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ABSTRACT Detailed investigations of the possibilities for using
femtosecond lasers for the nanostructuring of metal layers
and transparent materials are reported. The aim is to develop
a simple laser-based technology for fabricating two- and three-
dimensional nanostructures with structure sizes on the order
of several hundred nanometers. This is required for many ap-
plications in photonics, for the fabrication of photonic crys-
tals and microoptical devices, for data storage, displays, etc.
Measurements of thermionic electron emission from metal tar-
gets, which provide valuable information on the dynamics of
femtosecond laser ablation, are discussed. Sub-wavelength mi-
crostructuring of metals is performed and the minimum struc-
ture size that can be fabricated in transparent materials is
identified. Two-photon polymerization of hybrid polymers is
demonstrated as a promising femtosecond laser-based nanofab-
rication technology.

PACS 42.62.-b; 42.65.Re; 52.38.Mf; 82.35.-x

1 Introduction

Rapid progress in the development of ultrafast
lasers has opened up new applications and possibilities for
high-precision material processing that cannot be realized
with traditional laser systems. Femtosecond lasers have es-
tablished themselves as excellent and universal tools for mi-
crostructuring solid materials by direct ablative writing [1-8].
This technique allows large area patterns and high quality
microstructures with structure sizes between one and a hun-
dred micrometers to be fabricated. Whereas the ability to
microstructure is well established, the ability to nanostruc-
ture with femtosecond lasers is still in its infancy. By using
tightly focused femtosecond pulses, it is possible to produce
sub-micrometer structures. However, it is still unclear how
practicable and reliable this technique can be.

At present, the challenge is to develop a simple, reli-
able and rapid nanofabrication technique. In laser-processing
technologies, the minimum achievable structure size is de-
termined by the diffraction limit of the optical system and
is on the order of the radiation wavelength. However, this is
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different for ultrashort laser pulses. By taking advantage of
the well-defined ablation (in general, modification) thresh-
old, one can beat the diffraction limit by choosing the peak
laser fluence slightly above the threshold value [1]. In this
case, only the central part of the beam can modify the material
and it becomes possible to produce sub-wavelength struc-
tures. Another approach for the production of sub-wavelength
structures (which is not discussed here) is to use femtosec-
ond pulses in combination with a scanning near-field opti-
cal microscope (SNOM). Applications of this technique for
nanostructuring and direct ablative writing have already been
demonstrated [9].

In this paper, we report on investigations of possibilities
for using femtosecond lasers for nanofabrication with a reso-
lution (structure size) on the order of several hundred nanome-
ters (100—500 nm). First, we present results of recent studies
of thermionic electron emission that provide valuable infor-
mation on the surface electron temperature. Then, we demon-
strate sub-wavelength structuring of metals, fabrication of pe-
riodic structures in transparent materials, and a two-photon
polymerization technique.

2 Thermionic electron emission and surface
temperature

For nanostructuring, it is important to concentrate
laser energy and to keep it in an extremely small volume dur-
ing the ablation process. To do this with femtosecond lasers,
a better understanding of laser—matter interaction physics and
process dynamics (on a femtosecond time scale with a sev-
eral nanometer spatial resolution) is required. Since the laser
pulse energy is first transferred to electrons, their transport
and relaxation characteristics are very important for ablation.
In this section, electron emission from solid targets irradiated
by ultrashort laser pulses is studied. This allows direct infor-
mation on the instantaneous surface electron temperature to
be obtained.

When femtosecond laser radiation is focused onto a solid
target, photo- and thermal emission of electrons from the tar-
get surface starts promptly. Whereas electron emission due to
the photoelectric effect takes place at low electron tempera-
tures, thermionic emission is the dominant mechanism at high
electron temperatures. Theoretical estimates [10] and experi-
ments [11] predict that for metals and 100-fs laser pulses, the
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transition from multiphoton to thermionic emission occurs at
alaser fluence of 1 mJ/cm?.

Thermionic electron emission from metals appears when
the high-energy tail of the heated electron distribution ex-
tends above the vacuum level. In this case, the electron yield
J is determined by J ~ exp(—W/kT>), where W is the work
function and 7> is the surface electron temperature. Fem-
tosecond heating of metals provides the possibility of transfer-
ring laser energy directly into the electron subsystem, leaving
the lattice cold. The transient decoupling of the electron and
lattice subsystems (7, > T;, where T is the lattice tempera-
ture) allows very short electron pulses to be generated due to
non-equilibrium thermionic emission. Femtosecond electron
heating of metals can be described by the following equations:

oT. 00(2)
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where z is the direction perpendicular to the target surface,
Q(z) is the heat flux, S is the laser heating source term, I, is
the laser intensity, R and « are the reflectivity and absorption
coefficients of the target, C. is the electron heat capacity (per
unit volume), y is the parameter characterizing the electron—
lattice coupling, and . is the electron thermal conductivity.

One can build an approximate solution [7, 12] of (1) in the
form of

T.(t,2) =TS (1) ———
(D =100 s
X [8 exp(—z/8) —l(¢) exp(—z/le(t))] , 2
where TeS (1) is the time-dependent surface electron tempera-
ture, § = 1/« is the optical penetration depth, and /. (?) is the

electron heat penetration depth. By neglecting the electron—
lattice coupling during the laser pulse (which is valid when the
laser pulse duration is shorter than the electron relaxation time
1. K 7. = C¢/y) and assuming the electron heat capacity is
constant (which is valid at sufficiently high electron tempera-
tures), we get for the surface electron temperature at t < i,
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where Fy is the laser fluence. These expressions follow di-
rectly from the energy conservation law. When [.(7) > § is
fulfilled, the surface electron temperature is determined by
T3 (L) ~ FL/le(10).

Usually, the electron heat penetration depth is character-
ized by a diffusion-like behavior and has a square root de-
pendence on time. However, in the case of a strong electron—
lattice non-equilibrium, this can be different. It has been ob-
served that the heat penetration depth in metals irradiated by
femtosecond laser pulses can grow linearly with time [13] and
can have an even more complicated behavior [14]. The most
important consequence of this fact is that when the electron
heat penetration depth has a linear dependence on time, at the

end of the laser pulse, /.(71) ~ 11, and the maximum surface
electron temperature, 7> (11.), is determined by the peak laser
intensity I, = FL/tL.

One should be able to observe this behavior by investi-
gating femtosecond laser-induced thermionic electron emis-
sion from metals. The non-equilibrium thermionic emission
depends on the surface electron temperature according to
J ~ exp(—W/kT?) and, therefore, can have the following de-
pendence on the peak laser intensity:
J ~exp(—B/IL) )
whereB is a constant. As will be demonstrated below, the
thermionic electron emission induced by femtosecond laser
pulses does really obey this behavior.

We turn now to a discussion of experimental results. Using
femtosecond laser pulses at 780 nm, we investigated the de-
pendence of the thermionic emission on the laser pulse dura-
tion for molybdenum targets. In Fig. 1a, the number of photo-
electrons generated by a single laser pulse is shown for differ-
ent pulse durations and energies. As can be seen, the measured
electron flux exhibits a dramatic increase for shorter pulse du-
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FIGURE 1 Number of photoelectrons generated by a single laser pulse

from a molybdenum target as a function of the laser pulse duration (a) and
dependence of the quantum efficiency on the laser intensity (b). The solid line
represents a fit according to (4)



KORTE et al. Towards nanostructuring with femtosecond laser pulses

231

rations down to 120 fs. When the quantum efficiency, defined
as the number of electrons generated per laser photon, is plot-
ted as a function of laser intensity, we observe that the experi-
mental results shown in Fig. 1a collapse onto a single curve
and obey the scaling law given by (4). This is illustrated in
Fig. 1b. The solid line represents a fit according to the expres-
sion n =6 x 10~ 8 exp(—1.8 x 10" /1), where I is the laser
intensity in W/cm?. These results demonstrate, for the first
time to our knowledge, that femtosecond thermionic emission
is governed by the peak laser intensity. Thus, our assumption
of the linear time dependence of the electron heat penetration
depth is correct, and the maximum surface electron tempera-
ture is really determined by the peak laser intensity. At longer
pulse durations (starting from several picoseconds), the pho-
toelectron signal continues to decrease and it seems that the
observed dependence changes its character. Detailed inves-
tigations of this transition region and further studies of the
photoemission properties of other materials are in progress.

The observations reported in this section indicate that, for
direct ablative nanostructuring of metals, it is advantageous to
use ultrashort laser pulses.

3 Sub-wavelength structuring of metals

In this section, results on the fabrication of sub-
wavelength structures in 100—200 nm chromium-coated layers
(standard photolithographic masks) are reported. All experi-
ments are performed at atmospheric pressure. To avoid non-
linear aberrations in the microscope objective, the fabrication
of sub-micrometer structures is performed with a 36 x /0.5
reflective (Schwarzschild) objective.

In Fig. 2, typical scanning-electron microscope (SEM)
photographs of surface structures, produced by single laser
pulses with different pulse energies, are shown. One can rec-
ognize three different processing regimes. In the first low
energy regime (Fig. 2a), sub-micron structuring of the chro-
mium layer can be performed. In this regime, the ablation pro-
cess is usually accompanied by the formation of a small bub-
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ble. At higher pulse energies (Fig. 2b), a molten ring around
the holes and small droplets can be observed. When the laser
pulse energy grows, the size of the hole increases. In the third
regime, when the ablation threshold of the glass substrate
is reached, sub-micron structuring of the glass substrate be-
comes possible. The morphology of these structures is typical
for transition metals (Cr, Mo, W, Fe) and is determined by the
electron—phonon relaxation. For these materials, the transfer
of energy to the lattice proceeds much faster than for noble
metals [15], which is important for nanostructuring and the
fast removal of material.

It is well known that with femtosecond pulses one can
overcome the diffraction limit by choosing the peak laser flu-
ence slightly above the ablation threshold (see the schematic
illustration in Fig. 3 (left). In this case, only the central part
of the beam can ablate the material and it becomes pos-
sible to produce sub-diffraction structures. Ablation occurs
when F > F{, which, for a Gaussian beam profile, corres-
ponds to F = Fj exp(—dz/dé) > F2, where dj is the beam
diameter. Therefore, for the ablated structure size, one ex-
pects the following dependence on the peak laser fluence,
d = do[In(Fo/ F3)]'>.

To characterize the fabricated structures, we measured
the dependence of the hole size on the laser pulse fluence.
Experimental data for ablation with 10 pules are shown in
Fig. 3 (right). The solid line represents a fit due to dy =
1.250[In(F2 /0.706)]'/> (um). The minimum reproducible
structure size that we were able to fabricate, using 780 nm
Ti:sapphire laser radiation focused by the Schwarzschild mi-
croscope objective, was 100 nm.

Unfortunately, the fabrication of sub-wavelength holes in
metals by tightly focused femtosecond laser pulses is always
accompanied by surface modifications (deformations) around
the hole. These modifications appear in the area where the ap-
plied laser fluence exceeds the melting threshold (see Fig. 3
(left)). One can avoid this effect by using an imaging tech-
nique. In Fig. 4, two examples of holes produced by focused
laser pulses (left) and by imaging an 80 wm aperture on the

FIGURE 2 Results of the single-pulse laser ab-
lation of a 100 nm chromium
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FIGURE 3 Schematic illustration of how one
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1 can overcome the diffraction limit by taking ad-
vantage of the well-defined ablation threshold
(left). Dependence of the structure size on the
laser pulse fluence for a 100 nm thick chromium
target (right). The solid line represents a fit due to
do = 1.250[In(F3 /0.706)]'/? (um)
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chromium surface (right) are shown. One can see that the
imaging technique allows sub-micrometer holes with very
sharp edges to be produced.

4 Nanostructuring of transparent materials

In this section, investigations towards femtosecond
laser nanostructuring of transparent materials are reported.
Due to the nonlinear nature of the interaction of femtosecond
laser pulses with transparent materials, simultaneous absorp-
tion of several photons is required to initiate ablation. Multi-
photon absorption produces initial free electrons that are fur-
ther accelerated by the femtosecond laser electric field. These
electrons induce avalanche ionization and optical breakdown,
and generate a microplasma. The subsequent expansion of the
microplasma results in the fabrication of a small structure at
the target surface.

To perform nanostructuring, one should carefully control
the femtosecond laser intensity distribution in the focus area.
This distribution was measured by imaging the corresponding
position in the focus onto a CCD camera with a high nu-
merical aperture (NA = 0.95) 100x microscope objective. In
Fig. 5 (left), the measured laser intensity distribution I(r) in
the focus of the Schwarzschild objective is shown. Since the
laser interaction process with transparent materials is strongly
nonlinear, the actual parameter required for the characteriza-
tion of ablation is [/(r)]?, where ¢ is the number of photons
required to overcome the energy band gap. To illustrate this
dependence, the fifth power of the measured laser intensity
distribution [/(r)]® is shown in Fig. 5 (right). It is clear that,
due to the nature of nonlinear interaction, one can produce

Fluence F [J/cm’]

FIGURE 4 Examples of holes produced by two
femtosecond laser pulses in a 100 nm chromium
layer using focusing (left) and imaging (right)
setup

sub-diffraction limited structures. An example of a 200 nm
hole fabricated in glass is shown in Fig. 5 (bottom).

The minimum structure size that can be produced by
femtosecond laser pulses is determined by the equation
d =k\/NAq'/?, where 1 is the radiation wavelength, NA is
the numerical aperture of the focusing optics, and k is a pro-
portionality constant (k = 0.5-1). To test this prediction,
we investigated the dependence of the minimum structure
size that can be fabricated in different transparent materi-
als on their band gap energy. In these experiments, we used
a commercial kilohertz femtosecond laser system delivering
1 mJ, 30 fs laser pulses at an 800 nm wavelength, and a 36x
Schwarzschild objective with NA = 0.5. In measurements of
the structure size, an array of 10 holes fabricated with the same
laser parameters was always used to obtain better statistics.

The results are shown in Fig. 6 together with the SEM
images of typical holes. As can be seen, for transparent ma-
terials, the minimum structure size is in good agreement
with the above equation. The shape of the fabricated holes
is different for different materials. Whereas microstructur-
ing with femtosecond laser pulses has a universal charac-
ter, results of nanostructuring are material-dependent. In
our experiments, we identified a class of materials that
are suitable for nanostructuring with femtosecond pulses.
An important example is a sapphire crystal, which can
be nanostructured with sufficiently high quality. In Fig. 7,
a first periodic nanostructure fabricated with femtosecond
laser pulses in a sapphire crystal is shown. For each hole,
ten laser pulses were used. The total processing time for
216 holes shown in Fig.7 was 30s (including the time
required for sample positioning). This nanostructure can
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FIGURE 5 Measured laser intensity distribution /(r) in the focus of
a Schwarzschild objective (left), laser intensity distribution in the fifth power
VUGN (right), and an example of a 200 nm hole produced in glass with fem-
tosecond laser pulses (bottom)
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FIGURE 6 Dependence of the minimum structure size for different trans-
parent materials on their band gap energy and SEM images of typical ablation
results. The solid line represents the structure size calculated due to the ex-
pression d = 1/q'/?
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FIGURE 7 An example of a periodic nanostructure (with a defect cavity
in the center) fabricated in a sapphire crystal with femtosecond laser pulses
(left). On the right side, an enlarged fragment of a single hole is shown

be considered as a two-dimensional photonic crystal with
a defect cavity at the center. Nanostructures analogous to
that shown in Fig. 7 are required for many applications in
photonics.

5 Two-photon polymerization with femtosecond

laser pulses

Another promising possibility for the fabrication
of nanostructures is provided by a two-photon polymeriza-
tion technique. Two-photon polymerization of photosensitive
resins, initiated by femtosecond laser pulses, has recently
been demonstrated for the fabrication of three-dimensional
microstructures [16, 17]. When tightly focused into the vol-
ume of a liquid resin that is transparent in the infrared, fem-
tosecond laser pulses can initiate two-photon-polymerization
and produce 3D microstructures with a resolution better than
200 nm [17].

In this section, investigations of the two-photon polymer-
ization technique of special hybrid polymers having excep-
tionally good optical and mechanical properties [18] are re-
ported. The resins we use are designed for ultraviolet pho-
tolithography and contain photo-initiators sensitive to 390 nm
radiation. These resins are exposed to tightly focused 80 fs
Ti:sapphire laser pulses (at 780 nm and a repetition rate of
80 MHz), initiating two-photon polymerization in a small fo-
cal volume. Since these resins are transparent to the incident
laser light, the polymerization can be initiated everywhere
in the volume of the liquid droplet. When the laser focus is
moved through the resin in three dimensions, the polymer-
ization occurs along the trace of the focus. This allows the
fabrication of any computer-generated 3D structure by direct
laser “recording” into the volume of the resin.

In Fig. 8, some examples of 3D microstructures produced
by the two-photon polymerization technique are shown. In
this figure, SEM images of a 3D periodic structure (top)
and a micro-bull statue (bottom) fabricated with femtosec-
ond laser pulses are presented. Corresponding enlarged frag-
ments are shown on the right hand side. Due to the thresh-
old behavior of the two-photon polymerization process, one
can fabricate structures below the diffraction limit. In Fig. 9,
a SEM image of an array of polymerized voxels (volume pix-
els), produced on a glass surface using different laser pulse
energies and irradiation times (left), is shown. On the right
side, an example of a single voxel with a diameter of about
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200 nm and a length of 700 nm, which are determined by
the lateral and axial resolution of the focusing objective, is
shown. This image represents current resolution limits of our
technique. It is expected that, in the future, two-photon poly-
merization will be used for low-cost fabrication of artificial
nanostructured materials for applications in optics, medicine,
and biology.

Conclusion

High-precision material processing with fem-
tosecond laser pulses has been demonstrated. Femtosecond
lasers allow the fabrication of complicated two- and three-
dimensional nanostructures with a structure size on the order
of several hundred nanometers.

Investigations of thermionic electron emission from metal
targets have been performed. These investigations provide
valuable information on the dynamics of femtosecond laser
ablation. We have observed for the first time that the max-
imum surface electron temperature in metals irradiated by
femtosecond laser pulses is determined by the peak laser in-

FIGURE 8 SEM images of a three-dimensional
periodic structure (top) and a micro-bull statue
(bottom) fabricated by two photon-polymeriza-
tion in a hybrid polymer using femtosecond laser
pulses. Corresponding enlarged fragments are
shown on the right side

FIGURE 9 SEM images of voxels (volume pix-
els) produced on a glass surface by two-photon
polymeryzation of a photosensitive resin using
different laser pulse energies and irradiation
times (left). Detailed image of a single voxel
lying on the surface (right)

tensity. This indicates that for nanostructuring of metals, it is
advantageous to use ultrashort laser pulses.

Detailed investigations of nanostructuring of metal layers
and transparent materials have been performed. It has been
demonstrated that nanostructuring with femtosecond lasers is
material-dependent. For different transparent materials, the
dependence of the minimum structure size on their energy
band gap has been investigated. Using tightly focused 780 nm
femtosecond laser pulses, periodic structures with structure
sizes down to 200 nm have been fabricated by direct ablative
writing at atmospheric pressure.

A high-resolution two-photon polymerization technique
of photosensitive hybrid materials has been demonstrated.
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