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TECHNICAL NOTE

A switchable digital microfluidic droplet dye-lasert
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Digital microfluidic devices allow the manipulation of droplets between two parallel electrodes. These
electrodes can act as mirrors generating a micro-cavity, which can be exploited for a droplet dye-laser.
Three representative laser-dyes with emission wavelengths spanning the whole visible spectrum are

chosen to show the applicability of this concept. Sub-microlitre droplets of laser-dye solution are
moved in and out of a lasing site on-chip to down-convert the UV-excitation light into blue, green and

red laser-pulses.

Miniaturization of optical components is a key requirement for
interfacing light sources, sensors and other optical equipment
with lab-on-chip devices.! For example, lasers have been
combined with microfluidic devices;> however conventional
lasers are only capable of producing a few discrete wavelengths.
To probe different fluorescent markers or samples for example in
cell sorting, immunoassays and DNA-sequencing, it is desirable
to access multiple narrow and coherent excitation wavelengths.?
Optical parametric oscillators (OPOs) or optical cavities filled
with dye solutions are typical means to vary the wavelength of
a laser and afford a wide spectrum of excitation wavelengths;
however, the cost and size of OPOs restricts them from lab-on-
chip integration. There are a few reports of miniaturized dye
lasers in the literature,* none of which allows instantaneous
control over the emission wavelength together with a directed
emission beam.

In this paper, we present a new approach to the miniaturiza-
tion of dye-lasers, in which fast switching of the emission
wavelength is achieved by using digital microfluidics (DMF). The
emission wavelength of the DMF dye laser can be changed by
moving droplets of different dye solutions in and out of an
excitation beam, while the geometry of the DMF device allows
directed emission of the resulting laser beam.
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In the DMF two-plate geometry, droplets are sandwiched
between a bottom substrate bearing an array of patterned elec-
trodes coated by an insulator, and a top substrate bearing
a counter-electrode, as depicted in Fig. 1. Droplets in such
devices move by electrodynamic forces: when a voltage is applied
to an electrode adjacent to a droplet, electric forces act on free
charges in the droplet meniscus of conductive liquids or dipoles
inside dielectric liquids. With sequential actuation of electrodes,
droplets can be dispensed and moved from electrode to electrode
across the entire array on the bottom-plate.>® Digital micro-
fluidics and related techniques have been used for a number of
different optical applications,” but DMF has so far never been
used to form lasers or optical cavities. Digital microfluidic
devices can be readily adapted to form a microfluidic dye laser
when the parallel electrode-plates are used as mirrors to form an
optical resonator. Droplets containing laser-dyes act as the gain-
medium. Upon optical excitation by a focussed pump laser, the
dye-loaded droplets generate fluorescence which is reflected back
into the gain medium by the adjacent electrodes. This provides
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Fig. 1 Schematic of a DMF dye-laser with a reflective array of elec-
trodes on the bottom-plate and a semi-reflective counter-electrode on the
top plate. The two plates form the optical microcavity. One droplet is
shown, containing a blue laser-dye, which is being excited by a UV laser
beam (purple) at the dedicated lasing site.
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the necessary feedback and leads to amplification of the fluo-
rescence by stimulated emission. Since the top-electrode is
partially transparent in these devices, light can leak from the
optical micro-cavity, resulting in directed laser-emission. The
wavelength of the generated laser light is determined by
the fluorescence spectrum of the laser dye. The DMF device thus
allows facile tuning of the laser wavelength by moving droplets
loaded with different dyes into the focus of the pump laser.

To ensure good optical characteristics of the laser cavity, the
electrodes are manufactured from silver, which provides high
reflectivity and low optical losses compared to other metals. The
silver electrode on the top-plate has a thickness of only 30 nm
resulting in a semi-transparent mirror to allow 5-20% trans-
mission of the excitation laser beam and the emitted laser light
(see Fig. S1 in the electronic supplementary informationt). While
DMEF electrodes are often coated with Parylene-C as a dielectric
barrier followed by Teflon® AF spin-coating for hydropho-
bicity,® in this work, these two layers are replaced with a single
layer of Teflon® FEP film. This is important, as Parylene-C is
prone to photo-oxidation on prolonged UV exposure.®? This
strategy is also advantageous because films can be removed and
replaced, prolonging device lifetimes.” Commercially available
100 um diameter silica spheres are applied on the edges of the
device as precise spacers to hold the two plates apart, resulting in
a total cavity length of ~126 um when accounting for the 12.7 um
thick fluoropolymer films.

Four rows of electrodes with adjacent fluid reservoir-elec-
trodes form the bottom-plate layout. Each electrode can be
individually actuated via an electrode pad, as indicated in Fig. 2.
The unpatterned top-plate is aligned so that it covers the set of
electrodes and is flush with the edges of the reservoir-electrodes.
This way the reservoirs can be filled with the laser-dye solutions
by exploiting capillary forces. The laser-dyes coumarin-450 (C-
450), pyrromethene-556 (PM-556) and 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4 H-pyran (DCM) are used.
C-450 and DCM are dissolved in DMSO, whereas PM-556 is
dissolved in water, illustrating the flexibility of the DMF
approach for different solvents. Laser-dye droplets are dispensed
from the reservoir-electrodes onto an array of actuation elec-
trodes, and driven to the designated laser site (an electrode in the
center of the array), as illustrated in Fig. 2.

The 355 nm line of a frequency tripled, Q-switched Nd:YAG
laser serves as the optical pump beam, and is focussed into the
space above the lasing site through the semi-transparent top-
plate. Droplets loaded with different laser-dye solutions are
moved in and out of the lasing site, and the resulting emission
beam is collected by the same optics, separated from the pump
beam and guided to a spectrograph. The lasing and fluorescence
spectra of all of the dye-droplets show a fine modulation, as can
be seen in Fig. 3. This series of peaks corresponds to the subse-
quent longitudinal modes of the DMF-micro-cavity. The cavity
length of the DMF-device can be extracted from this mode-
spacing by using Eqn (1)

2

A
L~2A/\n for A>> A2 (1)

where L is the micro-cavity length, A is the emission wavelength,
A2 is the wavelength separation between the peaks and n the
average refractive index of the gain medium. Using literature
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Fig.2 Frames from a movie depicting device operation (available in the
online supplementary informationt), collected using low intensity black-
light to make the droplets visible. Each droplet has a cross-sectional area
of approximately 2.2 x 2.2 mm. In (a—c), a droplet of the blue emitting
laser dye C-450 is moved onto the dedicated lasing electrode. In (d—f) the
blue emitting droplet is moved away and a droplet of green emitting laser
dye PM-556 is moved onto the lasing electrode. In (g—i) the green emitting
droplet is moved back to the reservoir and the droplet of red emitting
DCM laser dye is moved onto the dedicated lasing site.

values of nyaer = 1.333 and npyso = 1.479, cavity lengths of
120 um to 125 um are obtained, which suggests that the silica
beads used to separate the two plates of the device may partially
indent the soft fluoropolymer coating on the electrodes.

To determine the lasing-threshold for each of the three dye
droplet systems, the pump energy is gradually increased and the
output spectrum is recorded. To obtain the output power at
different pump energies, the area under each output spectrum is
integrated. At low pump energies the output power increases
slowly with increasing pump energy. At a certain pump energy,
however, the slope of the output increases steeply, which marks
the lasing threshold, as shown in Fig. 4. When pumped above
threshold, the initially broad emission spectrum narrows into
distinct laser modes, as can be seen in Fig. 3b. The threshold
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Fig. 3 (a) Normalized photoluminescence generated from dye-droplets located inside the DMF cavity. Insets show close-ups of the modulation at the
maxima of the photoluminescence spectra. (b) Lasing spectra of the three dye-droplets. C-450 (blue), PM-556 (green) and DCM (red).
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Fig. 4 Plot of the normalized output power as a function of the laser
pump energy for droplets of C-450 (blue diamonds), PM-556 (green
circles) and, DCM (red squares). The solid symbols are experimental
data, and the lines were added as a guide to the eye.

energy for DCM is significantly lower than those for C-450 and
PM-556. This can be explained by the wavelength-dependent
reflectivity of the silver electrodes, which provide higher reflec-
tivity (>95%) at wavelengths above 600 nm than in the blue and
green parts of the spectrum (88-93%); see Fig. S1 in the online
supplementary information.t Hence the quality of the resonator
is better for the emission wavelengths of DCM than for those of
C-450 and PM-556, leading to a lower threshold for the red
emitting dye.

For a droplet of C-450 in the DMF micro-cavity a single laser-
line is generated for excitation above threshold, while for PM-
556 and DCM a set of four or five laser lines are observed
respectively, as shown in Fig. 3b. The laser lines of all three dyes
have a full width at half maximum (FWHM) of less than 0.1 nm.
The laser-dye emission is directed perpendicular to the electrodes
and emitted through the semi-transparent electrode, as opposed
to previous demonstrations of droplet-based lasers, which
operated via whispering gallery mode resonance and hence
provided no directed emission.? For whispering gallery mode
laser emission is not directed towards a specific probe location,
which limits the applicability of such laser geometries.

The DMF platform can be interfaced with other devices by
using the top-plate as the substrate.’ DMF droplet dye lasers
therefore show potential as integrated switchable laser sources
for other microfluidic or microelectromechanical systems. We

propose that in the future, a larger chip design might be used to
control a large number of different laser dyes which could cover
virtually any desirable wavelength range. Furthermore, both
electrodes can be made semi-transparent to increase functionality
of the device. The metal electrodes could be replaced by indium
tin oxide (ITO) coated with dielectric mirrors, which would lead
to less losses and higher efficiencies. To replace the bulky exci-
tation source, on-chip micro UV-LEDs could be used to pump
the droplets.’* Thus, we posit that the new DMF droplet dye
laser format is extremely versatile and may be useful for a wide
range of applications requiring on-chip optical sensing.
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