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Abstract
Using femtosecond laser-induced forward transfer techniques we have fabricated gold dots
and nanoparticles on glass substrates, as well as nanobumps on gold thin film. The surface
morphologies of these structures with different laser fluences and film thicknesses are
investigated. We also study the focusing and defocusing properties of the nanofence—an
arranged nanobump pattern—by the total-internal reflection microscope. Observations reveal
that surface plasmon waves can be highly directed and focused via this nanofence pattern.
Results are in good agreement with the simulation results using the finite-element method and
demonstrate the potential applications of these nanophotonic devices. Furthermore, we utilize
high laser energy to fabricate plasmonic waveguides, and also succeed in transferring the
waveguides to another substrate. The attenuation rates of the light propagating in the
waveguides are observed to achieve 0.31 dB µm−1 and 0.48 dB µm−1 on the target and
receiver sides, respectively.

(Some figures may appear in colour only in the online journal)

1. Introduction

The laser direct-writing (LDW) technique has attracted
a particular interest of researchers in surface patterning
applications on micrometer and nanometer scales [1–10]. This
technique offers significant advantages in terms of processing
speed and simplicity with high throughput, which is much
faster than other maskless fabrication techniques [11–14].
Being focused on the pre-coated materials on substrates,
the laser beam as a burin can ablate (or functionalize)
the illuminated material rapidly, and the designed devices

can be made on the substrate [15, 16]. This one-step
technique, both time-saving and cost efficient, can help
people save a lot of budget and time [6–8]. Also,
the recent rapid progress of ultrafast lasers brings new
possibilities for fundamental understanding of the micro-
and nanoscale material process [15–17]. The reason for
using ultrafast laser pulses is primarily conditioned by their
property of minimizing the heat-affected zones during the
laser–material interaction compared to the longer nanosecond
pulse durations [17]. Due to the rapid energy delivery
(ultrafast material excitation) and the precision in controlling
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the deposited energy, the femtosecond (fs) lasers have
been treated as a useful tool in the surface or volume
structure fabricating process for many different materials.
By controlling the incident laser energy slightly below the
ablation threshold of the adopted thin film, many interesting
nanostructures such as microbumps and nanojets can be
created on the surface [18–20].

Moreover, an additive LDW technique is the laser-
induced forward transfer (LIFT) method [18, 21]. A schematic
diagram of the LIFT setup is shown in figure 1. The laser
beam is utilized to selectively remove the illuminated thin
film (the target film) material from a transparent substrate
and eventually forward transfer it onto another substrate (a
receiver). In the process of LIFT, heat diffusion in the lateral
direction of the exposed material will induce an increase
of area in laser ablation, which leads to a decrease of
fabrication resolution and flatness in the boundary region of
fabricated structures. It is thus very important to minimize
the heat-affected zones during the process of laser–material
interaction. When the laser beam passing through the
transparent substrate and focused on the pre-coated film is
denoted as the donor, an expansive pressure at the interface
between the film and the substrate will be created. The
donor will melt and expand during exposure until the
pressure is beyond the threshold to detach and transfer the
material. The melting region of material is thus ablated
forward and deposited onto the opposite substrate, denoted
as the receiver. Since the pulse-width of a femtosecond
laser is much smaller than that of a nanosecond laser, the
heat-affected zones and the amounts of transferred materials
in femtosecond LIFT will therefore be much smaller than
that in nanosecond LIFT [17]. This accounts for why the
transfer results of femtosecond LIFT will be better than
that of nanosecond LIFT. LIFT techniques have become
important direct-write alternatives to lithographic processes
for generating high resolution and high throughput patterns,
and have been successfully applied to process various
materials (e.g. metals [22–26], phase-change chalcogenide
material [18], biological materials [27], superconductors [28],
and semiconductors [29]), and to fabricate nanophotonic
devices (e.g. carbon nanotube field emission cathodes [30]
and organic light-emitting diode pixels [31]).

With the progress in plasmonic nanophotonics, many
techniques have been employed to fabricate metallic
nanoparticles [20, 32–35] and plasmonic waveguides [36,
37]. Nanosphere lithography has been developed to fabricate
nanoparticle arrays with high speed and low cost [34, 35],
but shape and arrangement of the nanoparticles cannot be
easily changed in this method. Focused ion-beams [36]
and e-beams [37] have been used to fabricate integrated
plasmonic components with precise shape and distance, but
these lithographic methods suffer from limited processed
area, expensive experimental setup, and long processing
time. Recently, a localized surface plasmon polariton sensor
composed of gold nanoparticles has been made on a
flexible substrate by the LIFT technique [32]. Utilizing the
LIFT technique to fabricate plasmonic nanoparticles arrays
has great potential for 2D and 3D patterning [20] and

Figure 1. Schematic illustration of the LIFT technique.

plasmonic scattering devices [33]. However, except for a
few examples mentioned above, fabrication of integrated
plasmonic components by this technique has not yet been
well developed. It is the purpose of our work to extend the
LIFT technique to the fabrication of plasmonic structures
and plasmonic waveguides. In this paper, various plasmonic
structures are designed and fabricated on gold thin film and
glass substrate with the femtosecond LIFT technique. The
relationships between the formed structures and the input
laser fluence under a broad range are studied. At the ablation
threshold of gold thin films, gold nanoparticles on the receiver
and the corresponding nanobumps on the target are obtained,
respectively. The plasmonic devices composed of the gold
nanobumps are designed and fabricated on gold thin films.
Using this device, both the focusing and defocusing of the
surface plasmon wave can be achieved. Finally, plasmonic
waveguides of gold stripes are also made and studied.

2. Experimental details

The ‘target’ employed here is a gold thin film sputtered on a
BK7 glass substrate (Matsunami cover glass, 22 × 22 mm2,
0.15 mm thickness) under Ar pressure of 5 × 10−1 Pa
by a conventional magnetron sputtering machine (Shibaura
Mechatronics). Another BK7 glass is used as a ‘receiver
substrate’; see figure 1 inset. We have placed a 1 µm spacer
between the receiver and target. Several spacing distances
have been tried in our experiment, and the best transfer
result was obtained by using 1 µm spacing. Spacing is a
crucial parameter for feature resolution on the receiver. Too
small or too large spacing will degrade the resolution on
the receiver since the transferred materials from the donor
should pass through a suitable distance before settling on the
receiver. The sample is mounted on a nanometric computer
controlled translation stage (Mad City Labs, Nano-LP200).
The light source is an 800 nm wavelength Ti:sapphire laser
beam (140 fs pulse duration and 80 MHz repetition rate;
Coherent, Chameleon Ultra II). The exposure time, controlled
by a shutter, is 30 ms for each shot, and an attenuator is used to

2



Nanotechnology 23 (2012) 444013 M L Tseng et al

Figure 2. The transition of the fabricated structures with varying fs-laser fluence. The thickness of the gold film is set at 20 nm.
(Up—target side; down—receiver side.) The laser fluence is increased from 90 to 270 mJ cm−2. The first column, labelled ‘mark’, is used
for the convenience of the alignment of the laser path.

modulate the incident fluence on the target. The applied laser
fluence on the target is varied over a wide range between 90
and 342 mJ cm−2 for the study of the relationship between the
fabricated structures and the laser fluence. All the structures
shown in this paper are generated in a single shot, and the
processes are carried out in air and at room temperature.
Subsequently, characterization of surface morphology and
pattern structure are carried out by using an atomic force
microscope (AFM, Asylum Research, MFP-3DTM).

3. Results and discussion

3.1. Nanobumps and nanoholes

Figure 2 shows the AFM images of the surface morphology
on both the target and receiver sides. Each ‘mark’ is produced
by a single laser shot. The incident laser fluence is varied from
one column to another. The thicknesses of the gold films are
set as 20 nm (figure 2), 30 nm (figure 3), and 40 nm (figure 4),
respectively. Through observing the target and receiver sides,

we can find two processing regimes, the nanobump corrugated
surface and the crater-like morphology, and both of them
have well defined laser fluence thresholds. In figure 2, the
ablation threshold of a 20 nm thick gold thin film is found
to be at Jth = 126 mJ cm−2. As the laser fluence becomes
higher than Jth, the illuminated part of the target film is
ablated and elevated rims are observed. With increasing laser
fluence, larger holes are obtained. In this region, the ablation
process is usually accompanied by small bubbles growing on
the gold thin film. This phenomenon is attributed to phase
explosion [17, 19], which occurs mostly at the illuminated
materials. Therefore, after laser transfer, deposited dots with
island-like morphology nanoparticles can be formed on the
receiver. Furthermore, when the laser fluence is slightly below
the ablation threshold, gold nanobump structures on the
target and gold nanoparticles on the receiver are observed,
respectively. Similar results can also be observed with the
thickness of the target at 30 nm and the ablation threshold at
198 mJ cm−2; as well as at a target thickness of 40 nm and a
threshold fluence of 306 mJ cm−2, as shown in figures 3 and 4,
respectively. Moreover, as shown in the target sides of figures
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Figure 3. The transition of the fabricated structures with varying fs-laser fluence. The thickness of the gold films is set at 30 nm. The laser
fluence is increased from 90 to 342 mJ cm−2. (Up—target side; down—receiver side.)

3 and 4, some gold droplets are not transferred to the receiver
and deposited beside the ablated holes on the target. From
the AFM images of donors with laser exposure of 126 and
144 mJ cm−2, there are bumps on the gold film but these are
not entirely ablated. We therefore define the ablation threshold
to be 198 mJ cm−2, since the gold film was totally ablated at
this stage.

We summarize our observations as follows: with different
laser fluences applied to the gold thin films, different types
of structure can be obtained on the target and receiver. For
example, using a 30 nm thick gold thin film, with the laser
fluence lower than the ablation threshold (198 mJ cm−2), a
cylindrical shaped nanobump with 18 nm height and 250 nm
width is generated on the laser spot of the gold thin film;
see figure 5(a). The formation of the gold nanobumps on
the thin film is similar to our previous works [18, 38–40]
Laser illumination induces melting and mass-redistribution of
the gold material, accumulating the molten gold material at
the center of the illuminated region. On the corresponding
receiver, gold nanoparticles (5 nm height and 40 nm width
in average) are observed. As the laser fluence is above the

ablation threshold, the ablated crater is observed on the target
side, and the transferred gold dot with 25 nm height and
1 µm diameter is obtained; see figure 5(b).

Moreover, according to our experimental results, the
fluence thresholds for formation of nanobumps and ablated
holes are seen to be proportional to the film thickness in the
range of 20–40 nm with a step of 10 nm. Below the threshold
fluence for nanobumps, no obvious structures are formed
on the illuminated spots of the gold thin films. Between
the thresholds of nanobump formation and laser-ablated hole
formation, the gold nanobumps are formed on the surface
of illuminated thin films, and the heights of the nanobumps
are proportional to the applied laser fluence. Some gold
nanoparticles are obtained on the corresponding receiver.
Finally, above the ablated threshold, holes are formed on the
gold thin films, and the ablated materials are transferred to
the receiver surface. Furthermore, because the LIFT technique
can transfer illuminated material onto arbitrary receivers such
as flexible transparent sheets [41] and optical fibers [42],
novel plasmonic applications with complex gold structures
can be achieved by the LIFT technique with high efficiency.
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Figure 4. The transition of the g fabricated structures with varying fs-laser fluence. The thickness of the gold films is set at 40 nm,
respectively. (Up—target side; down—receiver side.) The laser fluence is increased from 90 to 342 mJ cm−2.

For example, the transferred gold nanoparticles and gold
dots on the receiver are very useful in the applications of
plasmonic thin film solar cells for efficient light trapping [43]
and plasmonic photocatalysts for improving the efficiency of
photocatalytic chemical reaction [44, 45].

3.2. Nanofence

By applying LDW technology, the morphology of thin film
surface can be rapidly modified, hence providing an excellent
shape-controlled and devisable capability for fabricating
plasmonic devices on gold thin film. Here, the particular
structures arranged by nanobumps are fabricated on the 30 nm
thick gold thin film, and all of these nanobumps are fabricated
with laser fluence 126 mJ cm−2. As shown in figure 6(a),
a quarter circle with radius of 5.7 µm is chosen to be a
unit cell of this array with a period of 15 µm. Each of the
quarter circles, as a nanofence, is composed of 21 nanobumps
(averaged diameter of 250 nm) with an interspace of 450 nm
for adjacent nanobumps, as shown in figure 6(b).

By using a total-internal reflection microscope (TIRM)
with a high numerical aperture objective lens, which was used

in our previous study [46], the surface plasmon polaritons
(SPPs) are launched at the interface between air and gold by a
green (532 nm) cw laser. A leaky wave into the optical far field
can be generated by tunneling of SPPs from the air/gold thin
film interface through the gold thin film, and can be collected
by a charge-coupled digital camera (CCD) [47].

Figure 7 shows the images of leakage radiation from
the interaction between SPPs and the nanofence patterns.
The orientation of the nanofences as shown in figure 7(a)
(figure 7(b)) is defined as concave (convex) relative to
the propagation direction of the SPPs. We observed that
the leakage radiation of SPPs scattered from the surface
corrugations of the nanofence pattern is much stronger than
that from the smooth metal surface of the gold film. In
figure 7(a), three focal spots of the focusing pattern were
observed, which implies that the SPPs were focused by a
concave nanofence. In contrast, in figure 7(b) fringe patterns
are observed, so they are defocused by a convex nanofence.
These results may originate from the constructive interference
of the SPP waves on the gold film.

For comparison with the experimental results, we
simulate the interactions between nanofences and SPPs
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Figure 5. Two types of structure of LIFT gold 30 nm thick film. (a) 126 mJ cm−2 and (b) 198 mJ cm−2.

Figure 6. Three-dimensional AFM images of (a) the array arranged by quarter circles with a period of 15 µm and (b) the unit pattern of the
array, composed of 21 nanobumps on a 30 nm gold film.

by the commercial program Comsol Multiphysics 3.5a,
which is based on the finite-element method. The resonance
wavelength of the SPPs on the flat gold/air interface is

λspp = λinRe

√
εAu + 1
εAu

. (1)

In our case, the incident wavelength, λin, is 532 nm, so the
wavelength of the excited SPPs, λspp, is 469 nm, by using the
dielectric constant of gold, εgold = −4.4764+ 2.5318i [48].

Figures 8(a) and (b) are the two-dimensional simulation
results of the time-averaged intensity for the two cases of the
concave and convex nanofences, respectively. In figure 8(a),
the three focusing spots are observed as well as in figure 7(a).
Comparing figure 8(b) with figure 7(b), the fringe pattern
is also observed. It is clear that these numerical results are
exactly consistent with our experiment results. Consequently,
one can achieve focusing or defocusing of an SPP using the
nanofence structures.
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Figure 7. Dark field images of leakage radiation from SPPs scattered by (a) a concave nanofence and (b) a convex nanofence, which is
marked by the yellow dotted curves. The wave vector of incident SPPs is along the horizontal direction. The scale bar is 10 µm. The dotted
lines in yellow indicate the positions of the nanobump arrays.

Figure 8. Simulated images of the time-averaged scattering intensity calculated by the finite-element method with the incident wavelength
of SPPs at 469 nm. The SPP wave is incident from left to right.

3.3. Plasmonic waveguide

Since surface plasmon polaritons are light waves coupled
to conduction electrons oscillating on a metal surface and
can be laterally confined in the volume below the diffraction
limit utilizing subwavelength waveguide structures, it is thus
possible to couple light into a plasmonic waveguide that
is smaller in cross section [49]. Here we use the LIFT
technique to fabricate plasmonic waveguide structures both
on 30 nm thick gold thin film and the receiver, as shown
in figure 9. The gold thin film is scanned by the fs-laser
beam of a rectangle path. The waveguides are fabricated with
four different lengths: 10 µm, 15 µm, 20 µm, and 25 µm,
respectively. After the process, gold stripes are obtained on
the target (figure 9(a)), and the corresponding transferred gold
structures are observed on the receiver (figure 9(b)). The width
of the stripes on the target is around 400 nm, and the gap
between the stripes and the thin film is around 480 nm. Also,
SEM measurement shows that the width of the gold structures
on the receiver is 480 nm, which is in good agreement with
the gaps on the targets. We use a high numerical aperture
microscope objective [50] to launch SPPs on the waveguides
under a total-internal reflection (TIR) scheme. A 532 nm
wavelength cw laser is employed to focus the input laser spots.

As shown in figure 10, the emission light observed at the right
end confirms that these structures (on both the target and the
receiver) can be used as SPP waveguides. Two obvious light
patterns can be observed at the two ends of the waveguides,
which may be due to the relative roughness of the two ends,
providing conditions for transforming the SPP waves into
emitted light.

Figure 11 shows the ratio of the input intensity to the
output intensity. According to Beer’s law, the output intensity
at the distance z can be expressed as

I(z) = I0 exp(−2z/d), (2)

where I0 is the input intensity, and d is the decay length.
In our results, the decay lengths of the waveguides on the
target and receiver sides are obtained to be 27.6 ± 2.8 µm
and 17.8 ± 0.9 µm, respectively. Thus, the attenuations are
0.31 dBµm−1 (target side) and 0.48 dBµm−1 (receiver side).

4. Conclusion

In conclusion, various plasmonic structures have been
fabricated and analyzed utilizing the femtosecond laser-
induced forward transfer technique. The size and shape
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Figure 9. SEM images of (a) the fabricated gold stripes on the target and (b) the corresponding transferred gold structures on the receiver.
The scale bar in the two pictures is 10 µm.

Figure 10. Optical microscope images of gold waveguide. (a) Target: left—optical transmission images of plasmonic waveguide structures
with length 10 µm, 15 µm, 20 µm, and 25 µm, respectively. Right—dark-field images of gold waveguides exposed to through-prism TIR
illumination of 532 nm cw laser. (b) Receiver side waveguides. The scale bar in all pictures is 10 µm.

of the transferred dots and nanoparticles obtained in this
LIFT process can be controlled by the laser fluence and
by the thickness of the target film. Gold stripes with
various lengths are fabricated, which can be utilized as
plasmonic waveguides. Moreover, when the laser fluence
is slightly smaller than the ablation threshold of the thin
film, nanobumps can be created on the gold thin film
surface. An array composed of nanobumps can be used to
modulate a surface plasmon wave on the gold thin film. The
femtosecond LIFT technique has been proven as a flexible and

versatile method for fabricating gold structures for plasmonic
applications. This research has promising potential for areas
such as photovoltaics, photocatalysts and integrated photonic
circuits.
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Tünnermann A 1996 Appl. Phys. A 63 109–15
[18] Tseng M L, Chen B H, Chu C H, Chang C M, Lin W C,

Chu N N, Mansuripur M, Liu A Q and Tsai D P 2011 Opt.
Express 19 16975–84

[19] Kuznetsov A I, Unger C, Koch J and Chichkov B N 2012
Appl. Phys. A 106 479–87

[20] Kuznetsov A I, Kiyan R and Chichkov B N 2010 Opt. Express
18 21198–203

[21] Bohandy J, Kim B F and Adrian F J 1986 J. Appl. Phys.
60 1538–9

[22] Banks D P, Grivas C, Zergioti I and Eason R W 2008 Opt.
Express 16 3249–54

[23] Klini A, Loukakos P A, Gray D, Manousaki A and
Fotakis C 2008 Opt. Express 16 11300–9

[24] Willis D A and Grosu V 2005 Appl. Phys. Lett. 86 244103
[25] Yang L, Wang C, Ni X, Wang Z, Jia W and Chai L 2006 Appl.

Phys. Lett. 89 161110
[26] Klini A, Loukakos P A, Gray D, Manousaki A and

Fotakis C 2008 Opt. Express 16 11300–9
[27] Serra P, Colina M, Fernández-Pradas J M, Sevilla L and

Morenza J L 2004 Appl. Phys. Lett. 85 1639–41
[28] Fogarassy E, Fuchs C, Kerherve F, Hauchecorne G and

Perriere J 1989 J. Appl. Phys. 66 457–9
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