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The Femtoprint project, a European project, aims at demonstrating the use of low-energy laser 
pulses (i.e. below the ablation threshold) to manufacture monolithically integrated devices including 
optofluidic, optomechanical and photonic devices. The longer-term objective is the implementation 
of a versatile table-top machining center. This paper summarizes the project progress to date and 
demonstrates the potential of this approach through various illustrative examples. 
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1. Introduction 

1.1. Functional integration at the microscale 
The last decades have seen the emergence of micro-

/nano-systems with diverse functionalities (see Figure 1).  
Starting from integrated circuits in the 1970’s, followed by 
micro-mechanical systems in the 1980’s-1990’s, photonics 
and fluidics in the 1990’s-2000’s and recently the addition 
of organic material and bio-molecules, micro-/nano- 
systems are becoming complex machines performing 
sophisticated tasks.  

 
Fig. 1 The road to system integration.  

 

Significant progress and breakthroughs are expected 
with the integration of these functionalities on a common 
platform. While the merger of electronics and micro-
mechanics on a common platform (MEMS) is showing 
significant success, a true integration of photonics, micro-

mechanics and fluidics on a common platform has yet to be 
successfully demonstrated and implemented.  

This is especially true when working with non-planar 
(i.e. 3D) devices. Despite undisputable successes - vivid 
examples are accelerometers or inkjet printer heads - the 
number of successful microsystem applications (i.e. that 
get out of the laboratory) remain limited and below the 
perceived potential. One well-known bottleneck in the 
fabrication of microsystems combining multiple 
functionalities as diverse as fluidics, optics and mechanics 
is the packaging and the ever increasing complexity of 
fabrication processes.  

Progress in that field could be made by applying 
disruptive design concepts and processes that we briefly 
introduce in the next paragraph.  

In addition to the technical limitations mentioned above, 
classical microfabrication approaches face economical and 
societal issues. The spectacular miniaturization trend 
ongoing for the last thirty years in various fields has not 
been paralleled by a similar miniaturization of the 
production means. Ironically, today, the microsystems 
industry uses large numbers of sophisticated equipment to 
fabricate very small parts. Large capital investments are 
required to set up and operate such microsystems 
production facilities. Consequently, mainly products with 
potentially large markets (such as accelerometers) are 
considered, and only a few large suppliers can make the 
necessary financial investments. Small and medium size 
companies are prevented from entering the field although 
they usually are a strong source of innovative ideas. This 
issue has a negative impact on our innovation capabilities 
as well as our abilities to rapidly adapt to new demands.  
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Further, foundries where surface micromachining takes 
place consume large amount of energy, most of it being 
wasted in operating the machinery and in the control of air 
temperature, humidity and purity as required for 
photolithography [1], [2]. As sustainable growth 
requirements become more prevalent, these power-hungry 
fabrication techniques will face increasing societal scrutiny.  

Alternative production methods that can bypass some 
these issues will be of increasing interest. One of these new 
approaches is the use of femtosecond lasers to fabricate 
glass based integrated microsystems, sensors and photonics 
devices.  

1.2. Effect on glass exposed to low-energy femto-
second laser pulses 

Recent progress in femtosecond laser micromachining 
of fused silica have made possible the fabrication of 
integrated optics (from first demonstrations [3][4][5][6], to 
complex integrated optical systems [7][8]), optical data 
storage [9], new optical components [10][11], 
microchannels [16], and a combination of both [13] 
[40][14][15][18], and all-glass optomechanical devices [21]. 
Thanks to the broad number of functions that can be 
integrated in a single piece of material [23], fused silica 
processing with femtosecond laser has become the ideal 
platform for monolithic integration. 

1) The material is selectively exposed by rasterizing a 
pattern according to a technique described in [16].  

2) After laser-exposure, the part is etched in a low-
concentration HF bath. Concentrations between 2.5% and 
5% are typically used. Etching time depends on pattern 
sizes and varies from one hour to several hours for the 
deepest structures. Following etching the part is rinsed in 
de-ionized water and dried.  

 

 
Fig. 2 Illustration of the two-step microfabrication process to 

process fused silica using femtosecond laser exposure 
combined with chemical etching.  

1.3. The Femtoprint project 
The Femtoprint project is a European project aiming at 

providing simple, affordable and on-site microsystem and 
photonic devices production capabilities to a large 
community of users. Specifically, it explores the use of 
low-energy femtosecond pulses for fabricating micro- and 
nano-scale devices in glass materials. These microsystems 
will have the capability to combine structural features (for 

instance for fluid or gas handling) with optical 
functionalities and micromechanical functionalities.  

Although enormous instantaneous powers are locally 
reached (Gigawatts or even Terawatts per cm2) during the 
laser exposure, the average power typically does not 
exceed a few hundred of milliwatts, which is comparable to 
what a bright LED emits. Thanks to this low average power 
requirements, femtosecond lasers consisting simply of an 
oscillator are sufficient to produce complex micro- and 
nano- systems. These laser systems are nowadays table-top 
and cost a fraction of the cleanroom equipment needed for 
producing similar structures. It is foreseeable that within 5 
years the size of such laser systems can be reduced to a 
shoe-box.  

One objective of Femtoprint is to develop a printer for 
micro-/nano-sytems fabricated out of glass. Fig. 3 shows an 
artistic view of the ‘femtoprinter’ (with realistic dimensions 
with respect to the computer) under development.  

 

 
Fig. 3 Artistic view of the prototype Femtoprinter. The system 

consists of a control unit, a laser scanning system (cen-
tral part) and the laser source (right).  

 
The system consists in three units: the control unit, the 

laser scanning system and the laser source. The laser source 
is an oscillator whose specifications are shown in Table 1.  

 
The moderate to low pulse energy reduces the laser 

requirement in term of power dissipation and size but is 
nevertheless sufficient for selectively modifying the glass 
matrix structure. The repetition rate is chosen to cover the 
domain of energy where no or little cumulative effects are 
observed.  
2. Process optimization 

It was recently shown [43] that the net deposited energy 
(i.e. the energy effectively deposited in a given volume 
element) plays a key role in deciding the etching rate of 
laser processed bulk fused silica. There is an optimum 
deposited energy to achieve maximum etch rate. This is 
illustrated in Figure 4. This net deposited energy is directly 
dependent on the scanning speed and the repetition rate. It 
is therefore possible to define an optimum processing 
window for which the fastest etching rate (and as a 
consequence, the highest aspect ratios) are obtained.  

 

 

Table 1 Preliminary Femtoprinter laser source specifi-
cations 

Parameters  Value  

Puls e dura t ion  200-500  fs  
Puls e ener gy < 1uJ  

Repet i t i on  ra t e  0 -5MHz 
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Fig. 4 Effect of deposited energy. The top image shows buried 

lines partially etched for increasing deposited energy 
and for two repetition rates. The etching length as a 

function of the deposited energy shows evidences for an 
optimum processing window [43]. 

 

 
Fig. 5 Optimum process window for pulse energy of 210 nJ and 

a given set of confocal parameters and laser exposure 
conditions (pulse duration =380 fs). The optimal ma-

chining regime with these confocal parameters is shown 
(green frame). 

An example of such processing window is shown in 
Figure 5. This results are given for a pulse energy of 210 nJ 
and for a femtosecond laser emitting 500 fs-long pulses at 
1030 nm. In this configuration, it is found that the optimal 
level of deposited energy is around 10 J/mm2. For this 
value, an appropriate ratio between repetition rate and 
scanning speed can be selected to optimally expose the 
silica material. 
3. Illustrative examples / Applications 

The femtoprint process finds numerous applications, in 
particular in the fields of optofluidics, optomechanics, 
photonics, and micromolding, as well as marking and 
information storage. In this section, we present a few 
illustrative examples.  

3.1. Three-dimensional machining and sub-
wavelength manufacturing 

Thanks to the non-linear nature of the ultrafast laser-
matter interaction, the energy is locally absorbed wherever 
the laser spot is focused. In transparent materials such as 
dielectrics, the laser can be focused anywhere inside the 
material and the energy can be deposited anywhere in the 
volume. Using this property, it is therefore possible to 
create three-dimensional structure as long as there exists a 
path for the etchant to penetrate in the laser affected 
regions. Various authors have demonstrated the fabrication 
of three-dimensional objects using this principle (see for 
instance [28], [29]). Figure 6 shows another example made 
in fused silica and using the femtoprinter parameters. 

 
Fig. 6 Illustration of a three-dimensional multi-layer structure.  

 
It consists of a multi-layer structure that is separated 

from the substrate but yet remains encapsulated inside the 
substrate. This simple example demonstrates the unique 
advantage of the use of femtosecond laser compared to 
more traditional lithographic techniques that is its three-
dimensional capability.  

While traditional industrial laser-machining processes 
based on melting processes see their smallest feature size 
driven by the optical diffraction limit and as such cannot 
typically be smaller than the laser wavelength itself, the 
non-linear laser-matter interaction taking place when using 
an ultra-fast laser offers the possibility to produce features 
below the diffraction limit. To illustrate this important 
properties, Fig. 7 shows a nanoscale channel that was 
manufactured with a femtosecond laser emitting at 
1030 nm.  
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Fig. 7 Illustration of a nanoscale microchannel. This example 

demonstrates that, thanks to the non-linear absorption 
properties inherent in the use of an ultrafast laser, fea-

tures smaller than the wavelength of the laser itself 
(here 1030 nm) can be fabricated.  

 
Another remarkable example of sub-wavelength 

structures was shown by Shimotsuma et al. [27]. In their 
seminal work, they demonstrated the formation of 
nanogratings, i.e. self-organized features of nanometer 
sizes appearing in the laser spot itself.  
 

 
Fig. 8 SEM images of nanogratings forming in laser affected 

zones. (Images inspired from [27]). 

3.2. Optomechanical devices 
Although counterintuitive at first, fused silica is an 

interesting platform for developing integrated 
optomechanical devices. The material has excellent 
mechanical properties provided that its surface properties 
are controlled. Here, the use of an etching step greatly 
improve the mechanical properties, and high-strength 
elastic elements such as flexures can be produced [22]. The 
simulataneous integration of optics and mechanics in a 
single substrate was demonstrated in [21].  

This concept can be pushed further by introducing 
actuating properties. This can be realized using a comb-
array design (as shown in Fig. 9). Once it is coated with an 
electrode (which using ITO can be transparent), the comb-
array behaves like a capacitor and can be used as a sensor 
or as a force generator upon application of a voltage. The 
femtoprint process creates structures with aspect ratio 
comparable or higher than competetive processes like Deep 
Reactive Ion Etching (DRIE). It is therefore particularly 
suitable for the design of in-plane mechanisms such as the 
mechanism presented in [21] or the one shown in Fig. 9. 
 

 
Fig. 9 Scanning electron microscope images close-up views of 

the fabricated comb-array actuator.  

3.3. Photonics devices 
Beams with radial or azimuthal polarization are of 

particular interest due to their high inherent symmetry and 
the unique optical properties. Such beams enable resolution 
below the diffraction limit [30] and interact more 
efficiently with materials [31] without the undesirable 
anisotropy observed with linearly polarized light. They also 
have a relatively large longitudinal component of electric 
field which is promising for applications such as particle 
acceleration. However, current methods of polarization 
manipulation require specialised and expensive equipment. 
Furthermore limits on the throughput power rules out 
applications such as material processing and particle 
acceleration. However, it has been demonstrated that 
polarization can be successfully manipulated with the help 
of form birefringence associated with sub-wavelength 
gratings [32]. Additionally, it was found that the 
femtosecond laser direct writing can be employed for this 
task. Moderate fluencies of ultrashort laser irradiation lead 
to spontaneous formation of self-assembled nanogratings, 
which behave as negative uniaxial crystals, with the slow 
and fast optical axes aligned respectively parallel and 
perpendicular to the grating corrugation [33]. Earlier works 
reported results on birefringence produced by self-
assembled nanogratings [34][35] that can also be used, as 
recently reported, for the fabrication of quarter- and half- 
waveplates [36]. Recently, polarization gratings imprinted 
by femtosecond laser nanostructuring have been 
demonstrated [37]. This method can be successfully 
implemented for the fabrication of polarization converters 
to create arbitrary polarization states, including polarization 
vortexes. 
The most straightforward approach is conversion of circu-
larly polarized light into radial/azimuthal polarization. By 
using Jones calculus we can describe a polarization con-
verter element. Multiplying a vector describing left handed 
circular polarization by the Jones matrix of polarization 
converter we obtain the following expression: 
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where the angle θ = φ + π/4 and φ  is the polar angle. Ne-
glecting constant phase shift we see that the resultant elec-
tric field has azimuthal orientation and it possess orbital 
angular momentum l = 1. Alternatively, right handed circu-
lar polarization will produce radially polarized beam with 
orbital angular momentum l = -1. Thus space variant phase 
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of the converter can form a beam with the orbital angular 
momentum [38], where its sign is controlled with the hand-
edness of incident circular polarization. 

The experimental setup used to imprint the polariza-
tion converter was composed of a PHAROS mode-locked 
regenerative amplified Yb:KGW based femtosecond laser 
system (Light Conversion Ltd.) operating at λ = 1030 nm 
and delivering pulses of 270 fs at a 40 kHz repetition rate. 
The beam was focused with a low numerical aperture Na-
chet ×20 objective (NA = 0.35) into a 2 mm thick fused 
silica plate 200 μm below the surface. In our experiments 
we observed retardance as high as 260 nm after a single 
pass of writing laser beam which enables us to fabricate 
efficient polarization converters working in the visible and 
near infrared. The laser beam polarization azimuth was 
manipulated by an achromatic half-wave plate mounted on 
a motorized rotation stage.  

To verify presence of radial polarization the converter 
was inserted into the path of a monochromatic circularly 
polarized beam and the light at the exit was observed with 
or without the linear polarizer [38]. The propeller shape 
(which is typical for radial polarization) observed through 
linear polarizer under optical microscope confirmed suc-
cessful implementation of birefringent polarization con-
verter.  
 

 
Fig. 10 Illustration of a photonic device made using a femto-

second laser. This device is a polarization converter that 
turns a circularly polarized beam into a radially polar-

ized one [11]. The pattern (A) (whose directions of 
slow-axis are shown in the top image) consists of a cir-
cular disk of femtosecond laser marks with gradually 

change the slow-axis orientation. The middle image (B) 
shows how the energy distribution of an incident 

Gaussian beam is modified after passing through the 
device. The bottom image (C) shows a comparison be-
tween the simulated field distribution and the measured 

one for both, radial and azimuthal polarization.  
 

Constant value of retardance with continuously vary-
ing direction of the slow axis was measured across the 
whole structure. The optical properties of the polarization 
converter were tested with a continuous-wave Nd:YAG 
laser second harmonic (λ = 532 nm). The transmission 
losses are 40 % in the green, 20 % at 1 micron and 10 % in 
the telecom wavelengths. The measurements made in the 
far-field were found to be in good agreement with the mod-
el this optical system based on Jones matrix formalism and 
Fourier propagation.  

The technique enables achieving radial or azimuthal 
polarizations simply by controlling the handedness of inci-
dent circular polarization. More complex polarization con-
verters can be easily designed by controlling polarization of 
the writing femtosecond laser beam. 

3.4. Micro-molding 
Micro-molding can be used for the cost-effective 

fabrication of elements such as active or passive 
components in MEMS devices, hydrophobic surfaces, cell-
growth scaffolds or optical components such micro-lens 
arrays and gratings.  

The three-dimensional capabilities of the process makes 
it suitable for the fabrication of micromolds used for the 
fabrication of low-cost polymer replicas. In [44], we 
demonstrated the process of such molds. Noteworthily, this 
method is also particularly interesting for examining high-
aspect ratio laser-machined structures fabricated in glass 
material. Thanks to this technique, surfaces not accessible 
with common imaging techniques can be observed on their 
molded negative structure with very high fidelity.  

The steps for the preparation of three-dimensional 
molds using femtosecond laser processing and etching are 
shown in Fig. 11. The first two steps are the laser exposure 
and the chemical etching using the lasers and methods 
discussed in the previous paragrahs.  

 

 
Fig. 11 Micro-molding of femtosecond laser micromachined 

structures. The first two steps are the machining per se. 
A key aspect of this molding procedure is the use of a 
release coating that reduces the polymer adhesion and 

friction with the glass substrate. The process is de-
scribed in great detail in [44].  

(A) 

(B) 

(C) 
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To reduce both the adhesion of the molding material to 
the mold and the friction experienced by the molding upon 
release, a 20 nm thick, densely packed, irreversibly 
adsorbed polydimethylsiloxane monolayer is grown on 
clean, hydroxyl-rich silica substrates (step 3). The final 
result is obtained through a physisorption mechanism 
involving mainly multiple H-bonding. The nanocoating’s 
high packing density, together with the low surface tension 
and friction coefficient of PDMS (liquid at room 
temperature with extremely mobile chains) make for an 
effective release coating. 

After performing the monolayer deposition, a uniform 
mixture of PDMS base and cross-linker (Sylgard 184) (or 
other polymer depending on the application) is poured onto 
the substrate to generate negative PDMS templates. The 
percentages of base and cross-linker are chosen to give rise 
to elastomers optimized from a mechanical standpoint 
(relatively high stiffness and ultimate tensile strength while 
being highly compliant). The final step is the demoulding 
proper.  
 

 
Fig. 12 Left:  Moldings of Borofloat conical holes. Right: Mold-

ings of long narrow holes made in fused silica. The 
demolded structures (standing up on the substrate) are 

more than 100 µm long.  
 
Fig. 12 shows two illustrative examples of molded 

femtosecond micromachined substrates. The left example 
is a borofloat glass on which conical structures were 
formed after etching of straight vertical lines written with 
the femtosecond laser. The cracks visible on the image are 
artefacts from the sample preparation and comes from the 
metal coating necessary for a proper SEM image formation. 
The right image shows very long self-standing structures of 
PDMS after the release from the glass substrate. These 
pillars are more than 100 µm long and a few microns wides. 
This demonstrates the high-aspect ratio capability of this 
micro-molding approach.  

3.5.  Optofluidics 
The simultaneous fabrication of integrated optics and 

microstructures is of particular interest for optofluidics [12]. 
Since pioneer works (see for instance [13], [14], [17] and 
ref [19], [20] that provide overview of the field), there have 
been various demonstrations made of labs-on-a-chip 

integrating waveguides and fluidic channels. Here, we 
show an illustration of femtosecond fabricated biochip for 
the rapid identification of algae [18]. 

The rapid identification of algae species is not only of 
practical importance when monitoring unwanted adverse 
effects such as eutrophication, but also when assessing the 
water quality of watersheds. In [18], we demonstrated a 
lab-on-a-chip that functions as a compact robust tool for 
the fast screening, real-time monitoring, and initial 
classification of algae. The water-algae sample, flowing in 
a microfluidic channel, is side-illuminated by an integrated 
subsurface waveguide.  

 

 
Fig. 13 Example of biochip for algae population monitoring. The 

biochip is made out of a single piece of glass on which 
are attached two PDMS connectors and a removable 

cover to seal the channel.  
 

The waveguide is curved to improve the device 
sensitivity. The changes in the transmitted optical signal are 
monitored using a quadrant-cell photo-detector. The signal-
wavelets from the different quadrants are used to 
qualitatively distinguish different families of algae (see Fig. 
14). 

 
Fig. 14 (left) Examples of wavelets signals obtained for specific 

algae species. (right) Images captured on the fly by a 
microscope camera overlooking the fluidic channel. 

 
The channel and waveguide are fabricated out of a 

monolithic fused-silica substrate using a femtosecond laser-
writing process combined with chemical etching.  

This proof-of-concept device paves the way for more 
elaborate femtosecond laser-based optofluidic micro-
instruments incorporating waveguide networks designed 
for the real-time field analysis of cells and microorganisms.  

3.6.  Marking and five dimensional information 
recordings 

The information hunger fuels the race for continuous 
advances in data storage. Currently, planar technologies are 
mainly used for this task (magnetic and optical hard disks) 
with simple multilayering added.  

100 μm
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However, increasing storage capacity demands 
development of new approaches. One of them could be 
femtosecond laser induced nanogratings, which exhibit 
anisotropy due to form birefringence. This anisotropy can 
be characterized by two independent parameters: 
retardance and slow axis orientation, which can be 
rewritten with successive pulse sequences. Recently, it was 
suggested using these parameters to extend optical 
recording beyond the three dimensions [39]. As a result, 
femtosecond laser induced self-assembled nanostructures 
can be employed as a rewritable five-dimensional optical 
memory.  

We explore this technology in depth and demonstrate its 
actual implementation for multidimensional optical 
recording and reading. 

 

 
Fig. 15 The Femtoprint project engraved in fused silica. The logo 

is made using nanogratings arranged spatially so that 
they introduced a variable retardance that is reflected in 

the false-image color.  
 

A self-assembled sub-wavelength nanostructure induced 
in fused silica by femtosecond laser exhibits strong optical 
anisotropy. This so-called form birefringence can be 
characterized by retardance and slow axis orientation.  

The number of pulses and azimuth of their polarization 
can independently control these two parameters. The re-
cording of the multiplexed optical memory shown here is 
performed with a PHAROS mode-locked regeneratively 
amplified femtosecond laser system (Light Conversion 
Ltd.) based on a Yb:KGW crystal, operating at 
λ = 1030 nm and delivering pulses of 270 fs at a 200 kHz 
repetition rate. The laser beam is focused with a high-NA 
lens into the bulk of a fused silica sample mounted on a 
three-axial motion platform. A successive reading of the 
recorded information is performed with a quantitative bire-
fringence measurement system (Abrio, Cri Inc.) based on a 
conventional optical microscope. 

As a demonstration of 5D optical writing, we recorded 
the portraits of two great scientists, Maxwell and Newton, 
in a piece of silica glass by continuously controlling expo-
sure and polarization during the writing process. The 
Maxwell portrait was encoded with varying strength of 
birefringence and Newton’s by varying the slow-axis orien-
tation. Later, using the Abrio system, we managed to de-
couple both images, clearly demonstrating the potential of 
the proposed information recording technique.  

The described memory multiplexing technique by po-
larization encoding can be successfully applied for high 
capacity data storage. For instance in the image shown in 
Fig. 16, we achieved 10 Mb/mm2 and 1 Gb/mm3.  
 

 
Fig. 16 Example of five dimensional information encoding. The 

images are 1.5 x 2 mm. The first image (top left) shows 
the specimen seen under normal lighting conditions. 

The second image (top right) displays de birefringence 
information in false colored. The last two images (bot-

tom right, Maxwell and left, Newton) respectively show 
the decomposed strength of retardance and angle of 

slow axis information.   

3.7. High-speed self-organized bubbles 
Depending on the pulse repetition rate, cumulative 

effects are eventually observed for repetition rates typically 
above 1 MHz [45],[46].  

The formation of organised bubbles trains (nicknamed 
‘pearl-chains’) was reported by R. Graf et al. [47] at high-
repetition rate, i.e. in the cumulative regime.  

We recently demonstrated that such patterns were the 
outcome of self-organizing patterns emerging from a 
chaotic behavior [48]. Furthermore, we showed that such 
patterns can be arranged in 2 or 3 dimensions, forming 
remarkably cm-long self-organized patterns.  

These patterns are obtained by continuously scanning a 
laser beam across a fused silica specimen in the cumulative 
regime, rather than using high intensity pulses and high 
numerical aperture to induce explosions in the material as 
demonstrated by others.  

In the cumulative regime, the formation of bubbles is 
driven by thermal accumulation effects rather than from 
micro-explosions as observed with high-focused intensities 
and high NA [49], [50].  
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Fig. 17 Two-dimensional grating written in fused silica. Each 

grating line was written at 30 mm/s. Pulses were fired 
at 9.4 MHz.  

 
These patterns are obtained at very high scanning rate 

(>30mm/s) which opens interesting opportunities for mass 
and high-speed production of self-organized gratings.  
4. Outlook 

The manufacturing of glass with low-energy 
femtosecond laser pulses combined with chemical etching 
defines a flexible manufacturing platform suitable for 
technologies like optofluidics, optomechanics, marking, 
and photonics. Through a series of demonstrations, we 
showed that a laser with small energy requirements 
(average power of less than a few hundred of milliwatts) 
can produced complex devices spanning from all-glass 
actuators and sensors to biochips for algae monitoring and 
from polarization converters to five dimensional marking. 
We also demonstrated the use of fused silica substrate as 
three-dimensional micromolds further expanding the 
capabilities of this process towards mass-production 
through polymer replicas.  

All these devices and structures can be produced with a 
table-top production center, nicknamed ‘femtoprinter’, that 
costs a fraction of typical investments for 
micromanufacturing capabilities. We believe that such a 
system can significantly boost innovation by providing a 
large pool of users with in-house prototyping and small 
production capabilities.  
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