single-crystalline silicon layer and a 200 nm silicon dioxide layer.
The cover glass was 0.15 mm thick and was placed on top of the
SOI wafer without a spacer; the distance between the substrates
was approximately 5 μm. The relative position of the laser beam
waist on the target was controlled by moving the substrates using
a motorized translation stage.

Depending on the laser pulse energy, the process results in ei-
ther no transfer or one, two, or more particles reaching the glass
substrate. In our experiments, the smallest single particles were
transferred onto the glass substrate at the pulse energy of 14 nJ.
When it was raised to 16 nJ, two particles of different sizes were
predominantly transferred. With a further increase in pulse en-
ergy, the number and size of the transferred particles became less
regular. In this study, we will limit the consideration of the fab-
ricated particles to those obtained at the pulse energy of 16 nJ.
A scanning electron micrograph of a typical set of such particles
is shown in Figure 1b. Here, the distance between neighboring
shots was set to 4 μm. In the fabricated dimers, particles have
an approximately twofold difference in diameter: 230–240 nm
for the bigger and 100–110 nm for the smaller ones. The corre-
sponding dark-field microscopy image of the same set is shown
in Figure 1c. The close arrangement of particles in the dimers
does not allow distinguishing individual particles under an op-
tical microscope, and each dimer looks like an almost symmet-
ric spot.

In order to characterize single dimers fabricated in our experi-
ments, the transfer procedure was repeated with the distance be-
tween neighboring shots set to 10 μm. This allowed us to then
collect optical signal from isolated dimers. The prepared arrays
also contain single particles, which were obtained when only the
bigger droplet reached the glass substrate. Such particles were
used for reference measurements.

1.2. Raman Spectroscopy

The laser-induced transfer technique may provide different crys-
talline states of the fabricated particles. The crystalline state
of the particles, in turn, significantly influences their optical
response.[54,55] To characterize the particles fabricated in our ex-
periments, we measured their Raman scattering spectra. The
measurements were performed using a Horiba LabRam HR Evo-
lution Raman spectrometer attached to a confocal microscope;
the excitation was at the wavelength of 532 nm. The beam was
focused on the specimen into a spot 4 μm in diameter with an
intensity of approximately 0.75 kWcm−2. Both dimers and refer-
ence single particles were studied. Among the fabricated dimers,
we found one with an exceptionally large distance between par-
ticles; for this dimer, we were able to independently collect the
Raman scattering from both particles. Figure 2a,b shows the
spectra obtained for individual particles in this dimer. The peak
near 520 cm−1 corresponding to the silicon crystalline phase[59]

is present in both obtained spectra, as well as in the spectra for
all other particles. This peak is slightly asymmetric; it is also red-
shifted and broadened compared to that measured for a fully crys-
talline silicon wafer using the same setup. This fact may indi-
cate the presence of phonon confinement due to the finite size of
crystalline silicon grains,[60] intermediate phase of silicon near
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Figure 2. Raman spectroscopy of asymmetric silicon dimers. a,b) Raman scattering spectra of individual particles in the dimer with a large interparticle
distance, a) for the big particle and b) for the small one. The measured crystalline peak positions and full widths at half maximum (FWHM) are marked.
The inset in (a) shows the enlarged low-frequency wing of the spectrum, and its decomposition into series of modes. Exp. is experimental data, nc-Si
is nanocrystalline silicon, 𝛼-Si TO, and 𝛼-Si LO are modes of amorphous silicon; int. phase is intermediate phase, Σ is the total fitting curve. For the
spectrum shown in (b), only nc-Si peak was used for fitting. The inset in (b) shows the peaks of crystalline silicon (blue dashed curve), small particle
(orange squares and curve), and big particle (green triangles and curve) normalized by the maximum value for each spectrum. Scanning electron
micrographs of the dimer are shown next to the corresponding Raman spectra, with the studied particles marked by yellow squares.

the grain boudaries,[61–64] and inhomogeneous laser heating.[60]

Also, significant signal is observed in the region from 300 to
500 cm−1 (see the inset in Figure 2a), indicating the presence of
the amorphous silicon fraction.[65,66]

To quantify the amount of different fractions, we have decom-
posed the Raman spectra into series of peaks related to certain
vibrational modes. We assumed that the particles contain amor-
phous and nanocrystalline silicon. Therefore, we considered the
longitudinal optical (LO) and transverse optical (TO) modes of
amorphous silicon (𝛼-Si), the TO peak of nanocrystalline sili-
con (nc-Si) according to the phonon confinement model,[67] and
two peaks of intermediate phase at the nanocrystal boundaries.
The decomposition procedure provided the mean size of silicon
nanocrystals d, enabling us to estimate the crystalline volume
fraction, or crystallinity, f. For details on the decomposition proce-
dure and extraction of the mentioned parameters, see Section SI
(Supporting Information). We have performed this procedure for
multiple dimers and single particles. Due to the significant dif-
ference in size between the constituent particles in the dimers,
the total Raman signal from dimers is determined primarily by
the bigger particles; for this reason, we did not distinguish be-
tween dimers and big single particles when analyzing the Ra-
man spectra. For the total sample set of 12 dimers and eight sin-
gle particles, we obtained the mean values of d = 13.1± 2.5 nm
for the grain size and f = 0.70± 0.07 for the crystallinity; see

Figure S1 (Supporting Information), for the distributions of the
extracted parameters.

When applied to the spectrum shown in Figure 2a, the decom-
position procedure resulted in the crystallinity value of f ≃ 0.70 for
the bigger particle. For the smaller one, the signal-to-noise ratio
of the measured Raman intensity was too low to make a reliable
prediction on the amorphous silicon fraction. However, one can
see in the inset in Figure 2b that the nc-Si peak of the big particle
is more red-shifted and broadened than that of the small particle.
The peak of the big particle is centered at 𝜔c = 519.2 cm−1 and
has a width of 𝛾 = 5.7 cm−1, while the peak of the small particle
appears at 𝜔c = 520.2 cm−1 and has a width of 𝛾 = 3.9 cm−1. The
corresponding values measured for crystalline silicon at similar
conditions are 𝜔c = 520.5 cm−1 and 𝛾 = 2.9 cm−1. Noteworthy, the
spectral positions of the c-Si peak and the peak measured for the
small particle differ within the spectrometer spectral resolution,
which was 0.5 cm−1. In accordance with the phonon confinement
model, described in Ref. [67], the mean grain size for the big par-
ticle is approximately 12 nm, and for the small particle is at least
30 nm while its diameter is about 110 nm. This difference can
be explained by different cooling conditions of the two particles.
The dependence of the crystalline state of the laser-transferred
silicon particles on the distance between the donor and receiv-
ing substrates was previously reported in the literature.[55] From
atomistic simulations, it was found that the crystalline grain size
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was larger at a smaller cooling rate. In our case, the distance
between the substrates is fixed; however, the particles have sig-
nificant difference in size and may have different speed during
the transfer, resulting in different cooling times and cooling rates
in air and on the glass substrate. The particle cooling occurs in
two stages: cooling in air and cooling on the substrate. The rate
of cooling in the air is directly proportional to the particle’s sur-
face area and inversely proportional to its volume. Consequently,
small droplets undergo cooling approximately twice as fast as big
ones. At the same time, smaller particles experience more rapid
deceleration than the big ones due to the viscous friction in the
air. Therefore, small particles, having a prolonged flight time and
faster cooling rate, have a greater chance of crystallizing in air,
but the cooling rate is still sufficiently small so that the particle
can end up fully crystalline.[55] In contrast, larger particles land
on the receiver substrate uncrystallized and undergo an order-
of-magnitude faster cooling process upon contact with the glass
substrate. This rapid thermal exchange leads to the formation of
small crystalline grains, typically measuring around ten nanome-
ters in size.

1.3. Elastic Scattering Spectroscopy

We followed up with dark-field forward scattering spectroscopy
of individual dimers to characterize their optical resonances. In
these measurements, we used the setup described elsewhere.[68]

Scattering spectra of a typical dimer for two orthogonal polariza-
tions of incident light are shown in Figure 3a; a scanning electron
micrograph of the dimer and orientations of the incident light po-
larization are shown in the inset. A number of peaks are clearly
identified in the spectra, revealing the excitation of low-order Mie
resonances in the dimer.

Figure 3b demonstrates the scattering spectra calculated by
finite-difference time-domain simulations taking into account
the presence of the substrate and the experimental conditions
of the collection; see Section SII (Supporting Information), for
details of these simulations. The lateral dimensions of both par-
ticles in the model were set as determined from the scanning
electron micrograph. The smaller particle was considered as a
sphere, while the bigger one was considered as a spheroid whose
third dimension was set to provide the best fit to the measured
spectra. The position and width of the most pronounced scatter-
ing peaks in the resulting calculated dependences are in agree-
ment with the experimental data. We additionally ran simula-
tions for each of the constituent particles separately; see Figure S3
(Supporting Information), for the results. The scattering from the
smaller particle was found to be at least an order of magnitude
lower in intensity than that from the bigger one. The pronounced
peaks present in the red and near infrared regions in the scatter-
ing from the dimer correspond to the resonances of the bigger
particle; however, the presence of the small particle causes depen-
dence on the polarization of the incident light. It can be shown
that this dependence is mainly caused by the modification of the
electric dipole polarizability due to the near-field interaction (see
Section SII, Supporting Information, for multipole decomposi-
tion of the scattering spectra of a dimer). Scattering spectra of
symmetric silicon dimers have been thoroughly studied in earlier
works,[17,18,21] and hybridization of dipolar modes of constituent

Figure 3. Elastic scattering spectroscopy of asymmetric dimers. a) Exper-
imental scattering spectra of a typical dimer for two linear polarizations of
the incident light. The inset shows the scanning electron micrograph and
the polarization orientations with respect to the dimer. The scale bar is
500 nm. b) Calculated scattering spectra of a silicon dimer with the geom-
etry shown in the inset; units in nanometers. The main peaks are marked:
ed, md — electric and magnetic dipole modes; eq, mq — electric and
magnetic qudrupoles; black small capitals are for the big particle, green
lowercases are for the small particle.

particles has been theoretically described.[18] In the system under
study, as we will show below, hybridization causes only modula-
tion of the scattering intensity and does not significantly affect
the scattering directivity.

Other dimer samples were found to have similar scattering
spectra, which are also in agreement with the results of numer-
ical calculations, if the configuration of each particular dimer
is properly specified in the model. The scattering spectra were
also measured for the reference single particles fabricated under
the same conditions. For such particles, the influence of the po-
larization of the incident light on the scattering spectrum was
found to be significantly smaller. The results of scattering mea-
surements and numerical simulations for some other dimers
and single particles can be found in Section SIII (Supporting
Information).

1.4. Back Focal Plane Imaging

Due to the excitation of multiple Mie resonances, the fabricated
dimers scatter light in different directions with different efficien-
cies depending on the wavelength of light. To characterize this de-
pendence experimentally, we studied the directivity of evanescent
wave scattering at the fabricated dimers using a home-built back
focal plane (BFP) imaging setup; see Section SIV (Supporting In-

Adv. Optical Mater. 2024, 12, 2302276 © 2023 Wiley-VCH GmbH2302276 (4 of 9)

 21951071, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202302276 by L
om

onosov M
oscow

 State U
niversity, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 4. BFP imaging of the evanescent wave scattering at a dimer. a) Scheme of the measurements. Inset: scanning electron micrograph of the
studied dimer; the scale bar is 500 nm. b) Example of the back focal plane image showing the orientation of the dimer and the direction of the incident
beam (white arrow). c,d) Back focal plane images at different wavelengths for (c) s- and (d) p-polarized incident light. The images are limited to the
experimental NA of 0.85, corresponding to the maximal angle of 58°.

formation), for the full description of the setup. A schematic illus-
tration of the experimental configuration is shown in Figure 4a.
The sample particles were illuminated by an evanescent wave of
variable color. For this purpose, spectrally filtered light from a
supercontinuum source was directed to the aperture edge of an
oil-immersion objective lens designed for total internal reflection
fluorescence microscopy. The light scattered by the dimer was
collected using a dry objective lens with the NA of 0.85. The direc-
tion of the incident evanescent wave was orthogonal to the dimer
symmetry axis as shown in Figure 4b. We recorded the images of
the BFP of the dry objective at the wavelength varied in the range
from 550 to 770 nm for two polarizations of the incident light.
Figure 4c,d shows the obtained BFP images for a typical dimer,
the scattering spectra and dimensions of which are presented in
Figure 3.

The results of numerical simulations also given in Figure 4c,d
are in agreement with the experimental data; see Section SV
(Supporting Information), for details of the evanescent wave scat-
tering simulations. For large polar angles 𝜃, the asymmetry of
scattering is more noticeable in the case of s-polarization and es-
pecially pronounced at the wavelength of 620 nm.

The scattering response of particle dimers is generally deter-
mined by the interference of scattering from the constituent par-
ticles and hybridization of their resonant modes.[18] In our case,
since one of the particles is non-resonant in the considered spec-
tral range, the hybridization is not expected to provide a signifi-
cant effect on the scattering directivity, and the latter can be de-
termined as a result of interference of the far-field response from
two closely located non-interacting scatterers. To verify this as-
sumption, we considered a hybridization-free model, in which
the scattering contributions from the isolated particles were com-
puted separately and then summed up with a proper phase

shift that corresponds to the separation distance between the
particles:

Edimer(𝜃,𝜑) =Ebig(𝜃,𝜑)

+ Esmall(𝜃,𝜑) exp
(
−i 2𝜋d

𝜆
sin𝜑 sin 𝜃

) (1)

where Edimer is the far-field of light scattered by the dimer, Ebig
and Esmall are those for the individual big and small particles, cor-
respondingly, 𝜆 is the wavelength of light, d is the projection of
the distance between the centers of the particles onto the plane
of the substrate, 𝜃 and 𝜑 are the polar and azimuthal angles of
the spherical coordinate system (see Figure 4a). Figure 5 shows
the far-field scattering patterns calculated for individual parti-
cles and their sum with the proper phase shift at the wavelength
of 620 nm, which corresponds to the most pronounced asym-
metry according to the calculations for s-polarized illumination.
The hybridization-free model indeed reproduces the scattering
asymmetry observed experimentally and in the full–wave numer-
ical simulations (look at Figure 4c for the same wavelength of
620 nm). We also found that s-polarized excitation yields a pro-
nounced overlap of the far field scattering patterns of the two par-
ticles in the case of large polar angles 𝜃, facilitating constructive
interference in the direction toward the small particle, and de-
structive interference toward the big particle. For p-polarized il-
lumination, the patterns overlap and interfere at small angles 𝜃.

In the hybridization-free model, one can independently ad-
dress specific multipoles excited in each of the particles. We
performed the multipole decomposition of internal electromag-
netic fields calculated for each of the particles, considering the
spherical multipole moments up to quadrupoles according to
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Figure 5. Simulated far-field scattering patterns at the wavelength of 620 nm for individual particles (“big particle”, “small particle”) and their interference
obtained by applying the hybridization-free model (“dimer”), a) s-polarization, b) p-polarization. The contributions from multipole terms into the far-
field scattering patterns, including the “ed” (electric dipole),“md” (magnetic dipole), “eq” (electric quadrupole), and “mq” (magnetic quadrupole), are
displayed below. The scattering patterns are limited to the experimental NA of 0.85.

Refs. [69–71]. Using the resulting multipole moments, we calcu-
lated far-fields. The bottom panel in Figure 5 shows the obtained
multipole contributions to the resulting far-field scattering pat-
terns. At the wavelength of 620 nm, the field within the big parti-
cle exhibits a complex interplay of all four considered multipoles,
while in the small particle, almost exclusively the contribution
of the electric dipole is observed. Based on these results, we can
characterize the total scattering as resulting from the interference
of multiple modes of the big particle with the electric dipole ex-
cited in the small particle.

1.5. Analysis of Scattering Directivity

The employed fabrication technique allows depositing asymmet-
ric silicon dimers on a broad range of planar and 3D struc-
tures. Due to the wavelength-dependent scattering directivity,
these dimers can operate as color demultiplexors in photonic cir-
cuits. To demonstrate the color-routing properties of the fabri-
cated dimers, in Figure 6b we plot the scattering signal as a func-
tion of the wavelength and the azimuthal angle 𝜑. To get this
dependence, for each wavelength and angle 𝜑, the scattering in-
tensity was integrated over a circular sector with a central angle of
Δ𝜑= 20° (shown in Figure 6a by green lines). This procedure was
performed for both experimental and simulated scattering pat-
terns, and the resulting dependences are in excellent agreement.
For s-polarized illumination, light is primarily scattered to the for-
ward direction (𝜑 = 0°) at the wavelength exceeding 670 nm, and
to the right (𝜑 = 90°) in the spectral range from 610 to 650 nm.

The same analysis performed for experimental results for a ref-
erence single particle resulted in a significantly more symmetric
dependence in accordance with the numerical simulations. Ad-

ditional back focal plane measurements for the single particle
and another dimer are given in Section SVI (Supporting Infor-
mation).

Based on the results obtained, we conclude that for the effec-
tive separation of light of different wavelengths using the studied
dimers, two channels should be used that collect light scattered
in the forward and right directions. To quantitatively character-
ize the color-separation performance of the fabricated dimers,
we calculated the directionality figure of merit, as proposed in
Ref. [33] for asymmetric disk dimers. We considered the fol-
lowing angle ranges for the “forward” direction: 𝜑 = −10° ±
15°, 𝜃 = 50° ± 10°, and for the “right” direction: 𝜑 = 75° ±
15°, 𝜃 = 50° ± 10°. The considered angle ranges are shown in
Figure 6a by the red lines and letters “F” and “R”, correspond-
ingly. The directionality D was calculated using the following
expression:[33]

D = 10 log10

IF

IR
(2)

where IF and IR are integral intensities into the “forward” and
“right” directions, correspondingly. The results of the calcula-
tions are shown in Figure 6c. In the case of s-polarized excitation,
the directionality changes its sign at the wavelength of approx-
imately 650 nm, which corresponds to switching between the
right and forward directions of scattering. The modulation from
−8 dB at the wavelength of 𝜆 = 630 nm to 3 dB at the wavelength
of 𝜆 = 700 nm is observed in the experiment, and from −10 dB
for 𝜆= 620 nm to 5 dB for 𝜆= 700 nm in the calculations. Light at
these wavelengths can be separated using the studied dimers. For
this purpose, two waveguides can be used with the facets placed
in front and to the right of the dimer. In this case, one can expect
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Figure 6. Analysis of scattering directivity. a) Example of the BFP image with the coordinate grid. The red outlines and letters “F” and “R” show the two
directions used later for directionality calculations. b) Intensity as a function of the angle 𝜑 and wavelength for two polarizations of the incident radiation.
For each wavelength and angle 𝜑, the integral intensity in the sector with a central angle Δ𝜑 = 20°, normalized to the overall intensity, is shown. An
example of the sector for 𝜑 = −60° is represented in a) by green lines. c) Directionality calculated by Equation (2) for two polarizations of the incident
radiation. Dots are experimental values, curves are the result of numerical simulations.

that light of the mentioned wavelengths will be exclusively cou-
pled into the intended waveguide. The modulation is expected to
be stronger in the case of shorter wavelengths where the small
particle is resonant, and forward scattering with a higher direc-
tionality is observed (see Section SVI, Supporting Information,
for calculations for shorter wavelengths).

2. Conclusion

We have shown that single-shot laser-induced transfer can pro-
vide asymmetric silicon dimers at the output. By using back focal
plane imaging and evanescent-wave illumination, we have mea-
sured the light scattering patterns from isolated dimers as a func-
tion of the wavelength and polarization of incident light. The ob-
served scattering patterns are strongly asymmetric in a range of
visible wavelengths. The results of our semi-analytical model re-
veal that the origin of this asymmetry is the interference of mul-
tiple Mie modes of the bigger particle and electric dipole scatter-
ing from the smaller one. The results demonstrate the potential
of asymmetric silicon dimers made by single-shot laser-induced
transfer for color routing at visible light.

3. Experimental Section
Detailed description of the Raman spectra processing, numerical calcu-
lations of scattering spectra and far-field scattering patterns, back focal
plane imaging setup, and additional scattering spectroscopy and back fo-
cal plane imaging results are avaliable in Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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