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A chip scale tunable laser in the visible spectral band is realized by generating a periodic droplet
array inside a microfluidic channel. Combined with a gain medium within the droplets, the periodic
structure provides the optical feedback of the laser. By controlling the pressure applied to two
separate inlets we can change the period of the droplet array. As a result, the lasing frequency is
tuned over a broad spectral range. Using this configuration, we demonstrate wavelength tunability
of about 70 nm and lasing threshold of about 15 uJ/mm?. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936235]

The synergy of microfluidics and photonics has sparked
the term “Optofluidics.” Taking advantage of flexibility and
high degree of integration, alongside easy of fabrication,
optofluidic devices, and systems are becoming vital in a
large variety of applications spanning from sensing, cell sort-
ing, and sequencing to tunable optical devices.'” Among
the various optofluidic components, the optofluidic dye laser
holds great promise as a critical component in future inte-
grated photonic systems, primarily pertaining lab on chip
applications.*® Over the last 15 years, a tremendous pro-
gress in the field of optofluidic lasers has been reported,
driven by the rapid advancements in microfabrication and
microfluidic technologies, alongside the growing need for
lab on chip applications.

Several different configurations of optofluidic dye lasers
have been demonstrated based on, e.g., Fabry-Perot cav-
ities,” embedded Distributed Feedback (DFB) gratings,&13
whispering gallery modes in droplets,'*™” and ring resona-
tors.'®'° In these lasers, the gain medium is in a fluidic form.
A complementary approach is the immersion of the dye
within polymers in solid form.®° Typically, the optofluidic
lasers consist of a dye mixed within a solvent as a gain me-
dium. An important advantage of the optofluidic technology
resides in its capability of realizing adaptive optical devi-
ces.’ For example, it is possible to replace the dye or the
solvent in the optofluidic laser for the purpose of control-
ling its lasing characteristics,"’ and achieve the desired
property of wavelength tunability. Indeed, over the last few
years several on chip tunable optofluidic lasers were dem-
onstrated, e.g., by combining two different dye molecules
in a solvent*'*? or by taking advantage of the high elastic-
ity of poly-dimethyl-siloxane (PDMS) in order to tune the
periodicity of a Bragg grating.*?

In this paper we describe a robust and flexible tuning
mechanism which enables us to achieve a chip scale optoflui-
dic tunable laser operating on the basis of embedding a peri-
odic droplet array within a microfluidic channel (Fig. 1). Our
goal is to construct a tunable DFB structure supporting lasing
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at a given wavelength which can be selected at will over a
broad spectral range. For this purpose, a micro-fluidic chan-
nel is constructed with a flow of periodically arranged drop-
lets (Benzyl alcohol + Rhodamine 6G*** (R6G)) immersed
in mineral oil. The periodic structure is acting as an optical
feedback.

Additional mechanisms such as whispering gallery
modes are excluded by choosing the droplet size to be suffi-
ciently small. A micrograph of our constructed optofluidic
device together with a schematic drawing showing the de-
vice configuration that enables the generation of periodic
droplet array within a microfluidic channel is depicted in
Fig. 2. The device is based on a concept described by Beatus
et al.,*® where the dimensions and operation parameters have
been optimized for our application. We have previously used
this concept for measuring the flow rate of microfluidic chan-
nels taking advantage of the Doppler effect.”” The device is
fabricated using standard soft-lithography technique. It is
made of PDMS and consists of two inlets and one outlet.
One of the inlets is designed for delivering the gain medium,
namely, R6G dissolved in benzyl alcohol (refractive index of
n~ 1.56) while the other delivers the oil which has a lower
refractive index (n~ 1.46). The two channels operate under
conditions of continuous flow and are connected via a T
junction into a unified channel, where benzyl alcohol

FIG. 1. Schematic illustration of the lasing device, comprising microfluidic
channels, pump source, and a region of a periodic droplet array filled with a
Gain medium.

© 2015 AIP Publishing LLC
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FIG. 2. A schematic top view of the lasing device. The inset shows a micro-
graph of the fabricated T-junction section in PDMS.

droplets are generated due to immiscibility of oil in the ben-
zyl alcohol. The widths of the benzyl alcohol and oil chan-
nels are approximately 1.5 and 1.5 um, respectively, whilst
their height is ~5 um. Each of the two inlets is connected via
a Tygon® Tube to a reservoir containing the appropriate lig-
uid. The reservoirs are connected to a pressure regulator
(OB1 Elveflow) which independently controls the pressure
delivered to each of the channels, with typical pressures of
up to 2 bars. The generated unified channel has cross sec-
tional dimensions similar to each of the individual channels
(1.5 x 5um). In Fig. 3, a representative micrograph of the
generated periodic droplet array is shown. The individual drop-
lets and the periodic pattern can be clearly observed. Such a
mode of operation has been observed over the course of a few
hours, without any evidence of degradation, indicating good
stability over time. Furthermore, the standard variation in peri-
odicity is very small (about 0.1%, limited by our imaging
capability) which ensures reproducibility and narrow linewidth
to be achieved. The period of the droplets as well as the duty
cycle can be tuned by controlling the external pressure of the
inlets. Typical pressures are in the order of 1 bar.

On top of generating a periodic array in support of the
DFB operation, one also needs to confine the light within a
waveguide. For this reason, we have used oxygen plasma to
bond the PDMS chip which includes the channels and the
T-junction to another flat PDMS chip, acting as a cap sealing
the liquid core. At the same time, the PDMS serves as the
waveguide clad owing to its lower refractive index (~1.41)
with respect to the liquid core. Finally, the whole device was
bonded to a cover glass via plasma oxygen bonding for the
purpose of adding mechanical robustness. Schematic layout
showing a cross section of the device can be seen in Fig. 4(a).
The calculated fundamental optical mode within the wave-
guide is shown in Fig. 4(b).
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FIG. 3. A representative micrograph of the generated periodic droplet array.
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FIG. 4. (a) Schematic side view of the lasing device with refractive index of
each component. Typical period is in the range of 1.3—-5 yum. Channel height
is about 5 um and its width is about 2 um. Generally, the droplets are ellipti-
cal in shape. (b) The normalized electric field pattern of in-plane fundamen-
tal mode of the liquid waveguide with dimensions of 1.5 yum x 5 pum.

Following the device fabrication and operation, we
tested its lasing properties. For this purpose, the device was
pumped by a frequency doubled Nd:YAG laser (Surelite,
Continuum) emitting at 532 nm and delivering 5 ns pulses at
a 10 Hz repetition rate. The pump beam was shaped by a cy-
lindrical lens to generate an elongated beam which illumi-
nates the channel from the top. The light collection system
consists of an X10 objective, focusing the lasing output ema-
nating from the end of the droplets channel through a notch
filter (532 nm Notch Filter, OD6, Edmund Optics) to an opti-
cal fiber which is connected to a spectrometer (Ocean Optics
4000, resolution of 0.22 nm).

As mentioned before, the DFB structure serves as our
optical feedback mechanism, and thus the lasing wavelength
is determined by the Bragg condition®®

= mmn/A,

where f is the propagation constant, given by f§ = 27n.z /2,
/. is the lasing wavelength, m is the Bragg order, n. is the
effective refractive index of the waveguide, and A is the pe-
riod of the droplet array. For the purpose of ensuring single
mode operation over the entire bandwidth of the gain me-
dium, one needs to choose the Free Spectral Range (FSR)
to be larger than the gain spectral bandwidth. The FSR of
the DFB laser is defined as the distance between two neigh-
boring modes: FSR = Jyt — 2w = 2Any (-5 — 1),
m=2,3,...

where ng is the group index. For our device, ng = ngy
=~ 1.5, and the grating period can be tuned between 1.3 um
and 5 um (at this configuration of the PDMS chip). By using
the 1.7 um period, one may achieve an FSR of about 75 nm.
Given the fact that R6G supports about 90 nm (depending on
the choice of concentration and dissolved liquid), we can
achieve single mode operation, at least around the center of
the gain curve. However, when the laser is tuned by increas-
ing the period beyond 1.3 um, an additional mode may
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appear. This can be partially overcome by operating at a low
gain regime, albeit at the expense of lower output laser
power. Reducing the period towards 1.3 um for the purpose
of obtaining FSR larger than 100 nm is possible. However,
we observed unstable operation around this regime. A modi-
fied design and more elaborated fabrication process may
allow to over-come this obstacle. It should also be noted that
in the absence of a phase shift, two adjacent modes are
expected, yet their spectral separation is orders of magnitude
lower than the resolution of our spectrometer and thus such
mode splitting was not observed. In Fig. 5, we demonstrate a
single mode lasing at 586nm with a grating period of
1.74 pm (corresponding to 9th Bragg order) with measured
linewidth of 0.22 nm (limited by the spectrometer), alongside
the I-I curve showing laser threshold of ~15uJ/mm?. As
previously mentioned, the tunability of our laser is achieved
by controlling the period of our droplet array inside the chan-
nel. For a fixed channel width of 1.5 um, we could control
the period and achieve stable droplet arrays for a long period
of time, simply by changing the pressure of the inlets via
computer controlled pressure regulators. Indeed, we could
obtain a laser output for a wide range of wavelengths ranging
from 572.9 nm to 642.1 nm, i.e., 69.2 nm of tunability (nearly
the entire gain bandwidth of R6G), in a single mode operation.
Lasing at several different wavelengths is demonstrated in
Fig. 6. The tunability was achieved by controlling the pressure
of the inlets, using a computer controlled pressure regulator.
Specifically, we kept the pressure of the R6G channel fixed
(1.3 Bar), while continuously changing the pressure of the
main channel (oil channel) between 800 mBar (corresponding
to a grating period of 1.71 um) to 1200 mBar (corresponding
to a grating period of 1.91um). The Droplet diameter
increases with the increasing pressure in the oil channel from
~0.85 um to 1 um.

In conclusion, we have demonstrated a tunable optoflui-
dic laser in the visible spectral range. The laser is realized by
constructing a periodic droplet array within a microfluidic
channel. The array provides the DFB mechanism and sup-
ports lasing at a specific desired wavelength. By tuning the
array period via controlling the pressures in the microfluidic
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FIG. 5. Typical single mode lasing at 586 nm with a grating period of 1.74 um
(corresponding to 9th Bragg order) with measured linewidth of 0.22 nm, lim-
ited by the spectrometer. Inset shows a typical pump light VS light output,
laser threshold about 10~ mW.
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FIG. 6. Tuning of the laser output by changing the grating pitch. Each line
represents the laser output from different grating period, as noted by the
legend.

channel, we can achieve wavelength tunability of about
70 nm. The demonstrated tunable laser may be used in lab on
a chip applications, e.g., as part of an on chip spectrometer.
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