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Coupled Polymer Microfiber Lasers for Single Mode
Operation and Enhanced Refractive Index Sensing

Van Duong Ta, Rui Chen, and Handong Sun*

Owing to high quality (Q) factor and unique cavity configu-
ration, whispering gallery cavities (WGCs) have attracted
intensive research attentions in diverse fields of sciences and
technologies such as quantum electrodynamics, optical chaos,
optical filters, modulators, and lasers.'™ Recently, WGCs
have exhibited promising applications as chemical and bio-
logical sensors based on the shifting or splitting of resonance
modes.'*1 This technique is label-free and ultra-sensitive
down to the level of nanoparticles, viruses, and even single mol-
ecules.l'>14 For such sensors, both high Q factor and large free
spectral range (FSR) are strongly desirable. However, these two
factors are normally conflicting in a single cavity.

Recently, investigations on coupled WGCs have demon-
strated many interesting phenomena like induced transparency
and absorption, slow light,!>16 directional and single mode
emission,'”’?2 and enhancement of sensor's sensitivity.*>%4
Single mode lasing is significant for integrated photonics and
on-chip applications.?’! Traditionally, it has been realized by
configurations including Fabry-Pérot (F-P)/?°l and especially dis-
tributed feedback (DFB) cavities.?*8] For WGCs, single mode
operation can be obtained by reducing the cavity size,?’! but
this method deteriorates laser Q factor. The alternative solu-
tion without deteriorating the Q factor is to use coupled WGCs,
in which single mode emission is generated through Vernier
effect.l'%2% Coupled WGCs have been explored in microdisks,
optofluidic ring resonators, and silica/glass fibers.["7-24

Compared to traditional semiconductor and inorganic one-
dimensional cavities, organic nano/microfibers possess simpler
fabrication and better mechanical flexibility, thus are attractive
for flexible optoelectronics and nanophotonics.l**31 They are
also easier to be assembled in arrays or ordered structures,*?
highly beneficial for photonic systems, and have success-
fully employed for logic elements/circuits.l33l However, nano/
microfiber lasers, being an important component in inte-
grated photonic devices, have been mostly limited to wave-
guide effect where two endfaces of the fiber served as reflection
mirrors.3234371 Generally, this mechanism has low Q factor
because of poor reflectivity of the endface reflectors, which
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hinders it for practical applications, especially in biological sen-
sors. Very recently, we have achieved high Q factor whispering
gallery mode (WGM) lasing, inside a circular cross-section of
a straight polymer fiber, with potential application as a sensi-
tive refractive index sensor.’¥l Further investigation of coupled
fiber structures should be important not only for improving the
laser and sensor performances, but also for exploring a possi-
bility to integrate with other components, which is significant
for optical filters, optical circuits.

Herein, we present our successful realization of single mode
operation from coupled fibers via the Vernier effect. Further-
more, we have found that this coupling effect offers a solution
to the conflicting problem, high sensitivity and large FSR, in
optical sensors based on WGM technology. Application of the
coupled fiber laser as a refractive index sensor exhibits sen-
sitivity about 400 nm/refractive index unit (RIU) while only
210 nm/RIU for a single one.

In a coupled WGC, resonance modes circulate in each res-
onator can interact with each other. In the strong interaction
case, one cavity can be considered as a spectral filter to the
resonance wavelengths of the other one. As a result, certain
resonance modes will be enhanced when fulfilling both reso-
nance conditions of the two isolated cavities, while other modes
will be depressed, and this phenomenon is known as Vernier
effect.3%#1 Suppose the FSR of the first and the second cavities
are FSRy, FSR,, respectively, then the condition for observing
the Vernier effect is N;FSR; = N,FSR,, where N; and N, are
co-prime integers. Obviously, FSR of the coupled cavity (FSR;;)
can be calculated as FSR;, = N;FSR; = N,FSR,. This effect arti-
ficially increases FSR and has been widely applied for optical
filters, optical wavelength division multiplexing systems.[3%#2
The increase of FSR is also a key factor for single mode opera-
tion, which becomes possible when the FSR exceeds the gain
region of active material.**!

Figure 1 shows the normalized distribution of transverse
magnetic (TM) field, simulated using the finite element
method (FEM) via COMSOL Multiphysics, in a coupled asym-
metric cavity with radii 2.237 and 1.5 um. The refractive index
of both cavities is 1.48 and the distance between them is chosen
around 0.05A for strongly interacting WGMs.* Here, A is the
resonance wavelength characterized by mode order r and mode
number m.*] Figure 1a shows mode distribution in the cou-
pled cavity when both cavities are on resonance at A = 630 nm
corresponding to (r, m) = (1, 28) and (1, 18) for the big and
small cavity, respectively. As expected, the coupled cavity is on
resonance verified by the presence of resonance patterns. The
overlap of maximum field positions in both cavities is clearly
seen at the coupling region. However, when only the big cavity
is on resonance at A = 651.3 nm equivalent to (r, m) = (1, 27),
the field in the coupled structure is highly diverged and the
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Figure 1. Normalized magnetic field distribution inside a coupled cylin-
drical cavity when (a) both cavities are on resonance and (b) only the big
cavity is on resonance.

mode intensity is relatively weak (Figure 1b), implying the sup-
pression of this mode. Similar results can be obtained for other
modes existing in the two isolated cavities. These numerical
simulations validate the feasibility of achieving single longitu-
dinal mode lasing through the Vernier effect.

Based on the above idea, polymer fibers with suitable sizes
(there should be certain lasing modes that fulfilled the reso-
nance condition of both cavities) are chosen to demonstrate
the Vernier effect. The investigated structure is schematically
shown in Figure 2. Isolated and coupled fibers are placed on a
distributed Bragg reflector (DBR) substrate and studied subse-
quently. The DBR is important for reducing the lasing threshold
because it prevents optical leakage though the substrate.”l The
stop band of the DBR (from around 575 to 720 nm) covers the
emission range of the gain material with a reflectivity up to
99% at 640 nm. The coupled fiber is achieved by direct con-
tacting the two isolated fibers and then fixed on the DBR by two
drops of glue (PMMA solution) (Figure 2b). The same optical

Excitation
S

Substrate

Figure 2. Schematic diagram for optical investigation of Vernier effect. Two asymmetric fibers
are (a) isolated and (b) coupled. The white rings inside fibers indicate WGMs.

Adv. Optical Mater. 2014, 2, 220-225

(@) (b) | Emission

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

800} Fiber A
, 600F
<
>
o
L
2 §
5 400 1.70 pJ mm*
[J)
= 1.06 1J mm?
200

O kel “ 1 1
560 580 600 620 640 660
Wavelength /nm

Figure 3. The PL spectra from a fiber A, below and just above lasing
threshold.

characterization processes (see Experimental Section) were per-
formed on the two isolated and the coupled fibers to facilitate
the comparison of the lasing properties.

FSR is a key parameter for studying the Vernier effect. Given
that WGMs are generated inside circular cross-sections of
fibers (Figure 2), FSR of fibers with diameters D; and D, can be
approximately calculated as follows:

/12

FSRyp = ————
1@ e Dy

(1)
where n.g is effective refractive index of the fibers. FSR of the
coupled cavity (FSRy,), however, efficiently increases and can be
estimated by Vernier equation (D, > D;):2¥

2
PSR = (D, — Dy) @)

Figure 3 plots the photoluminescence (PL) spectra from
a fiber (fiber A) at pump fluence of 1.06 and 1.70 uJ mm=2
At the low excitation density, the fiber exhibits broad sponta-
neous emission (SE) with weak intensity. However, at higher
pumping energy, sharp and intense peaks
have appeared, indicating a revolution from
SE to stimulated lasing emission.

Figure 4 plots the transformation from
multi mode lasing of two isolated fibers
to single mode emission of a coupled one
(denoted as coupled fiber AB). Figures 4a and
b show the lasing spectra from the fiber A and
the fiber B, respectively, under a pump flu-
ence of about 2.12 uJ mm~2. FSRs of the fiber
A and the fiber B are 1.4 and 2.2 nm, respec-
tively. Considering that A, = Az = 608 nm,
negr = 1.48, and D, = 54.5 um, Dy = 35.5 um
(close to values estimated from optical
images), theoretical prediction FSR, and
FSRp based on the Equation (1) are 1.46
and 2.24 nm, respectively. These FSRs are
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Figure 4. (a,b) Lasing spectra from the fiber A and fiber B at pumping fluence of 2.12 ) mm=,
respectively. (c) Lasing spectra of a coupled fiber A and fiber B (the so-called coupled fiber
AB) under increasing pump energy. Curves are shifted vertically for clarity. Optical images of
presented fibers are shown in the insets. (d) Integrated lasing intensity of the fiber A, the fiber
B, and the coupled fiber AB as function of pumping fluence. The inset indicates FSR of the

coupled fiber AB at pumping fluence of 3.61 W) mm.

consistent with the experiments and therefore verified the
WGM mechanism.

Emissions from the coupled fiber AB under different
pumping intensities are plotted in Figure 4c. The single mode
emission starts to appear at pump fluence of 2.55 pj mm=.
This mode is maintained with higher intensity at increasing
excitation energy (up to 3.40 ] mm2), indicating a high effi-
cient suppression of lasing modes.?”! Furthermore, this single
mode is not an accident but due to the Vernier effect, which
will be elaborated later. For lasing threshold, integrated lasing
intensity of the fiber A, fiber B, and coupled fiber AB are shown
in Figure 4d. The lasing threshold of the coupled fiber is about
2.6 uJ mm= and both isolated fibers have almost the same
lasing threshold of around 1.6 uj mm™. The nearly equal
threshold of the isolated fibers is vital for the coupling effect
because both fibers are on resonance simultaneously, optical
loss is very low and the coupling effect can be easily achieved.?"!
In contrast, if the lasing thresholds are much different, one
fiber is on resonance while the other is not, the light travels in
the coupled cavity will suffer high optical loss, which strongly
affects the coupling performance.

Earlier report on a coupled optofluidic ring resonator has
shown that the coupling related loss can be very low!!” so
there is no clear degradation of lasing Q factor. Similar result
was observed in our work, spectral linewidth of lasing mode of
the coupled fiber is almost the same compared with the single
fibers, which are about 0.09 nm. Obviously, the coupling effect

Pump fluence/ud mm2
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4.2 nm. As a result, FSRyg = 3FSR, = 2FSR;.
In addition, the spectral separation predicted
by using the Equation (2) is 4.18 nm, con-
sistent with experimental data.

The coupling effect is highly repeatable.
We studied various other coupled cavities
and consistent results are obtained. Figure 5a
plots multi mode lasing of a fiber namely
fiber D with FSRp = 1.5 nm. This mode
spacing effectively increases to 4.4 nm when
the fiber D is coupled with a smaller fiber namely fiber C
(ESR¢ = 2.3 nm, not shown here) to form the so call coupled
fiber CD (Figure 5b). In addition, number of lasing mode of the
coupled fiber CD is two (single mode was observed at higher
pump energy), which is much less than that of the fiber D
(seven modes). FSRcp is 4.4 nm, is almost equal to triple FSRp,
and double FSR¢. Furthermore, considering that D¢ = 36 pum,
Dp =55 um, A¢c = Ap = 640 nm, the prediction of FSR¢p using

28 32 36
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10} Fiber D s Coupled
tber | fiber CD

o
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o =}
i o
T T

o
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T
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Wavelength /nm Wavelength /nm

Figure 5. Lasing spectra from (a) a single fiber namely fiber D and (b) a
coupled fiber CD. The inset shows optical image of the coupled fiber CD.
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Table 1. FSR comparison between experimental observation and calcu-
lation of coupled fibers. The calculation is based on the Equation (2).

Diameter of fibers [m] FSR of coupled fibers [nm]

D, D, Calculation Experimental
355 54.5 4.2 4.2
36.0 55.0 4.6 4.4
24.1 38.1 5.7 5.5

the Equation (2) is to be around 4.6 nm, close to the observa-
tion. Table 1 summarizes FSR of coupled cavities from experi-
mental and calculation for different fibers. The agreement
between the observation and prediction concludes that Vernier
effect is the key factor on the increase of FSR and the single
mode operation.

Figure 6a shows a schematic setup for sensing charac-
terization. The setup is the same as earlier measurements
excluding two new channels connected with a beaker. The
input channel is for loading a certain volume of ethanol to
modify the water medium. However, the adding of ethanol
will lift the solution level and affects the transmission of exci-
tation light. Because of that, the coupled fiber is out of focus
of excitation beam. In order to prevent this problem, amount
of liquid nearly equal to ethanol addition is subtracted
through the output channel. The volume of water was 20 mL.
Ethanol addition after each measurement was 0.1 mL. Excita-
tion energy was fixed during measurement. The coupled fiber
was only excited for a short time (about 1 s) for spectrum
recording to avoid degradation of dye molecules. In addition,
measurements were carried out after around 40 s from the

@) (b)
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f .
Out In Pure
water
Adding
ethanol

\ \

Rc+AR

N
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into water

7»0 Wavelength 7\4

Figure 6. Refractive index sensing application using the coupled fiber CD. (a) Schematic meas-
urement setup, (b) WGM maodification before and after the addition of ethanol. The presence of
ethanol creates a thin layer of thickness AR covering surface of the coupled fiber. (c) Resonance

shift (AA) of lasing mode is an indicator of the sensor.
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time when ethanol was added, to make sure that ethanol was
fully dissolved in water.

Ethanol molecules diffuse quickly after loading into water.
During this process, numerous of ethanol molecules will be
trapped on the fiber surface. This number increases as func-
tion of time. At the end, it reaches a maximum and almost
unchanged. Consequently, a thin layer of ethanol molecules
with thickness AR is formed covering the fiber surface, sche-
matically indicated in Figure 6b. This layer is a major factor
expanding the optical pass of WGMs inside the fiber and leads
to red-shift of lasing mode (Figure 6¢).'% Another factor is the
increase of refractive index of the solution (An). In our work,
maximum of An is 7.1 x 107* RIU. It is equivalent to very small
effective index change (An.g~ 1077 RIU) inside the fiber so has
very weak effect on the spectrum shift. Therefore, resonance
shift (AA) can be considered as a main product of the thin layer
and is estimated as following equation:'%! AA/A = AR/R, where
R is radius of fiber. It is important to note that even though our
sensors respond to the thin layer, it can be surely applied as
refractive index sensors. The reason is that the thickness of the
thin layer is a function of ethanol concentration. In addition,
the refractive index of the ethanol solution changes linearly
with its concentration. Therefore, the refractive index sensor
can work by establishing the resonance shift AA as a function of
refractive index variation (via concentration).

The convenience and improvement of coupled cavity over
single cavity as a refractive index sensor are demonstrated.
Figure 7a and b plot spectra from the coupled fiber CD and a
single fiber E (Dg ~ 47 um) as function of ethanol concentra-
tion (Cg) from 0 to 1.18 wit%, equivalent to refractive increase
An from 0 to 7.1 x 10™* RIU. Lasing mode from the coupled
fiber exhibits a larger red-shift compared
with that from the single one. Furthermore,
have a close look at the case of the cou-
pled fiber, we can see that beside the single
mode at around 641 nm, another Vernier
mode starts to appear at 645.4 nm when Cg
reaches to 0.79 wt%. Likely, this observation
is due to the increase of refractive index of
liquid solution or decrease of index con-
trast between the fiber and outside medium.
Thus, the emission is less confined and the
second Vernier mode can be easier coupling
out by scattering and to be observed. Meas-
ured FSR of the coupled fiber is still 4.4 nm.
It confirms the presence of the Vernier effect
in the coupled fiber during the sensing pro-
cess. For better view, close-up image of main
modes from the coupled fiber CD and fiber
E are shown in Figure 7c and d, respectively.
For the same refractive increase of 7.1 x 107
RIU, resonance shift of the coupled fiber CD
and the single fiber E are 0.28 and 0.15 nm,
respectively. Figure 7e indicates a linear rela-
tionship between the resonance shift and
refractive index variation, validating the
sensing mechanism. Sensitivity of coupled
fiber CD and fiber E are 398 and 210 nm/
RIU, respectively. Supposing enhancement

Original
WGM

Modified
WGM
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Figure 7. Lasing spectra of (a) the coupled fiber CD and (b) a single fiber namely fiber E under the same condition, posses increasing ethanol con-
centration or refractive index. (c), (d) Close-up spectra in the dash rectangles of (a) and (b), respectively. Curves are shifted vertically for clarity. (e)
Resonance shift of the coupled fiber and single fiber with refractive index change.

factor is a ratio between the sensitivity of coupled fiber CD and
single fiber E then experimental enhancement factor is 1.9.

The enhanced sensitivity of coupled cavity over single cavity
can be explained by the thin layer theory. Consider earlier
assumption, resonance shift of the coupled fiber CD (AAcp) and
fiber E (AAg) can be estimated as following: AAdcp/A = AR/Rc
+ AR/Rp and AAg/A = AR/Rg where Rc, Rp, Rg are radii of
the fiber C, fiber D, fiber E, respectively. Theoretical enhance-
ment factor is AAcp/AAg = (Rc + Rp)Rg/RcRp = 2.1, close to the
observation.

We have demonstrated the robust single mode lasing with
spectral linewidth as narrow as 0.09 nm from coupled polymer
fiber lasers via the Vernier effect. Our achievement indicates
the possibility of integrating between polymer fibers, which
is a first step to realize all polymer fiber optical switches and
optical filters.[*’! Interestingly, we have found that using such
kind of coupled cavities as WGM optical sensors will solve the
conflicting problem between two desired factors, high Q factor
and large FSR. Experimental results show coupled structure
has higher sensitivity (nearly double in our work) compared
with that of single one. We believe the sensitivity of individual
cavities both contributes to the sensitivity of the coupled one.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Owing to cost effective mass production, high coupling effi-
ciency, single mode lasing emission and high sensor's sensi-
tivity, our work boosts polymer fibers as very competitive candi-
dates for photonic technology, especially flexible optoelectronic
devices.

Experimental Section

Polymer Fiber Fabrication: The fibers were fabricated by directly drawn
from a solution that has been described in our previous work.8 The
host material of the fiber is a mixture of poly(methyl methacrylate)
(PMMA) and Araldite 506 epoxy resin. The gain material is a Rhodamine
B (RhB). We dissolved PMMA (100 mg) in dichloromethane (around
1 mL, ~1.28 g), purity 99.76%, to get a 7.3 wt% PMMA solution.
Then, epoxy resin (150 mg) and RhB (4 mg), 95% dye content, were
added. The dye concentration in the final solution was 0.26 wt%.
After fabrication, the fibers were subsequently dried in the air at room
temperature for 2-3 days for structure solidification. All chemicals are
from Sigma-Aldrich.

Optical Characteristics: The fibers was pumped by a green pulse laser
(wavelength: 532 nm, pulse duration: 1 ns, repetition rate: 60 Hz).
The excitation spot has an ellipse shape about 0.3 mm x 0.4 mm. The
emission from the fiber was collected from the top and recoding by a

Adv. Optical Mater. 2014, 2, 220-225
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silicon charged coupled device (CCD). To avoid high order modes,
undesired for characterization of the Vernier effect, all fibers were
immersed in water during the measurement.
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