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Single mode lasing from the polydimethylsiloxane based on-chip coupled optofluidic ring resonator
(OFRR) with the lasing threshold of a few wJ/mm? is demonstrated using the Vernier effect. The
single mode operation is highly stable even at high pump energy densities. The effect of the OFRR
size and coupling strength on the single mode emission is investigated, showing that the excessive
coupling results in incomplete side mode suppression. Tuning of the lasing wavelength is achieved
by modifying the dye solution. © 2011 American Institute of Physics. [doi:10.1063/1.3554362]

Optofluidic dye lasers have been intensively investigated
because of their potential of integration in lab-on-a-chip de-
vices and wavelength tunability.l’2 As compared to other
types of optical cavities explored for optofluidic lasers,
such as Fabry—Perot resonators® and distributed-feedback
(DFB) gratings,®® optofluidic ring resonators (OFRRs) that
support the circulating resonant waveguide mode or the
whispering gallery mode take advantage of compact size and
relatively high Q-factors, both of which are a key to achiev-
ing large scale integration and low lasing thresholds. The
OFRR lasers have previously been implemented in the form
of discrete ring cawities,9 microdroplets,lo microknots,11
microcylinders,lz"14 and microcapillaries.ls’16 Very recently,
on-chip polydimethylsiloxane (PDMS) based OFRRs were
also demonstrated.'”'® Since the entire PDMS device can
be fabricated by simple replica molding processes, cost-
effective mass production of the OFRR lasers becomes pos-
sible.

However, the OFRR laser intrinsically has multimode
lasing emission due to its narrow free spectral range (FSR),
which is a major drawback as compared to the DFB based
optofluidic laser capable of single mode operation. One of
the methods to suppress side modes is to utilize the Vernier
effect, in which two ring resonators of different FSRs are
coupled to each other. While the single mode laser emission
has been achieved in on-chip solid coupled ring resonators,'”’
on-chip OFRR single mode lasers and their lasing character-
istics have not been studied.

In this letter, we develop and characterize the single
mode laser using a PDMS based coupled OFRR. The effect
of the OFRR size and coupling strength on the single mode
emission is investigated, and the tuning of the lasing wave-
length is demonstrated. We show that stable single mode
laser emission can be obtained with the lasing threshold on
the order of a few uJ/mm?.

Figure 1(a) shows a schematic of the coupled OFRR
laser system consisting of two size mismatched ring resona-
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tors and a liquid-filled waveguide. It is produced in PDMS
by a replica molding process. The master mold is first fabri-
cated on a silicon wafer by photolithography and reactive ion
etching. The wafer is then vacuum-coated with trichlorosi-
lane and subsequently coated with uncured PDMS. Finally,
the PDMS is cured at room temperature for 48 h before it is
peeled off from the wafer and treated with O, plasma. The
resulting circular and straight liquid channels are shown in
Figs. 1(b) and 1(c), which are 40 pm in width and 10 um
in depth. The two ring resonators (the lower ring and the
straight waveguide) are optically coupled but physically dis-
connected. During the experiment, dye dissolved in tetraeth-
ylene glycol (TEG) is introduced into the two OFRRs,
whereas the waveguide is filled with TEG alone. Since the
refractive index (RI) of TEG (1.456) is larger than that of
PDMS (1.42), light is confined in the gain medium and the
liquid waveguide. The coupled OFRR is uniformly pumped

@) Ring
Pump and
=
— WGM
=
Waveguide Liquid waveguide
| ~>—>>] Laser emission

FIG. 1. (Color online) (a) Schematic of a coupled OFRR laser. The arrows
inside the ring resonator show light propagation direction. (b) Image of the
coupled OFRR formed on the PDMS substrate. The diameter of the upper
(lower) ring is 290 (300) wm. The gaps between the lower ring and the
waveguide and between the two rings are 2 and 1 wm, respectively. The
two rings are filled with dye dissolved in TEG, whereas the waveguide is
filled with TEG alone. (c) Scanning electron microscopic image of the
1 wm gap between the two rings. (d) Photograph of the coupled OFRR
during laser operation. The laser emission is coupled into the liquid wave-
guide and collected at its distal end. Dashed lines show the waveguide
position.

© 2011 American Institute of Physics
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by a 5 ns pulsed optical parametric oscillator at 532 nm, as
illustrated in Figs. 1(a) and 1(d). The lasing emission is
coupled into the liquid waveguide near the lower OFRR and
detected at its distal end by a spectrometer (Horiba iHR550,
resolution of 0.06 nm).

The lasing spectra of the coupled OFRR filled with
2 mM R6G at various pump energy densities are plotted
in Fig. 2(a). At the lowest pump energy density, the single
mode lasing emission occurs at 577.3 nm, whose lasing
threshold is about 3 wJ/mm?. As the pump energy density
increases, another strong mode emerges at 569.9 nm.
These two modes result from the Vernier effect. In fact, the
7.4 nm spectral separation agrees well with the FSR calcu-
lated based on the Vernier equation AN=\?/7mn (D;-D,),
where N (=575 nm), ng (=1.456), D; (=300 wm), and D,
(=290 wm) are the lasing wavelength, the effective RI of the
ring resonator, and the ring diameters, respectively. When the
pump energy density continues to increase, the lasing at the
Vernier mode at 577.3 nm diminishes, whereas the strong
and robust single mode lasing is sustained at another Vernier
mode at 569.9 nm. This blueshift of the mode is attributed to
the gain profile change under high pump intensities, as de-
scribed earlier.”® The linewidth of this 569.9 nm mode is
approximately 0.06 nm, limited by the spectrometer reso-
lution. The corresponding lasing threshold curve is plotted in
Fig. 2(b) with the lasing threshold of about 6 uJ/mm?. For
comparison, the spectrum from a single OFRR laser (lower
ring alone) is depicted in the inset of Fig. 2(c), showing the
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FIG. 3. (Color online) Coupling coefficient between the modes of the
OFRRs described in Fig. 1(b).

typical multimode lasing emission, which further confirms
the Vernier effect on the single mode lasing operation. The
lasing threshold in Fig. 2(c) is approximately 3.3 uJ/mm?.

Coupling between the two OFRRs plays an important
role in obtaining the single mode lasing through the Vernier
effect. Whereas inefficient coupling results in insufficient op-
tical feedback provided by one ring to another, excessive
coupling broadens the resonance linewidth (or decreases the
Q-factor) of each OFRR. Both lead to degradation in side
mode suppression. The coupling coefficient between the
two OFRRs, «, can be calculated by the coupled mode
theory.m’22 Figure 3 presents the coupling coefficients
among the first three orders of the modes in the coupled
OFRR in Fig. 1(b). The coupling related Q-factor, given by
oD/ \k?, should exceed 10%. Similarly, we calculate the
total coupling coefficient between the lower OFRR and the
waveguide (i.e., total fractional loss per round trip of the
lower OFRR) to be on the order of 1073, corresponding to a
Q~7 X 10°. Therefore, based on the Q-factor (~5000) ex-
perimentally observed in a single PDMS based OFRR in our
previous studies,18 we infer that each ring in the current
coupled OFRR system should have a similar Q-factor
(~5000), which provides sufficient side mode suppression to
achieve single mode operation, as shown in Fig. 2(a).

In contrast, in Fig. 2(d), the two rings are in contact with
the width of the connected region of about 19 um. In this
case, the Q-factor of the OFRR is significantly spoiled due to
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FIG. 4. (a) Lasing spectrum from a coupled OFRR (190 and 200 pm in
diameter, respectively). The gaps between the lower ring and the waveguide
and between the two rings are 2 and 1 um, respectively. (b) Lasing spec-
trum from a single OFRR (200 um in diameter). Gain medium is 2 mM
R6G in TEG.
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the excessive coupling loss between the two rings. As a re-
sult, although the Vernier effect is still present (as evidenced
by the clustered peaks separated by about 6 nm), it fails to
completely suppress side modes, leading to the emergence of
well-spaced lasing modes modulated by the Vernier modes.
The distance of the two adjacent modes is 0.235 nm, corre-
sponding to the FSR of the 300 wm diameter OFRR. Al-
though the coupled mode theory becomes invalid for us to
calculate the coupling related Q-factor, it is estimated to be
approximately 500 based on the Vernier mode profile in Fig.
2(d). This Q-factor value is close to what was observed pre-
viously, in which the rin% resonator has a similar contact
region with a waveguide.1

While the coupling between the two OFRRs affects the
single mode operation of the OFRR laser, the size of the
OFRRs does not deteriorate the properties of the lasing. As
illustrated in Fig. 4(a), the single mode lasing can be
achieved in the coupled OFRRs with the respective diam-
eters of 190 and 200 um. According to the coupled mode
theory, the coupling related loss is still negligible. As a re-
sult, the Q-factor of the OFRR (still a few thousands) is
sufficient to suppress the side modes. Once again, in order to
verify the Vernier effect, Fig. 4(b) shows the multimode las-
ing from the lower OFRR alone in the absence of the upper
OFRR.

Since the lasing wavelength of the coupled OFRR laser
is determined by the common resonant mode in the two OF-
RRs, the lasing wavelength can be tuned by changing the RI
of the gain medium according to AN/\=Ang/ Ny, Where AN
and Angy are the resonance wavelength change and the ef-
fective RI change, respectively. Since Angy and ng are
nearly the same for both OFRRs, the common mode in both
OFRRs can be tuned synchronously to ensure the single
mode lasing over a broad spectral range. Figure 5(a) shows
such wavelength tuning by dissolving 2 mM R6G into the
mixture of TEG and methanol (RI=1.36) whose RI is varied
by the proportion of methanol and TEG. As depicted in the
inset of Fig. 5(a), the lasing wavelength clearly shows a lin-
ear relationship with the RI. To tune the lasing wavelength
over an even large spectral range, a different dye solution is
injected to the same coupled OFRR structure. Figure 4(b)
shows the single mode lasing at 741.6 nm from the coupled
OFRR using 2 mM LDS 722 in TEG.

In summary, we have demonstrated the single mode las-
ing from the coupled OFRR via the Vernier effect. The single
mode operation is stable even under high pump energy den-
sities. It is not affected by the size of the laser cavity or the
gain medium used, thus allowing us to use different sizes of

the OFRRs for optimal lasing performance and to tune the
lasing wavelength over various spectral ranges. Our study
further shows that coupling between the OFRRs plays an
important role in achieving the single mode lasing. Excessive
coupling may spoil the Q-factor and result in incomplete side
mode suppression. The tunable single mode lasing, low las-
ing threshold, cost-effective mass production, and the capa-
bility of coupling the lasing emission into a liquid channel
make the PDMS based OFRR system a highly competitive
technology in the development of optofluidic lasers and lab-
on-a-chip devices.
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