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Abstract

Optofluidic dye lasers refer to a class of liquid dye lasers, usually on a microfabricated
device, in which the adaptive nature of the liquid gain medium allows the dynamical con-
trol of the laser properties. Miniaturizing liquid dye lasers onto a microfluidic device not
only results in compact, easy-to-maintain and safe dye laser systems, but also provides un-
precedented optical performances such as precise spatial mode control, low threshold, and
automatic fluidic tuning. Equally important, such on-chip liquid laser sources represent an
important component for “lab-on-a-chip” systems.

This thesis studies the implementations of optofluidic dye lasers on polydimethylsilox-
ane (PDMS) based microfluidic devices. Replica molding soft lithography was used to
fabricate monolithic PDMS devices which contain both wavelength-scale optical struc-
tures and large-sized microfluidic channels. We have demonstrated narrow linewidth sin-
gle mode DFB lasers, simultaneous operation of integrated DFB laser arrays with a single
pump, multiple color lasing from the same DFB cavity, continuous mechanical wavelength
tuning over a 60nm range, microfluidic wavelength tuning, single mode liquid-core micror-
ing lasers using Vernier effect, liquid-cladding evanescent gain DFB lasers, and monolithic
integration with PDMS microfluidic circuits. Typical laser thresholds achieved are well
within the reach of commercial high power laser diodes, thus enabling the implementa-
tions of compact tunable laser sources for portable “lab-on-a-chip” devices. The impres-
sive performances, diverse geometries and applications clearly demonstrate the power of

optofluidic integration and adaptation.
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Chapter 1

Introduction

This thesis presents a new class of liquid dye lasers, which we call optofluidic dye
lasers. In these microfabricated laser systems, the liquid dye solution, besides providing the
optical gain, plays a crucial role in determining the optical properties of the laser light such
as the lasing wavelength, the spatial mode and the tunability. The emergence of optofluidic
dye lasers is largely enabled by the recent advances in microfabrication and microfluidics
technologies [4][5]. With micromachining and soft lithography techniques, micron-scale
fluidic channels can now be routinely made in optically transparent glasses, polymers and
silicone elastomer materials. This enables the fabrication of liquid core or liquid cladding
integrated optical components onto the same device as the microfluidic circuits. Highly
automated on-chip fluidic manipulation and large scale integration also became a reality

after the development of silicone elastomer based micro mechanical valves and pumps

[51[61[7].

1.1 Motivations for Building On-chip Liquid Dye Lasers

The advantages of miniaturizing liquid dye lasers onto a microfluidic device (Figure
1.1) are threefold. First, microfabricated devices can eliminate many undesirable features
of the conventional bulk dye lasers which have hindered their widespread use. As is well
known, conventional dye lasers have the reputation of “user unfriendly” due to their bulky
and complex liquid-handling systems and hazards of toxic dyes. Microfabrication can dra-

matically reduce the sizes and complexity of both the optical and liquid-handling systems.



Figure 1.1: Miniaturization of liquid dye lasers on a microfluidic chip.

For example, in the dye lasers discussed in this thesis, the integrated optical components
and highly automated microfluidic circuits replaced their bulk counterparts, and resulted in
centimeter-sized devices as shown in Figure 1.1. In addition, the extremely small consump-
tion of dye solutions in microfabricated devices not only reduces the cost, but, combined
with the sealed structure, significantly improves the safety and ease of use of dye laser

systems.

Second, the integration of microfluidics with the adaptive nature of liquid gain medium
enables unique optical performances that are not obtainable within solid state materials [8].
This is where the term “optofluidic” comes from. For example, in optofluidic dye lasers,
the lasing wavelength can be easily changed by mixing two different solvents to modify the
refractive index of the dye solution which is part of the waveguide structure, or by simply

switching from one dye molecule to another [9].



3

Third and probably the most important feature of optofluidic dye lasers is their ability
to integrate with other optical and microfluidic functions to build complete “lab-on-a-chip”
systems. This represents an important step towards fully functional and portable devices for

medical diagnostics, environmental monitoring, forensic and bioterrorism detection [10].

1.2 Thesis Organization

In this thesis, we investigate the implementations of microfabricated liquid dye lasers
on poly(dimethylsiloxane) (PDMS) microfluidic devices. Chapter 2 gives the background
knowledge and related work upon which this thesis is based. Three ingredients of optoflu-
idic dye lasers: conventional dye lasers, microfluidics and optofluidics are discussed which
form the guidlines for all the following chapters. This chapter also provides a comprehen-
sive review on micron-sized liquid dye lasers before the microfluidics era. It appears they
are all amenable to future microfluidic implementations and have potentially interesting ap-
plications. Several other groups’ work on optofluidic dye lasers is also reviewed in Chapter
2. Chapter 3 describes a liquid-core guided-wave distributed feedback (DFB) laser struc-
ture which not only leads to single mode dye laser operation, but also forms the basis for
the tunable laser work described in Chapter 4 and 5. Chapter 4 presents our efforts to build
an on-chip tunable dye laser by exploiting the elastic properties of PDMS. An impressive
60nm tuning range was achieved by simply stretching the laser chip. Potentially, this tuning
range can be further increased to cover the whole visible spectrum. Simultaneous operation
of thirteen DFB dye lasers on a single chip was also achieved using only one external pump
laser. Chapter 5 provides the detailed method to monolithically integrate DFB dye lasers
with a PDMS microfluidic mixing circuit. A theoretical investigation of the optimum cav-
ity structure for microfluidic tuning is also given. Apart from previous chapters, Chapter 6
describes a new laser structure based on liquid-core microring resonators. A coupled-ring
resonator structure is shown to allow the realization of single mode microring dye lasers
using Vernier effect. Chapter 7 introduces a liquid-cladding laser structure based on evanes-
cent gain. The benefits of the liquid-cladding structure are discussed. Chapter 8 presents

a dye doped solid state polymer laser using a surface emitting circular grating DFB res-
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onator. This laser is particularly suitable for LED-pumped devices due to the well matched

emitting area. Appendix A gives the detailed fabrication recipes used in this thesis.



Chapter 2

Background and Related Work

Three ingredients are indispensable for the development of optofluidic dye lasers: con-
ventional liquid dye lasers, microfluidics, and optofluidic integration and adaptation. There-
fore, in this chapter, we provide the background knowledge on these three topics that
are important for the discussions in later chapters. Section 2.1.1 briefly reviews the gen-
eral properties of liquid dye lasers including the photophysical properties of organic dye
molecules, a rate equation model for dye lasers and a simple pump threshold analysis.
Section 2.1.2 discusses the state of the art microfluidics and “lab-on-a-chip” technologies.
Particular attention is paid to the lack of optical functions in most demonstrated “lab-on-
a-chip” systems. Section 2.1.3 introduces the general idea of optofluidics and its potential
impact on both adaptive optics and “lab-on-a-chip” systems. We also present the previous
work related to this thesis in Section 2.2, which includes both pre-microfluidics era micro-
scopic liquid dye lasers (Section 2.2.1) and on-chip microfluidic dye lasers demonstrated

by other groups (Section 2.2.2).

2.1 Ingredients of Optofluidic Dye Lasers

2.1.1 Liquid Dye Lasers

Liquid dye lasers use a solution of organic dye molecules in a solvent, such as an
alcohol or water, as the optical gain medium. The ultra-wide wavelength tuning range and

the ability to generate both narrow linewidth CW output and ultra-short (<100fs) pulses
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make dye lasers an ideal coherent light source for spectroscopy [11]. The unique features
of dye lasers are directly linked to the molecular structures and the photophysical properties
of organic dye molecules. Therefore, we will start with the discussion of the properties of
laser dyes. Based on these properties, we will build a rate equation model for dye lasers and
use it to study the threshold for the laser action. No attempt is made to give a comprehensive
review on conventional dye lasers since a number of excellent articles ([12], [13], [14], [15],
[16], [17]) and books ([11], [18]) are already available. Another very useful resource is a
collection of original papers on dye lasers which has been published in the SPIE Milestone
Series [19]. Textbooks on semiconductor lasers [20] and integrated optics [21][22] are also
good references for the study of optofluidic dye lasers due to their similar sizes, structures

and gain properties.

2.1.1.1 Photophysical Properties of Organic Dye Molecules

Laser dyes are complex organic molecules containing long chains of conjugated double
bonds (i.e. alternating single and double carbon bonds, =C-C=C-). The large molecular
size and the relatively free moving m-electrons in the conjugated double bonds give rise
to the large dipole moments of dye molecules (or equivalently, oscillator strengths). The
complex molecular structure also leads to many vibrational and rotational levels within a
single electronic state. Therefore, laser dyes often have strong and wide absorption bands
in the UV and visible region as shown in Figure 2.1 [23]. The emission spectra of dye
molecules are Stokes-shifted to longer wavelength and form almost mirror images of the
absorption bands due to the so-called Frank-Condon principle [24]. This is a rather fortu-
nate feature because the laser emission will generally not be strongly absorbed by the dye
itself. In the following, we will briefly discuss the energy levels and the transition processes
involved in the laser operation, with a special focus on the effects of the dark triplet states.
For more complete discussions of the photophysical and photochemical properties of laser
dyes including the environmental effects, the readers are referred to the reference [11].

Figure 2.2 shows the typical energy levels of a dye molecule. Sy and S; are the ground
and the first excited singlet electronic states. T, and T, are the first and second excited

triplet states. In a singlet state, the spin of the excited electron is anti-parallel to the spin
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of the remaining molecule and the total spin quantum number is S = 0, whereas in a
triplet state the two spins are parallel and S = 1. Therefore singlet-singlet and triplet-
triplet transitions are allowed, while singlet-triplet transitions are forbidden because of the
selection rule AS = 0. As mentioned before, each electronic state is further split into
many vibrational and rotational sublevels due to the complex dye molecular structure. In
addition, the effective homogenous line-broadening mechanism due to the collisions with
solvent molecules further smears these sublevels into unresolved overlapping bands. The
homogenous broadened spectra of dye molecules enable very efficient channeling of the

pump energy into narrow band laser emissions [17].

It is important to realize that the dye laser is a classical 4-level system (if neglecting
the triplet states for the moment) where the 4 energy levels are marked O to 3 in Figure
2.2. Under optical excitation, dye molecules are pumped from the bottom of the ground
state Sy (ground level 0) to some vibrational-rotational sublevels in the first singlet state
S (intermediate pump level 3). The dye molecules in level 3 quickly relax to the bottom
of Sy (upper laser level 2). This nonradiative decay process happens on the time scale of
a few picoseconds or less. The energy lost in this process contributes to the heating of
the solvent. From the upper laser level 2, dye molecules can undergo either spontaneous
emission or stimulated emission to some vibrational-rotational sublevels in S, (lower laser
level 1). The nonradiative decay time from the lower laser level 1 to the ground level O is
also a few picoseconds. There are also some absorptions from the first excited singlet state
S, to higher singlet states, but this effect is normally small and the nonradiative relaxation
time from higher singlet states back to S; is also on the order of picosecond. Due to the
extremely fast nonradiative decay processes, the populations of the lower laser level n,
and the intermediate pump level n; are negligibly small. Therefore, dye lasers can reach
threshold at very small population inversions, with typical upper laser level population n, /n
of only 0.01 or less [17], where n is the total dye population. However, because of the short
upper-state lifetimes (a few nanoseconds, mainly due to spontaneous emission), dye lasers

still need high pump intensities to reach threshold (see equation (2.7) in section 2.1.1.2).

The real situations are further complicated by the triplet state effects. The excited

molecules at the upper laser level 2 undergo not only radiative transitions to Sy but also
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nonradiative intersystem crossing to the dark triplet state T;. As mentioned before, this
process requires a spin flip of the excited electron and thus is spin-forbidden. This is the
reason that intersystem cross has a relative slow transition rate (1/ks7 ~ 100ns) and the
triplet state lifetime is long (77 ~ 100ns). The metastable triplet state has two detrimental
effects on laser oscillation. First, the long lived triplet state T, traps the dye molecules and
decreases the available population inversion. Second, the absorption from the first triplet
state T; to the second triplet state T, tends to overlap with the laser emission and produces
extra losses at the laser wavelength. Therefore, short pump pulses, fast circulation of dye
solutions and triplet state quenchers are often used to minimize the triplet state influences

in different types of dye lasers.

2.1.1.2 Rate Equations

Rate equations describe the time evolution of the energy level populations and the laser
cavity mode. Although they don’t account for the coherent properties of the laser light,

they are very useful for the estimations of the laser threshold and output power.

For dye lasers, three rate equations are needed for describing the laser cavity mode pho-
ton flux ¢(= I /hvy), the singlet state population density n, and the triplet state population
density ny.

Laser cavity mode ¢:

d
. = () = mor(Ao) = morr () — 216 2.1

where o;’s are the stimulated transition cross sections at the laser wavelength A;, ng is the
ground state population density, y is the single pass cavity loss (equals —ln(R{R,)/2 + vy;
for Fabry-Perot cavities with internal loss 7y;), L is the length of the gain region and c is the

speed of light.

First excited singlet state n,:

dn n
d_t2 = Rp + [no0 (A1) — 120 en(AL)]¢ — nyop(AL) — noksr — T_z] (2.2)
sp
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where kg7 1s the intersystem crossing rate, 7y, is the spontaneous emission lifetime, and the

pump rate per unit volume Rp is given by

_ oo o(Ap)p

R
P th

(2.3)

where [p is the pump intensity, Ap and vp are the pump light wavelength and frequency

respectively, and 4 is Planck’s constant.

First excited triplet state ny:

dny nr
L noker — — 2.4
dt kst Tr 24)

where 77 is the triplet state lifetime.

Finally, the conservation of molecules requires
n=ny+ny+nr (2.5)

where 7 is the total concentration of dye molecules. The typical values of the photophysical
parameters needed in the rate equations are listed in Table 2.1 for the most common laser

dye, Rhodamine 6G [18].

Table 2.1: Typical values of the photophysical parameters for Rhodamine 6G (pump wave-
length Ap = 532nm, laser wavelength 4, = 580nm)

Parameter Value
Absorption cross section at the pump wavelength o, (1p)(cm?) 3.8x1071°
Absorption cross section at the laser wavelength o ,(1;)(cm?) 1x107"

Stimulated emission cross section at the laser wavelength o,,,(1,)(cm?) | 1.2 x 10710
Triplet state absorption cross section at the laser wavelength o(A;)(cm?) | 1 x 107"

Spontaneous emission lifetime 7, (ns) 5
Intersystem crossing time 1/kg7) (ns) 100
Intersystem crossing time 1/kg7 (ns) 100}

1 Vary from 1077 to 1073 seconds depending on the solvent and the presence or absence of
the triplet quencher.
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2.1.1.3 Laser Threshold

Our analysis of the pump threshold is similar to those given in [24] and [25]. A more
thorough treatment can be found in [23]. In general, the laser threshold can be obtained by
numerically solving the rate equations. However, as shown in the following, under certain

approximations, analytic expressions can be derived to give reasonable estimates.

Pulsed Operation

In pulsed operation with pump pulse duration shorter than the intersystem crossing time
1/kst, we can neglect the triplet state effects all together. This is because with very short
pump pulses, the whole cycle of excitation and laser emission within the set of singlet
states can be completed before a significant triplet state population buildup occurs. Also
we assume the self absorption at the laser wavelength is small. In this case, the threshold

population inversion density is determined only by the cavity loss [24]

Y
= — 2.
Mo o L (2.6)

Therefore, the threshold pump intensity needed to achieve this upper state population is

hvpd
Ly = noghved /Ty, = # 2.7)
em\/tL)t sp

where d is the penetration depth of the pump light into the dye solution, given by 1/nyo,(1p).
For simplicity we don’t consider the spatial dependence of the pump rate and the specific
pumping geometry. The readers can find the more accurate treatments in most laser text-

books [24][26].

Continuous Wave (CW) Operation
In CW operation, the triplet state population ny at equilibrium (steady state) can be

obtained from equation (2.4),

nr = I’lszTTT (28)
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The threshold gain equals the total loss and, from equation (2.1), is given by

&ih = NyO e = No0y + 7o +y/L (2.9)

where all the cross sections are evaluated at the laser wavelength. With the help of the

population conservation relation (2.5), we get the threshold population inversion

no, +vy/L
= 2.10
"aih Oem + 0,1 + ksrtr) — OrksrTr ( )

In all practical CW dye lasers, the excited dye molecules are quickly removed from the
excitation region and a triplet state quencher is often added to the solution. These two
methods effectively reduce the triplet state lifetime by several orders of magnitude. Again
for many eflicient laser dyes, the self absorption is negligibly small. Consequently, we can
set kst ~ 0 and o, ~ 0 in equation (2.10), which reduces it to the same expression
as equation (2.6). Therefore, we can use expression (2.7) to roughly estimate the pump
threshold for both pulsed and CW dye lasers. For typical values o, = 1 X 107'%cm?, 7, =
5ns,d = lmm, L = 10mm,y = 0.01,vp = 5.6 x 10"*Hz (530nm), the calculated threshold
pump intensity is approximately 740W/cm?, the corresponding population inversion n, is
about 1 x 10'cm™3 and the threshold gain coefficient is about 1cm™'. In practical systems,
the threshold intensity is usually much higher, about 50kW/cm?, due to the triplet state

effects, self absorption, thermal distortions and higher cavity losses.

2.1.2 Microfluidics and Lab-on-a-chip Systems

The rapid development of microfluidics in the past 15 years has created a powerful
toolbox for manipulating liquids at the nanoliter scale or below [27]. Arguably, the most
important goal for microfluidics is to achieve complete “lab-on-a-chip” systems, in which
optical functions are often indispensable [28][29]. For example, let’s take a look at an
important instrument for biology: the fluorescence based Sanger DNA sequencer. This
machine enabled the biologists of the Human Genome Project to complete the first draft

of the genome sequence of our own species in 2003. The fact we can now read our own
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Figure 2.3: Conventional fluoresence based Sanger DNA sequencer and the “lab-on-a-
chip” version. (a) Applied Biosystems 3760x] DNA Analyzer. (b) A microfabricated bio-
processor integrating all three Sanger sequencing steps. (c) The bulk optical setup for
fluorescence excitation and detection used together with the microfabricated device shown
in (b).
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instruction books has profound impacts on biology and medicine [30][31]. However the
real power of DNA sequencing comes from comparative genomics and personalized ge-
nomics by comparing genomes across species and individual genome sequences, which
requires much faster and cheaper sequencing techniques than the current ones. Imagine if
we can sequence and compare 100 individual genomes at a low cost and in a short period,
we will have much better chances of finding out the molecular origins of many diseases
such as cancers, Alzheimer’s disease and autism. Today’s DNA sequencers (for example,
the ABI 3730x]1 DNA Analyzer, Figure 2.3-(a)) cost half a million dollars each and are
way too slow for this purpose. One way to achieve low cost and high throughput is through
miniaturization. Over the past few years, Richard Mathies’ group at UC Berkeley has made
remarkable progress along this direction. In one of their recent demonstrations as shown
in Figure 2.3-(b), a nanoliter-scale bioprocessor integrating all three Sanger sequencing
steps: thermal cycling, sample purificaiton and capillary electropherisis, was fabricated on
a glass/PDMS hybrid device [32]. The same group has also demonstrated high through-
put operation with a 96-line array electrophoresis device on a single glass substrate [33].
However, the nice looking microfabricated devices are not the whole picture. The com-
plete setup, as shown in Figure 2.3-(c), still occupies a table and includes a visible laser
source, relay optics and filters, four photomultiplier tubes, data acquisition electronics and
a computer. In fact, this represents a major problem for almost all the demonstrated “lab-
on-a-chip” systems so far. Much effort is still needed to achieve the seamless integration
of optical and electronic functions with microfluidics on the same device. “Lab-on-a-chip”
systems must become compact stand-alone and easy-to-use devices before nonexperts such

as biologists, chemists, clinicians and police officers can use them.

2.1.3 Optofluidic Integration and Adaptation

Recently, the power of microfluidic manipulation has been also recognized for building
adaptive optical systems [8]. Liquids have many unique features that cannot be found in
solid materials such as the ability to change optical properties by mixing or switching be-

tween different liquids, the ability to introduce other optical materials such as fluorescent
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dyes, quantum dots and dielectric/metallic nanoparticles, and the ease of forming optically
smooth interfaces by surface tension. Combining microfluidics and liquid optical mate-
rials, optofluidics offers a new way of implementing integrated optical systems, which is
intrinsically adaptive and reconfigurable. One important example of such systems is the
optofluidic dye lasers, in which the adaptive nature of the liquid gain medium and the com-
bination with microfluidic liquid handing can enable unprecedented optical performances
and high degree of system integration. Comprehensive discussions of the recent emergence

of optofluidics and classifications of optofluidic devices can be found in [8] and [34].

2.2 Related Work

2.2.1 Pre-Microfludics Era Microscopic Liquid Dye Lasers

The small dimensions of the optofluidic dye lasers are generally achieved using micro-
fabrication techniques. However, there existed micron-sized liquid dye lasers long before
the advent of microfluidics which also satisfy our definition of optofluidic dye lasers, such
as microdroplet dye lasers [35], microcapillary dye lasers [36], and evanescent gain mi-
crosphere [2] and fiber lasers [37] immersed in dye solutions. These pre-microfluidics
era micron-scale dye lasers are also amenable to microfluidic implementations and have
potentially interesting applications.

The reason that liquid dye lasers can be made with micron-scale dimensions long be-
fore microfluidics is that, unlike solid state lasers for which microfabrication or special
processing techniques are needed to define the miniaturized optical structures, the flexibil-
ity of liquid gain medium allows the formation of micron-scale optical cavities in several
straightforward ways without using any microfabrication, such as microdroplet formation,
microcapillary filling and immersion of small solid transparent optical structures in dye so-
lutions. Here we divide the pre-microfluidics era optofluidic dye lasers into two categories:
microcavity dye lasers and waveguide dye lasers, in which the microcavity dye lasers are
further divided into three subcategories based on the cavity type: microdroplets, evanescent

gain microcavities and Fabry-Perot type microcavities. We give representative examples in
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each category and discuss their possible implementations using microfluidics technology.

2.2.1.1 Microcavity Dye Lasers

Optical microcavities are resonant structures that confine light in small volumes. A ma-
jor application of microcavities is to build compact and efficient laser sources. Liquid dye
solutions are among the first material systems used to study the laser action and other op-
tical processes in microcavities [38][39]. First, we will discuss dye laser actions in surface

tension induced microdroplet cavities.

Microdroplet Dye Lasers Microdroplets, with their near atomically smooth surfaces and
small sizes, offer an ideal optical cavity for making low threshold and compact dye lasers.
In such microspherical cavities, light is confined by continuous total internal reflections
at the liquid-air interface, and forms the so called whispering gallery modes (WGMs).
Dye lasing has been demonstrated in free falling droplets [35][1], pendant droplets [40]
and levitated droplets [41][42]. Although the observation of dye lasing in droplets dates
back to the 1970s [40], the first reported microdroplet dye laser in the literature was by
Chang’s group [35]. In this work, dye solution droplets were generated by a vibrating
orifice, in which a cylindrical liquid jet passing through the orifice is induced to break up
into equal-sized droplets by a mechanical vibration of the orifice with the proper frequency
and amplitude [35][43]. The main experimental results for 60um diameter ethanol droplets
containing Rhodamine 6G are shown in Figure 2.4. The droplets were pumped by 10ns
laser pulses at 532nm. Lasing occurs only in the longer wavelength side of the emission
spectrum due to the high self absorption at shorter wavelengths (Figure 2.4, right panel).
The laser emission is confined near the surfaces of the droplets which is characteristic for
WGMs (Figure 2.4 b). Pump threshold of ~35W/cm?, which was three orders of magnitude
lower than those of bulk dye lasers, was achieved [35]. The cavity Q factor of such droplets
can be as high as 10® for low dye concentrations (< 10~°uM) [44]. The characteristics of
such droplet dye lasers were comprehensively studied and reviewed [45][46][47][38].
Besides the laser applications, microdroplets have also been used to study cavity in-

duced spontaneous emission modification [48][49][50], single molecule fluorescence[51]
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Figure 2.4: Microdroplet dye laser. (Left) Photographs of laser emission from the droplet
stream. a. The upper portion of the stream (close to the orifice) showing the breaking of
the dye solution and the development of highly distorted droplets. b. The lower portion of
the stream showing the transition from oscillating spheroids to monodisperesed spherical
droplets. c. A photograph of combined laser emission(red) and elastic scattering(green).
(Right) d. Schematic representation of the absorption and emission spectra of Rhodamine
6G in ethanol. e. The emission spectrum of the 60um diameter droplets for region B.
Reprinted from [1].
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[52] [53], and many nonlinear optical effects such as stimulated Raman scattering, multi-
order Stokes emission and stimulated Brillouin scattering ([38], chapters 5, 6, 7, and refer-
ences therein).

Although microdroplet cavities hold great potentials for laser applications, biochemi-
cal sensing, single molecule studies, nonlinear optics and cavity quantum electrodynamics
(cQED), the complexity and inconvenience of the setup, and the short evaporative life-
times of the droplets have limited them mainly in a few research laboratories. Interestingly,
several recently demonstrated on-chip microdroplet generators may change the situation
[54][55]. With such devices, mono-dispersed droplets over a wide range of sizes (1-500um)
can be automatically generated in a microfluidic channel at very high speed. Furthermore,
the sizes and shapes of individual droplets and the distances between droplets can be ac-
curately controlled by changing the liquid flow rate and the dimensions of the microfluidic
channels. This will enable more systematic ways to study new phenomena such as the
chaotic behaviors and the directional emissions in nonspherical droplets [56][57] and the
coupling effects among many droplet cavities which are difficult, if not impossible, to study
with conventional bulk droplet generators. Also, as mentioned above, this can provide an
on-chip platform for biochemical sensing, single molecule studies, liquid based nonlinear
optics and quantum optics. Finally, the ultrahigh Q’s and the small mode volumes make

these cavities promising candidates for LED pumped on-chip laser sources [58][59].

Evanescent Gain Microcavity Dye Lasers When the evanescent tail of an optical wave
is immersed in a gain medium, it can extract energy and lead to optical amplification.
Several groups have demonstrated microcavity liquid dye lasers based on such evanescent
wave coupled gain, typically by immersing a WGM resonator such as a microsphere or
a microcylinder into a dye solution. Fujiwara and Sasaki demonstrated laser action using
silica microspheres dispersed in an aqueous solution of Rhodamine B [60]. They used
the fundamental pulses of a Q-switched Nd:YAG laser at 1064nm to optically trap a sin-
gle microsphere, and the second harmonic pulses at 532nm to pump the surrounding dye
molecules. The combination of optical trapping and laser spectroscopy allowed the au-

thors to freely manipulate individual lasing microspheres in three dimensions and measure
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Figure 2.5: a. Cylindrical evanescent gain microcavity dye laser. b. Schematics and micro-
scope images of (1) radial mode lasing and (2) WGM lasing. c. Typical spectra of WGM
lasing with the central optical fiber inserted. Inset: typical single shot spectra from the
radial mode lasing without the central fiber. Reprinted from [2].

the lasing spectra. The lasing threshold was determined to be 7mW (30ns pulses, 10kHz
repetition rate) for a 28um diameter microsphere in a 10mM Rhodamine B solution. The
measured spectra agreed well with the Mie scattering theory prediction. Figure 2.5 shows
another evanescent gain dye laser with an ultrahigh Q cylindrical microcavity, which is
formed by a fused silica optical fiber located in a capillary tube filled with a low index 2mM
Rhodamine 6G solution [2]. Without the center cylindrical cavity, the system showed con-
ventional Fabry-Perot type lasing due to the front and back interfaces (Figure 2.5, b-(1)).
However, when an optical fiber (the cylindrical microcavity) of 125um diameter was in-
serted into the same capillary, WGM laser oscillation was achieved with a low-threshold
pump energy of ~200uJ (Figure 2.5, b-(2), c). The Q factors of these microcavities was

inferred from a four-level laser model to be 3 x 107 for the TM modes of radial order [ = 2.
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Even higher Q of 10° was achieved when a silica microsphere was used and the dye concen-
tration was lowered to 0.05mM [61][62]. Later, this structure was used to demonstrate laser
oscillation with colloidal semiconductor CdSe/ZnS quantum rods as the gain medium [63].
Microring waveguide mode dye lasers were also demonstrated using the structure shown
in Figure 2.5 b-(1), in which the high index capillary wall forms the microring cavity [64].

All these demonstrated evanescent gain microcavity dye lasers are based on isolated
optical components such as chemically synthesized microspheres, melting induced silica
microspheres, optical fibers or capillary tubes. However there is no reason that such lasers
can not be made on a microfabricated device integrated with microfluidic liquid handling.
In fact, the evanescent gain structure is quite favorable for rapid gain medium replenishment
and sensing applications [65]. This formed a strong motivation for our work on evanescent

gain optofluidic dye lasers discussed in Chapter 7 .

Fabry-Perot Type Microcavity Dye Lasers Another way to build an optical microcavity
is to shrink the mirror spacing of a Fabry-Perot resonator. When the mirror spacing is suffi-
ciently small, the free spectral range (FSR) of the cavity becomes larger than the emission
bandwidth, and leads to single longitudinal mode operation. The first optical microcavity
experiments used dye molecules between high reflectivity dielectric Bragg reflectors in the
Fabry-Perot configuration [66][67]. The main purpose of such experiments was to study the
spontaneous emission modification through the Purcell effect (Purcell 1946). For example,
Figure 2.6 shows the emission behavior of a dielectric mirror based Fabry-Perot micro-
cavity dye laser [68][3]. The cavity length was accurately defined by Ti spacers deposited
on one of the mirrors. The space between the mirrors was filled with dye solution by the
capillary forces. When the mirror spacing is half the wavelength (d = 1/2), the fraction of
spontaneous emission coupled into the cavity mode () becomes large compared to that of a
conventional macroscopic laser. This not only increases the spontaneous emission rate but
also makes it highly directional. In principle, the traditional laser threshold can disappear
when approaches one, leading to the so called thresholdless laser oscillation [69][66][3].
The factor of ~0.2 was achieved in this experiment for the d = A/2 cavity. As shown in

the output vs. input curves (Figure 2.6 b), the laser threshold became quite fuzzy for the
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Figure 2.6: a. Schematic of a Fabry-Perot microcavity dye laser. b. Light output vs. input
curves. For short cavity lasers, the laser threshold became fuzzy while a clear threshold
appeared for the d = 500 cavity. c. Spontaneous and laser emission spectra. For the d =
/2 cavity, the two spectra were very similar. However for the d = 500 cavity, a dramatic
spectral narrowing occurred above threshold. Reprinted from [3].

short cavities, while for the long cavity it was clear. Also the spectra of the spontaneous
emission and the laser action were very similar for the short cavity laser, while for the long
cavity, the spectra changed dramatically above the threshold (Figure 2.6 c¢). Microcavities
have many attractive features besides the ultralow laser threshold, such as the ultrafast re-
sponse time, nonclassical photon statistics and the ability to generate well defined triggered
single photons [3][39]. Therefore their implementation on a dynamical optofluidic device
should be of great interest for both fundamental studies and technical applications. As we
will show in the following chapters, the recent demonstrations of on-chip optofluidic dye
lasers represent a big step closer towards an on-chip tunable microcavity dye laser system

for studying the fundamental light-matter interactions.
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2.2.1.2 Waveguide Dye Lasers

Similar to microcavity dye lasers, liquid core or liquid cladding waveguide dye lasers
can be made with capillary tubes and optical fibers. Ippen and coworkers built liquid-core
waveguide dye lasers by filling small diameter (~10um) glass capillary tubes (n=1.48) with
high refractive index dye solutions in benzylalcohol (n =1.53) [36]. The authors used this
structure to study the photobleaching lifetimes of various laser dyes under CW laser pump.
They found that Rhodamine 6G molecules in ethanol solution, when pumped at intensities
required for laser action (~100kW/cm?), have a usable lifetime of only 40ms. This work
established that the short photobleaching lifetimes of most dye molecules strongly limit the
usefulness of any nonflowing dye laser structures. Later, a thin film waveguide dye laser,
in which the dye solution lying external to the waveguide core was excited via evanescent
fields, was built to circumvent this problem because the bleached dye molecules can now
be replenished by diffusion or liquid flow across the waveguide surface [70]. Zeidler built,
to our knowledge, the first integrated optical waveguide dye laser by evaporating dielec-
tric channel structures on a glass substrate and bonding a second glass plate on top [71].
A 5mm long liquid core waveguide with a cross section of 10um by 300um was made.
The waveguide core was filled with the dye solution of Rhodamine B dissolved in benzy-
lalcohol by capillary forces. The dye solution was then pumped by 30ns Nd:YAG laser
pulses at 532nm and the laser oscillation was achieved with only the reflections from the
dye solution/air interfaces at the two ends of the waveguide. Recently, with the invention of
photonic crystal fibers and microstructured fibers [72], waveguide dye lasers can be made
with even smaller core dimensions and longer interaction lengths, which provides a con-
venient platform for sensing and spectroscopy applications [73]. When a tapered optical
fiber is immersed in a low refractive index dye solution and a pump laser beam is launched
into the taper, an evanescent gain waveguide dye laser is achieved [37][74]. The use of a
tapered fiber waveguide allows simple and efficient coupling of the pump beam, as well as
the collection of the laser output. The small size of the taper also gives rise to a large modal
gain coefficient due to the large evanescent tail inside the gain medium, and meanwhile

ensures single transverse mode operation. Periasamy and Bor used a similar evanescent
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gain structure with large diameter (50 um) uncladded quartz fibers [75]. However, instead
of using longitudinal pumping, they used the interference pattern of two pulsed N2 laser
beams at 337.1nm to transversely pump the dye solution and achieved gain modulated dis-
tributed feedback (DFB) lasing. The laser wavelength can be tuned by changing the angle
between the two interfering beams. A small signal gain of 430 (gain coefficient ~3cm™')
at 600nm has been measured in a 2cm long fiber surrounded by an excited Rhodamine 6G
solution [76]. Now with the well developed microfluidics technology, it is straightforward
to build on-chip waveguide dye lasers by replacing the optical fibers or capillaries with the

integrated optical waveguides [77][78].

2.2.2 Other Groups’ Work on Optofluidic Dye Lasers

The first on-chip liquid dye laser based on modern microfluidics technology was demon-
strated by Kristensen’s group in 2003 [79]. A surface emitting Fabry-Perot cavity with
metallic mirrors was fabricated on a SU8 and Pyrex glass hybrid chip by standard micro-
fabrication techniques. A dye solution of 10mM Rhodamine 6G in ethanol was pumped
through the 10 m deep and 1 mm wide microfluidic channel between the mirrors at a flow
rate of 10 yl/min with a syringe pump. The optical path length between the mirrors was
~20um. The pump light are 5ns frequency doubled Nd:YAG laser pulses at 532nm with
a repetition rate of 10Hz. Laser emission at 570nm with a FWHM linewidth of 5.7nm
was achieved at the pump level of 368mW/cm?. The laser threshold was estimated to be
34mW/cm?. Vezenov et al. fabricated an edge emitting dye laser in poly(dimethylsiloxane)
(PDMS) using soft lithography [77]. The laser cavity was based on a liquid-liquid (L?)
waveguide [80]. Gold mirrors deposited at the ends of the waveguide form a Fabry-Perot
cavity. The L? waveguide allowed the dynamical control of the waveguide and cavity prop-
erties by adjusting the index contrast between the core and cladding liquids. By mixing
methanol and DMSO, peak lasing wavelength was tuned from 617nm to 634nm. A free
space ring cavity based microfluidic dye laser was fabricated in a photoechable glass, Fo-
turan, by femtosecond laser microprocessing [81]. The 3D microprocessing permitted the

fabrication of devices with multi-layered structures. An array of two lasers operated simul-
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taneously under one pump light was demonstrated.

The early demonstrations of on-chip optofluidic dye lasers showed rather wide emission
linewidths due to multiple mode operation and low cavity qualities. Such wide band emis-
sion is hard to distinguish from the amplified spontaneous emission (ASE). Later, more
efficient cavities were achieved using Bragg gratings, which enabled narrow linewidth sin-
gle frequency output. Balslev and Kristensen demonstrated a single-mode dye laser based
on a multimode waveguide structure and a ~130th Bragg grating [82]. Approximately
single spatial mode operation was observed due to the high losses of higher order spatial
modes in the antiguiding segments.

Shortly after the demonstration of the first optofluidic dye laser, tunable output was
obtained by index and concentration tuning [83][84][85]. By using a mixture of two dye
molecules in a single solvent, dual-color output was achieve with an optical fiber based
Fabry-Perot cavity microfluidic dye laser [86]. Two gold coated cleaved optical fibers were
placed in the PDMS channel to form a short Fabry-Perot cavity (140 um cavity length).
Collinear yellow (559nm) and red lasing (597nm) was obtained when a mixture of Rho-
damine 6G and Surforhodamine 101 in ethanol was pumped by pulsed 532nm laser light.

The integration with other “lab-on-a-chip” components to build complete systems is a
major motivation for building optofluidic dye lasers. However, very few demonstrations
along this line have appeared so far. Galas et al. have demonstrated the integration of
PDMS based soft microfluidics with optofluidic dye lasers to tune the laser wavelength
[84]. Such integration can also be used to build sensing and spectrometer devices. A
device capable of performing sensitive intracavity absorption measurements on nanoliter
samples was built [87]. Concentrations of methylene blue as low as 10~% mol/l were de-
tected. Balslev et al. demonstrated a more sophisticated “lab-on-a-chip” system, which
contained a liquid dye laser, optical waveguides, a microfluidic mixer, a sample cuvette
and photodiodes [88]. The dye laser light at 576nm was directly coupled into five waveg-
uides that delivered the light to five different locations along a fluidic channel (cuvette)
for absorbance measurements. The transmitted light was collected at the other side of the
cuvette, again by waveguides, and finally detected by the photodiodes. Electrical read-out

was accomplished by integrated metal connectors. To demonstrate the concerted operation
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of the integrated components, the authors performed an absorbance measurement on two
different concentrations of xylenol orange dye. The photodiode signal showed two different
values for concentrations of 0.06mM and 0.12mM. Despite the high level integration, this
device was still not a stand alone system due to the off chip optical pump and the pressure

source for driving the liquid flow.
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Chapter 3

Single Mode Optofluidic Distributed
Feedback (DFB) Dye Lasers

Several groups have demonstrated on-chip liquid dye lasers using different materials
and laser cavity geometries[79][77][84]. Such lasers allow the integration of coherent
light sources with other microfluidic and optical functionalities, and are of great interest
for making fully functional ’lab-on-a-chip’ systems. However, the lack of both transverse
mode and longitudinal mode selection in these demonstrations led to multiple mode op-
eration and wide emission linewidths (~5nm) that are hard to distinguish from amplified
spontaneous emission (ASE). Until recently, the true single mode operation has been not
available in such devices. In this chapter we present a single mode optofluidic dye laser
using a phase shifted 15th order distributed feedback (DFB) structure embedded in a sin-
gle transverse mode liquid-core waveguide fabricated on a monolithic PDMS device[78].
DFB cavities combined with 3D optical waveguides are very efficient structures for mak-
ing stable single frequency lasers . Their implementation on a microfluidic chip can greatly

improve the performances of microfabricated liquid dye lasers.

3.1 Distributed Feedback (DFB) Lasers

Distributed Feedback (DFB) lasers use Bragg gratings, periodic changes in the refrac-
tive index or gain, as the optical feedback element. Although their most successful ap-
plication is in the single frequency semiconductor lasers for telecommunications[89], the

first DFB laser was actually a dye laser demonstrated by Kogelnik and Shank in 1971 at
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Bell Lab[90]. The DFB structure is very eflicient for making stable single frequency lasers
due to the strong Bragg condition determined by the periodic structure. Also the DFB
structure is particularly suitable for the planar microfabrication techniques. Now with the
development in soft lithography, very similar structures to that of a guided-wave DFB semi-
conductor laser can be built on a PDMS microfluidic chip with liquid dye solutions as the
gain medium. In this section, we will describe the basic theory and simulation tools for
understanding and designing the DFB structrues. Special structures used in this thesis such

as the phase-shifted DFBs and higher order DFBs are discussed.

3.1.1 Theory and Simulations of DFB Structures

For an optical wave propagating in a DFB structure, strong reflectivity occurs when the

Bragg condition is satisfied:

mA,, = 2n.g\ (3.1)

where 4,, is the mth order Bragg wavelength, n.g is the effective index of the guided mode
and A is the grating period. This condition can be easily obtained by considering the
phases of the consecutive reflections from the periodic unit cells. At the Bragg wavelength,
the reflections from the unit cells add up in phase, giving rise to the frequency dependent
high reflectivity (stop band). For laser applications, the detailed frequency response of the
resonant structure is needed to determine the lasing wavelength. There are several stan-
dard approaches for calculating the reflection and transmission spectra of a DFB Structure.
The most popular one is the coupled-mode theory, in which the coupling between the two
counter-propagating modes in the structure are described by two coupled first order dif-
ferential equations[91][92]. The coupling strength is expressed as a coupling coefficient
determined by the waveguide structure and the grating profile. Although this method is fast
and the analytical solution can be found for the uniform grating case, the evaluation of the
coupling coeflicients and the application of this method to arbitrary grating structures are
not straightforward. In this thesis, we use another approach called Rouard’s method[93],

which essentially treats each grating half-period like a homogenous dielectric layer in a
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thin-film stack. This approach needs more computational time because the number of lay-
ers scales with the number of grating periods. However, with the ever increasing compu-
tational power, the spectra of moderately long DFB structures used in this thesis (typical
number of layers is 10000) can be easily obtained with a desktop PC in less than a minute.
Also this method can be used to simulate arbitrary grating profiles such as chirped gratings,

phase-shifted gratings and superstructure (sampled) gratings.

In Rouard’s method, the three dimensional waveguide DFB structure is simplified to a
one dimensional problem consisting of periodic dielectric slabs as shown in Figure 3.1-(c).
The refractive index of each slab is given by the effective index of the waveguide mode at
the corresponding location in the original DFB structure. The waveguide modes are thus
represented by the two counter-propagating plane waves a; and b; traveling perpendicular
to the slabs. One thing to point out is that in this case we do not need to treat the TE and TM
polarizations differently since they are now indistinguishable. The effect of passing through
a dielectric interface or traveling over a distance in a uniform medium can be represented
by a transmission matrix (T-matrix) which relates the two waves a; and b; at the input to

the waves a, and b, at the output.

=T (3.2)

by by
For a dielectric interface between two materials with refractive indices n; and n,, the T-
matrix can be found by using the Maxwell’s equations and matching the boundary condi-

tions at the interface[20], and it can be written as

111 r
T=- (3.3)
I r 1
where r and ¢ are the Fresnel coefficients given by [94],
=R (3.4)

n +n
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Figure 3.1: Transmission matrices in Rouard’s method for simulating the spectra of a DFB
structure. (a). Dielectric interface. (b). Propagation over a distance with no discontinuities.
(c). Bragg grating.
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and

2]’11
ny +np

t= (3.5)

The T-matrix for propagating a distance L in a uniform medium with index #» is given by

T = (3.6)

where = 2nn/A is the the propagation constant and A is the wavelength. Clearly, the
one dimensional DFB structure shown in Figure3.1-(c) can be decomposed into dielectric
interfaces and uniform dielectric slabs, and its overall T-matrix can be calculated by mul-
tipling the T-matrices for each elements in the proper order. Once the overall T-matrix is
available, the amplitude reflection and transmission coefficients are given by (setting a; = 1

and b, = 0)

T21
r=— (3.7)
Tll
and
1
1= — (3.8)
Tll
Then the power reflectance R and transmittance 7" are simply
T21 2
R=|r?=|= (3.9)
Tll
and
1 2
T o= Zpp=2|— (3.10)
no no | Ty
= 1—R (forlossless structures) (3.11)

Figure 3.2 shows an example simulated transmittance spectrum for a DFB structure with
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Figure 3.2: Simulated transmittance spectrum for a DFB structure with parameters: ny =
n3 = 1.406, n; = 1.407, n, = 1.406, d, = d, = 1.5um, and the grating length L = 8mm.

the parameters: ny = n3 = 1.406, n; = 1.407, n, = 1.406, d, = d, = 1.5um, and the grating
length L = 8mm.

3.1.2 A1/4-shifted DFB Lasers

As can be seen in Figure 3.2, a uniform DFB with a index grating is antiresonant at the
Bragg wavelength, meaning lasing cannot occur at this wavelength. One way to understand
this is to take the central half-period as the cavity and the gratings to the left and right as
the mirrors. Because the cavity is a 4/4 long at the Bragg wavelength, light propagating
in the cavity will be exactly m out of phase after one round trip. Therefore the Bragg
wavelength cannot be a transmission resonance which requires the round trip phase change

be an integral multiple of 2. In fact a uniform index grating has two degenerate resonances
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Figure 3.3: Simulated transmittance spectrum for a A/4-shifted DFB structure with the
same parameters as those in Figure 3.2 except that the central slab has been increased to
twice its original length dg, .., = 3um to form a defect. The central defect gives rise to a
transmission resonance inside the bandgap.

located at the two sides of the stop band. In practice, a uniform DFB laser with a index
grating can oscillate in either one of the two modes depending on the random phases of
the end facet reflections[92]. To ensure single longitudinal mode operation, a 1/4 phase
shift can be introduced at the center of the grating (i.e. to increase the center half-period to
twice its original length). Figure 3.3 shows the simulated transmittance spectrum for a 1/4-
shifted DFB structure with the other parameters the same as those used in Figure 3.2. In
this case only a single resonance is located at the Bragg wavelength and the degeneracy is
removed. There are some shortcomings of this structure including the spatial hole burning
effects, difficulty in fabrication and the need for very low facet reflectivities[95]. Therefore

other structures such as gain-coupled gratings[92] are also used to obtain single frequency
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operation.

3.1.3 Higher Order DFB Structures
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Figure 3.4: Comparison of a first order DFB and a higher order DFB structure.

In most practical DFB lasers, first order gratings are used to achieve low threshold, high
efficiency and compact devices. However, in the work of this thesis, we used mainly higher
order gratings with order numbers from 5 to 15. Our choice of higher order DFBs is mainly
due to fabrication considerations. For first order DFBs operating in the visible range (more
specifically, 550nm to 650nm because of the dyes used in this work), the grating periods
are on the order of 200nm. Such small feature sizes can only be achieved with advanced
fabrication techniques such as E-Beam Lithography, EUV and X-ray lithography. Another
problem comes from PDMS, the soft elastomer material we used. Microfluidic channels

in PDMS with 100nm dimensions are much easier to collapse than channels with larger
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dimensions (say 2um to 100um), especially after the O, plasma treatment. Detailed dis-
cussions on the fabrication issues can be found in the Section 3.3. The smallest structures
in PDMS we have achieved so far have the following dimensions: channel width 900nm,
channel height 250nm, and grating period 1um. On the other hand, we can easily fabricate
higher order DFB structures with 1-2um feature sizes using conventional photolithography.

One interesting property of higher order DFBs is that if we choose the grating periods
appropriately, a single cavity can support multiple resonances across the whole visible
spectrum. This can be seen from the reflectivity spectra shown in Figure 3.4. For the
first order DFB cavity, there is only one resonance from 400nm to 700nm, while there are
four resonances in this region for the 15th order DFB cavity with a grating period of 3um.
Meanwhile, the free spectral range (F'S R) for the 15th order DFB is still large enough so
that there is only one resonance within the gain spectrum of a dye molecule (for example,
the curve shown in the figure is the Rhodamine 6G gain spectrum). This feature can be
used to achieve multiple color lasing from the same cavity by switching between different
dye molecules, as long as a suitable pump light can be found for each dye.

However, compared with the first order DFB structure, higher order DFB cavities are
less efficient in terms of light confinement because the coupling coeflicient is inversely
proportional to the order of the Bragg grating [96]. This can be compensated, to some
degree, by increasing the cavity length to provide strong enough feedback. Also, in higher
order DFBs, there exist extra out-of-plane radiation losses due to lower order scattering

processes. This fact has been exploited to make surface emitting DFB lasers [97].

3.2 Laser Cavity Design

The schematic diagram of our optofluidic DFB dye laser is shown in Figure 3.5. The
laser chip is entirely made of poly(dimethylsiloxane) (PDMS), a silicone elastomer which
has become popular for microfluidics[5][98] and nanofabrication[4][99], and has good op-
tical properties in the visible region[100]. A sufficiently small microfluidic channel when
filled with a dye solution of higher refractive index than that of PDMS (nppys = 1.406

for GE RTV615) acts as a single mode optical waveguide. The gain medium is a ImM



36
Pump Light

Microfluidic Channel
(Waveguide)

PDMS Chip

TN
/o

Laser Output

Dye Solution

Figure 3.5: Schematic diagram of a monolithic optofluidic DFB dye laser chip.

solution of Rhodamine 6G in a methanol and ethylene glycol mixture with refractive index
of 1.409. The periodic PDMS posts inside the channel form a 8mm long 15th order Bragg
grating which provides the optical feedback necessary for the laser action. In addition, a
157/2 (effectively A/4) phase shift is introduced at the center of the grating to ensure single
frequency operation as discussed before. The PDMS posts also provide mechanical support

to prevent the microfluidic channel from collapsing.

3.2.1 Longitudinal and Transverse Mode Selection

To make a single mode laser, both the transverse mode and longitudinal mode selection
need to be carefully designed. We choose the waveguide to be Sum wide and 2um high.
The reasons for this are two fold: first, the waveguide dimensions are relative small yet
still easily achievable by photolithography; second, the 2:5 aspect ratio is large enough

so that the PDMS channel will not collapse. Correspondingly, the PDMS posts inside the
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channel were designed to be 3um wide and 1.5um (half grating-period) long. For a channel
waveguide with a 2um by Sum core, finite element simulation (Comsol FEMLAB 3.2 with
the Electromagnetics module) shows that the index difference needs to be smaller than
0.003 to maintain single mode. Given the index of PDMS is 1.406 (GE RTV 615), this
means the index of the dye solution has to be smaller than 1.409. This can be specified by
mixing two different organic solvents. The choice of solvents is limited due to the swelling
problem of PDMS in most organic solvents [101]. The PDMS compatible solvents which
are also used in conventional dye lasers include: ethanol, methanol, water, ethylene glycol
and dimethylsulfoxide (DMSO), the refractive indices of which are listed in Table 3.1. We
used a mixture of methanol and ethylene glycol which has a refractive index of 1.409. The
available refractive index range with the listed solvents is from 1.33 to 1.478, which can

lead to a quite large tuning range when used in fluidically tunable optical devices.

Table 3.1: Refractive indices of PDMS compatible solvents

Solvent Refractive Index
Methanol 1.33
DI Water 1.333
Ethanol 1.36
Ethylene Glycol 1.43
Glycerol 1.473
DMSO 1.478
Benzyl Alcohol 1.54
TAt room temperature, sodium D line 589.3nm.
*xNot fully tested yet.

If we define the x direction along the width and the y direction along the height, the
E7, mode (transverse E field along x direction, TE-like) is more confined than the E{ |
mode, and thus is the preferred lasing mode. The effective indices of the guided modes
were calculated using a Finite-Element Method (FEM) mode solver (Comsol FEMLAB
3.2 with the Electromagnetics module). These indices were also used in the longitudinal
mode spectrum simulation as discussed in Section 3.1.1. The small cross-section area not
only reduces the required pump power to achieve the lasing threshold but also results in

an extremely small consumption of dye solution (less than 40 picoliter per channel). To
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Figure 3.6: Simulated reflectivity spectrum of a 15 phase shifted 15th order DFB structure.
The curve spanning from 550nm to 650nm is the gain spectrum of Rhodamine 6G. The
inset shows the enlarged plot the 15th resonance at 563nm.

obtain stable single frequency operation, the F'SR of the employed cavity structure has
to be larger than the gain spectral bandwidth. Organic dye molecules are well known to
have very broad gain spectra with a typical bandwidth of 30nm to 50nm (full width at half
maximum FWHM). This forces the characteristic length of the resonant structure to be
shorter than 4 um. As given in Section 3.1.2, the lasing wavelength for a A/4-shifted DFB
laser is determined by the Bragg condition (Eq 3.1). Accordingly, the F'SR is given by:

A 2
= m (3.12)

FSR = =
m—1 2n,A

Therefore for a DFB structure with A = 3 ym (1.5 ym + 1.5 ym) and the group index n, =
1.407, the 15th resonant wavelength and the F'SR are 563nm and 40.2nm respectively. In
addition the even order resonances are absent when a 50% duty-cycle square-wave shaped

grating is used. The resulting effective FSR of ~90nm ensures only a single resonance
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inside the gain spectrum of Rhodamine 6G which spans from 550nm to 650nm. However,
as discussed in Section 3.1.2, it is well known that a DFB laser with a uniform index grating
operates not at the Bragg wavelength but instead at the two degenerate wavelengths situated
symmetrically on either side of the Bragg wavelength [10]. To break this degeneracy, an
effective A/4 shift is introduced at the center of the grating. Figure 3.6 shows the simulated
reflectivity spectrum of the overall structure using Rouard’s method given in Section 3.1.1.
The parameters used are: A = 3 um (1.5 um PDMS post + 1.5 um dye solution), grating
length L = 8mm, 157/2 phase shift at the center, core index n,,,, = 1.409, and cladding/post
index n.,q = 1.406. It is clearly seen that only the 15th resonance falls in the gain spectrum
of Rhodamine 6G. The inset of Figure 3.6 shows the detailed 15th resonance, where the
transmission resonance (high-pass dip) inside the stop band corresponds to the lasing mode.

As discussed before, an interesting property of the higher order DFB structure is that it
enables multiple color lasing in the same cavity each at a single frequency. For example,
the simulated spectrum (Figure 3.6) shows that the DFB structure employed in this chap-
ter can support 497nm, 563nm and 650nm lasing as long as a suitable dye solution and a
corresponding shorter wavelength pump source are chosen for each wavelength. This is
a highly desired feature for applications where multi-wavelength laser sources are needed
such as multi-color flow cytometry [102] and multiplex real time polymerase chain reac-

tions (PCRs).

3.3 Fabrication

The fabrication of the optofluidic DFB dye laser uses the same replica molding soft
lithography technique which is widely used to make microfluidic devices[4][5]. The fabri-
cation process flow is shown in Figure 3.7. The detailed fabrication recipes can be found in
Appendix A. Briefly, we started the fabrication by making a high resolution Chrome mask
using a direct laser pattern generator, DWL 66. Then we created a patterned photoresist
mold on a silicon wafer using conventional photolithography. SU8-2002 negative photore-
sist (MicroChem) was spin-coated at 3000rpm for 30 seconds on a silicon wafer yielding

a thickness of 2um. The photoresist was then patterned with a Cr-on-glass mask on a
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Figure 3.7: Fabrication flow chart for the optofluidic DFB dye lasers

SUSS MIB 3 mask aligner (13 seconds at 4.5mW/cm?). The soft bake, post exposure bake
and development of SU8 followed the manufacturer’s instructions. The mold was treated
with trimethylchlorosilane (TMCS) (Aldrich) vapor for 5 minutes before use to facilitate
the release of PDMS. Then 5:1 part A:B PDMS prepolymer (GE RTV 615) was poured
onto the mold and degassed in a vacuum chamber for 30 minutes. The prepolymer was
then partially cured in an 80°C oven for 30 minutes. The partially cured PDMS was peeled
from the master and the liquid inlet and outlet ports were punched through the whole layer
by using a 0.055-inch punch (Technical Innovations, Gaithersburg, MD). This patterned
PDMS, containing the DFB structure, was then treated with oxygen plasma for 10 seconds

at 80W and permanently bonded to another featureless PDMS to form a monolithic de-
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vice. Finally, the resulting device was cut to size and baked at 80°C overnight for complete
cross-linking. Figure 3.8 shows an optical micrograph of the fabricated PDMS DFB laser

cavity. An actual laser chip is shown as the inset.

Figure 3.8: Optical micrograph of a microfluidic channel with an embedded phase shifted
15th order DFB structure on a PDMS chip. The grating period is 3um. The channel width
is Sum. The central larger PDMS post introduces a 1571/2 phase shift. The upper left inset
shows the picture of an actual optofluidic dye laser chip.

3.4 Lasing Results and Discussion

The dye solution was introduced into the microfluidic channel by applying 10psi pres-
sure at the inlet port. We found, to operate the laser in the pulsed mode, it is not necessary to
circulate the dye solution although continuous circulation does increase the output power.
The characterization setup was extremely simple as shown in Figure 3.9. The laser chip
was optically pumped with 6ns Q-switched frequency doubled Nd:YAG laser pulses of
532nm wavelength, focused to a ~100um wide stripe aligned with the microfluidic chan-

nel. A 10X microscope objective was used to collect the emission light from one edge of
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Figure 3.9: Characterization setup for the optofluidic dye lasers.

the chip and deliver it to a fiber coupled CCD-array based spectrometer with 0.1nm reso-
lution (Ocean Optics HR4000). A typical single mode lasing spectrum is shown in Figure
3.10 where the lasing wavelength is 567.3nm, very close to the predicted value 563nm.
The measured linewidth is 0.21nm for this particular device. Later, with improvements in
the fabrication, we obtained laser linewidth < 0.1nm which is the resolution limit of our
spectrometer. A plot of laser output energy versus the absorbed pump energy is shown as
Figure 3.11. The threshold pump fluence is estimated to be ~0.8mJ/cm?, which gives a
peak pump intensity around 150kW/cm?. This pump intensity is well within the reach of
commercial high power visible laser diodes and diode pumped solid state lasers (DPSS),
thus allowing the use of inexpensive compact laser systems or even light emitting diodes
(LEDs) as the pump sources to construct low-cost and compact portable devices. The laser

remains single mode at pump levels as high as 8mJ/cm?

. Further increase in the pump
power damaged the PDMS chip. At moderate pump intensities (~200kW/cm?) and 10Hz
repetition rate, stable laser output lasted longer than 20 minutes and the chip can be reused

many times after proper cleaning with ethanol. However, dye molecules (especially the hy-
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Figure 3.10: Single mode optofluidic DFB dye laser spectrum. The measured linewidth is
0.21nm.

drophobic ones) can be absorbed into PDMS gradually and decrease the waveguide quality
due to the bleached dye absorption.

The linear flow rate at the center of the channel can reach 1mm/s at reasonable pressure
(10-30psi). Considering the typical photobleaching time of Rh6G is ~50ms under pump
intensities required for laser threshold (~100kW/cm?) [36], this flow rate is fast enough to
prevent the majority of the dye molecules from photobleaching under pulse operation up
to 500kHz. However the dye molecules near the channel wall move at very low velocities
due to the parabolic profile of the flow rate. Therefore they tend to get bleached before
moving out of the pump region. This problem can be solved by using a liquid core/liquid
cladding waveguide structure in which the dye solution is surrounded by a low refractive
index sheath flow [80]. In this way, not only the dye solution is moving at a more uniform

speed but also the channel dimensions can be large to enable higher flow rate.
We have measured laser output energy >1pJ per pulse without damaging the chip. As-

suming a 10ns pulse width, this corresponds to an average power of ~100uW per pulse

and an average intensity of 1kW/cm?. This intensity is high enough for many fluorescence
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Figure 3.11: The light-out v.s. light-in curve. The threshold pump fluence is ~0.8mJ/cm?.

and even spectroscopy applications. In addition, the current device is not designed for
high power output. If higher power is desired, the transverse waveguide dimensions can be
increased and a more efficient pump geometry can be used.

The elasticity of the silicone elastomer and the microfluidics compatibility of the laser
chip immediately suggest two wavelength tuning mechanisms. First, the grating period is
easily tunable by stretching or compressing the whole chip due to the low Young’s modulus
of PDMS (~750kPa)[5]. Second, the refractive index of the dye solution can be tuned
by mixing two solvents with different refractive indices. For example, using methanol
and dimethylsulfoxide (DMSO), the achievable refractive index change can be as large as

0.148 (1.33 for methanol versus 1.478 for DMSO). Furthermore, different dye molecules
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can be used to cover an even larger spectral range. The mixing, switching and delivery of
dye solutions can all be implemented on a silicone elastomer microfluidic chip using the

recently developed mechanical micro valves and pumps[5].

3.5 Summary

In this chapter, we have proposed and demonstrated a phase shifted 15th order DFB
structure embedded in a single mode channel waveguide as the optical cavity in an optoflu-
idic dye laser system. Single mode operation was obtained with pump fluence from 0.8mJ/cm?
to 8mJ/cm?. The threshold pump intensity is within the reach of commercial high power
blue laser diodes. The measured laser linewidth is less than 0.Inm. The operation of the
laser chip is fully compatible with silicone elastomer based microfluidics technology[5] [6]
[103]. The use of PDMS and soft lithography also results in inexpensive and easy fabri-
cation, rapid device prototyping, biocompatibility and the opportunity to create disposable

devices.



46



47

Chapter 4

Mechanically Tunable Optofluidic DFB
Dye Lasers and Integrated DFB Dye
Laser Arrays

One of the most attractive features of organic dye lasers is their ultra-wide wavelength
tunability. In the last chapter, we have demonstrated a single frequency DFB dye laser on
a PDMS chip. The natural next step is to make this laser tunable. In this chapter, we use
the mechanical flexibility of PDMS elastomer materials combined with the reconfigurable
nature of the liquid gain medium to demonstrate a mechanically tunable single-mode DFB
dye laser with a 60nm continuous tuning range[9]. Due to the large elongation range of
PDMS, the wavelength tuning range is only limited by the gain bandwidth. We also show
the possibility of integrating large numbers of DFB dye lasers on a single chip [58]. As a
proof of concept demonstration, we show the simultaneous operation of 13 DFB dye lasers

on a chip using a single external pump.

4.1 Mechanical Wavelength Tuning

4.1.1 Wavelength Tuning of DFB Lasers

The lasing wavelength of a DFB laser can be tuned by changing either the effective
index of the mode n.g, the grating period A or the grating order m in equation (3.1), as has
been demonstrated long ago in conventional DFB dye lasers [104]. The effective index n.g

can be varied by changing the core index or the cross sectional dimensions of the waveg-
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uide. However, the low Young’s modulus of PDMS (~750kPa) [5] enables a much more
straight forward tuning method consisting of changing the grating period by simply stretch-
ing or compressing the elastomer chip along the waveguide direction. The wavelength
tuning range is proportional to the fractional change in the grating period d1/4 = dA/A.
Moreover, the grating order m can be chosen by using different dye molecules whose emis-
sion spectra cover different spectral regions. The last two methods were used in this work
to achieve a nearly 60nm tuning range from yellow to red. The potential tuning range for
Rh6G and Rh101 is larger than 100nm covering the spectral range from 550nm to beyond
650nm (Figure 4.2). In fact, because of the multiple spectral resonances supported by the
higher order grating, this laser cavity design can provide tunable output covering the entire
available dye laser spectrum from 320nm to 1200nm [26] when suitable dye molecules and
pump light are selected. With a mixture of several dye molecules, simultaneous multiple
color lasing from the same cavity is also possible.

The fact that PDMS is a soft elastomer has been explored to make other adaptive opti-
cal elements, or the so-called elstomeric optics, in which the stretching, compressing and
bending of the elstomeric material modulates the optical properties such as the period of a
diffraction grating, the focal length of a lens and the curvature of a mirror [105]. The ad-
vantages of using PDMS include: 1. it can be deformed under small actuation forces due to
its very low Young’s modulus; 2. its elastomeric property makes the deformation reversible
and repeatable without permanent distortion; 3. it can be molded at a sub-wavelength scale
and with optically smooth surfaces; 4. it is biocompatible and microfluidics compatible; 5.

the material and fabrication cost is low.

4.1.2 Laser Chip Design and Mechanical Tuning Setup

As shown in Figure 4.1, the optofluidic DFB dye laser structure used in this chapter is
almost exactly the same as the one in Chapter 3. Slightly different channel dimensions and
Bragg grating parameters were used as described below. When the microfluidic channel
is subsequently filled with liquid of higher refractive index than that of PDMS, a buried

channel waveguide is formed. The channel dimensions are 2um by 3um and the index
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Figure 4.1: Schematic diagram of a mechanically tunable optofluidic DFB dye laser chip.
The upper inset shows an actual monolithic PDMS laser chip. The lower inset is an optical
micrograph of the central phase-shifted region of the laser cavity. A Bragg grating with
3080nm period is embedded in a 3 m wide microfluidic channel. The channel height is 2
m. The size of the PDMS posts is about 1.28 m 1.8 m measured from the optical micro-
graph. The central larger PDMS post introduces an effective /2 phase shift to ensure single
wavelength lasing. The movement of the translation stage deforms the chip which causes
the grating period to change.



50
contrast is less than 0.003 so that the waveguide supports only the fundamental spatial
modes. Distributed optical feedback is provided by defining periodic PDMS posts inside
the channel with a 3080nm period. The PDMS posts are 1.5um wide and 1.8um long. The
PDMS posts together with the dye solution form a lcm long 15th-order Bragg grating at
wavelength approximately 578nm, near the gain spectrum peak of Rhodamine 6G (Rh6G).
The PDMS posts are not half grating-period long so that the grating supports the even
order 14th resonance that matches the gain spectrum of another longer wavelength dye
modecule Rhodamine 101 (Rh101) used in this experiment. The PDMS posts also provide
mechanical support, preventing the microfluidic channel from collapsing. An effective 7/2
phase shift is introduced at the center of the grating to ensure single frequency operation at
the Bragg wavelength. The gain medium, a 2mM solution of Rh6G or Rh101 in a methanol
and ethylene glycol mixture with refractive index of 1.409, is then introduced into the flow
channel to form the waveguide core. To pump the dye molecules, 6ns Q-switched Nd: YAG
laser pulses with 532nm wavelength are focused through a cylindrical lens onto a ~100um
by lcm stripe aligned with the microfluidic channel. The details of the fabrication, dye

chemistry, and operation of the laser chip can be found in Chapter 3.

To achieve the mechanical tuning, the laser chip was glued to two separate translation
stages with the laser region suspended in the middle as shown in Figure 4.1. The movement
of the translation stage deforms the chip along the waveguide direction which causes the
grating period to change. The same PDMS prepolymer used in the device fabrication was
also used as the clue between the chip and the stages. A 30 minutes bake at 80°C is long
enough to form a strong bond between the chip and the stages. The central part of the laser
chip (~1cm long) was not glued to the stages, allowing the cavity to deform under stretch
or compression. One of the stages is a high resolution micrometer with 1um sensitivity
which provides accurate control and quantitative measurement of the deformation of the
elastomer chip. The mechanical stages allow us to both stretch and compress the chip
along the channel direction, although the allowed shrinkage of RTV 615 is very limited
[106].

Figure 4.2-(a) shows the simulated reflectivity spectrum of the overall structure using

the Rouard’s method described in Chapter 3. The parameters used are: A = 1280nm +
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Figure 4.2: Two color lasing from the same DFB cavity. Upper: Simulated reflectivity
spectrum of a 7/2 phase shifted higher order DFB structure. The parameters used are given
in the main text. Also shown are the normalized measured fluorescence spectra of Rh6G
and Rh101 solutions used in the lasing experiment. Lower: Orange and red lasing spec-
tra were observed when two different dye solutions Rh6G and Rh101 were subsequently

introduced into the cavity.
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1800nm, grating length L = Icm, effective 7/2 phase shift at the center, core index n,,.
= 1.409, and cladding/post index n.,; = 1.406. Also shown in Figure 4.2-(a) are the nor-
malized measured fluorescence spectra of Rh6G and Rh101 solutions used in the lasing
experiment. According to the simulation, the structure has its 14th and 15th resonances at
577.8nm and 612nm respectively. The Bragg wavelengths were chosen to match the gain
peaks of Rh6G and Rh101. The free spectral range (F'S R) is about 40nm, which is large
enough to ensure that at most two resonances can be simultaneously supported within the
gain spectrum (typically 30-50nm wide for dye molecules). Thus single frequency opera-

tion is obtained even at high pump levels due to the large gain discrimination.

4.1.3 Two Color Lasing and Mechanical Tuning Results

When the same laser cavity was subsequently filled with Rh6G and Rh101 dye solu-
tions, we observed single mode lasing for each solution, as shown in Figure 4.2-(b). This
verified our prediction in the previous chapter that the 15th order DFB structure can sup-
port multiple color single frequency lasing when different dyes are used. Due to the lack of
suitable pump sources, we haven’t demonstrated laser actions in shorter wavelengths below
550nm. However, we believe if a blue or UV pulsed pump source is used, such as a pulsed
N, laser, an excimer laser, or a flash lamp, we can achieve all color lasing across the whole
visible spectrum from this same DFB cavity since literally hundreds of different laser dyes
are available to cover this spectral range[107].

The experimental results of mechanical cavity tuning are summarized in Figure 4.3.
The points on this Figure represent experimental data whereas the curves follow the linear
fit. From this plot, the single mode tuning range for Rh6G covers a range from 565nm
to 594nm whereas for Rh101, the tuning range extends from 613nm to 638nm. A linear
relationship between the lasing wavelength and the chip deformation was also observed in
Figure 4.4, indicating completely reversible elastic extension of the cavity. When the length
of the central suspended region is 1cm, the total chip deformation required to traverse the
above tuning ranges are about 500 ym for Rh6G and 400 um for Rh101. These macroscopic

deformations correspond to 28nm and 25nm distortions of the grating period, respectively.
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Figure 4.3: Normalized laser output of the mechanically tunable optofluidic DFB dye laser.
Different peaks correspond to different grating periods. The measured laser linewidth is less
than 0.1nm throughout the tuning range.

Because of the extremely large available elastic deformation of PDMS of over 120%, the
ultimate tuning range is limited by the gain bandwidth of the laser dyes chosen. Only ~5%
deformation was used to achieve the ~60nm tuning range demonstrated in this experiment,
and we believe that an even wider tuning range from 550nm to 650nm is obtainable with
improved cavity design and a more uniform mechanical loading. The tuning is continuous
and completely reversible, and no noticeable degradation of the chip was observed during
a 100-cycle full range tuning test. Throughout the tuning range, stable single-mode oper-
ation was maintained with measured linewidth below 0.1nm, the resolution limited by our
spectrometer (Ocean Optics HR4000). The absorbed pump thresholds of this tunable dye
laser are ~150nJ and ~200nJ for Rh6G and Rh101 respectively. As expected, we observe
a decrease in the laser output power as the lasing wavelength is moved away from the peak
of the gain spectrum in either direction. The deformation along the channel also causes the

transverse waveguide dimensions to change slightly, resulting in changes of the effective
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Figure 4.4: Lasing wavelength versus the measured chip deformation. The points are the
experimental data and the curve is the linear fit. The achieved single mode tuning range for
Rh6G is from 565nm to 594nm and is from 613nm to 638nm for Rh101.

index of the guided mode. However, given that the Poisson’s ratio of PDMS is approxi-
mately 0.5, the estimated effective index change is only about 1.5x107>, thus the effect of

lateral waveguide distortion on the lasing wavelength is negligible.

In some cases, the transverse loading geometry may be more preferred, in which the
deformation force is applied transverse to the channel. Since PDMS is almost a perfectly
incompressible material with Poisson’s ratio ~0.5, the transverse strain can be efficiently
translated to longitudinal strain. We have also implemented elastic tuning using a trans-
verse load and achieved a ~10nm tuning range for each dye mentioned above. For the
same wavelength tuning range, the transverse deformation of the waveguide is 4 times
larger in the transverse loading geometry than in the longitudinal loading. Therefore the
contributions from the effective index change on the wavelength tuning is expected to be

larger.
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4.2 Integrated DFB Laser Array

4.2.1 Fabrication and Initial Demonstration

We also fabricated an array of five DFB dye lasers on a single PDMS chip. Figure
4.5 shows the measured lasing spectra from this DFB array after filling the lasers with the
Rh6G dye solution. Each laser was pumped individually and the combined lasing spectrum
was shown in Figure 4.5. Lasers with output wavelengths spanning a ~15nm range were
measured from the DFB stripes with different grating periods. The low pump threshold
(< 1ul) of each optofluidic DFB dye laser makes it possible to use a single high energy
pulsed laser to pump hundreds of such lasers on a chip. This opens up the possibility of
building highly parallel multiplexed biosensors on a chip with applications ranging from
multiple-color flow cytometers and surface plasmon resonance based sensors to Raman
spectroscopy sources and compact excitation spectroscopy systems. The introduction of
replica molded multi-spectral sources in PDMS fluidic systems also provides an alternative
to tunable lasers for constructing compact and inexpensive multi-wavelength scanning-less

spectrometers integrated in microfluidic devices [108].

A unique feature of soft lithography is the capability to bond multiple patterned thin
films of elastomer to build multilayer structures. Typically, a thick layer with the top struc-
ture is prepared as previously described. Each following thin layer of PDMS is spin-coated
onto the mold with a typical thickness of ~30um and baked at 80°C for 20 minutes. The
growing thick layer is then assembled onto each new thin layer and bonded by oxygen
plasma treatment and baking at 80°C for 20 minutes. Seven-layer devices have been re-
ported and no obvious limitations exist to limit the number of layers [5]. We have used
this method to fabricate a three-layer DFB laser device with 10 lasers in each layer. Figure
4.6 shows the optical microscope image of a two-layer DFB laser array. The slight mis-
alignment between the two layers was deliberately introduced to make more efficient use
of the total pump area. With multilayer devices, each layer can perform different functions

so that the integration level and the compactness of the device can be greatly improved.
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Figure 4.5: (a): Optical micrograph of an integrated array of five optofluidic DFB dye
lasers. The grating period of each laser is given on the left. (b): normalized laser output of
the array using Rh6G dye solution as the gain medium.
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Figure 4.6: Vertical stacking of optofluidic DFB laser arrays using multi-layer soft lithog-
raphy. Left: upper laser array is in focus. Right: bottom laser array is in focus.
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Figure 4.7: Optical micrograph of an array of 16 DFB dye laser cavities connected to the
input liquid channel in PDMS. The lasing wavelengths are designed to operate from 565nm
to 640nm with Snm spacing. The waveguide dimensions are 4um wide and 2um high. The
PDMS posts are 2um wide and half grating-period long.

4.2.2 Simultaneous Operation of Thirteen DFB Lasers On a Single
Chip

Although we can achieve individual single mode lasing, the DFB lasers in the integrated
array shown in Section 4.2 could not be operated simultaneously. One possible reason is
that the spatial separations between adjacent waveguides are so small that lasing modes can
interact with each other and give rise to complex output behaviors. To demonstrate the par-
allel operation of laser arrays, we fabricated an array of 16 DFB dye lasers with the spatial
separation 10 times the waveguide width to avoid coupling. The waveguide dimensions of
the lasers were 2um high, 4um wide and 8mm long, thus the spatial separation was chosen
to be 40um between adjacent waveguides. The final PDMS device is shown in Figure 4.7.

The grating periods are chosen so that the designed lasing wavelengths span from 565nm to
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Figure 4.8: Simultaneous lasing spectrum of the 16 DFB laser array. 13 lasers operated
above the thresholds. The wavelength spacing was ~4.94nm due to the PDMS shrinkage.
The middle 6 laser lines saturated the detector.

640nm, all within the gain spectrum of Rh6G. The designed wavelength spacing between

adjacent lasers is Snm.

The total area of the laser array is about 1.3mm by 8mm. We used 6ns Q-switched
Nd:YAG laser pulses at 532nm to pump this whole area. Figure 4.8 shows the simultaneous
lasing spectrum from the DFB laser array at the pump level of ~3mJ/cm?. Further increase
in pump power to above ~6mJ/cm? caused liquid evaporation and eventually damaged the
chip due to the poor heat conductivity of PDMS. Out of the 16 lasers, 13 achieved lasing
and all operated in the single mode regime. The real lasing wavelengths were shifted from
the designed ones due to the PDMS shrinkage after curing. The wavelength shifts were
different for each lasers, but all around 4.9nm. This corresponds to about 2% shrinkage of

the dimensions from the designed values.

This experiment demonstrated the potential of integrating many DFB dye lases on a

single chip with a single external pump. Clearly, shorter laser cavities using first order
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gratings and smaller waveguides will allow much higher integration density. Using the
vertical integration scheme shown above, more efficient use of the pump light and even
higher level of integration can be achieved. Such simultaneously operated integrated laser
arrays can find applications in digital scanning-less spectroscopy and multiplexed sensing
applications such as surface plasmon resonance (SPR) sensors and multiple color flow

cytometry.

4.3 Summary

We have demonstrated a continuously tunable optofluidic DFB dye laser on a mono-
lithic PDMS chip that uses simple mechanical deformation for accurate wavelength con-
trol. Single-mode operation was maintained throughout a ~60nm tuning range. Due to the
higher order of the DFB grating in our devices, a single laser is capable of generating tun-
able output covering the spectral region from near ultra-violet to near infrared when a UV
pump source is used. Integrated multi-spectral DFB laser arrays were also demonstrated
by replica molding. Vertical integration was achieved using multi-layer soft lithography.
With a single pump source, we achieved simultaneous operation of 13 DFB lasers on a
single chip. Such laser arrays can be used to make highly parallel multiplexed biosensors
and scanning-less spectrometers on a chip [108]. It is important to note that these lasers
are still not stand-alone devices because an external gas pressure source is still required to
actuate the microfluidic valves, and an external pump laser is required to pump the dye.
The gas pressure source can be eliminated by using electrokinetically driven flow, whereas
an external pump light will continue to be necessary for our dye laser designs. For portable
and inexpensive devices, visible semiconductor lasers or bright LEDs can be used as the

pump source.
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Chapter 5

Microfluidic Tuning of Optofluidic DFB
Dye Lasers

In the previous discussions, we have emphasized the compatibility of our laser de-
vices with PDMS soft microfluidics. This compatibility suggests another fully integrated
microfluidics-based wavelength tuning method. The refractive index of the dye solution
can be tuned by mixing two solvents with different refractive indices. For example, using
methanol and DMSO, the achievable refractive index change can be as large as 0.148 (1.33
for methanol versus 1.478 for DMSO). Furthermore, as demonstrated earlier, different dye
molecules can be used to cover an even larger spectral range. The mixing, switching and
transport of dye solutions can all be implemented on a PDMS elastomer chip using the
recently developed mechanical micro valves and pumps [5][103]. More generally, the in-
tegration of fluidic and optical functions on the same chip is a powerful enabling technique

for building adaptive optical devices and more complete “lab-on-a-chip” systems.

5.1 Monolithic Integration with PDMS based Microflu-

idic Tuning Circuits

5.1.1 Microfluidic Tuning Circuits

A fully integrated microfluidic tunable DFB dye laser based on multilayer soft lithog-

raphy is obtained by integrating a microfluidic mixing circuit with the DFB laser cavity.
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Figure 5.1: PDMS micro mechanical valve and peristaltic pump (push-down version).
Left: operation of the valve. Right: operation of the peristaltic pump. Source:
www.fluidigm.com
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Figure 5.2: Integration of a high resolution microfluidic dispenser and a rotary mixer with
DFB dye lasers. Left: Different stages of the microfluidic mixing. A. the rotary mixer is
filled with orange dye solution; B. an accurate amount of green dye solution is delivered
into the mixer; C. the pneumatic pump mixes the two solutions. Right: Optical micrograph
of a monolithic PDMS device in which a microfluidic mixing circuit is integrated with an
array of optofluidic DFB dye lasers.
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Figure 5.2 shows an automated high resolution microfluidic dispenser and a rotary mixer
integrated with an array of 5th order DFB dye lasers. The lower green channels (dead-
ended channels) are the control lines and the upper orange layer is the fluid layer. The
crossing areas between the control lines and the fluidic channels formed the active micro
mechanical valves which can be closed by applying pressure in the control channels which
mechanically deforms the membranes between the control and fluidic layers and closes the
rounded fluidic channel. Three consecutive valves on a single fluidic channel can form
a peristaltic pump [5]. The operations of the valves and pumps are shown in Figure 5.1.
Figure 5.1 shows the push-down version, whereas we used the push-up valve structures
which requires smaller actuation forces. The invention of such on-chip micro mechanical
valves and pumps has enabled very sophisticated liquid manipulation [7] and large scale
integration [6] in PDMS microfluidic devices. The detailed operation of the dispenser and
the mixer can be found in reference [103]. In short, accurate amount of two different dye
solutions can be delivered into the mixer and get mixed uniformly before entering the laser
cavities. Three stages of the microfluidic mixing are shown in Figure 5.2. First, the ring-
shaped rotary mixer was filled with the first dye solution (orange). In the laser tuning
experiment, this dye solution was a ImM Rh6G in methanol. Then, an accurate amount of
the other dye solution (green) (a 1mM Rh6G in DMSO in the real tuning experiment) was
delivered into the mixer through the high resolution dispenser to the left of the ring mixer.
The pneumatic pump made of three pushed-up valves mixed the two solutions uniformly.
Finally the valve separating the mixer and the laser cavities was opened and the mixed dye
solution was pumped into the laser cavities. All these manipulations can be computer con-
trolled through a PCI card connected to a solenoid pressure valve array whose valves are

connected to the control channels on the chip through small plastic tubings.

Any adaptive device can be thought of as a sensor if the adaptation is due to some
variations one wishes to characterize. Therefor the fluidically tunable DFB dye laser can
be used as an active sensor to detect small refractive index or absorption changes in the
liquid gain medium due to the presence of small amounts of certain analytes. The fluidic
tuning can be also used to build tunable filters for fluorescence detection and spectroscopy

applications. In many cases, fluidic tuning is preferred over solid state material based meth-
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ods due to its reconfigurable nature, higher index contrast dn/n, thermal stabilization, self
healing, optically smooth interfaces, ability of introducing active optical elements such as
fluorescent dyes, metallic nanoparticles and quantum dots, ability of generating gradients in
optical properties and the intrinsic compatibility with liquid phase biological and chemical

reactions [8].

5.1.2 Fabrication

The fabrication process for the laser structures is the same as given in Chapter 3. The
two-layered microfluidic circuits were fabricated by multilayer soft lithography developed
by Steven Quake’s group and Axel Scherer’s group at Caltech [5] [103]. The master molds
for the fluidic layer and control layer were patterned SPR220-7 photoresist on two separate
Si wafers fabricated by conventional photolithography. We used a pushed-up valve struc-
ture to control the liquid flow due to its smaller actuation force than a pushed-down valve
structure [109]. To monolithically integrate the DFB dye lasers with the microfluidic cir-
cuits, the SU8 laser mold was fabricated on the same silicon wafer as the fluidic layer mold
using a double-exposure photolithography process. Therefore, the replica molded PDMS
fluidic layer contains both the laser structures and the microfluidic channels. The whole
process requires multiple photolithography steps. Also the accurate alignment between the
two layers is important for the proper operation of the device. The detailed fabrication

recipe is given in Appendix A.

5.2 Experimental Results of Microfluidic Wavelength Tun-
ing
5.2.1 15th Order DFB Dye Laser

The waveguide structures used in previous two chapters are not suitable for fluidic
tuning, because the relative large dimensions of the waveguide cause multiple transverse

mode operation when the index contrast is increased to slightly above 0.003. Figure 5.3
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Figure 5.3: Lasing spectrum of the 15th order optofluidic DFB dye laser with high index
contrast between the liquid core and the PDMS cladding. The waveguide dimensions are
2um by S5um. The grating period is 3um. The refractive index of the Rh6G dye solution is
1.478 in DMSO. More than 20 lasing modes were observed. The inset shows four simulated
TE-like transverse mode profiles.

shows a measured lasing spectrum of the DFB laser structure used in Chapter 3 when a high
refractive index dye solution was used. In this case, the gain medium was a solution of 2mM
Rh6G in DMSO which has a refractive index of 1.478. In this experiment, the waveguide
dimensions were 2 um by Sum and the grating period was 3um. More than 20 lasing
lines were observed in the spectrum. Finite element simulation showed the waveguide
supports totally 48 transverse modes. The measured longest lasing wavelength was 587nm,
close to the predicted 588nm for the lowest TEy, mode, which had moved by ~25nm to
longer wavelength compared with the case when the core index is 1.409. To avoid multiple
transverse mode operation during fluidic tuning, smaller waveguide (channel) dimensions

have to be used.

5.2.2 5th Order DFB Dye Laser

We have fabricated a PDMS channel of transverse dimensions 250nm by 880nm with

an embedded 5th order Bragg grating, using a Si master mold fabricated by Ebeam lithog-
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Figure 5.4: Fluidic tuning of a 5th order DFB dye laser with waveguide core dimensions
250nm by 880nm. The inset shows a scanning electron micrograph of the silicon mold.
The grating period is 1um.
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raphy (EBL) and reactive ion etching (RIE). The laser cavity is 4mm long. The inset of
Figure 5.4 shows a scanning electron micrograph (SEM) of the master mold. This waveg-
uide remains single mode throughout the index range from 1.406 to 1.478, which gives a
predicted 2.23nm single mode tuning range. The experimental lasing results matched the
theoretical values almost exactly as shown in Figure 5.4.

The small tuning range is due to the small depth of the waveguide. The size of the
guided mode is about 0.6umX1um which is considerably larger than the size of the waveg-
uide core. In this case, a large portion of the waveguide mode resides outside the waveg-
uide core. Therefore, even a relatively large index change in the core results in only a small
change in the effective index. The optimized waveguide geometry for large single mode
tuning range will be considered in the next section. Although this range is small compared
to that of elastic tuning and the available gain bandwidth, better waveguide design and
techniques such as Vernier effect [110] can be used to fully utilize the wide gain bandwidth
of dye molecules.

Note the small sizes of the 5th order DFB lasers resulted in extremely small consump-
tions of dye solution. Only two picoliter dye solution is needed to fill each laser cavity.
The pump threshold energy was also reduced to only ~30nJ due to the small size. With this
cavity size, much higher integration densities can be achieved than those demonstrated in

Chapter 4.

5.3 Optimum Cavity Structure for Microfluidic Tuning

The wavelength tuning range by index modification is given by the fractional change in

the effective index of the guided mode

Al Angp FAn

5.1
A ng ng SR

where I is the confinement factor (the fraction of mode energy inside the core), An is the
real refractive index change of the core, and n, is the group velocity of the mode. The

larger the effective index change, the larger the tuning range. It appears then we should use
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Figure 5.5: Optimum waveguide dimensions for maximum single mode wavelength tuning
range by fluidic index tuning. The maximum single mode tuning range of ~ 15nm is
achieved with core dimensions 880nm by 880nm for core index change from 1.406 to
1.478.

a large waveguide core so that the real refractive index change gets efficiently translated to
the effective index change due to the large I'. However, when the waveguide core is large,
it leads inevitably to multiple transverse mode operation. Therefore, to maintain single
spatial mode operation, the allowed index change of the core is limited by a maximum value
determined by the waveguide dimensions. Above a certain core size, the single mode tuning
range starts to drop with further increases in the core dimensions. Therefore there exists
an optimum core size that allows the maximum single spatial mode wavelength tuning
range. We used FEM simulation (Comsol FEMLAB 3.2) to find this optimum size while
fixing the aspect ratio (width/height) of the core to be 1:1. The simulation results are given
in Figure 5.5. The blue dots are the maximum wavelength tuning ranges (corresponding
to the fundamental transverse mode) for the given core sizes, while the red x’s are the
maximum single mode tuning ranges. The largest single mode tuning range is obtained
when the core dimensions are 880nm by 880nm and the core index is changed from 1.406

(PDMS) to 1.478 (DMSO).

As for the longitudinal mode control, for the optimum waveguide core dimensions ob-
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tained above, we can fabricate either a Sth-order Bragg grating as PDMS posts in the mid-
dle of the core, or a 1th-order Bragg grating on the two sidewalls of the core (Figure 5.6).
The required feature sizes can only be obtained with advanced nanofabrication tools such
as E-beam lithography (EBL) and Focused Ion Beam (FIB) milling. We have success-
fully fabricated 1th-order sidewall Bragg gratings in Si with 100nm features using EBL as

shown in Figure 5.6. However the dry etching to a depth of 880nm has proved to be a more

38.8kV X45.8K 66BN

Figure 5.6: Si mold for the 1st-order DFB optofluidic dye laser fabricated by Ebeam lithog-
raphy (EBL) and reactive ion etching (RIE).

challenging task. The etching recipe we used only allowed the maximum etching depth of
~250nm into Si. This is the main reason why we haven’t achieved 15nm tuning range pre-
dicted by the simulation. However, people have demonstrated micron scale etching depth
in Si, thus improvements in the etching step should allow us to achieve larger fluidic tuning

ranges in the future.
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5.4 Summary

In this chapter, we showed that optofluidic DFB dye lasers can be monolithically in-
tegrated with PDMS based soft microfluidics. This feature is crucial for future fully inte-
grated “lab-on-a-chip” applications. Automated microfluidic wavelength tuning was achieved
by accurately mixing two solvents methanol and DMSO on chip to change the refractive
index of the waveguide core. Experimental results with both the 15th order and 5th order
DFB structures matched the theoretical predictions well. We also used FEM simulations
to investigate the optimum cavity structure for microfluidic wavelength while maintaining
single mode operation. A maximum single mode tuning range of 15nm can be obtained
with the waveguide dimensions 880nm by 880nm if the core index is changed from 1.406

to 1.478.
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Chapter 6

Optofluidic Microring Dye Lasers

Owing to their high quality (Q)-factors and small sizes, microring resonators have at-
tracted attentions for numerous applications such as lasers, filters, modulators and sensors
[39]. In particular, ultralow threshold lasers have been made using microring-like cavi-
ties [39]. In the context of “lab-on-a-chip” applications, microring structures may enable
the implementation of low threshold liquid dye lasers on a microfluidic chip which can be
pumped by a laser diode or a high power LED to make fully integrated devices. In the
previous chapters, we have demonstrated DFB liquid dye lasers on monolithic PDMS de-
vices using a soft lithographic replica molding method. Here we show the same fabrication
process and material system can be used to make microring liquid dye lasers which can be
monolithically integrated with PDMS microfluidics and the required pump threshold power
is within the reach of commercial visible laser diodes. This is, to our knowledge, the first

integrated optical microring liquid dye laser ever demonstrated.

6.1 Accidental Beginning

Our work on optofluidic microring lasers accidentally started while we were working
on the microfluidic tuning of DFB dye lasers. Recall that the microfluidic circuits we used
to fluidically tune the lasing wavelength included a ring shaped fluidic mixer, as shown in
Figure 6.1 and Figure 5.2. When the pump light was focused onto a small portion of the
ring, shaded area in Figure 6.1, we observed a clear multi-mode lasing spectrum above

certain pump level due to the ring-shaped resonator. Lasing only occurred at the long
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Figure 6.1: Optofluidic microring dye laser. Left: a liquid core microring resonator initially
used as a microfluidic mixer. The ring radius is 1 mm and the channel width is 80 m. The
shaded area inside the dashed box is the area that is under pump light. Right: a typical
lasing spectrum of the ring dye laser.

wavelength tail of the gain spectrum because only a small portion of the ring was pumped
and the large self absorption along the ring prevented lasing in the short wavelength region.
It was quite fun to see the whole ring light up and change color to red when the laser

threshold was reached.

6.2 Single Ring Based Cavities

6.2.1 Pinciples of Operation

As shown in Figure 6.2, the optofluidic microring dye laser was fabricated on a mono-
lithic PDMS chip using replica molding soft lithography as described in Chapter 3. A
microfluidic channel when filled with liquid of higher refractive index than that of PDMS
(1.406, GE RTV 615) acts as a channel optical waveguide. When the cross section di-
mensions of the channel are 2um by 3um and the index contrast is less than 0.003, the
waveguide supports only the two fundamental spatial modes. A 200um diameter microring
resonator which is side-coupled to a bus waveguide forms the laser cavity. For a single layer

device, a fused coupling region (as shown in Figure 6.3-(a)) is used to enable the transporta-
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Figure 6.2: Schematic diagram of an optofluidic microring dye laser chip.

tion of dye solution into the microring. This introduces additional scattering losses which
lower the loaded Q[4] and the coupling coefficient is expected to be large. These problems
can be solved using a double layer structure in which the microring resonator and the bus
waveguide are located in separate layers and vertical coupling scheme can be used. The
gain medium is a ImM solution of Rhodamine 6G in a methanol and ethylene glycol mix-
ture with refractive index of 1.409. The pump light are 532nm Q-switched Nd:YAG laser
pulses with 6 nanosecond pulse width. The pump light is focused by a cylindrical lens to a
500um by 1000um area covering the microring and a portion of the bus waveguide. Laser
light coupled out of the microring into the bus waveguide can get further amplified by the
pumped dye solution in the waveguide. The resonant wavelengths of a microring laser are

determined by the condition

ma,, = 2nn.s R (6.1)
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(1) where 4,, is the mth resonant wavelength, n.¢; is the effective index of the guided
mode and R is the ring radius. For a 200um diameter ring, this gives a FSR of 0.38nm
around 580nm. It’s clear from this expression that the optofluidic integration enables tun-
able laser wavelength by changing n.;r, R or m. The effective index can be varied by
changing the refractive index of the liquid core. Due to the very low Young’s modulus of
PDMS (~750kPa [5]), the ring radius and shape can be mechanically changed by simply
stretching or compressing the chip. Finally, the resonance order can be chosen by using

different dye molecules which cover different spectral regions.

6.2.2 Lasing Results and Discussion

The transparent PDMS chip was placed on a high reflectivity mirror so that the trans-
mitted pump light can be reflected vertically back to the laser cavity. This not only makes
more efficient use of the pump light but also lowers the laser threshold. Furthermore, this
makes possible a vertical resonant structure at the pump wavelength which can further re-
duce the laser threshold. The dye solution was pressure driven into the microfluidic channel
by applying 10psi pressure at the inlet port. A 10X microscope objective was used to col-
lect the emission light from one edge of the chip and deliver it to a spectrometer with 0.1nm
resolution (Ocean Optics HR4000). A typical multiple longitudinal mode lasing spectrum
is shown in Figure 6.3-(b) where the linewidth of each mode is < 0.1nm. The measured
FSR agrees with the predicted value 0.25nm. A plot of laser output energy versus the ab-
sorbed pump energy is shown in Figure 6.4 The threshold pump energy is only 9.2nJ due
to the small size of the laser. This is well within the reach of the output power of com-
mercially available laser diodes. This device can be used an active biosensor without any
modification, in which the analytes can be either functionally attached to the channel wall
or directly injected into the liquid flow and the shift in lasing wavelength is detected. In
the future, we plan to study the mechanical and fluidic tunability of this laser. In addition,
in order to build a single mode microring dye laser, we’ll use the Vernier effect in which
two microring resonators with slightly different diameters will be used as the frequency

selective element. Another interesting direction is to achieve mode locking by introducing
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Figure 6.3: (a) Optical micrograph of an optofluidic microring resonator in PDMS. The
waveguide dimensions are 3um wide and 2um high. The ring diameter is 200um. (b)
A typical measured lasing spectrum of an optofluidic microring dye laser with a 200um
diameter ring.
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Figure 6.4: Light-in v.s. Light-out curve. The laser threshold is 9.2nJ.

saturable absorber dyes.

6.3 Coupled Microring Array Based Cavity

Among microring based photonic structures, coupled microring arrays have received
much attention recently due to their potential use as a slow light structure [111] [112].
Not surprisingly, slow light structures can often form laser cavities due to the geometrical
resonance and slow group velocities they possess. In this section, we use a coupled micror-

ing array to form a laser cavity and demonstrate single frequency lasing using the Vernier

effect.

6.3.1 Coupled Microring Arrays and Vernier Operation

It has been shown when a series of microring resonators periodically side coupled to
two bus waveguides (also called double-channel side-coupled integrated spaced sequence
of resonators (SCISSORSs)), the structure exhibits photonic bandgaps due to both the dis-

tributed feedback resonances caused by the bus waveguides and the microring resonances
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[112]. When the ring separations are equal to half of the ring circumference, these two
bandgaps overlap. Here we use this degenerate coupled ring structure as a laser cavity. In
addition, we use the Vernier effect to increase the F'S R of the cavity by using rings with two
different diameters. The detailed structure is shown in Figure 6.6. The two ring radii are R1
= Sum and R2 = 5.4um . The ring separation is chosen to be m(R1+R2)/2 so that the “Bragg
gaps” and the “ring resonator gaps” overlap [112], resulting in simplified band structure.
Defect modes are formed in the bandgaps by introducing a suitable waveguide phase shift

in the center [113]. In our case, the defect length Ly, 1s close to 1.57(R1 + R2)/2.
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Figure 6.5: Vernier operation of coupled microring resonators. The simulated transmission
spectra due to the two different diameter rings. Only the stopband around 590nm overlap
completely, others are misaligned due to the different ring diameters. The detail of the
structure is shown in Figure 6.6.

When two different ring diameters are used, the bandgaps due to the two different ring
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resonances are normally misaligned, and only overlap at specific wavelengths due to the
Vernier effect [20]. We used the transmission matrix given in [112] for the unit cells to
simulated the overall transmission spectrum of the structure. Figure 6.5 shows the simu-
lated transmission spectra due to the two different diameter rings. It can be seen that only
the bandgap around 576.4nm overlap completely, all others are misaligned between the

spectrum range from 550nm to 610nm.

6.3.2 Single Mode Microring Dye Lasing Results
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Figure 6.6: Single mode optofluidic microring dye laser using Vernier effect. The laser
cavity is a distributed feedback coupled microring structure between two bus waveguides.
The two ring radii are Rl = S5um and R1 = 5.4um . The ring separation is chosen to
be m(R1 + R2)/2 to simplify the photonic band structure. The central larger waveguide
separation forms a defect mode in the band gap. The transverse dimentions of all the
waveguides are 2um by 2um

ImM Rh6G dye solution with refractive index of 1.415 was introduced into the 2um
by 2um microfluidic channel to form the waveguide core. The laser chip was optically
pumped with 6ns Q-switched frequency doubled Nd:YAG laser pulses of 532nm wave-
length, focused to a ~50um wide stripe aligned with the dye laser cavity. The rest of the

characterization setup is the same as given in Chapter 3. Single frequency lasing was ob-
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served with pump levels from ~1mJ/cm? to ~2mJ/cm?. The lasing wavelength of ~574nm
is close to the predicted value of 576.4nm. The relative large laser threshold is likely due to
the lossy coupling regions between the ring resonators and the waveguides, and the small

ring diameters.

6.4 Summary

We have demonstrated, for the first time, a microfabricated liquid-core microring dye
laser on a monolithic PDMS chip. The fabrication and operation of the laser chip is fully
compatible with PDMS based microfluidics technology [5]. We have also demonstrated
a single frequency microring dye laser using the Vernier effect with a coupled ring array
based cavity. Besides low threshold laser applications, such liquid-core microring res-
onators can also be used to build optical filters, biosensors and ultrashort pulse generators

on a microfluidic chip.
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Chapter 7

Evanescent Gain Optofluidic Dye Lasers

The dye laser cavities in all previous chapters rely on liquid-core channel waveguides.
In such structures, in order to obtain single spatial mode operation, the waveguide (chan-
nel) dimensions must be on the order of a few microns or smaller. Therefore, relative high
pressures (~10psi) are needed to push liquid dye solutions into such small channels, which
inevitably limits the maximum flow rate achievable in these devices. This is a rather un-
desirable feature when high flow rate is needed such as in fast tuning devices or CW dye
lasers which require fast replenishment of the photo-bleached or triplet-state trapped dye
molecules. In addition, the refractive index of the liquid core must be higher than that of the
cladding (in our case, 1.406 PDMS). This rules out the use of more popular low index sol-
vents such as water, ethanol and methanol. To remove the above limitations, in this chapter,
we introduce a liquid-cladding waveguide DFB laser structure based on evanescent gain.
We also present a proof-of-concept experiment which clearly showed evanescent gain laser

action.

7.1 Liquid-Cladding DFB Dye Lasers Based on Evanes-

cent Gain

7.1.1 Liquid-Cladding Waveguide

In stead of the waveguide core, liquid dye solutions can also be used to form the

cladding of a waveguide structure as shown in Figure 7.1. A patterned high index material,
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Figure 7.1: Schematic cross section of a liquid-cladding waveguide structure.

such as SU8 (n=1.65), acts as the core of the waveguide when it is deposited on a low in-
dex substrate, such as glass and polymethylmethacrylate (PMMA). A microfluidic channel
with a large cross-section can then be aligned to cover the solid core, and the low index
liquid subsequently introduced into the channel forms part of the waveguide cladding. If
the upper cladding liquid is a pumped dye solution, the evanescent tail of the guide mode

can extract energy from the dye solution and lead to optical gain.

Compared with liquid-core structures, liquid-cladding waveguides allow the use of
more popular low index solvents in the dye solutions such as water, ethanol and methanol.
More liquid choices also lead to a larger available refractive index tuning range. The large
dimensions of the microfluidic channel also allow much faster flow rate of the dye solution.
For example, if the channel is 100um wide and 10um high, a 40psi applied pressure can
drive the liquid at the center of the channel to move at a 10 meter/second velocity. This

rate is fast enough to allow us to consider the possible CW dye laser operation in such
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structures [114] [115]. The higher index contrast between the core and the cladding also

allows smaller device footprints and higher integration densities.

7.1.2 Evanescent Gain DFB Laser Cavity
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Figure 7.2: Fundamental transverse mode profile of the liquid-cladding waveguide simu-
lated by FEM (Comsol FEMLAB 3.2). The effective index is 1.643 at 580nm.

For a proof-of-concept demonstration, we used the same higher order DFB cavity ge-
ometry used in Chapter 3. The main advantage is that it allows us to use same set of
photomasks to fabricate the devices used in this chapter. Recall that the core dimensions
are Sym wide and 2um high. The previous periodic posts inside the channel now become
periodic holes. The dimensions of these holes are 3um wide and 1.5um long (half grating
period). The microfluidic channels we used were rounded PDMS channels with 100um
width and 20um height. The refractive index of the dye solution was tuned to be 1.406, the

same as PDMS, to avoid reflections from the dye solution and PDMS interface.
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Figure 7.3: Simulated longitudinal mode spectrum of the liquid-cladding DFB structure.
The effective index 1.643 used in the simulation is that of the fundamental transverse mode.

We did the same FEM simulations (Comsol FEMLAB 3.2) as in Chapter 3 with the new
refractive indices to obtain the transverse mode profile and the effective index, which are
shown in Figure 7.2. Now that the structure has much higher index contrast between the
core and the claddings (1.65 v.s. 1.406&1.45), it is no longer a single mode waveguide. As
an example, Figure 7.2 shows only the fundamental transverse mode. The effective index
of the fundamental mode is 1.643 at 580nm. It is clear that most of the mode resides inside
the solid core, which leads to a small overlap with the gain region. Thus, in an evanescent
gain structure, the higher order spatial modes are more favored for laser action due to the
large overlap between the evanescent tails with the gain medium.

The longitudinal mode spectrum of the DFB structure was simulated using Rouard’s
method as described in Chapter 3. For example, Figure 7.3 shows the simulated transmis-
sion spectrum using the effective index of the fundamental mode. The DFB structure has its
17th resonance around 577nm which is close to the gain peak of Rhodamine 6G (Rh6G).
An effective A/4 defect was introduced at the center of the grating to break the doubly de-

generacy of a uniform DFB laser. The inset of Figure 7.3 shows the transmission resonance
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due to the defect mode.

The structure of this laser cavity is not optimized for evanescent gain operation. The
large and asymmetric waveguide core supports more than 40 transverse modes according
to FEM simulation, which can lead to very complicated laser behaviors. A sub-wavelength
scale waveguide should give much better transverse mode control, and larger overlap be-

tween the evanescent tail and the gain region. For example, all other parameters the same,

neff_emwewv{1)=1.501384 Surface: Power flow, time average, norm

Dye Solution
n=1.406

0.5um

-@ 0.5um

Glass
n=1.45

Figure 7.4: A single mode sub-wavelength scale waveguide with a large overlapping factor
between the mode and the upper cladding.

FEM simulation (Figure 7.4) shows that a waveguide core with 0.5um by 0.5um dimen-
sions supports only the fundamental transverse mode at 580nm, and has a overlapping
factor of 15% between the mode and the upper cladding region. Even larger overlapping
factor (thus modal gain) can be obtained by further decreasing the core size or increasing
the dye solution index. The fabrication of such sub-wavelength scale waveguides requires

advanced fabrication methods such Ebeam lithography, Focused Ion Beam milling or EUV
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lithography.

7.2 Fabrication

The fabrication method of the SU8 core on the low index substrate is essentially the
same as the one used to make the mold for the 15th order DFB dye laser. The only different
is now the substrate is no long a silicon wafer. The substrates we have used so far include
silicon wafers coated with a Sum thick SiO, layer and normal microscope glass slides. The
detailed fabrication process can be found in Appendix A. Although the glass slides are
inexpensive and transparent, the fabrication on glass slide turned our to be problematic.
The bonding between SUS8 and SiO; is relative weak. Therefore slow cooling during the
several baking steps (Appendix A) is essential to reduce the stress between SU8 and the
substrate. Due to the poor thermal conductivity of glass, the cooling steps with glass slides
are more difficult to control than with Si wafers, and often lead to detached or warped SUS8
structures as shown in Figure 7.5-(a). The devices fabricated on SiO, coated Si wafers
have much better qualities as shown in Figure 7.5-(b). Therefore in this chapter we only
discuss the devices fabricated on Si wafers coated with a Sum thick silicon dioxide layer.
The PDMS microfluidic channels were fabricated with replica molding soft lithography as
before. The wafer and the PDMS channel were both treated with O, plasma for 30 seconds
at 80W in order to form a permentant bonding. The PDMS channels were then aligned and
bonded with the SU8 waveguides under a steroscope or mask aligner. Then the whole chip

was baked at 80% overnight. A typical device is shown in Figure 7.6.

There exist polymer materials with even lower refractive index than glass, such as
Cytop™ (Asahi Glass). Devices fabricated on such substrates can shorten the evanescent
tails in the substrate and lead to more efficient overlap of the guide mode with the gain

material.
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Figure 7.5: Fabrication of SU8 DFB waveguide cores on glass slides and silicon dioxide
coated Si wafers. (a). SU8 waveguide detached from the glass slide substrate (b). High
quality SU8 waveguide on SiO, coated Si wafer.



90

Figure 7.6: Optical micrograph of an liquid-cladding evanescent gain DFB dye laser. The
SUS8 DFB waveguide core is under a 100um wide PDMS microfluidic channel. The channel
height is 10um. The inset shows an actual chip on a 2 inch wafer.
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Figure 7.7: (a) Emission spectrum of a PDMS channel filled with Rh6G dye solution,
without the SU8 DFB waveguide core. (b) Lasing spectrum with the SU8 DFB waveguide
core.

7.3 Preliminary Lasing Results and Discussion

The preliminary lasing results were shown in Figure 7.7. A ImM Rh6G dye solution in
a mixture of methanol and ethylene glycol with a refractive index 1.406 (equally to that of
PDMS) was pressure driven into the microfluidic channel. Very low pressure was needed
to push the liquid in due to the large channel dimensions. When a high pressure >40psi
was applied at the inlet port, we estimated the average linear flow velocity higher than
10m/s by measuring the total volume of liquid passing through the device in a certain

time. This shows the structure indeed support ultra-fast flow rate needed for CW dye
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lasers. The laser chip was transversely pumped with 6ns Q-switched frequency doubled
Nd:YAG laser pulses of 532nm wavelength. The pump pulses were focused to a ~20um
wide stripe aligned with the SU8 core. A 10X microscope objective was used to collect the
emission light from one edge of the chip and deliver it to a fiber coupled CCD-array based
spectrometer with 0.1nm resolution (Ocean Optics HR4000). A typical lasing spectrum
is shown in Figure 7.7-(b) where the lasing wavelength is 569nm, close to the predicted
17th resonance for the fundamental transverse mode. A minor line was also observed at
the peak of the broad fluorescent spectrum. The rather strong fluorescence background
is due to the spontaneous emission noises by the excited dyes that do not participate in
the evanescent gain. A longitudinal pump geometry can reduce the spontaneous emission
noise, in which the pump light is end coupled into the waveguide core and pump the dyes
through evanescent tails. In order to rule out the lasing possibilities due to other resonant
structures in the system, such as the facet reflections, we also did a control experiment in
which a dye solution filled microfluidic channel with the SU8 waveguide core was pumped.
In this case, we did not observe laser action as shown in Figure 7.7-(a).

It is a rather surprising result that the lasing wavelength was close to the predicted value
for the fundamental transverse mode, since the fundamental mode has the smallest overlap-
ping factor with the gain region. One possible explanation is that it may be a coincidence
that a lower order DFB resonance for some higher order transverse modes accidentally
matches this wavelength, given the large number of transverse modes supported. More
systematic studies based on both simulations and experiments are needed to quantitatively
explain the lasing results. Nonetheless, this result clearly demonstrated a liquid-cladding

evanescent gain structure can support DFB dye lasing.

7.4 Summary

In this chapter, we have proposed a novel liquid-cladding evanescent gain structure for
optofluidic dye lasers. Preliminary experimental results clearly showed laser action with a
higher order DFB cavity. The fabrication methods and theoretical design considerations are

given. Sub-wavelength scale waveguides and longitudinal pump geometries are suggested
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for improving the performances of evanescent gain lasers. The liquid-cladding structures
may prove more favorable for applications that requires fast flow rate, larger index tuning

range and smaller footprint.
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Chapter 8

Towards an LED Pumped On-Chip Dye
Laser Using a Surface Emitting
Circular-Grating Resonator

The cavity geometries of the distributed feedback (DFB) and microring resonators in
the previous chapters do not match well with the emitting area of a light emitting diode
(LED). In this chapter, we demonstrate an optically pumped surface emitting polymer dye
laser fabricated by nanoimprint lithography. The laser cavity consists of a second order
circular grating distributed feedback structure which has a similar emitting area to that
of a LED. Our laser is based on an organic dye hosted within a polymethylmethacrylate
(PMMA) matrix coated on a transparent glass substrate. The nanoimprinted solid-state dye
laser described here offers a low cost (disposable) and compact coherent light source for
lab-on-chip spectroscopy systems. The laser also has a low pump threshold as well as a
geometry well matched to LED pump sources, which provides an interesting alternative for

constructing portable polymer laser devices.

8.1 Dye Doped Solid State Polymer Lasers

Within recent years the development of polymer dye lasers has progressed to higher
levels of performance and functionality. The most attractive advantages of polymer dye
lasers include low-cost processing, wide choice of emission wavelengths, and easy fabrica-

tion on flexible substrates. Several waveguide dye lasers have been studied with emission
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wavelengths ranging from ultraviolet to the near infrared [116] [108]. By simply changing
the fluorophore doped in the polymer these lasers can be used as the tunable sources for
various applications including spectroscopy [108]. The 1-D Distributed feedback (DFB)
structure is a widely employed resonator geometry, and has been previously demonstrated
for polymer lasers [117]. Operating characteristics can be significantly improved within
two dimensional structures. Here, we choose a circular grating distributed feedback struc-
ture to obtain low threshold operation, a well defined output beam, and vertical emission
perpendicular to the device plane. Although surface emitting circular grating lasers using
semiconducting polymers have been previously demonstrated by Bauer et. al [118] and
Turnbull et. al [119], their lasers were fabricated by depositing the organic gain material
onto a prepatterned dielectric substrates, limiting the depth and the accuracy of the shape of
the grating. For better geometric control, we choose nanoimprint lithography15 as a direct
patterning method. A hard mold is used to transfer patterns with high fidelity into target
polymers, and this technique has become an attractive approach to define nanofabricated
optical resonator structures. Conjugated polymer lasers fabricated by hot embossing have
been studied by Lawrence et. al [120], and 1-D DFB lasers based on organic oligomers
using a room temperature nanoimprint method were reported by Pisignano et. al [121]

[122].

In this chapter, we present a circular grating distributed feedback laser fabricated on
dye-doped poly(methylmethacrylate) (PMMA) films. The laser was fabricated on a glass
substrate using a low-cost and manufacturable nanoimprint method. Lasing with single
frequency surface emission at 618.52nm and a linewidth of 0.18nm was measured from

the polymer dye laser exhibiting a threshold value of 1.31nJ/mm?

. The laser operation
characteristics of circular grating resonator are improved through the high accuracy and
aspect ratio nanoimprint pattern transfer. Moreover, the mold can be re-used repeatedly,
providing a convenient way of mass production and large scale fabrication of low cost

polymer dye laser arrays.
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8.2 Circular Grating Resonator Design and Fabrication

8.2.1 Circular Grating Distributed Feedback Resonators

The circular grating structure proposed [123] and demonstrated [124] by Erdogan and
Hall provides a natural two-dimensional extension of the basic DFB structure. It allows
feedback to be applied in all in-plane directions, and the second order grating couples the
emitted radiation perpendicularly out of the surface of the sample. Figure 8.1 shows a

general design of a circular grating distributed feedback structure. A theoretical analysis

Surface emission

Circular grating

Cladding
SiO, substrate

Figure 8.1: General design of a circular grating distributed feedback structure.

of circular grating lasers is described in detail elsewhere [124] [125] [126] [127] [119]
predicting that only the radial propagating components define the modes in the circularly
symmetric grating. The design parameters of the circular gratings fabricated for this pa-
per are selected based on electromagnetic mode calculations and experimental results. A

grating period of 440nm is chosen to match the second order Bragg condition. The cen-
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ter defect is a 440nm diameter gain region. The 400nm groove depth is defined to ensure
maximum confinement, whereas the 200um overall diameter of the circular grating and the

50% duty cycle are used to reach the maximum coupling strength [128].

8.2.2 Nanoimprint Lithography

In our experiments, silicon dioxide (SiO,) was used as the mold material and the grating
pattern was defined by electron beam lithography on a LEICA EBPG 5000+ electron beam
writer with proximity correction. The pattern was subsequently transferred into a SiO,
substrate via reactive ion etching using CHF; plasma. PMMA was selected as the polymer
matrix because of the solubility of the dye in PMMA as well as its low optical absorption
within the wavelength range for activating the dye molecules, and its excellent properties
for nanoimprint lithography [129].

To construct the dye laser, a glass substrate was spin-coated with Sum of Cytop, a low
refractive index material (n=1.34, Asahi Glass) as the lower cladding. Then, 500nm Dye
(Rhodamine 640, Exciton)-doped PMMA (30mM) was spin-coated on top of the Cytop
layer as the gain medium. An oxygen plasma treatment (Anatech SP100) of the Cytop was
necessary for good adhesion of Cytop to the PMMA.

Nanoimprint lithography exploits the glass transition of polymers to achieve high fi-
delity pattern transfer. However, degradation of light emission efficiency of the organic
materials during air exposure at high temperatures presents a challenge in nanoimprint
lithography [130]. To solve this problem, a modified nanoimprint method is used to pre-
vent this degradation of the dye-doped PMMA film by sealing the mold and the PMMA
substrate into a curable polymer during the imprinting process. A mold release agent such
as 1H,1H,2H,2H-perfluorodecyl-trichlorosilane (Alfa Aesar) was also deposited on the dye
from the vapor phase to reduce the resist adhesion to the mold. Then, the mold was pressed
into the PMMA film by using an automatic mounting press machine (Buehler SimpliMet
1000) at a temperature of 150°C (above PMMA’s glass transition temperature) and a pres-
sure of 1200psi. After sample cooling, the mold could be easily separated from the pat-

terned polymer laser chip. The fabrication process flow is schematized in Figure 8.2.
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Figure 8.2: Fabrication process flow of circular grating polymer dye lasers.

Figure 8.3 shows SEM images of the mold and the imprinted PMMA. From these pic-
tures, we can observe that the structure on the SiO, mold is faithfully replicated on the
PMMA substrate surface with high resolution. Photoluminescence spectra confirm that

there is no degradation of the luminescence performance of the polymer.

8.3 Lasing Results and Discussion

The polymer laser chip was optically pumped with 6ns Q-switched Nd:YAG laser

pulses at 532nm wavelength, focused through a 20X objective to the back side of the chip.
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Figure 8.3: SEM images of (a) the Si02 mold and (b) the imprinted PMMA film.

A 10X microscope objective was used to collect the emission from the top surface of the
chip and deliver it to a fiber coupled CCD-array based spectrometer with 0.1nm resolution
(Ocean Optics HR4000). A typical single frequency lasing spectrum is shown in Figure
8.4. The lasing wavelength is 618.52nm, and the measured linewidth is 0.18nm. Lasing

occurs near the Bragg resonance, determined by the equation
MAprage = 2NesiA (8.1)

where m = 2 is the order of diffraction, n.g is the effective refractive index of the propaga-
tion mode, and Ais the grating period. The linewidth near threshold is measured as 0.20nm,

which results in a cavity quality factor (Q) of over 3000.

Figure 8.5-(a) represents the far-filed image of the emission pattern recorded by a CCD
camera, and Figure 8.5-(b) shows the far-field radiation patterns of the laser passing through

a linear polarizer with different orientation angles. The laser is expected to be azimuthally
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Figure 8.4: Nanoimprinted circular grating DFB dye laser spectrum. The measured
linewidth is 0.18nm. Left inset: The output power vs. the absorbed pump energy curve.
The threshold fluence is 1.31nJ/mm?2. Right inset: Polymer laser chip excited by Nd: YAG
532nm laser pulse.

polarized [131], as illustrated in the polarization patterns. The azimuthal polarization also
results in a zero electrical field (a dark spot) at the center of the laser [124]. In the las-
ing process, many spatial modes can be excited with their mode thresholds very close to
each other [132]. The fundamental mode is normally the favored one, because higher order
modes do not overlap well with the gain region. The left inset of Figure 8.4 shows the vari-
ation of the output laser power as a function of absorbed pump energy. With the absorbed
threshold energy of 41.3n]J, the threshold pump fluence is estimated to be 1.31uJ/mm?. This
pump intensity is well within the reach of commercial high power blue laser diodes (LLDs),

thus enabling the fabrication of a self-contained LD-pumped device. The right inset of Fig-
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(b)

Figure 8.5: (a) Far-field image of the emission pattern recorded by a CCD camera. (b)
Circular DFB laser far-field radiation patterns through a linear polarizer with different ori-
entation angles. The laser emits an azimuthally polarized, well-confined circular beam.

ure 8.4 shows that the polymer laser is pumped from the back side and the lasing emission
is collected from the surface of the chip. The transparency of the substrate, the size and
geometry of the laser cavity and the low threshold match well with the output beams of
high power LEDs and LDs. Therefore the replication-molded ring geometry represents a
very promising structure for the construction of compact LED or LD pumped portable dye
lasers. We observe decreases in the laser emission with increasing exposure time. This
result is consistent with previous studies on polymer DFB structures [133]. The lifetime of
polymer dye laser can last over 10° shots of pump laser pulse, and if the characterization
of the device is carried out under vacuum to inhibit photo-oxidation, the lifetime can be
further extended [134]. Because of the low cost of materials and fabrication, replication
molded devices are disposable and may not require a long lifetime. In the future, we plan
to make an optofluidic version using PDMS and replica molding softlithography like the
ones demonstrated in the previous chapters, which can allow us to constantly change the

dye to increase the device life time and to tune the wavelength.
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8.4 Summary

In this chapter, we demonstrate a surface emitting polymer dye laser with a circular
grating distributed feedback structure realized by nanoimprint lithography. We achieved
excitation thresholds as low as 1.31nJ/mm? and FWHM linewidths of 0.18nm. The tech-
nique described here enables the fabrication of low cost, high quality and mass producible
laser arrays, which may be deployed as compact and inexpensive coherent light sources for
lab-on-a-chip applications such as sensing and spectroscopy. Future work will be focused
on improving the laser cavity Q values with better electromagnetic design, optimizing the
dye concentration, and fabricating smoother surfaces. The ultimate goal is to reduce the las-
ing threshold to enable the use of pump LEDs as integrated and inexpensive pump sources
for on-chip polymer lasers. The circular grating structure can also be implemented on an

optofluidic PDMS device using soft lithography.
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Chapter 9

Future Directions

Even though some impressive performances, such as single mode operation, narrow
linewidth and wide tunability, have been obtained, optofluidic dye laser research is still at
its very early stage. In order for this technique to have an impact on the “lab-on-a-chip”
systems, we believe the most important next step is to integrate the optical pump source
onto the same device. At present, due to the small gain volume, the required pump thresh-
old intensity (~100kW/cm?) is within the reach of commercially available high power laser
diodes. However, further improvement in pump efficiency can be achieved by introduc-
ing resonant structures at the pump wavelength or adapting a dual-core longitudinal pump
geometry widely used in fiber lasers [135]. This may eventually lead to high power LED
pumped optofluidic dye lasers.

Other more radical on-chip pumping schemes based on effects such as electrochemi-
Iuminescence [136] [137] [138] [139] [140] and chemiluminescence [141] are also worth
investigation since they can completely eliminate the need for an external optical pump.
Indeed, many applications can arise if such schemes can provide high enough optical gain.

One obvious direction for the future studies on optofluidic dye lasers is to follow the his-
torical line of the conventional dye laser development. Compared to the best performances
of conventional dye lasers [11], it is clear that optofluidic dye lasers still have a long way
to go. Thus far, no continuous wave (CW) operation or ultrashort pulse generation has
been demonstrated. These are challenging tasks due to the small fluidic confinement and
geometrical limitations in microfluidic devices. It seems the realization of cavity structures

compatible with fast liquid flow rate will be a milestone for the future advances along this
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line.

In general, the experiences and lessons from the conventional dye laser [11] and semi-
conductor laser communities [20] provide good guidelines for the future development of
optofluidic dye lasers. For example the development of the high speed dye jet enabled sta-
ble continuous wave (CW) dye laser operation [142]. A similar device on a microfuidic
chip may be needed for CW optofluidic dye lasers. Also we should look at the various
Q-switching and mode locking methods used in conventional ultra-short pulse dye lasers
and consider their possible implementations on a microfluidic platform. For one, the ring
resonator geometry discussed in Chapter 6 is a good candidate for passive mode locking
when a suitable saturable absorber dye is mixed with the laser dye or placed at a proper
location on the ring.

Another interesting direction is to implement other laser cavity structures beyond the
currently demonstrated Fabry-Perot, DFB and microring types onto the microfluidic plat-
form, such as other whispering gallery mode (WGM) resonators including microdisks[143],
microtoroids[144] and microspheres[1], circular-grating DFB structures [123], annular Bragg
reflector (ABR) cavities [145], and photonic crystal based cavities [146]. In addition to
provide novel laser cavity structures, the capability of building such liquid-core optical
microcavities has implications in both fundamental study and practical applications. For
example such optofluidic microcavities can enable the study of cavity quantum electrody-
namics (QED) effects, such as spontaneous emission engineering, thresholdless lasing and
single photon generation, in a more controlled and reconfigurable manner which currently
is not available through solid state materials [38] [3] [147]. High Q and small volume
optofluidic microcavites are also ideal structures for single molecule biological and chem-
ical sensing applications.

In order to show the full potential of optofluidic dye lasers, the demonstration of a
complete “lab-on-a-chip” system integrated with an on-chip liquid dye laser is essential.
Important examples in this class include fluorescence actuated cell sorters (FACS) [148],
fluorescence based automated DNA sequencers [149] and Raman spectrometers. Of course,
we believe many other applications and novel devices that never existed before will start to

appear due to the powerful optofluidic integration and adaptation[8].
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Appendix A

Fabrication Recipes

A.1 Chrome Mask Fabrication

We used DWL 66 direct laser writer (Heidelberg Instruments) to make the high resolu-
tion Chrome masks, which were required in the laser cavity mold fabrication. DWL 66 uses
a 442nm HeCd laser and can achieve over half a million (500000) dpi (0.5um feature size)
using a 40nm writeable address grid. The writing areas can be as large as 8 by 8 inches. All
the patterns were designed using AUTOCAD (AutoDesk) and converted to a LIC format
used by DWL. The 3 by 3 inches Chrome photomask blanks were obtained from Nanofilm
(www.nanofilm.com). The plates were coated with 5300A thick AZ1518 positive photore-
sist. The calibration of the DWL exposure defocus and energy was essential for obtaining

feature sizes below 1.5um with good quality.

After the DWL writing, the plate was
1. developed in Microposit MF322 photoresist developer for 1 minutes
. rinse with DI water and blow dry with N, gas
. etched in CR-7S Cr etch for 50 seconds
. rinse with DI water and blow dry with N, gas

. cleaned in Nanostrip for 5 minutes

AN L B~ W

. rinse with DI water, then IPA and blow dry with N, gas.
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A.2 Master Mold Fabrication

The photomasks used in this step were either Chrome masks obtained by DWL 66 laser
writing for laser cavities, or transparency films by a laser photoplotting service (CAD/Art

Services) for microfluidic circuits.

A.2.1 Laser Mold Fabrication

Start with a clean Si wafer.

1. Clean the Si wafer by rinsing in Methanol, IPA, DI water, then bake at 200 degree for 5
minutes

2. Spin coat SU8 2002 (MicroChem) negative photoresist: ramp up to 500rpm at 100rpm/second
acceleration, ramp to 3000rpm at 300rpm/second acceleration, and hold for 30 seconds

3. Pre-bake on a hot plate at 65 degree for 2 minutes

4. Soft bake on a hot plate at 95 degree for 5 minutes

5. Slowly cool down the wafer to room temperature

6. Expose the wafer for 15 seconds at 4.5mW/cm? (i-line 365nm, exposure energy 60-
80mJ/cm?)

7. Pre-bake on a hot plate at 65 degree for 2 minutes

8. Post-exposure bake (PEB) on a hot plate at 95 degree for 5 minutes

9. Slowly cool down the wafer to room temperature

10. Develope in SU8 nanodeveloper for 1 minutes

11. Rinse with IPA, blow dry with N, gas

Then the mold for the liquid input channel was fabricated using SPR220-7 photoresist on
the same chip following the steps given in the next section.

For SUS8 on glass devices, such as the evanescenct gain dye lasers, slow cooling-down
is very crucial during the various soft bake and PEB steps due to the relative poor adhesion
between SUS8 and glass. Usually, enough slow cooling can be achieved by switching off
the hot plate power, and let it cool down naturally. If still not satisfactory, stepped cooling
down rate must be empirically determined by manually setting the temperature of the hot

plate.
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A.2.2 Microfluidic Circuits Mold Fabrication

Obtain two clean Si wafers.
1. Clean the Si wafer by rinsing in Methanol, IPA, DI water, then bake at 200 degree for 5
minutes
2. Treat the wafer with hexamethyldisilazane (HMDS) vapor (Microprime HP-Primer,
ShinEtsu MicroSi) for 1 minutes at 1 atmosphere
3. Spin coat SPR2207 positive photoresist: ramp to 2000rpm at 500rpm/second accelera-
tion, and hold for 1 minutes
4. Soft bake on a hot plate at 115 degree for 90 seconds
5. Slowly cool down the wafer to room temperature
6. Expose the wafer for 2.5 minutes at 4.5mW/cm? (i-line 365nm, exposure energy 400mJ/cm?)
7. (optional) Post-exposure bake on a hot plate at 115 degree for 90 seconds
8. Slowly cool down the wafer to room temperature
9. Develope in Microposit MF319 photoresist developer for 2 minutes
10. Rinse with DI water, blow dry with N, gas
The molds for the control layer and fluidic layer were fabricated on separate wafers. The
laser cavities were also fabricated on the fluidic layer mold. The alignment between the

fluidic channels and the laser cavities was done under a mask aligner.

A.3 PDMS Device Fabrication

A.3.1 Two-Layer Devices

Have the master mold ready.
1. Mix 5 parts A:1 parts B PDMS (RTV 615) in the HM501 Hybrid Mixer
2. Treat the mold with trimethylchlorosilane (TMCS) vapor for 5 minutes
3. Pour the PDMS prepolymer onto the mold to ~4mm thick
4. Degas in a vacuum chamber for 30 minutes
5. Bake in a convection oven at 80 degree for 30 minutes

6. Peel the partially cured PDMS from the mold
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7. Punch access ports at the inlets by using a 0.055-inch punch (Technical Innovations)
8. Bake the partially cured PDMS in the oven at 80 degree for 2 hours
9. Treat the cured PDMS with Oxygen plasma at 80W for 10 seconds, and bond it to a
featureless cured PDMS flat immediately
10. Bake the final device in the oven at 80 degree overnight
The featureless cured PDMS flat can be formed by spinning on or pouring PDMS prepoly-

mer onto a polished Si wafer depending on the thickness needed.

A.3.2 Three-Layer Devices with Push-Up Valves

Have both the fluidic and control layer molds ready.

p—

. Mix 5 parts A:1 parts B PDMS in the HM501 Hybrid Mixer for the fluidic (laser) layer
. Treat the fluidic layer mold with TMCS vapor for 5 minutes

. Pour the 5:1 PDMS prepolymer onto the fluidic layer mold to ~4mm thick

. Degas the fluidic layer in a vacuum chamber for 30 minutes

. Bake the fluidic layer in a convection oven at 80 degree for 30 minutes

. Peel the partially cured PDMS from the fluidic layer mold

. Bake the partially cured fluidic layer in the oven at 80 degree for 2 hours

. Mix 20 parts A:1 parts B PDMS in the HM501 Hybrid Mixer for the control layer

O o0 I O W B~ W

. Treat the control layer mold with TMCS vapor for 5 minutes

10. Spin on the 20:1 PDMS prepolymer onto the control layer mold at 2400rpm (~35um
thick)

11. Bake the control layer in a convection oven at 80 degree for 30 minutes

12. Treat both layers with Oxygen plasma at 80W for 10 seconds, the fluidic layer should
have the feature side facing up 13. Align the fluidic layer onto the control layer under a
steroscope or a mask aligner

14. Bake the two-layer structure in the oven at 80 degree for 30 minutes

15. Peel the two-layer structure from the control layer mold

16. Punch access ports at the inlets by using a 0.055-inch punch (Technical Innovations)

17. Treat the two-layer structure with Oxygen plasma at 80W for 10 seconds, and bond it
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to a featureless cured PDMS flat immediately

18. Bake the final three-layer structure in the oven at 80 degree overnight
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