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Abstract: This paper describes the direct write laser fabrication of a
photolithography mask for prototyping of microfluidic devices in
polydimethylsiloxane. An amplified femtosecond pulse laser is used to
selectively remove the aluminium metal layer from the poly(methyl
methacrylate) photomask substrate. The use of a femtosecond pulse laser to
selectively etch a metal layer has several advantages over other
conventional methods for binary photomask fabrication, namely rapid
prototyping of microfluidic devices using soft lightography. Control of the
energy density and defocus position of the focusing objective lens results in
the etching of features with widths ranging from 2 μm to 35 μm when using
an objective lens with a numerical aperture of 0.25.
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1.

Introduction

Rapid prototyping of microfluidic device designs is growing in importance, both in terms of
time and cost as the microfluidic industry continues to generate new avenues for biological
and chemical research. The fabrication of photomasks is still a fundamental step in the
development of microfluidic devices, regardless of the method used for device replication.
Typically high resolution photomasks are fabricated using a photolithographic or e-beam
lithographic process [1-3] in order to achieve features with dimensions less than a micrometer.
However, both lithographic fabrication methods rely on the use of a photoresist for transfering
an image to a photomask. When a photoresist is used to generate a photomask multiple steps
are required just to produce the photomask, which then in turn can be used to replicate the
designed structure. The disadvantage of using conventional photolithography or e-beam
lithography is the time and expense required to produce a new photomask. This becomes
apparent during the development cycle of a device, where the frequent redesign of structures
or geometries requires repeated fabrication of the photomask. Recently we have seen the
emergence of high resolution printing as an alternative method for generating a photomask for
microfluidic device manufacturing [4, 5]. Generally microfluidic devices require feature
resolutions on the order of a micrometer with total combined channel lengths of at least
centimeters.
A microfluidic device can be fabricated using any number of methods other than
lithography. Micromachining with excimer and Nd:YAG lasers is the most common method
for micromachining; however the nanosecond pulse width generated by those lasers results in
the formation of a large heat affect zone (HAZ). Depending on the material being machined,
fabrication defects such as cracks can appear in the HAZ and ejected debris can be found
around the interaction region. Moreover, the selective etching of a metal layer or layers from
the surface of a tranparent substrate is not possible with excimer or Nd:YAG lasers. Direct
write fabrication of microchannels has been demonstrated using a Nd:YAG [6], assembly of
organic inks [7] and a femtosecond laser [8]. While direct write fabrication can be used to
fabricate two- and three-dimensional microchannels directly in a range of different substrates,
the drawback occurs when replication of the microfluidic system is required. Whereas the
cost of a complex photomask is seen as prohibitive, the cost of a serial direct write fabrication
method would preclude it from being used to replicate a commercial microfluidic device.
The advantage of developing a photomask becomes apparent when consideration is given
to the method to be used for replicating the microchannels. Soft lithography with
poly(dimethylsiloxane) (PDMS) is a desirable process as PDMS has been demonstrated to be
a suitable material for biological [9-11] microfluidic applications and for the ease with which
microfluidic devices can be replicated in PDMS without destroying the master mold. Another
advantage of using PDMS is the method required to replicate the devices can be accomplished
without expensive equipment compared with hot embossing.
Femtosecond pulse lasers are finding more applications in micromachining due to their
ability to fabricate in a wide range of materials with little or no heating or damage outside the
focal spot [11-13]. Applications of femtosecond micromachining include surface ablation
[14], optical data storage [15, 16], optical waveguides, micro-optical components [17],
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photonic band gap structures [18] and microfluidic channels [19]. The short pulse width of
femtosecond lasers provides a means of micromachining metals and dielectrics without
defects and debris that are typically associated with a build up of heat in the focal region. The
energy density that is created from focusing mJ femtosecond pulses (> 1015 W cm-2) typically
results in the ionisation of the material in the focal region. The creation of a plasma in the
focal region transfers the energy and heat away from the surrounding material, resulting in a
HAZ that is limited to the extent of the focal region. As fabrication using femtosecond pulses
is predominately a nonlinear process the material ablation occurring within the focal region
can be controlled by adjusting the pulse energy within the focal spot, known as ‘thresholding’.
This can result in the production of features with dimensions below the diffraction limit of the
focusing optics used [12]. When layering a number of dissimilar materials with different
optical breakdown thresholds individual materials can be machined without affecting the
surrounding materials. Femtosecond pulse lasers have been used to directly write a pattern
into a gold and chromium coated quartz substrate in order to produce photomasks [20, 21].
In this paper we report on the use of femtosecond pulse lasers to selectively etch the
aluminium metal layer on a poly(methyl methacrylate) (PMMA) substrate in order to fabricate
a binary photomask for the rapid prototyping of microfluidic devices using soft lithography.
This method of producing photomasks can simplify the number of steps required to fabricate a
microfluidic device and therefore reduce the time and cost associated with developing new
devices.
2.

Experimental setup

The photomask substrate consists of a PMMA substrate cut to the size of a glass slide (75 mm
x 25 mm) with a thickness of 2 mm. A metal layer of aluminium (Al) was coated onto one
surface of the PMMA using evaporation vacuum deposition (EMITECH). The thickness of
the Al layer was controlled in order to limit the transmission of the ultra-violet light from the
Mercury lamp used to polymerise the photoresist during fabrication of the master mold. A
layer thickness of 250 nm was found to remove sufficient ultra-violet light from a focused 100
W Mercury lamp.

Fig. 1. (a). Schematic illustration of the optical setup. (b). An illustration showing the focused
femtosecond laser beam and its focus position relative to the metal layer. The beam waist in
the focus is represented by w0 and the Rayleigh range is indicated by zR.

Fabrication of the photomask is achieved with an amplified Ti:Sapphire femtosecond (fs)
pulse laser (Spitfire, Spectra Physics) that produces 100 fs pulses at a repetition rate of 1 kHz
at a wavelength of 800 nm. The beam first passes through a mechanical shutter for
controlling the exposure and a Glan Thompson prism (GTP) for controlling the intensity,
before being directed through a telescope to expand the beam to match the back aperture of
the objective lens. A 0.25 numerical aperture (NA) objective lens is used to focus the laser
onto the sample. The objective lens is mounted on a vertical translation stage, while the
sample is mounted on an x-y translation stage. A white light source and CCD camera are
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mounted to monitor the fabrication in situ. Mounting the white light source in transmission
mode allows real time inspection of the quality of the metal layer removal, by observing the
quality of the light being transmitted through the newly etched regions. A schematic of the
experimental setup used to fabricate the photomask is illustrated in Fig. 1(a).
The removal of the Al layer occurs in the focal spot of the objective lens where the energy
density is sufficient to directly ionise the Al layer. From Fig. 1(b) it can be seen that the
Rayleigh range (zR) of a 0.25 NA objective lens extends beyond the metal layer into the
PMMA substrate. By controlling the energy in the focal spot and utilising the different
optical and mechanical properties of the two materials a threshold can be determined whereby
the Al layer is removed without destroying the underlying PMMA layer. The Rayleigh range
and focus diameter (2 w0) for the 0.25 NA objective lens are 11 μm and 2 μm, respectively.
A photomask is fabricated under atmospheric conditions, which results in the redeposition
of some of the removed material. It has been shown that micromachining of different
materials under a vacuum results in improved ionisation of the target material and little or no
redeposition or debris [21]. However, fabricating under vacuum conditions increases the time
and complexity of the fabrication of the photomask and is only required when fabricating
nanometer size structures.
3.
3.1

Results and discussion
Effect of energy thresholding

The ability to select different materials for removal using femtosecond pulse laser fabrication
is a unique characteristic of the physical processes associated with a femtosecond temporal
pulse. The direct ionisation of a specific material in the focal region within a single or
multiple pulses results in the removal of that material with limited temperature build up or
transfer to the surrounding material.

Fig. 2. SEM image of a series of lines fabricated at different energies. The top four lines are
fabricated with a fluence (5 J/cm2) above the threshold for ionising the PMMA substrate while
the bottom three lines are fabricated with a fluence (0.7 J/cm2) where only the Al layer is
ionised.

A scanning electron microscope (SEM) image (Fig. 2) of a series of lines fabricated in the
sample at different energies show that by controlling the energy per pulse, the metal layer can
be removed without damaging the underlying PMMA substrate. The energy density required
to ablate the PMMA when the objective was focused on the surface of the photmask was 5
J/cm2. When the energy density is reduced to 0.7 J/cm2 the Al layer is removed while leaving
the PMMA substrate unaffected. At energies below the ionization threshold modification of
the optical properties of PMMA can still occur [23]. The width of the line generated by the
removal of the Al layer is 3.8 μm, while the width of the channel ablated in the PMMA is 1.9
μm. The use of thresholding when fabricating photomasks using femtosecond pulse lasers is
important as any damage to the PMMA substrate reduces the quality of the UV transimission
which in turn affects the fabrication of the master. A feature that can be seen in Fig. 2 is the
ripple along the edges of the fabricated regions. The ripple is due to the overlap between
successive pulses as the sample is translated. In order to remove the ripples more overlap
between the successive pulses would be required which can be achieved by slowing the
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translation speed of the sample. Another characteristic that can be observed is the lack of
debris surrounding the fabrication of the metal layer. For the fabrication conditions used to
remove the Al layer, the energy density was sufficient to almost completely ionise the metal
layer limiting the debris or redeposition of Al.
3.2

Effect of defocusing

By controlling the focal position of the focused femtosecond pulses with respect to the surface
of the metal layer, the amount of metal that is ionised per pulse can be changed. As it is the
energy density that is most significant in terms of whether the material is ionised or not, any
change in the focal position will also change the energy density incident on the metal layer.
Using this method of defocusing two effects can be achieved. The first is that a larger area of
material can be removed per pulse and second, defocusing changes the tolerances associated
with removing the metal while not affecting the substrate. It can be seen from Fig. 3 that by
moving the focal position away from the sample surface the area that is irradiated by the beam
is increased. The defocus distance (Δz) is given as the distance between the focused beam
waist and the metal layer. Figure 3(a) illustrates focused conditions (Δz = 0) while Figs. 3(b)
and 3(c) illustrate 45 μm and 75 μm defocus conditions. Figure 3(d) illustrates the theoretical
and experimental width of an etched line based on the defocus position. Also, within the focal
spot the energy density is a Gaussian distribution, with the highest energy located at the centre
of the focal spot. Whereas the energy density outside of the Rayleigh range is relatively
uniform across the beam in comparison to that in the focal spot. By defocusing the fabrication
beam more control over the energy density irradiating the sample can be achieved, which
reduces the likelyhood of ionising the substrate.

Fig. 3. Schematic diagram representing the defocus position of the objective lens and the limit
of the Rayleigh range with respect to the Al layer. (a) the objective is focused on the metal
layer, (b) the objective lens is defocused by 45 μm and (c) the objective lens is defocused by 75
μm. The Rayleigh range is indicated by the hashed region. (d) illustrates the theoretical and
experimental values for the width of the etched line as a function of defocus position.

The effect of defocusing on the removal of an Al layer can be seen in Fig. 4. In Fig. 4 a
series of lines were fabricated where the metal layer has been removed under (a) focused, (b)
45 μm defocus and (c) 75 μm defocus conditions. The widths of the lines fabricated as a
result of the focus, 45 μm defocus and 75 μm defocus conditions are 2.4 μm, 22.5 μm and
35.4 μm, respectively. Theoretical predictions of the beam width corresponding to the three
defocus positions are 1.9 μm (Δz = 0), 16 μm (Δz = 45 μm) and 26 μm (Δz = 75 μm). The
energy density used to remove the Al layer was 0.7 J/cm2 and the sample was translated at a
speed of 800 μm/s. From Fig.s 4(a), 4(b) and 4(c) it can be seen that the energy density is
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significant enough to ionise the metal layer without affecting the substrate, however in Fig.
4(c) the energy density is reduced to 0.3 J/cm2 such that not all the metal layer can be ionised.
It is clear that the edges of the remaining metal were melted rather than ionised. This is also
confirmed by the significant quantity of debris that can be seen in the image.
Fabrication of a photomask by selectively removing the metal layer from a PMMA
substrate can be used to increase the speed of development of microfluidic devices. An
example of a device that is fabricated using this method of fabricating a photomask is shown
in Figs. 4(d) and 4(e). The completed and sealed y-junction microfluidic device can be seen
in Fig. 4(d) with a fluorsecence image of the laminar flow shown in Fig. 4(e). The final
channel dimensions are width 100 μm, depth 100 μm and length 13.5 mm. By controlling the
defocus during the fabrication process the time taken to produce the photomask can be
reduced. For the case of the y-junction photomask the fabrication time was less than 5
mintues.

Fig. 4. Fabrication of a photomask using defocusing. SEM images of a series of lines
fabricated at different objective lens defocus positions, (a) Δz = 0 μm, (b) Δz = 45 μm and (c)
Δz = 75 μm. (d) a sealed y-junction microfluidic device. The length of the microfluidic
channels from the inlets to the outlet is 13.5 mm and the channel width and depth are both 100
μm. (e) a two-colour fluorescence image showing the laminar flow produced in the y-junction
microfluidic device.

4.

Conclusion

The production of photomasks for microfluidic devices is an expensive exercise both in time
and cost, which does not allow any flexibility for iterative development cycles. The ability to
selectively remove a metal layer from an optically transparent substrate using femtosecond
pulsed lasers provides a means of directly transferring the pattern to the photomask. By
controlling the energy density and defocus position of the focused femtosecond pulses the
photomask can be generated in mintues which is suitable for producing a master for
replication using PDMS. The ability to change the focus position and therefore change the
amount of the metal layer removed ensures that both high and low resolution features can be
achieved in the photomask. This method of producing a photomask also provides a method
for modifying a photomask which could lead to faster microfluidic device development times.
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