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ABSTRACT

We present a lab-on-a-chip device featuring a microflu-
idic dye laser, wave-guides, microfluidic components
and photo-detectors integrated on the chip.  The
microsystem is designed for wavelength selective ab-
sorption measurements in the visible range on a fluidic
sample, which can be prepared/mixed on-chip. The
laser structures, wave-guides and micro-fluidic handling
system are defined in a single UV-lithography step on
a 10 pum thick SU-8 layer on top of the substrate. The
SU-8 structures are sealed by a Borofloat glass lid, us-
ing polymethylmethacrylate (PMMA) adhesive bonding,

1. INTRODUCTION

In order to facilitate efficient optical analysis on
lab-on-a-chip microsystems [1, 2], the integration of
optical transducers is a key issue [3]. In addition to
the benefits of miniaturization, the problems associated
with optical alignment are strongly reduced, when the
optical input and output transducers are integrated on
the chip.
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Figure 1: Cross-sectional outline of the lab-on-a-chip device with
integrated laser, waveguides, microfluidic components and photo-
diodes.

In this paper we present a lab-on-a-chip device
with laser light source and photo-detectors integrated
with wave-guides and miecrofluidic components. The
microsystem is fabricated on a 100 mm p-type silicon
wafer substrate with embedded photo-diodes. A cross-
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sectional outline of the device is shown in Fig. 1. The
laser structures, wave-guides and micro-fluidic handling
system are defined in the same 10 pm thick SU-8 [5] layer
on top of the substrate. The SU-8 structures are sealed
by a Borofloat glass lid, using polymethylmethacrylate
(PMMA) adhesive bonding [4]. Fluidic connections
are facilitated by holes drilled through the glass lid.
The complete micro-system with laser, wave-guides,
micro-fluidics and five photo-diodes has a footprint of
15 by 20 mm, as illustrated in Fig. 2.

2. MICROFLUIDIC DYE LASER

The previously presented microfluidic dye lasers [6],
where a laser cavity was embedded in a micro-fluidic
channel, have been further developed for narrow line,
single mode operation and emission in the chip plane
for direct coupling into waveguides.

The laser is based on an ethanolic solution of the laser
dye Rhodamine 6G, and is optically pumped through the
glass Iid with a pulsed, frequency doubled Nd:YAG laser
{wavelength: 532 nm, pulse-width: 5 ns, repetition rate:
10 Hz).

The overall laser structure consists of three elements,
two reflectors placed on each side of a #/2 phase shift
element. The reflectors are formed by an array of chan-
nels in the SU-8 where the dye solution can flow, and
the phase shift element is made by widening the center
channel a quarter of a wavelength. Each channel wall
contributes to the laser feedback via the reflection aris-
ing from the refractive index difference between SU-8
(n = 1.59} and the ethanolic dye solution (n = 1.33).

By arranging the walls so as to create constructive in-
terference of the reflected light at a desired wavelength,
the reflection back into the cavity becomes large for spe-
cific frequencies. Single mode laging can be obtained,
even though the cavity supports multiple frequencies
since lasing begins at only one mode, and thereby clamps
the roundtrip gain.

In our design, we have formed the laser in the 10 um
high SU-8 layer by making 41 channels about 20 pum wide
and 1 mm long. The walls between the channels are
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Figure 2: Top: Photo of a lab-on-a-chip device, before bonding
the glass-lid. The foot-print of the chip is 15 by 20 mm. Bottom:
Mask layout of the device.
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Figure 3: Schematic of the laterally emitting microfluidic dye laser.

likewise about 20 um wide, a size chosen due to limited
lithographic resolution. Thus, the laser occupies an area
of 1 mm by 1 mm, excluding the microfluidic channels
supplying the cavity with new dye, as the old becomes
bleached in the cavity. The flowrate of dye must be larger
than 10 pL/hr for a 20 mmol/L dye solution. The SU-8
sidewalls are vertical within our measuring capabilities,
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and have a rms sidewall roughness of about 20 nm, as
determined by atomic force microscopy.

The output from the laser, coupled into waveguides,
exhibits a narrow peak near 573 nm (unresolved by
the spectrometer). Figure 4 shows the spectrum for a
typical laser at 50 mW average pump power. The power
was measured with a calibrated diode to be more than
3.5 nW coupled into each waveguide, enough for efficient
detection. The lasers exhibited lasing already at 1 mW
pump power. Scattered pump light from the frequency
doubled Nd:YAG laser at 532 nm amounts to less than
4% of the waveguide coupled light.
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Figure 4: Emission spectrum from the laterally emitting microflu-
idic dye laser. The single line width reflects the 0.5 nm spectrom-
eter resolution.

3. WAVEGUIDES

The emitted dye laser light is coupled directly into
five 30 pm wide, 10 pm high SU-8 waveguides, and
guided to the microfluidic channel network. Integration
of fluidic channels and polymer waveguides has been
presented elsewhere [7]. The fraction of light transmitted
across the fluidic channel is collected by waveguides that
are connected to integrated photodiodes for detection.
The five waveguides for collection of the laser light are
placed with a center-to-center spacing of 80 pm and
thereby span a region of 350 um at the position of the
dye lascr. Bends are incorporated in the waveguides in
order to achieve a 1.0 mm spacing between the détection
points along the fluidic channel (cuvette), see Fig. 2.
It was not necessary to use a waveguide beamsplitter
for multiple point detection, because the laser emits in
a relatively large area. This is advantageous in terms
of transmitted optical power, since beam-splitting, and
thus division of the light intensity, is avoided. The
distance between the exit of the dye laser and the
microfluidic cuvette is 9.2 mm.
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4. MICROFLUIDIC MIXER AND CU-
VETTE

The microfluidic channels consist of a diffusion mixer
and a channel for absorbance detection, sec Fig. 2.
This simple network allows a reaction of two reagents
and detection of the product at multiple points. The
dimensions of the channels are chosen so that the fluidic
resistance before the mixer is larger than in the rest of
the network, in order to be able to conirol the mixing.
The inlet channels to the mixer have a width of 50 pm
and a length of 8.0 mm, while the mixing channel is
100 pm wide and 5.7 mm long. The detection channel
has a width of 500 pm and a length of 6.5 mm. An
absorbance length of 500 pm was chosen, based on
previous experience [7], in order to secure a reasonable
signal-to-noise ratio of the detection.

5. PHOTODIODES

The photodiodes on the chip are vertical junction
photodiodes (see Fig. 1) using a p-type substrate. The
active area was 50 pm by 2 mm (see Fig. 2), in order to
achieve an efficient coupling of light from the waveguides
to the photodiodes. Leaky wave coupling was preferred
over end-fire coupling [8] due to the much easier process-
ing of leaky wave couplers [9]. The photoactive junction
was realized with a n* phosphorous doping. Highly
ntt doped contact areas were also made to allow for
ohmic contacts. To prevent surface inversion due to
boron segregation, boron doping was performed on the
front surface where there were no phosphorous dopings.
To facilitate ohmic contact to the back side of the wafer
a heavy boron doping was performed over the whole
wafer surface.

The photodiodes were coated with a hydrogenated
silicon nitride coating known to effectively passivate
phosphorous doped regions [10]. The silicon nitride film
was deposited by PECVD and contact holes were etched
using hydrofluoric acid [11]. Front side electrodes were
fabricated using a sandwich of titanium and aluminum.
The backside metal was aluminum. After the metal was
deposited and patterned the wafers were annealed in a
forming gas: 4% H; by volume in N» at 400 °C.

6. PACKAGING

The chip was mounted in a polycarbonate sample
holder with electrical and fluidic connections, as shown
on Fig. 5.

The fluidic connections are sealed by o-rings, and
teflon tubes were connected to the sample holder by LEE
MINSTAC fittings. Spring loaded probes from Harwin,
were used to make pressed contacts to the connector
pads on the chip. A window in the polycarbonate lid
gives optical pumping access to the micro-fluidic dye
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Figure 5: Chipholder with fluidic and electrical connectors for the
lab-on-a-chip microsystem with integrated microfluidic dye laser
and photo-diodes.

laser.
7. RESULTS

The emission from the dye laser was measured us-
ing a spectrometer with a 0.5 nm FWHM response.
Figure 4 shows a spectrum taken with a pump power
of 50 mW. The laser line at 572.9 nm has a linewidth
below the resolution limit of the spectrometer. The
pump residue from the Nd:YAG laser {(at 532 nm)
coupled into the wavegnide has an intensity < —30 dB
of the dye laser light. The lasing threshold is < 1 mW.
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Figure 6: Open circuit photo-diode response from a single microflu-
idic dye laser pulse.

The quantum efficiency of the photo-diodes was
measured to values above 80%. Furthermore, they show
a noise equivalent power (NEP) < 1 pW, when operated
in short-circuit mode for low noise performance. This
enables a S/N ratio on the order of 5000 for the inte-
grated optical system on the chip. A measurement of
the open circuit diode response froem a gingle dye laser
pulse is shown in Fig, 6.
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