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Plasmonic nanoparticle lithography: Fast resist-free laser technique
for large-scale sub-50 nm hole array fabrication
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Cheap large-scale fabrication of ordered nanostructures is important for multiple applications in

photonics and biomedicine including optical filters, solar cells, plasmonic biosensors, and DNA

sequencing. Existing methods are either expensive or have strict limitations on the feature size and

fabrication complexity. Here, we present a laser-based technique, plasmonic nanoparticle lithogra-

phy, which is capable of rapid fabrication of large-scale arrays of sub-50 nm holes on various sub-

strates. It is based on near-field enhancement and melting induced under ordered arrays of

plasmonic nanoparticles, which are brought into contact or in close proximity to a desired material

and acting as optical near-field lenses. The nanoparticles are arranged in ordered patterns on a flexi-

ble substrate and can be attached and removed from the patterned sample surface. At optimized

laser fluence, the nanohole patterning process does not create any observable changes to the nano-

particles and they have been applied multiple times as reusable near-field masks. This resist-free

nanolithography technique provides a simple and cheap solution for large-scale nanofabrication.

Published by AIP Publishing. https://doi.org/10.1063/1.5025096

The fast development of nanoscience, especially in the

fields of nanoelectronics, information storage, nanophotonics,

and plasmonics, has shown great demand for nanopatterning

techniques to fulfil diverse fabrication requirements in terms

of production speed, fabrication area, and resolution. Widely

applied nanopatterning approaches are conventional photoli-

thography1 and focused particle beam lithography,1,2 e.g.,

focused electron beam lithography (EBL) or focused ion beam

(FIB) milling. The conventional photolithography is becoming

increasingly difficult, complicated, and costly to use as short

optical wavelengths, e.g., deep ultraviolet and extreme ultravi-

olet (EUV), are required to reach the desired small feature

sizes. EBL and FIB have been applied in extremely precise

nanofabrication, but these techniques inherently suffer from

their focused beam nature, resulting in long writing time, high

cost, and poor throughput. The limitations of these techniques

have motivated the development of alternative approaches1

such as microcontact printing (lCP),3 nanoimprinting lithog-

raphy (NIL),4,5 scanning probe lithography,6 and particle-

assisted near field laser nanofabrication.7–15

The last approach was initially experimentally demon-

strated with dielectric particles with micron and sub-micron

sizes.10–15 Each dielectric particle could work as an efficient

lens focusing light down to sub-wavelength scale due to the

so-called photonic nanojet effect.8 Even smaller focus size

could be obtained when plasmonic (metallic) nanoparticles

were used as near-field lenses to focus light down to the deep

sub-wavelength scale.16–21 The near-field generated around a

plasmonic nanoparticle is strongly enhanced due to the elec-

tromagnetic coupling effect between the incident light and the

collective free charge oscillation inside the nanoparticle.22

The intensity of the enhanced near-field is high enough to

induce melting or ablation of materials placed under the

particle, leading to nanohole patterning on the material sur-

face. The initial experimental demonstration of plasmonic

nanoablation of the small scale (�50 nm) nanohole was

achieved and reported in 2001.16 Since then, this approach

was extensively studied on various substrates using femto-

second17–20 and nanosecond lasers.21,23 However, all exper-

imental results of plasmonic near field ablation reported so

far were aimed at a proof-of-concept and ended up with

demonstrations of a single hole or randomly distributed

nanohole fabrication. Experimental demonstration of large-

scale nanopatterns arranged in a controllable fashion

remains a challenge for this technology.

In this letter, we propose a plasmonic particle assisted

technique that makes large-scale and ordered array nanopat-

terning possible. This technique takes advantage of the

recently developed laser-induced transfer (LIT) approach24–26

that allows creating controllable structures of spherical metal-

lic nanoparticles partially embedded into a transparent flexible

substrate. We show that these transferred particles can be

applied as near-field reusable lenses, which can simply be

attached to or removed from the material to be patterned by

placing or peeling off the flexible host substrate. When this

feature is combined with the laser-induced near-field nanoa-

blation, it results in a plasmonic technique that allows produc-

ing large-scale ordered nanohole arrays on a material surface

upon laser exposure. Fabricated nanohole arrays are attractive

for a number of potential applications, e.g., plasmonic struc-

tural colour printing,27–29 plasmonic color filters,30–32 CMOS

color imaging and displays,33–35 plasmonic switching devi-

ces,36 plasmonic sensing,37–39 especially, plasmonic biosen-

sors for label-free and realtime monitoring and analysis of the
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dynamic cells,40–42 high performance solar cells,43 broadband

microlenses,44 and next generation of DNA sequencing.45

The technique presented in this letter can satisfy the current

nanofabrication requirements of small feature size (<50 nm),

large fabrication area (in mm and cm range or above) with a

fast processing speed to produce ordered nanohole structures

and arrays whose parameters are controllably varied. It has

the potential to be used for plasmonic printing and nanoli-

thography with post-processing to transfer the nanohole array

into a desired substrate or to convert it into an array of pillars

made out of a desired material.

The proposed nanopatterning process starts with the fab-

rication of an ordered array of spherical plasmonic nanopar-

ticles on a flexible substrate by the LIT technique [Fig. 1(a)].

First, a pre-defined array of metallic nanostructures, which

we call the “template,” should be prepared by any existing

lithography technique, e.g., photo-lithography, FIB, EBL,

and nanosphere or nanoimprint lithography, on a transparent

substrate. In the shown example, a square array of Au nano-

disks with a diameter of 120 nm, a thickness of 20 nm, and

an array pitch of 1.5 lm was fabricated by e-beam lithogra-

phy (Elionix, 100 kV) on a quartz substrate [Fig. 1(d)]. Then,

the pattern was brought into direct contact with a polydime-

thylsiloxane (PDMS) layer and irradiated by a femtosecond

(fs) laser for the LIT process. Our experiments were per-

formed using a linearly polarized Ti:Sapphire femtosecond

laser (Ti-Lightþ Integra, Quantronix) with the pulse dura-

tion of �40 fs at a central wavelength of 800 nm. The laser

beam was shaped to a flat-top square-shape profile with a lat-

eral size of 15 lm using an image transfer approach46 and

then scanned through the sample surface at a speed of

0.10 mm/s, a laser fluence of 0.89 J/cm2, and a pulse repeti-

tion rate of 1 kHz. The nanodisks were melted by laser irra-

diation and transformed to spherical droplets by surface

tension forces of the molten metal. At the same time, they

were transferred from the template substrate to the PDMS

layer and re-solidified forming an array of spherical metallic

nanoparticles.24 During this process, all particles keep their

lateral position which allows for a precise transformation of

a gold disk pattern on the template into the same pattern of

spherical gold nanoparticles on the PDMS layer. Due to the

high temperature, the molten nanoparticles modify the sur-

face of the PDMS and, after the solidification, remain par-

tially embedded into the PDMS layer, which makes them

resistant to external treatments. In our experiment, the trans-

ferred gold nanoparticles on the PDMS layer have a diameter

of �80 nm [refer to the SEM image in Fig. 1(e)].

The reduced diameter compared to the initial gold nano-

disks is explained by the volume conservation during the

transformation of a flat disk shape into a sphere. The LIT

process can be conducted by both tightly focused laser

beams and large-size defocused laser beams with sufficiently

high intensity. This provides the possibility for precise posi-

tioning of the nanoparticles as well as for large-scale nano-

particle array transfer whose size is only limited by the size

of the existing nanostructured template and the moving range

of the stage. For our demonstration, we fabricated a uniform

spherical Au nanoparticle array area of 70 lm� 70 lm on a

PDMS layer (called in the following “plasmonic stamp”)

transferred from an EBL-fabricated template.

The next step is the application of the plasmonic stamp

to the nanopatterning process [Figs. 1(b) and 1(c)]. The

transferred Au nanoparticle array on the PDMS layer is

placed in contact with a film of a selected material, in which

the pattern should be inscribed, and aligned to a specific

location under an optical microscope. In our case, the record-

ing layer is a chromium film with a thickness of 20 nm. The

same laser setup as for the LIT process described above has

been used in this experiment. When the laser shines on the

gold nanoparticles, they act as plasmonic near-field energy

FIG. 1. Plasmonic nanoparticle lithography. (a) Schematic of the laser-induced transfer (LIT) technique. (b) Schematic of the plasmonic nanopatterning pro-

cess. (c) Schematic of a nanopatterned structure after the laser light exposure. (d) SEM image of the Au nanodisk array on quartz with the disk diameter of

120 nm and the thickness of 20 nm fabricated by E-beam lithography (the image was taken at 52� sample tilt). (e) Top-view SEM image of a spherical Au

nanoparticle array formed by melting and transferring the Au nanodisks to a PDMS substrate by the LIT technique with 40 fs laser pulses at a fluence of 0.89

J/cm2. The nanoparticle diameter is around 80 nm. (f) Top-view SEM image of the spherical Au nanoparticle array on PDMS (“plasmonic stamp”) after the

plasmonic nanopatterning process. (g) Top-view SEM image of a nanohole array with a hole diameter of �40 nm fabricated in a 20 nm-thick Cr film by the

plasmonic nanopatterning process.
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concentrators, which enhance the electric field in the near-

field region around the nanoparticles and promote the local

melting and removal of the material beneath, producing

holes in the chromium film. The plasmonic nanopatterning

experiments were done in a single pulse mode with a laser

fluence of �0.026 J/cm2. Under laser irradiation, each gold

nanoparticle with a diameter of around 80 nm [Figs. 1(e) and

1(f)] produces a nanohole with a diameter of around 40 nm

in the chromium film beneath [Fig. 1(g)]. The size reduction

can be explained by a strong concentration of optical energy

under the nanoparticle that contacts with the substrate and by

a threshold nature of the ablation process.47 Thus, the pro-

posed nanopatterning method allows a significant reduction

of the feature size going beyond the sizes allowed by stan-

dard lithographic techniques. In the example shown above,

we demonstrate a 3 times reduction from the initial template

nanodisk size of 120 nm to the 40 nm nanoholes in the chro-

mium film. Another important feature of the process is that

gold nanoparticles in the plasmonic stamp are almost unaf-

fected by the nanopatterning process and can be applied mul-

tiple times as reusable near-field masks (see comparison of

SEM images of plasmonic stamp before and after the plas-

monic nanopatterning process as shown in Figs. 1(e) and

1(f). The laser-based plasmonic nanopatterning also does not

present any technical limit in terms of fabrication area, as

long as a large-scale nanostructure template can be obtained

by existing lithography techniques. It is worth mentioning

that the flexible PDMS substrate used as a nanoparticle

receptor is a critical technical choice for the plasmonic stamp

fabrication, as it is optically clear and viscoelastic, allowing

for a close contact with other substrates, so that the distance

D z, shown in Figs. 1(a) and 1(b), is close to 0 in both LIT

and plasmonic nanopatterning processes.

The depth and diameter of the nanoholes obtained by

the plasmonic nanopatterning process are governed by the

laser fluence when the size of the plasmonic nanoparticles

and the illumination wavelength are fixed. Examples of

nanoholes fabricated by a “plasmonic stamp” with gold

nanoparticles of 120 nm diameter illuminated by the same

laser at different fluences are shown in Fig. 2. In this case,

the laser worked at a pulse repetition rate of 1 kHz in a scan-

ning mode with a scanning speed of 0.05 mm/s. We studied

nanoablation of a 20 nm-thick chromium film with a laser

fluence ranging from 0.004 J/cm2 to 0.065 J/cm2. Surface

modification of the film is already observable at the laser flu-

ence of 0.012 J/cm2, see Fig. 2(a). The nanopatterning starts

with a small indentation appearing just beneath the nanopar-

ticles on the chromium surface. The nanoholes are observed

in the chromium film when the laser fluence is increased up

to a range from 0.018 J/cm2 to 0.035 J/cm2. An example of a

circular nanohole fabricated in the chromium film is shown

in Fig. 2(b), for the optimized laser fluence of 0.026 J/cm2.

The size of the nanoholes fabricated in this fluence range is

around 60 nm, which is much smaller (about a half) than the

size of the gold nanoparticles. In the extreme case when the

laser fluence is higher than �0.044 J/cm2, the diameter of the

holes created in the chromium film is comparable to the

diameter of gold nanoparticles and the laser polarization

effect becomes obvious [Fig. 2(c)].

To analyse how the plasmonic nanopatterning process

happens, numerical simulations of the optical energy flux

density in the system (z-component of the Poynting vector

parallel to the incident light wave vector) were conducted

using commercial finite-difference time-domain software

(FDTD, Lumerical) (Fig. 3). For these simulations, we con-

sidered a gold nanoparticle with a diameter of 80 nm placed

on top of a 20 nm thick chromium film on a fused silica sub-

strate and surrounded by PDMS from top. An x-polarized

plane wave illuminated the nanoparticle from top and propa-

gated along the z-axis, perpendicular to the chromium film

surface. Perfectly matched layers (PMLs) were placed 1 lm

away from the nanoparticle in all directions. A mesh step of

1 nm was set for both the gold nanoparticle and the chro-

mium film, and the gap between the nanoparticle and the

film surface was set to zero. After meshing, there is a small

circular touching area (around 10 nm in diameter) between

the gold nanoparticle and the chromium film. The z-compo-

nent of the normalized Poynting vector (Sz/Sin) at a wave-

length of 800 nm in the xz cross-section through the centre of

the gold nanoparticle is shown in Fig. 3(a) (the maximum

intensity value was capped at 2). It can be seen that the light

energy is mainly concentrated beneath the nanoparticle. It

decays rapidly inside the chromium film with the increasing

distance from the point of contact with the nanoparticle.

Combined with the Sz/Sin distribution in the xy plane on the

chromium film surface [Fig. 3(b)], it reveals a fast decay of

the energy flux and changing of Sz/Sin distribution. The

polarization induced cold spot in the middle just beneath the

nanoparticle is compensated by the heat-conductance effects

in experiments. The asymmetry of the hot spot is related to

light polarization effects and can be avoided if depolarized

or circularly polarized light is used.20

Optical energy absorption in the gold nanoparticle and

the chromium film was also simulated by FDTD and is shown

in Fig. 3(c). It was calculated as the net power flux into a box

monitor, formed by six 2D monitors, surrounding the desired

region (e.g., either the nanoparticle or the corresponding

regions within the chromium film) divided by the intensity of

the incident plane wave. The simulated black curve (square

symbol) illustrates an overall energy absorption in the nano-

particle and the chromium film. The red curve (circle symbol)

represents the energy absorption solely in the Au

FIG. 2. Side-view SEM images of

nanoholes fabricated in a 20 nm-thick

chromium film by the plasmonic nano-

patterning process with 120 nm gold

nanoparticles illuminated by the fs laser

at different laser fluences: (a) 0.012 J/

cm2, (b) 0.026 J/cm2, and (c) 0.044 J/

cm2. The images are taken at an angle

of 52�.
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nanoparticle. The green curve (star symbol), blue curve (dia-

mond symbol), and magenta curve (pyramid symbol) indicate

energy absorption inside the chromium film in areas 1, 2, and

3, respectively [see Figs. 3(a) and 3(b)]. Areas 1, 2, and 3 rep-

resent the chromium film volume with sizes of

40 nm� 40 nm, 80 nm� 80 nm, and 160 nm� 160 nm,

respectively, centred at the nanoparticle position and covering

the whole 20 nm film thickness.

It can be seen from Fig. 3(c) that at longer wave-

lengths>750 nm, most of the energy is absorbed by the chro-

mium film while almost nothing is absorbed in the gold

nanoparticle. At shorter wavelengths, the situation is differ-

ent and, in particular, at wavelengths <550 nm, most of the

energy is absorbed inside the gold nanoparticle. This can be

explained by a strong difference between imaginary parts of

a dielectric permittivity function (e00), responsible for the

absorption, of gold48 and chromium49 materials in this wave-

length range [Fig. 3(d)]. While for gold e00 has a minimum in

the visible spectrum with the value below 2 at 800 nm, for

chromium e00 constantly increases with the wavelength reach-

ing the value>35 at 800 nm. This can clearly explain why

in experiments with the fs laser at 800 nm it is possible to

melt the chromium film and create holes, while the gold

nanoparticles remain almost unaffected and can be reused

multiple times [Figs. 1(e) and 1(f)]. At shorter wavelengths

(<600 nm), the optical absorption of gold increases and also

gets intensified by the plasmonic resonance of the gold nano-

particles which makes these wavelengths less suitable for the

plasmonic nanopatterning process.

Although our studies reveal that this technique is a very

promising direction for application of plasmonics to large-

scale nanofabrication, many future challenges still remain,

e.g., difficulties to make very dense arrays of nanoparticles.

The multi-step nature of the process also makes it dependent

on many critical parameters, e.g., laser pulse energy stability,

template uniformity, and quality of the contact between the

stamp and the template substrates. In future studies, we plan

to investigate the role of the nanoparticle and film dimen-

sions and materials and test to which extent the nanohole

size can further be reduced. Recent work relying on illumi-

nation of gold nanoparticles spread on top of graphene sug-

gests that the hole sizes in this ultimately thin material could

be brought down to a few nanometers.45 Moreover, the use

of picosecond and nanosecond lasers would be advantageous

for further investigation since they are significantly cheaper,

more compact, and less complex than the femtosecond ones.

In conclusion, the concept of plasmonic nanoparticle

lithography is introduced and demonstrated. This is a nano-

patterning technique utilizing strong near-field enhancement

beneath ordered arrays of plasmonic nanoparticles to pro-

duce nanoholes inside thin films of desired materials under

femtosecond laser illumination. The method is capable of

rapid and easy fabrication of large scale and ordered nano-

hole arrays inside metallic films with the minimum hole size

reaching below 40 nm. The nanoparticle arrays used for the

nanopatterning are not noticeably affected by the process

and have been reused multiple times and with different sub-

strates. This technique has the potential to be used for plas-

monic printing and nanolithography with ultimately small

feature sizes. Further post processing (etching and deposi-

tion) can be used to transfer these nanohole arrays into any

desired material or to invert the pattern to obtain arrays of

nanopillars.

This work was supported by Data Storage Institute

(DSI) core funds. We thank Zeiss Singapore for performing

FIG. 3. Simulated z-component of the

normalized Poynting vector (Sz/Sin)

around a gold nanoparticle with a diame-

ter of 80 nm placed on top of a chro-

mium film with a thickness of 20 nm on

a silica substrate and illuminated from

top at 800 nm wavelength. (a) xz cross-

section of the Poynting vector (Sz/Sin)

plot through the centre of the gold nano-

particle (capped at the value of 2). (b) xy
cross-section of the Poynting vector (Sz/

Sin) on the chromium film surface

(capped at the value of 3). Highlighted

squares 1, 2, and 3 represent areas of

40� 40, 80� 80, and 160� 160 nm2,

respectively. (c) Simulated light energy

absorption cross-section in the system.

The black curve (square) illustrates an

overall absorption cross-section in the

gold nanoparticle and the chromium

film; the red curve (circle) represents the

absorption cross-section in the gold

nanoparticle; the green (star), blue (dia-

mond), and magenta (pyramid) curves

indicate the absorption cross-section

inside the chromium film in areas 1, 2,

and 3, respectively. (d) Imaginary part of

the permittivity functions of gold (solid

black curve) and chromium (dashed red

curve) in the visible spectral range.
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SEM imaging of gold nanoparticles at non-conductive
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