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Real-Time Optical Monitoring of Etching Reaction of
Microfluidic Channel Fabricated by Femtosecond

Laser Direct Writing
João M. Maia, Vı́tor A. Amorim, Daniel Alexandre, and Paulo V. S. Marques

Abstract—Femtosecond laser direct writing is a three-
dimensional fabrication technique that can be applied to produce
integrated optical components with high spatial resolution or
microfluidic channels when combined with HF etching. The
same fabrication technique can thus be employed to produce
monolithic optofluidic devices for sensing applications. One of
the most common sensing schemes involves evanescent optical
interaction; therefore, the channel must meet some requirements
regarding surface roughness, which will depend on the laser
writing conditions, as described in this paper. However, of more
significance is the distance between waveguiding medium and
microfluidic channel that must be accurately defined. This control
can be achieved by monitoring the etching reaction of a waveguide
grating written a few microns from the channel, as introduced in
this paper. In addition to its function as an etching monitor, the
grating can also be used as a coarse refractive index sensor device.

Index Terms—Etching monitorisation, femtosecond laser direct
writing, optofluidics, refractive index sensor.

I. INTRODUCTION

LAB-ON-A-CHIP (LOC) devices allow the realization of
many functions, ranging from preparation and transport of

reagents to their analysis, in a hand-sized chip [1]. These systems
comprise many components such as microfluidic channels (for
fluid movement), mechanical elements (valves and mixers for
control of reagent flow and reaction [2]) and optical elements
(lenses and waveguides for reactant analysis [3]). These systems
have become of high demand in basic research and medical
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applications, due to the possibility of replacing massive bench-
top equipment by portable devices [4]. One of the key points
in the development of such systems is thus, having a technique
that enables integration of both optical layers with microfluidic
channels for on-chip optical sensing. Typically, these devices
are produced by lithography-based techniques [5], but can also
be fabricated by femtosecond laser micromachining [6].

The latter technology has the advantage of allowing three-
dimensional (3D) fabrication and monolithical integration of
different components, features that are not usually associated
with conventional techniques [7]. This technique relies on a
non-linear absorption process induced by pulsed laser irradia-
tion, which modifies the material properties around the focal
volume by: (i) increasing the refractive index to form waveg-
uides and optical components [8]; or (ii) forming birefringent
sub-wavelength nanogratings. These structures turn the initially
isotropic etching reaction of fused silica into an anisotropic one,
which allows formation of the microfluidic channels [9].

Usually, optofluidic systems analyse sample volumes of the
order of 10−9 − 10−12 litres, where surface forces (surface ten-
sion and roughness) become dominant and may impact the
channel shape and function [10]. Smooth sidewall channels are
important to decrease coupling losses upon integration with op-
tical systems, while rougher channels may be of use for mixing
different solutions [11]. Circular channels are preferable for
mimicking the environment in blood vessels, while rectangu-
lar cross-sections are better for optical waveguide integration
for cell trapping and stretching applications [12]. Therefore, the
fabrication process of microfluidic channels must be accurately
controlled.

Moreover, to detect small refractive index fluid changes ef-
ficiently it is necessary that the optical mode interacts with the
solution in the channel. In the case of evanescent probing devices
(either by surface plasmon resonance or by interferometry [13])
both components must be typically distanced by less than a cou-
ple of microns. In this paper, a technique for careful positioning
of the optical waveguides relative to the microchannel is in-
troduced, which involves analysis of the transmission/reflection
spectrum of a waveguide containing a Bragg grating during
the channel etching reaction. It should be noticed that with the
aforementioned scheme, the optical layer besides serving as an
etching sensor, it also functions as a coarse fluid refractometer
sensor after etching.
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Fig. 1. Optofluidic device layout.

II. DEVICE FABRICATION

A. Device Layout and Operation

The fabricated and tested optofluidic device, shown in
Fig. 1, is composed by a microfluidic channel and a waveg-
uiding structure formed parallel to the channel.

The waveguiding medium is formed by two straight first order
Bragg grating waveguides (BGWs) with different modulation
periods (Λ1 and Λ2).

Broadband light propagating in the waveguide is reflected, in
a narrow range of wavelengths, due to the presence of the BGWs.
According to the Bragg condition (1), the reflected wavelength
(λB ) depends on the effective refractive index (neff ).

λB = 2neff Λ . (1)

Although the propagating light is confined to the waveguiding
structure, there is an evanescent tail that enables light coupling.
If the BGW1 is placed closely to the microfluidic channel, its
effective index varies, which leads to a change in the Bragg
wavelength, meaning that light can sense the properties of the
fluid that is circulating inside the channel.

Since the effective index also depends on external parame-
ters, such as room temperature, a second grating (BGW2) is
fabricated outside the channel region to work as reference.

B. Experimental Setup

The device was fabricated in a pure fused silica substrate by
femtosecond laser direct writing followed by chemical etching
[14]. In the first step (femtosecond laser direct writing), the
laser beam is focused inside the sample, changing its properties,
either by increasing refractive index or by generating etching
selectivity due to the formation of birefringent sub-wavelength
nanogratings [15]. In the second step (chemical etching) the
sample is immersed in a hydrofluoric acid (HF) solution that
removes the laser-affected volumes at a higher rate than that of
the pristine material, thus forming the microfluidic channels.

The laser direct writing unit is depicted in Fig. 2. A fiber-
amplified laser, from Amplitude Systèmes, generates laser
pulses at 1030 nm (and also harmonics at 515 nm and 343
nm) with ∼250 fs duration and with repetition rates up to
2 MHz. In all experiments radiation at 515 nm with a 500 kHz

Fig. 2. Laser direct writing unit: λ/2 = Half-wave plate, AP = Aperture, CCD
= Charge-coupled device, L = Lens, M = Mirror.

pulse repetition rate was used. The beam power is controlled
by an external modulator (Watt Pilot unit, Altechna). In addi-
tion, a laser internal acousto-optic cell is driven by a function
generator (Stanford Research Systems DS345) to act as a laser
beam switch, which enabled the fabrication of BGWs. After
crossing a beam expander and a half-wave plate (used to rotate
the beam linear polarization), the laser pulse is focused inside
the silica substrate by a 40x objective lens (numerical aperture
NA = 0.55). The lens is mounted in a piezoelectric stage (PI
P-725) that moves along Z while the sample is mounted in two
air-bearing stages (Aerotech ABL 10100-LN) that move along
the plane XY.

Both BGW and microfluidic channel are written in the same
writing step. Although the BGW can be fabricated after etching,
this approach would require highly accurate repositioning of
the laser beam and the presence of the channel would cause
significant border effects that could lead to channel damaging.
The structures are written by translating the sample orthogonally
to the laser beam. In this approach, the lens working distance
does not impose any limitation on the device length, but its
cross-section is asymmetric (usually elliptic) due to the different
lateral and axial resolutions. The laser tracks are written always
in the same direction (positive X axis from Fig. 2) to avoid quill
effect [16].

To form microfluidic channels a multi-scanning technique
is used, where the laser-affected zones are stacked side-by-side
with a separation of few microns. With this method it is possible
to obtain microfluidic channels with different cross-sections,
depending on its application; in this paper only channels with
rectangular cross-section were fabricated. The laser tracks are
stacked from bottom-to-top to avoid propagation of the laser
beam through already modified volumes.

After direct writing, the sample edges are polished to im-
prove light coupling and fused silica V-groove blocks (Preci-
sion Micro-Optics) with two parallel-fibers with a 250 μm pitch
are glued to the sample with Norland Optical Adhesive 61. The
glue is cured with an ultraviolet light source (Hamamatsu LC8
L9588-02). The etching reaction is then performed by immers-
ing the sample in a diluted HF solution. In choosing the HF
concentration, there is a trade-off between channel aspect ratio
(length over cross-section dimension) and etch rate: although
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Fig. 3. Etch rate vs polarization angle of single-scan channels. The channels
were written 150 μm below the silica substrate surface with a beam with po-
larization perpendicular to the scanning direction, at 500 μm/s and 60 nJ.The
theoretical curve was obtained by assuming that the etch rate (R) should change
with the nanogratings orientation, according to the equation R = R‖sec(θ),
where R‖ is the etch rate for parallel polarisation and θ is the angle between
scanning direction and beam polarisation [19].

higher concentrations favour a faster etching reaction, they are
usually accompanied by a saturation effect that significantly
damages the channel aspect ratio; thus a 10% HF concentration
is used. The reaction is also performed in an ultrasonic bath
(Branson 2510 Ultrasonic Cleaner) to facilitate debris removal
and to avoid formation of bubbles within the channel.

C. Fabrication and Calibration of Microfluidic Channels

For the proposed device, it is necessary that the channel aspect
ratio remains constant, as any variation in this parameter will
lead to a variable distance between the BGW and the channel,
which results in the broadening of the reflected peak. In addi-
tion, the channel sidewalls must be optically smooth to enable
light coupling and to decrease optical losses due to scattering.
Therefore, a detailed study on the effect of the irradiation con-
ditions in the formation of microfluidic channels was performed
in order to obtain smooth-walled channels with constant aspect
ratio.

The channel etch rate (which affects the aspect ratio) and sur-
face roughness were analysed for multiple channels fabricated
under different irradiation conditions: beam polarization (paral-
lel or perpendicular to the laser beam direction), pulse energy
(60 nJ to 300 nJ), scanning speed (100 μm/s to 500 μm/s), scan-
ning depth (50 μm to 150 μm) and scan separation (1 μm to
15 μm).

As seen in Fig. 3, when the beam polarization is orthogonal
to the scanning direction (90°), the etch rate is maximum be-
cause the nanogratings align with the channel axis, enabling fast
HF diffusion [17]. For parallel polarization (0° and 180°), the
nanograting planes are perpendicular to the channel axis, hence
the HF acid encounters alternate layers of nanogratings and
pristine material, which reduce the etch rate. There is a 5-fold
decrease in the etch rate when varying the polarization angle
from 90° to 70°. Therefore, to take advantage of a maximum

Fig. 4. Etch rate of single-scan channels as a function of scanning speed and
pulse energy. The channels were written 150 μm below silica surface with beam
polarization perpendicular to the scanning direction.

Fig. 5. Etch rate as a function of the separation between scans along Y (dY)
and Z (dZ) respectively (according to the axis of Fig. 2).

etch rate, the polarization must be accurately oriented normal to
the scanning direction.

In some applications, it might be advantageous to use circular
polarization as it results in an angle-invariant etch rate due to
the disordered orientation of the nanogratings [18].

It was also observed that the etch rate remained uniform
within the tested range of pulse energies and scanning speeds, as
seen in Fig. 4. It is expected that at speeds higher than 500 μm/s
the etch rate starts decreasing [19]. For energies lower than 60
nJ the etch rate decreased abruptly, meaning the threshold for
selective modification is around this energy level.

Focusing the beam deeper into the glass resulted in an increase
of the spherical aberrations, which spread out the focused energy
and weakened the contrast between irradiated and non-irradiated
zones. This effect results in an increase in the etch rate for
channels fabricated with parallel polarization.

In addition, the etch rate depends on the separation between
scans (Fig. 5). When the laser-affected zones do not overlap, the
etch rate is similar to the one obtained for single-scan channels.
However, decreasing the separation between scans results in
an increase of the stress field around the laser-affected zones,
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Fig. 6. Cross-section images of microfluidic channels: (a) channel with micro-
cracks; (b) cappilaric structures; (c) channel with corrugated walls; (d) channel
with smooth sidewalls. The indicated reference system is common to all images
(the Z axis direction corresponds to an increasing depth and the Y axis to the
lateral spacing).

which modifies the irradiated volume density and, consequently,
increases the etch rate. It is also noticed that the separation
along Y plays a more significant role, which is attributed to
the elliptical profile of the laser-affected zone that is elongated
along the Z direction.

The channel surface roughness depends mainly on two fac-
tors: stress field distribution and scan separation. The formation
of laser-affected zones is associated with the generation of stress
fields around the irradiated volume [20]. High pulse energies
and lower scanning speeds favor stress accumulation, which at
extreme conditions (above 300 nJ), can induce cracks that prop-
agate over a few microns into the channel surroundings (Fig.
6(a)). On the other hand, if the laser-affected zones are sepa-
rated by tenths of microns, it is observed that after etching these
volumes do not merge (Fig. 6(b)).

By decreasing the scan separation, the volumes start merging,
but the sidewalls are still strongly corrugated (Fig. 6(c)). There-
fore, it is necessary to continue decreasing the scan separation
to obtain smoother sidewalls, while avoiding, at the same time,
crack formation (Fig. 6(d)).

The optimum irradiation parameters are thus: beam polariza-
tion perpendicular to the scanning direction, scanning speed of
500 μm/s, pulse energy of 80 nJ and scan separation along Y
of 1 μm and along Z of 2 μm. Under these conditions, it was
obtained a maximum etching selectivity of 140:1 and a surface
roughness of around 100 nm along Y and of tenths of nanome-
ters along Z (Fig. 7). The different surface roughness along Y
and Z are due to the nanograting alignment. An example of a
channel fabricated with these parameters and at initial stages of
etching is shown in Fig. 6(d) and in Fig. 7.

For the proposed device, the channel was written 85 μm below
surface (distance from silica surface to the top of the channel)
and with dimensions of 1 cm in length and 35 μm × 35 μm in
cross-section. Because the channel is fabricated directly buried

Fig. 7. SEM cross-section image of a microfluidic channel fabricated under
optimum exposure conditions, after 30 minutes of etching. The Z axis direction
corresponds to an increasing depth and the Y axis to the lateral spacing.

Fig. 8. Top view image of (a) tapered channel and (b) channel with vertical
holes distanced 150 μm.

Fig 9. Optical spectrum prior to the etching reaction.

in the fused silica sample, it is necessary to design vertical
holes, connecting the channel to the sample surface, for acid
diffusion. If the holes are designed at each end of the channel,
the obtained channel has the form of a taper (Fig. 8(a)), due to
etch rate saturation and lateral etching (the acid starts etching
the surrounding material), which results in a non-uniform aspect
ratio [19]. Therefore, to avoid this issue, vertical holes were
designed periodically with a separation of 150 μm (Fig. 8(b)).
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Fig. 10. Optical spectrum of the BGW over etching time.

D. Fabrication of Bragg Grating Waveguides

The waveguiding medium was written with beam polariza-
tion parallel to the scanning direction, at 250 nJ pulse energy,
400 μm/s scanning speed and 100 μm below the silica surface.
These conditions yielded unperturbed optical waveguides
with minimum propagation losses, typically of 0.14 dB/cm, at
1550 nm.

To write the waveguide gratings, the laser beam was modu-
lated with a square-wave function of 40% duty cycle, as a com-
promise between grating strength and low propagation loss. The
sensing grating was written at a frequency of 746.129 Hz for
resonance at 1550 nm, while the reference grating was written
at 742.942 Hz for a reflection at 1558 nm, which corresponds to
modulation periods of 536.1 nm and 538.4 nm at v = 400 μm/s
respectively. These conditions resulted in two first-order Bragg
gratings. The sensing grating was placed 6.3 μm away from the
microfluidic channel (distance between the centre of the BGW
and the channel sidewall).

E. Monitorisation of Etching Reaction

To fabricate a highly-sensitive device, the separation between
channel and BGW cannot be more than a few microns. This
is usually difficult to achieve, because the HF acid may start

carving into the BGW, thereby damaging the device. Therefore,
the etching reaction has to be monitored in order to control the
distance between the two structures.

After polishing, an assembled V-groove coupling block was
aligned with the optical waveguide and glued to it. This ap-
proach was the only way to maintain the alignment between
the optical fiber and the waveguide intact during the etching
reaction. To monitor the etching reaction, randomly polarized
light from a broadband source (EXFO IQ-2300) was routed
through an optical circulator and coupled into the V-groove
fiber. The reflected light from the BGWs was passed back to the
optical circulator and guided to an optical spectrum analyzer
(OSA).

An example of the obtained optical spectrum, before starting
the etching reaction, is shown in Fig. 9. It is observed an increase
in the birefringence (equal to 3 × 10−4) of the sensing grating,
relatively to the case where there is no channel close to the
BGW. This birefringence is related to the presence of the channel
modified material that induces stress in the BGW [21].

The optical spectra obtained during the entire etching reaction
are depicted in Fig. 10. After 10 minutes of etching, there is no
difference in the optical spectrum.

Observations at a microscope revealed that, after this time,
only the vertical holes had been etched. After 20 minutes the
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Fig. 11. Bragg wavelength evolution over etching time.

Fig. 12. Top view image of the final device. The BGW and the microfluidic
channel are separated by 3.8 μm (distance between the centre of the BGW and
the channel sidewall).

birefringence starts decreasing, and after 80 minutes it is not
measurable with this configuration.

The decrease in birefringence is due to the etching reaction
in the microfluidic channel, which relieves the material stress.
At this time it was observed that the microfluidic channels had
been fully etched [21].

Continuing with the etching reaction, the reflected peak
started shifting to wavelengths lower than 1550 nm, as seen in
Fig. 11. At this moment, the channel is filled with HF acid, which
has a lower refractive index than fused silica, thereby causing
this shift, according to (1). In addition, the HF starts etching
the channel surroundings, reducing the gap between channel
and BGW; this causes an increase on the overlap between the
guided mode and the fluidic medium, leading to a decrease in the
effective index and, consequently, on the reflected wavelength.
The latter effect is accompanied by a decrease in the grating
strength that is more visible after 120 minutes, because the HF
acid starts carving into the BGW.

At 135 minutes it is visible a small peak at 1550 nm, which
is a result of the grating starting and ending 1 mm outside the
channel. At this time, the etching reaction was completed and
the substrate was then cleaned in an ultrasonic bath of deionised
water. Subsequent microscope observations revealed that the
monitored grating (BGW1) had been erased, while the reference
grating (BGW2) was left unperturbed.

A sacrificial waveguide was used to obtain the results of Fig.
10, but a more distant waveguide (Fig. 12) was utilized for char-
acterization of the fluidic refractive index. Initially this BGW
was distanced 9.5 μm from the channel, but after etching for 135
minutes the gap was reduced to 3.8 μm (distances taken from
the centre of the BGW to the channel sidewall). For comparison,

Fig. 13. Reflected spectrum for different fluid refractive indexes.

the guided mode of an unperturbed waveguide has a mode field
diameter of 7.1 μm × 12.3 μm, along Y and Z respectively,
which enables interaction between the mode and the channel.

III. REFRACTIVE INDEX MEASUREMENTS

Randomly polarized light from a broadband source (EXFO
IQ-2300) was routed through an optical circulator and coupled
into the waveguide with a single-mode fiber. To decrease Fresnel
reflections from the air-silica interface, index matching fluid was
used. This experiment used a microfluidic channel and wave-
guide different from the one used for etching monitoring, that
were on the same substrate but not with optical fibers perma-
nently glued to them. The reflected light from the BGW was
passed back to the optical circulator and guided to an OSA.

Different index matching fluids from Cargille were used to
measure a refractive index of: 1.325, 1.390, 1.430, 1.438, 1.442
and 1.446 (±0.001, at 1550 nm and 25°C). The fluids were
drawn into the channel by capillary forces. After each measure-
ment, the device was rinsed in an ultrasonic bath of acetone. All
the measurements were performed with a resolution of 0.05 nm
and without polarization control. The obtained reflected spec-
trum was normalized relative to the laser spectrum.

An overview image of the reflected spectrum for different
refractive indexes is depicted in Fig. 13. Clearly, the resonant
behavior of the BGW depends on the fluid refractive index
inserted in the channel: as the refractive index increases, the
Bragg wavelength shifts towards higher wavelengths. It is also
observed that for a refractive index of 1.446, the propagation
loss increased because the index difference between BGW and
channel is almost null and the guided mode is less well-confined.

Fig. 14 represents the measured Bragg wavelength as a func-
tion of the refractive index of the fluid circulating in the channel.
As expected this variation is non-linear. The reference grating
is only sensitive to temperature or strain changes and therefore
it was confirmed that its Bragg wavelength was independent of
the fluid refractive index. While performing the measurements,
the room temperature varied by 1°C, which does not affect sig-
nificantly the Bragg wavelength.
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Fig. 14. Bragg wavelength as a function of the fluid refractive index. The inset
graph corresponds to the sensitivity.

The refractive index sensitivity, which was obtained by per-
forming the derivative of the curve presented in Fig. 14, is
depicted in the inset of the figure. The results show that the sen-
sitivity increases non-linearly as the refractive index increases,
having its maximum when the refractive index of the fluid circu-
lating in the channel matches the refractive index of the substrate
(fused silica).

The highest sensitivity obtained is of 38 nm/riu at 1.446 (1550
nm), which under these measurement conditions (resolution of
0.05 nm) represents a minimum resolvable refractive index vari-
ation of approximately 1.3 × 10−3 .

Similar devices have already been fabricated in optical fibers.
For instance, in [22] a refractive index sensitivity of 1394 nm/riu
at 1.44 (1550 nm) was obtained by etching an optical fiber until
its core (which contains the BGW) had a diameter of 3 μm,
while in [23] a sensitivity of 300 nm/riu at 1.455 (976 nm) was
obtained by side-polishing a fiber so that a Bragg grating could
interact evanescently with a liquid analyte. To achieve such
sensitivities in planar devices, the distance between channel and
BGW needs to be precisely defined which is only possible if
the etching reaction is well-controlled: if the etching is stopped
when the Bragg peak strength starts decreasing, then the gap
between the two elements can be of submicron range.

Further obvious improvements can be implemented by in-
serting the microfluidic channel close to one arm of a Mach-
Zehnder interferometer containing a Bragg grating. The coarse
determination of the refractive index change will be retrieved
by analyzing the reflection spectrum of the Bragg grating while
high resolution measurements are done by analyzing the trans-
mitted interferometric signal (at a different wavelength than that
of the BGW resonance). Also, the refractive index sensitivity
can be enhanced by fabricating multiple channels surrounding
the BGW to increase coupling between the evanescent field and
the fluid [3], or by changing the type of the BGW to give a
narrower linewidth.

IV. CONCLUSION

This paper discusses the fabrication of microfluidic channels
by femtosecond laser micromachining. An overview of the effect

of the irradiation conditions on the channel properties (aspect
ratio and surface roughness) is presented: the channels should be
fabricated with perpendicular polarization using energies near
the threshold for selective etching.

The fabricated channels were integrated with a BGW for
monitoring the etching process. A detailed analysis of the etch-
ing reaction is provided, enabling careful control of the BGW-
channel distance. In sum, (i) as the HF acid fills the channel and
the gap channel-BGW decreases, the resonant wavelength in-
creases, and (ii) when the etchant starts carving into the BGW,
the reflected peak strength decreases and the reaction has to
be stopped. The presented methodology (etching monitorisa-
tion) can be used to fine tune the distance between channel and
waveguiding medium, which can be of significant use in the
fabrication of highly-sensitive optofluidic systems.

Furthermore the proposed scheme also enables the use of the
sensing grating as a coarse refractometer, having been obtained
a sensitivity of 38 nm/riu at 1.446 (1550 nm). High resolu-
tion refractive index sensors can be accomplished if the set is
fabricated in the arms of a Mach-Zehnder interferometer, for
example.
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