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Abstract: Nanoscale patterns on rigid or flexible substrates are of considerable interest in 
modern nanophotonics and optoelectronics devices. Subwavelength structures are produced in 
this study by using a laser beam and microdroplets that carry nanoparticles to the deposition 
substrate. These droplets are generated from an aqueous suspension of nanoparticles by 
electrospray and dispensed through a conical hollow laser beam so that laser-droplet 
interactions occur immediately above the substrate surface. Each microdroplet serves the dual 
role as a nanoparticle carrier to the substrate and as a superlens for focusing the laser beam to 
a subwavelength diameter. This focused beam vaporizes the droplet and sinters the 
nanoparticles on the substrate. The deposition of subwavelength nanostructures and thin films 
on a silicon wafer are demonstrated in this paper. This process may be applied to produce 
novel nanophotonics and electronics devices involving a variety of subwavelength patterns 
including an ordered array of semiconductor nanoparticles. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Delivering nanomaterials to substrates for producing subwavelength structures is of interest in 
the fabrication of optoelectronic, energy and electronic components such as light-emitting 
diodes [1], solar cells [2], and sensors, actuators and ultra-flexible electrodes for neuro-
stimulators and prosthetics [3]. Also, the fabrication of nanostructures on flexible and 
stretchable substrates is important for the development of novel electronic and photonic 
devices. Inorganic compounds such as MXene has been used to produce conducting and 
flexible thin films. An et al. [4] used layer-by-layer deposition to layer various nanosheets of 
two-dimensional metal carbides in between polymer sheets. Thomas et al. [5] fabricated 
densely packed micro and nanoscale polymer features using melt processing. Chemically 
synthesized semiconductor nanowires have been investigated for applications in electronic 
and photonic devices. Liu et al. [6] reported the chemical growth of zinc oxide nanorod arrays 
on a flexible thermoplastic polyurethane substrate by sputtering ZnO seeds. In addition, ZnO 
nanorods can be electrochemically deposited on flexible conductive substrates such as gold 
film [7]. Single-walled carbon nanotubes synthesized by chemical vapor deposition [8] using 
methane as the feed gas and iron as the catalyst can form percolating networks that exhibit 
semiconducting properties [9] and may be used in flexible optoelectronics. Semiconductor 
materials have been patterned on flexible substrates using conventional inkjet printing to 
produce microelectrodes [10,11]. Recently Saleh et al. [12] employed an aerosol jet 
technology to produce three-dimensional micro-engineered materials, such as micro-lattices, 
by direct printing of nanoparticle dispersions. Potential applications of micro-lattices include 
ultralight or multifunctional materials, micro-optoelectronics, microfluidics, and tissue 
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engineering. The materials printed by conventional techniques such as inkjet or aerosol jet, 
however, require substantial heat-treatment to vaporize the organic ink material that binds the 
nanoparticles before and during the printing process. 

Compared to the conventional techniques, the femtosecond laser-assisted nanofabrication 
provides a fast and noncontact process for patterning nanostructures. A few novel methods 
have been developed to produce these nanostructures. Tseng et al. [13] demonstrated 
geometric patterns of nanodots and rings [14] of Ge2Sb2Te5 using laser-induced forward 
transfer of materials. Kuznetsov et al. [15] deposited nanodot arrays by laser-induced 
backward transfer of gold nanodroplets. Also, lithography techniques such as laser 
interference lithography [16], two-photon polymerization nanolithography [17] and laser 
microlens array lithography [18] have been utilized to fabricate two- and three-dimensional 
nanostructures. In the Nano-Electrospray Laser Deposition (NELD) of the present study, an 
aqueous suspension of nanoparticles, i.e., an aqueous ink, and a laser beam are used and, 
therefore, the water is evaporated and simultaneously the nanoparticles are sintered by the 
beam as the deposition occurs. 

To produce subwavelength structures, however, subwavelength focusing of the laser beam 
is necessary so that nanodots and thin films of width smaller than the laser wavelength, or 
nanodiameter holes in a substrate for ultrafine filtration and photonic crystals can be 
produced. Wang et al. [19] used a microparticle mask for nanostructuring a substrate surface 
by irradiating the mask with a pulsed laser. In another study, Wang et al. [20] demonstrated 
subwavelength focusing by SiO2 microspheres and provided a mathematical analysis for this 
superlens effect. Photonic nanostructures [21,22], random nanoparticles [23,24], solid 
microspheres [25,26], and liquid droplets [27,28] have been utilized to produce 
subwavelength structures on a variety of substrates. Smolyaninova et al. [27] demonstrated 
the superresolution properties of deformed microdroplets of glycerin on the surface of gold 
film when the microdroplets emulated the refractive index distribution of Maxwell fish-eye 
(MFE) or Eaton lens. Duocastella et al. [28] employed a hemispherical droplet, which was a 
solution of water and glycerol (50% by volume) with 1% sodium dodecyl sulfate surfactant 
on a polydimethylsiloxane (PDMS) substrate, as a lens for thin film deposition of 

subwavelength width 0λ /4 using a laser of wavelength 0λ  = 1027 nm and a microscope 

objective where λ0 is the wavelength in vacuum. These focusing techniques are, however, not 
readily amenable to continuously produce subwavelength structures since the methods require 
close proximity between the lens and substrate, and does not provide a convenient means of 
supplying fresh nanoparticles to the focused laser beam. In the present study, the dual role of 
microdroplets provides a convenient mechanism to supply nanoparticles to the substrate and 
simultaneously focus the laser beam for producing subwavelength structures. This mechanism 
is intended to evolve further for fabricating nanostructures and nanopatterns including 
applications in plasmonic structures [29–31], resonators [32,33], and metasurfaces [34]. 
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Fig. 1. Microdroplet superlens of dual role for carrying nanoparticles and subwavelength 
focusing: (a) An experimental setup for dispensing aqueous microdroplets of nanoparticle 
suspension into a conical hollow laser beam to achieve subwavelength focusing by the 
microdroplets, (b) Gaussian laser beam produced by the Nd:YAG laser system, and (c) 
Collimated laser beam of annular irradiance profile. 

2. Experimental Procedure 

The suspensions used in this study were aqueous colloidal suspensions of silver, silicon, and 
germanium nanoparticles and a surfactant solution as listed in Table 1. The Ag, Si, and Ge 
nanoparticles were 99.95% pure with an average particle size 30 nm and standard deviation 
20 nm; 99.9% pure with an average particle size 40 nm and standard deviation 20 nm; and 
99.99% pure with an average particle size 290 nm and standard deviation 200 nm 
respectively, with the specific size distribution approximately fitting a log-normal 
distribution. For Ge nanoparticles there was a small number of large particles that settle down 
in the liquid, resulting in a nanosuspension of particle size less than or equal to 300 nm. All 
suspensions were prepared by dispersing the nanoparticles in de-ionized (DI) water and 
adding dispersant and surfactant to the mixture of the water and nanoparticles. The 
suspensions were ultrasonicated at 20 kHz for an hour. The surfactant and dispersant were 
sodium dodecyl sulfate and sodium salt of poly-naphthalene sulfonic acid respectively. The 
colloidal suspensions were injected into a hollow laser beam using a syringe pump and 
electric field between the capillary tube and substrate as illustrated in Fig. 1. The electrospray 
apparatus operates in three modes called dripping, microdripping and oscillating 
microdripping modes, and the microdripping mode generates microdroplets of nearly the 
same diameter at a steady rate [35]. The microdripping mode was employed in this study 
because the operation of the electrospray system is stable in this mode for generating a steady 
stream of microdroplets. The semiconductor suspensions were used to deposit nanodots on a 
rigid Si substrate; while the Ag suspension to create conductive line and film on the same 
rigid Si substrate and on a flexible paper substrate. In addition, the surfactant solution, which 
did not contain any nanoparticles, i.e., the sample Ge0 in Table 1, was used to create 
subwavelength holes on a Si substrate. 

Table 1. Physical properties and relevant parameters of nanoparticle suspensions in DI 
water. 

Liquid 
Density Viscosity Electrical 

conductivity 
Surface 
tension 

Droplet 
radius 
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 g/ml mPa.s μ S/cm mN/m μ m 

Ge0* 1.000 1.10 595.0 49.8 38.3 
Ge2 1.023 1.36 718.2 47.2 38.1 

Ge5 0.064 1.56 797.8 47.5 37.9 

Ge10 0.130 1.95 898.4 47.6 37.7 
Si5 1.033 1.82 1391.6 48.2 39.8 
Ag20 1.153 1.71 1202.0 47.2 150.0 
*Numeral suffixes denote wt% of the semiconductor materials Ge and Si and the 
metallic Ag material. 

Si and Ge nanosuspension microdroplets of radius ranging 10 to 70 μ m were produced 

at a steady rate of 420 droplets per second in the microdripping mode by applying 3300 V 
between the capillary tube and the substrate to investigate subwavelength focusing, as shown 
in Fig. 1(a). The focusability of microdroplets changes from subwavelength focusing to large 
diameter focal spot when the droplet size increases. Under this condition, the nanoparticles 
deposit as a thin film on the substrate. For testing the effect of large diameter focal spots, the 
radius of microdroplets was increased to a size ranging from 100 to 150 µm and Ag 
nanoparticles were observed to deposit on a flexible substrate such as a paper cardstock. A 
pulsed Nd:YAG laser of wavelength λ0 = 1064 nm was used as the input laser beam, as 
shown in Fig. 1(b). An axicon lens and a biconvex lens were used to shape the Nd:YAG 
Gaussian laser beam into an annular beam of nearly uniform radial irradiance distribution, as 
shown in Fig. 1(c). The microdroplets were injected into the empty space of the annular beam 
through the hole of a special hollow parabolic mirror. The annular beam was focused by the 
parabolic mirror to form a hollow laser cone and refocused by the microdroplet during the 
laser-droplet interactions in the vicinity of the apex of the cone near the substrate surface. To 
gain insight into the effect of the droplet size on the laser-droplet interaction, the reflectance 
and absorption coefficient of the samples are presented in Fig. 2. The reflectance data in Fig. 
2(a) indicate that a certain fraction of the incident Nd:YAG laser energy will be reflected by 
the droplet at the wavelength λ0 = 1064 nm, and the rest of the energy will propagate through 
the droplet. The absorption coefficient data in Fig. 2(b), on the other hand, provide the depth 
of penetration by the laser inside the droplet since the penetration depth is the reciprocal of 
the absorption coefficient. The penetration depths for the samples Ge0, Ge2, Ge5, Ge10, Si5, 
and Ag20 are 50 mm, 20 mm, 2.4 mm, 1.3 mm, 1.6 mm and 100 μm, respectively, at λ0 = 
1064 nm. Small droplet size and large penetration depth of the Ge and Si samples suggest that 
much of the laser beam will pass through the droplet to reach the substrate surface and the 
droplet will evaporate after impinging on the substrate. This condition is suitable for 
nanoparticle deposition on rigid substrates since much of the laser energy is utilized to heat 
the substrate which subsequently evaporates the droplet. The droplet size and penetration 
depth of the Ag sample are comparable, indicating that much of the laser energy will be 
absorbed by the droplet and a small amount of the energy will reach the substrate. This 
condition is suitable for nanoparticle deposition on a flexible substrate since much of the laser 
energy is utilized for internal heating of the droplet and less energy is available for heating the 
substrate. 
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Fig. 2. Optical properties of nanosuspensions. (a) Reflectance data based on 0.012 mm think 
Ag20 sample and 1 mm thickness for other samples. (b) Absorption coefficient determined by 
measuring the optical density of the nanosuspensions. 

Laser heating of the droplets evaporates the water and sinters the nanoparticles to form 
microlayers on the substrate when the substrate is moved continuously using an X-Y stage. 
The speed of the substrate and the droplet size can be varied for depositing thin films, lines 
and regular arrays of microdots as well as nanodots. The X-Y motorized stage was used to 
move the silicon substrate continuously at the speed of 0.1 mm/s during the deposition 
process. The laser system was operated at the pulse repetition rate of 30 kHz and pulse length 
of 170 ns, and the average powers of the laser were selected as 5, 9, 13, 17 and 22 W. The 
diameter of the laser beam on the rigid Si surface was 285 μ m for deposition of nanodots 

and formation of subwavelength holes. For the flexible substrate, the laser was defocused to 
produce a spot of diameter approximately 3 mm and the scanning speed was increased to 1 
mm/s to avoid burning the paper cardstock. Similarly, silver films were observed to deposit 
on the silicon substrate when the radius of the microdroplet was 150 µm and laser spot 
diameter and scanning speed were 500 μ m and 0.1 mm/s, respectively. 

High-speed photography (Phantom V12.1 camera) was used for imaging the microdroplet 
generation, microdroplet heating process, evaporation of the liquid, and subsequent sintering 
of the nanoparticles. An in-house Matlab code was used to analyze and process the high-
speed images. The subwavelength holes and nanostructures were analyzed using optical 
profilometry (4D Technology NanoCam Sq), SEM microscopy and EDS analysis (Zeiss 
ULTRA-55 FEG SEM). Ultrasonication at 20 kHz for 10 min was used to clean the silicon 
substrate before and after the laser deposition experiment. This procedure yields clean 
samples by removing the excess nanoparticles that are not completely sintered during the 
NELD process. 

3. Results 

The interaction of the laser beam with the microdroplets of nanosuspension can be classified 
into three stages as illustrated in Fig. 3. The laser heating process begins when the 
microdroplets, which are injected into the hollow laser cone, meet the laser beam on their way 
to impinge on the substrate, as shown in Fig. 3(a). Each microdroplet initially acts as a lens to 
cause geometrical focusing of the beam depending on the curvature and refractive index of 
the droplet. The laser beam, on the other hand, propagates through the droplets and acts as a 
volumetric heat source for heating the interior of the droplets. The radii of the microdroplets 
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vary from 10 to 70 µm with an average radius of 35 to 40 μ m depending on the 

semiconductor nanosuspensions tested in this study. The focal spot diameter achieved in this 
first stage is diffraction-limited and was estimated to be between 1.8 - 2.5 μ m for the cases 

of this study. In the second stage, interference occurs due to the superposition of the conical 
hollow laser beam at the apex of the cone, and the resulting irradiance distribution, which is 

proportional to ( )2
0J kr , is similar to a Bessel beam, where k, r, and J0 are the spatial 

angular frequency or wavenumber, radial coordinate perpendicular to the direction of laser 
beam propagation, and first kind Bessel function of order zero, respectively. In addition, the 
curvature of the microdroplet surface concentrates the electromagnetic field like a lens 
[36,37] and, therefore, enhances the laser irradiance, as shown in Fig. 3(b). Consequently, the 
laser irradiance varies inside the droplets in both vertical and horizontal directions due to the 
interference and focusing effects respectively, resulting in nonuniform heating with 
significant temperature variation in the droplets. As a consequence, the temperature at the 
bottom of the microdroplet is increased and this can promote thermo-capillary convection 
within the droplet to cause heating of the liquid which is not directly heated by the laser 
beam. The inset in Fig. 3(b) is a photograph of a microdroplet, showing the fringe patterns 
caused by the interference of the focused annular laser and the enhanced irradiance at the 
bottom of microdroplet. Finally, in the third stage, the droplets impinge on the substrate and 
the liquid evaporates to deposit the nanoparticles on the substrate, as shown in Fig. 3(c). The 
inset in this figure is a photograph of the liquid film on the substrate surface. This picture, 
which was observed with high-speed photography, shows multiple ripples of small radii of 
curvature at the surface of the liquid film. The nonuniform heating of the droplet causes 
nonuniform surface evaporation and, consequently, the original smooth surface of the liquid 
is deformed into multiple curved surfaces of small radii of curvature. Vapor bubbles can also 
contribute to the formation of curved surfaces. The bubbles are generally produced due to 
heterogeneous nucleation at the surface of the suspended nanoparticles and the solid 
substrate. 

 

Fig. 3. Laser-droplet interactions for heating the droplets: (a) Geometrical focusing of the laser 
beam when the microdroplet acts as a lens. (b) Incident laser on top of the microdroplet and 
intensity enhancement below the same microdroplet. The photographic inset shows the fringe 
patterns caused by the interference of the annular laser at the focal volume. The intensity 
enhancement at the bottom of microdroplet is observed by image processing of the droplet 
photograph. (c) Incident laser on an evaporating droplet after the droplet impinges on the 
substrate, exhibiting a wavy top surface with ripples of radii much smaller than the radius of 
the microdroplet so that each curved segment can focus a portion of the laser beam. The 
composition of droplets depicted in (b) and (c) is Ge, 2 wt% in DI water. 

The effect of microdroplets containing semiconductor nanoparticles is presented in Fig. 4, 
showing the scanning electron microscopic (SEM) images of an array of Ge nanodots on a Si 
substrate for a suspension of 5 wt% Ge in DI water. Similarly, Fig. 5 shows the SEM images 
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of Si nanodots deposited on a Si substrate using a suspension of 5 wt% Si in DI water. The 
diameters of the nanodots vary from 100 nm to 500 nm, which are smaller than the incident 
laser wavelength of 1064 nm. The results in these two figures were obtained with an input 
laser power of 17 W. Although deposition of nanodots is achieved, they exhibit a random 
pattern that can affect their optical properties. Reasons for this unsystematic patterns are 
discussed later in section 4. However, a strategy to improve the pattern from a random 
distribution of nanodots to a regular array could be to use microdroplets of more viscous 
nanosuspension for preventing the spreading of nanodots during the deposition process, or 
tinier microdroplets containing fewer nanoclusters. 

 

Fig. 4. Germanium nanodots on a silicon substrate: (a) SEM image of a linear array of Ge 
nanodots produced by microdroplets of Ge suspension, 5 wt% Ge in DI water and incident 
laser power 17 W, and (b) SEM image at a higher magnification, showing a nanodot of 
approximately 500 nm diameter. 

 

Fig. 5. Silicon nanodots on a silicon substrate: (a) SEM image of Si nanodots (cluster of Si 
nanoparticles) of diameters ranging from 100 nm to 500 nm that were produced by 
microdroplets of Si suspension, 5 wt% Si in DI water and an incident laser power 17W, and (b) 
SEM image at a higher magnification, showing the shapes of the nanodots. 

Subwavelength structures were also observed at the substrate surface when the 
microdroplets were just a surfactant solution in DI water containing no nanoparticles. Figure 
6(a) shows SEM images of subwavelength holes of diameters varying from 100 to 200 nm on 
a Si substrate, indicating the superlens effect of the droplets since the wavelength of the 
incident laser was 1064 nm. The depth of the holes in Fig. 6(b) is found to be approximately 
120 nm. Also, a rim is formed by the resolidification of the Si melt around the entrance of the 
hole and this rim protrudes approximately 30 nm above the original substrate surface. The 
results in Figs. 6(a) and 6(b) were obtained with an input laser power of 17 W. 

The effect of laser power on the formation of subwavelength features is presented in Fig. 
7 for microdroplets containing 0 wt% (i.e., surfactant solution only, no Ge suspension), 2 
wt%, 5 wt%, and 10 wt% Ge in DI water. These liquids were supplied to the capillary tube by 
the syringe pump at a flow rate of 10 μ L/min and the microdroplets were generated at a 
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frequency of 420 droplets/s, resulting in microdroplets of average radius 35 to 40 μ m. 

Figure 7 indicates that there is a narrow range of laser power for creating subwavelength 
structures. At low laser powers, the droplets do not vaporize significantly and the 
nanoparticles do not sinter to adhere to the substrate due to insufficient energy. At high laser 
powers, on the other hand, the droplets are heated excessively causing a change in their 
surface tension property and the contact angle between the droplet and substrate. So the 
droplets bounce off the substrate like water droplets on hot skillets due to a physical 
phenomenon called Leidenfrost effect [38,39], causing no deposition of nanoparticles on the 
substrate. 

 

Fig. 6. Subwavelength holes on a silicon substrate: (a) SEM image of subwavelength holes of 
size ranging from 100 nm to 200 nm produced with a laser of incident power 17 W, and (b) 
Optical profiles of the holes obtained with a laser interferometer. Three-dimensional surface 
measurement shows the presence of tiny indentations with the depth of the crater 
approximately 120 nm and the height of a typical rim formed from the recast silicon 
approximately 30 nm above the original substrate surface. 

 

Fig. 7. Feature sizes as a function of the incident laser power for microdroplets of liquids 
containing 0 wt%, 2 wt%, 5 wt%, and 10 wt% Ge nanoparticles in DI water. 
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The focusability of the droplets changes if the diameters of the laser beam and droplets are 
large. This variability in the optical property of the droplets makes the NELD process 
versatile since both subwavelength features and thin films can be produced by the same 
process under different operating conditions. A thin line of Ge is deposited on a silicon 
substrate as shown by the SEM image in Fig. 8(a). This line is approximately 50 µm wide and 
was produced by depositing a new layer after the previous one for five times using 
microdroplets of 10 wt% Ge suspension in DI water at a flow rate of 50 µl/min and an input 
laser power of 17 W. Figure 8(b) is a compositional analysis of the Ge line by energy-
dispersive X-ray spectroscopy (EDS), showing the presence of C, O, Na, Ge and Si, and 
confirming the deposition of Ge by the NELD process. The presence of C is due to the carbon 
tape used to attach the sample to the sample holder of the SEM instrument. The presence of O 
may be due to the surrounding atmosphere since the deposition experiment was performed in 
an open atmosphere, or due to the native oxide SiO2 on the Si substrate. The source of Na is 
traced to the surfactant (sodium dodecyl sulfate) and dispersant (sodium salt of poly-
naphthalene sulfonic acid) that were used to keep the Ge nanoparticles suspended in DI water. 

Larger thin films can also be deposited on textured flexible substrates such as paper 
cardstock as shown in Fig. 9(a) or on rigid substrates such as Si in Fig. 9(b). Wider films can 
be deposited by an appropriate selection of the laser power and beam diameter, and the size 
and frequency of droplet delivery to the substrate. The silver films in Figs. 9(a) and 9(b) were 
produced using microdroplets of 20 wt% Ag suspension in DI water. The suspension was 
delivered by the syringe pump to the capillary tube at a flow rate of 100 μ L/min. Droplets of 

average diameter 300 μ m were produced by the capillary tube at the frequency of 300 

droplets/s for an applied voltage of 2800 V over a distance of 8 mm between the substrate and 
the tip of the capillary tube. These droplets were irradiated with a laser of incident power 13 
W. The laser beam was defocused to produce a spot of approximately 3 mm diameter for 
depositing Ag film on cardstocks and the spot diameter was 0.5 mm for depositing Ag film on 
Si wafers. Figure 9(a) shows that a thin Ag film of approximately 2 mm wide, which was 
deposited on a cardstock, can be bent without any mechanical damage to the film. Figure 
9(b), on the other hand, shows the deposition of Ag thin film tracks on a Si wafer with each 
track separated by a small distance of approximately 15 μm. The inherent advantage of 
localized heating by the laser enabled this type of deposition without thermally damaging the 
substrates. 

 

Fig. 8. Deposition of a Ge line on a Si wafer: (a) SEM image of a thin line of Ge deposited by 
the NELD process on a Si substrate using microdroplets of a suspension of 10 wt% Ge 
nanoparticles in DI water at the flow rate of 50 μL/min and a laser of incident power 17 W. 
The 50 μm wide film was constructed by depositing a new layer after the previous one for five 
times. (b) EDS analysis of the Ge film, showing the presence of Ge in the laser-sintered line. 
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Fig. 9. Deposition of thin films on flexible and rigid substrates: (a) Bending test for a silver 
thin film of approximately 2 mm wide deposited on a paper cardstock, and (b) Deposition of 
silver thin film tracks on a smooth silicon wafer. 

4. Discussion 

As presented in the previous section, the interaction between a laser and microdroplet can 
cause subwavelength focusing. A microdroplet acts as a lens due to its curvature, which 
affects the focal length (f) of the lens, and refractive index (n) while it travels through the 
hollow conical laser beam, as illustrated in Fig. 3(a). The diffraction-limited Gaussian laser 

beam diameter, D, at the focal spot depends on f and n as 04

L

f
D

nD

λ
π

= , where DL is the laser 

beam diameter at the incident surface of the lens. The concentration of nanoparticles increases 
in the microdroplet during the evaporation of the droplet by the laser beam and, therefore, the 
value of n can increase, resulting in a smaller focal spot size. However, the laser heating of 
the microdroplet can also cause spatially varying refractive index distribution that may 
contribute to subwavelength focusing. Miñano [40] has shown that superresolution property 
can be achieved in spherical lenses with a variety of distributions of the refractive index, 
including a spherical core of constant refractive index surrounded by a spherical shell of 
varying refractive index. These refractive index distributions are different from that of the 
MFE lens. Miñano et al. [41] have also studied the perfect focusing capability of waveguides 
formed by spherical shells and pointed out that the shells are expected to behave very close to 
the MFE lens if they are very thin so that the refractive index has a certain constant value 
within the shell. These studies suggest that other conditions for the refractive index variation 
may exist in liquid microdroplets to enable subwavelength focusing. 

On the other hand, the curved surfaces and the scattering of laser by the nanoparticles as 
illustrated in Fig. 3(c) can focus the laser beam to subwavelength diameters by the near-field 
optics effect. Park et al. [23] studied this effect and demonstrated near-field subwavelength 
focusing of light due to multiple scattering of the light by random nanoparticles in a highly 
turbid medium. If the scattering process excites the resonant modes of the nanoparticles, 
redistribution and enhancement of the laser electromagnetic field would occur in a specific 
region. This effect has been demonstrated in laser surface cleaning [42]. Luk’yanchuk et al. 

[42] analyzed the scattering of UV radiation at 0 266λ =  nm by a SiO2 particle of radius 0.5 

μm using the Mie scattering theory, and showed that the intensity of light at the center of the 
particle can be up to 60 times higher than that of the incident light due to optical resonance 
and near-field effects. The nanoparticles of this study, such as Si, Ge, and Ag, may interact 
with the laser beam through surface plasmon modes [42–45] and the excitation of these 
modes can be influenced by the droplet temperature. The temperature gradients within the 
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microdroplet affect the distribution of the suspended nanoparticles due to convection caused 
by the variations in the density and surface tension of the liquid in the droplet. The suspended 
nanoparticles will, therefore, create a random coupling of excited plasmon modes resulting in 
a more complicated pattern of the laser electromagnetic field that induces randomized 
deposition of nanodots as in Figs. 4 and 5. 

However, the laser-nanoparticle interaction is not applicable to the mechanism for the 
formation of subwavelength holes when the microdroplets did not carry nanoparticles. The 
subwavelength focusing, in this case, may be attributed to the variation of temperature by 
direct laser heating and subsequent convection of the liquid, resulting in a refractive index 
distribution inside the droplet. High-temperature liquid or vapor bubbles are produced 
particularly at the focal volume of the laser beam. This hot liquid or bubbles are surrounded 
by cooler liquid, yielding a core and an outer shell of low and high refractive index regions 
respectively. The formation of evanescent waves at the core-shell interface when the laser 
beam travels from the optically denser medium to lighter medium enables subwavelength 
focusing by the droplets. The curved interface and the variation of refractive index in the 
denser medium can bend various rays of the laser beam into different angles so that certain 
bundles of the ray may incident on the core-shell interface at a supercritical angle which is 
larger than the critical angle for total internal reflection. Under this condition, evanescent 
waves are generated and these waves decay exponentially with distance into the core but they 
propagate along the core-shell interface on both sides of the laser incidence point to reach the 
silicon substrate. These two counter-propagating evanescent waves may interfere to produce a 
high irradiance spot at the point of contact between the droplet and the substrate. Since the 
wavelength of evanescent waves is much shorter than that of the incident laser beam, the 
diameter of the high irradiance interference spot is expected to be much smaller than the 
focused spot diameter of the original laser beam. By this mechanism, the evanescent waves 
can produce subwavelength features such as ~100 nm diameter holes in the silicon substrate 
when the microdroplets do not carry any nanoparticles, as is clear from Fig. 6(a), or ~500 nm 
nanodots when the microdroplets carry nanoparticles, as shown in Figs. 4(a) and 5(a). 

5. Conclusion 

This study demonstrates that subwavelength structures can be produced using the interaction 
between lasers and microdroplets. In this process, the microdroplets are generated from a 
suspension of nanoparticles using an electrospray technique and they perform the dual roles 
of carrying nanoparticles and simultaneously acting as superlenses for subwavelength 
focusing. The superlens characteristics of these microdroplets are attributed to the variation in 
the refractive index of the droplets when they contain no nanoparticles and to the evanescent 
waves when the droplets contain nanoparticles. Results show that tiny features can be created 

by squeezing a laser beam of wavelength 0λ  = 1064 nm into subwavelength regions up to 

0λ /10. While this process is demonstrated to produce subwavelength holes and nanodots, the 

process is scalable to produce thin films and lines. 
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