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Abstract. We demonstrate a way of light harvesting in integrated microfluidic chips fabricated by femtosecond
laser micromachining. The architecture consists of waveguide arrays fabricated in the vicinity of the microchan-
nel filled with a fluorescent organic solution (e.g., polyfluorene solution). Amplified spontaneous emission from
the microchannel is efficiently coupled by the waveguides to the outside of the chip. © 2014 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.7.071811]
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1 Introduction
The field of optofluidics involves the combination of micro-
fluidic and optical functionalities in developing versatile
lab-on-chip devices. It incorporates the advantages of both
microfluidics and optics. Lab-on-chip devices with various
functionalities offer a good platform for biological applica-
tions like biosensors, cell sorters, etc. Optofluidics exploits
the properties of fluids for transporting purposes which are
otherwise absent in solid state devices. In addition to these,
the low material consumption and the ability to tune and
reconfigure the device by replacement of the fluids are
great advantages.1–3 Further, such optofluidics can be inte-
grated with other micro-optical elements with ease giving
rise to “Lab-on-a-chip” devices.

Fused silica offers a great platform for biological appli-
cations due to its transparency and most importantly, due
to fact that it is highly inert, easily available, and moldable
into desired shapes. It also has other good properties like non
porosity, durability, etc.4,5 Previously, techniques borrowed
from the semiconductor electronics industry like photoli-
thography, were employed in order to create microstructures
in glass. These techniques, involving masking steps time
consuming, are inefficient for prototyping. Femtosecond
laser micromachining is a relatively new technique that
has become a reliable fast prototyping tool for realizing
novel microfluidic devices, due to its versatility for fabricat-
ing complex optofluidic networks and circuits. It can also be
employed as a tool in surface as well as bulk micromachining
in transparent materials. The advantage of this technique is
also that the fabrication process is inherently three-dimen-
sional (3-D) in nature, and it is cost effective as no masks
are needed.6–9 The other main advantage lies in the fabrica-
tion of optical structures like waveguides and the imprint
for microfluidic channels in the same step, simplifying the
integration and alignment processes.10

Tight focusing of femtosecond-laser pulses leads to very
high intensities of the order of ≈10 TW∕cm2 inside glass,

causing nonlinear processes like multiphoton absorption.
This localized deposition of energy induces permanent struc-
tural and material damages, leading to the modification of
refractive index of the irradiated region. Femtosecond-
laser irradiation followed by chemical etching (FLICE) is
the technique employed in fabricating the optofluidic chan-
nels.11–14 The substrate after irradiation is etched in an aque-
ous solution of hydrogen fluoride (HF) acid to create micro
channels. Direct writing of waveguides inside glass is also
accomplished by femtosecond-laser writing but at much
smaller intensities, leading to a gentle refractive index modi-
fication.15 Thus, femtosecond-laser micromachining is a use-
ful tool for the realization of real 3-D structures fabricated
directly in the bulk glass and the single fabrication step of
both waveguides and micro channels simplifies the proper
alignment.

Femtosecond laser–fabricated waveguide arrays have
been applied in light harvesting and manipulation previously.
Thomson et al.16 proposed efficient collection of light from
the telescope by multimode optical fibers and 3-D photonic
devices, the latter were fabricated by Ultrafast Laser
Inscription. Corrielli et al.17 have used waveguide arrays
in creating photonic lattices by femtosecond-laser microma-
chining to observe quantum analogy of fractional Bloch
oscillations.

In this work, we report the application of such arrays in
light harvesting in an optofluidic scenario. An integrated
chip with waveguides and micro channel was previously
demonstrated by Osellame et al.10 where single waveguides
were fabricated in a direction perpendicular to the micro
channel. In this work, we demonstrate a novel way of light
harvesting in integrated microfluidic chips fabricated by
femtosecond-laser micromachining where the light emitted
by the active material placed inside the microchannel gets
coupled into the waveguide array and then gets collected at
the end face of it. Light harvesting from micro channels by
waveguides becomes an important issue in many applications
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concerning transportation of light from one part of the chip to
the other. Applications where multiple light sources and
light wavelength conversion are needed on the same chip
require light to be transported from one part of the device
to the other. The architecture consists of waveguide arrays
fabricated in the vicinity of the end face of the microchannel.
These micro channels are filled with a fluorescent organic
solution of poly (9,9-dioctylfluorene, PFO) in decahydro-
naphthalene (decalin) with 15 gL−1 concentration. An
optical excitation with sufficient energy density above the
amplified spontaneous emission (ASE) threshold of the pol-
ymer is sent on the microchannel. The array of waveguides
collects and guides the ASE emission, which otherwise
would diverges.

2 Experimental
Figure 1 shows the schematic of experimental setup for the
fabrication of microchannels and waveguide array. A femto-
second-laser capable of delivering pulses of 400-fs, at
1040 nm and with 960-kHz repetition rate was used for
the fabrication. The infrared light delivered by the laser was
converted into the second harmonic (520 nm) by a beta
barium borate crystal. Microchannels in the chip were fab-
ricated by the FLICE technique. In the first step, the fused
silica substrate was translated by means of an XYZ-transla-
tion stage. In order to avoid tapering of the microchannels
during etching, a conical shape was irradiated [Fig. 2(a)]
such that after etching, we obtain a very uniform microchan-
nel with circular cross sections with a diameter ranging
between 120 and 150 μm. In this case, the cross-section
diameter of the microchannel is 145 μm.

The fabrication parameters of microchannels and wave-
guides were optimized (Table 1). The one step fabrication
ensures a good alignment between the micro channel and

the waveguide array. The process consists first of irradiation
of the sample with the femtosecond-laser to fabricate wave-
guides and to create the imprint of the channel [Fig. 2(a)];
then the irradiated chip is etched in an ultrasonic bath
with 20% aqueous solution of HF acid for 3 h at 35°C, to
create the hollow microchannel. Figure 2(b) shows the pic-
ture of the microchannel after etching with the waveguide
array on the vicinity. Figure 3(a) shows the image of the
cross section of the waveguide array on the polished edge
of the chip, obtained using a standard optical microscope
(4× magnification).

3 Discussion
The waveguide array consists of a 15 × 15 matrix of wave-
guides in the shape of a diamond [Fig. 3(a)], and the picture
is obtained using a standard optical microscope 4× magni-
fication. The waveguides are separated by a distance of about
12 μm. A single waveguide fabricated with the same param-
eters as above is characterized for its loss, the refractive
index contrast, the numerical aperture, and the mode profile.
By standard loss characterization, the propagation loss is

Fig. 1 The schematic diagram of the setup for the integrated chip fabrication.

Table 1 The parameters for the waveguide writing and the micro-
channel imprint.

Type
Energy per
pulse (nJ)

Laser
repetition
rate (kHz)

Sample
speed
(mm∕s) Microscope

Waveguide 300 20 10 20×, 0.45 NA

Micro
channel

≈500 480 1 50×, 0.5 NA

Fig. 2 (a) Femtosecond-laser irradiated region and (b) microchannel after etching, with the waveguides
bunch in the vicinity.
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evaluated to be <1 dB∕cm at 630 nm, the source being
a He–Ne laser. The waveguides have a slightly elliptical
cross section, but the mode field dimensions were found
to be around 20 μm in both x and y [Fig. 3(b)].

Following the technique in Ref. 18, we found a refractive
index contrast Δn ≈ 7E − 4 and a numerical aperture,
NA ≈ 0.045. These are typical values for waveguides fabri-
cated by femtosecond-laser micromachining. In Fig. 4, we
report the schematic diagram to demonstrate the light har-
vesting by the array of waveguides, and we placed an optical
filter to remove the laser line excitation, and the image of
the waveguide array cross section was obtained using a 20×
objective on the CCD camera (Hamamatsu Infrared Vidicon,
Hamamatsu City, Japan). Waveguide arrays with different
lengths (2.5, 5, and 10 mm) were fabricated and tested for
harvesting. In this work, we report specifically the results for
the 10-mm waveguide arrays.

The PFO solution inside the micro channel was excited
by the second harmonic of a Ti:sapphire femtosecond laser
source (λexc ¼ 400 nm, pulse time duration of 60 fs).12

The stripe excitation (30 μm × 2 mm) was created using
a cylindrical lens in order to excite the entire length of the
microchannel. The effective refractive index of the PFO sol-
ution (≈1.6) is higher than the surrounding glass medium,
hence the channel can act as a waveguide. Therefore, the

ASE from the solution inside the microchannel is mostly
guided along the channel axis. After the end face of the chan-
nel, it is further guided by the waveguides array until the
edge of the chip. The ASE from the waveguide array is col-
lected by a fiber coupled to an optical multichannel analyzer
(OMA, Princeton Instruments Acton SP2150, 300 gr∕nm,
New Jersey). In the absence of the waveguide array, the
ASE signal would have been lost due to divergence.

Figure 5(a) shows the image of the waveguide cross sec-
tion at the edge of the chip imaged by the CCD camera when
the PFO solution inside the microchannel was under excita-
tion. It clearly resembles the shape of the waveguide cross
section in Fig. 3(a). Figure 5(b) shows the intensity of the
light guided by the waveguides array. It can be noticed in
the images obtained by the CCD camera that only wave-
guides toward the bottom corner guide a larger intensity
of the ASE [Figs. 5(a) and 5(b)]. This can be due to the pres-
ence of a slight offset of the micro channel with respect to the
waveguides bunch (i.e., the waveguides array cross section
and the micro channel cross section were not perfectly
aligned, since the micro channel cross section was smaller
than the waveguide array cross section) and to the fact
that the most of the excitation light does not reach the entire
volume of the solution in the channel but it is absorbed in
the first 50 μm of the solution.

Fig. 3 The waveguide array (optical microscope) (a) and the mode profile of a single waveguide (CCD
camera) (b).

Fig. 4 Schematic experimental setup for the light collection.
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Figure 6 shows images from the CCD camera obtained at
the same excitation conditions on the end faces of a second
chip where the channel is placed at the center of it with a
waveguide array on one side a [Fig. 6(a)] and just fused silica
on the other side b [Fig. 6(b)]. From side a, it is possible to
see the light being guided by the waveguides bunch, while
from side b the light emitted is scattered away and diverges
so the intensity detected seems to be almost zero using the
same intensity scale for the two images [see Fig. 6(b)].
Actually from both sides, it is possible to detect the emission.

Figure 6(c) shows the spatial integrated photoluminescence
(PL) intensity spectrum obtained using a collecting fiber
bundle with overall ≈1-mm-core diameter connected to
the OMA. The overall spatial integrated PL intensity
detected is similar from both sides, so this indicates that
we have been able to confine, and guide all the ASE emission
into the waveguide array, and so to deliver it to the external
edge of the chip.

We have thus successfully demonstrated light harvesting
by waveguides array in an optofluidic chip. This leads us to

Fig. 5 The image of the cross section of waveguide array coupling the amplified spontaneous emission
(ASE) to the edge of the chip (a) and the three-dimensional intensity of the ASE guided to the edge of the
chip by the waveguides array (b).

Fig. 6 (a) Image of the edge of the chip with waveguide array showing light getting coupled. (b) Image of
the edge of the chip without the waveguide bunch under the same excitation condition. (c) The ASE
measured on the side of the waveguides and on the side without the waveguides.
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novel architectures like multiple sources on single chip or
guiding light from one part of the chip to the other.
Increasing the refractive index contrast and thus the NA
of the waveguides, it is possible to improve the efficiency
of light harvesting, which is proposed as a future assignment.
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