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Whispering gallery mode microlasers and refractive index
sensing based on single polymer fiber

The realization of whispering gallery mode (WGM) lasing in polymer fibers is hindered by an appropriate method to dis-
solve the polymer and the gain material. In this work by Van Duong Ta et al. (pp. 133-139), microfibers fabricated by
directly drawing from a dye doped polymer solution are exhibited as high quality microlasers and microsensors. Multi-
mode and even single-mode lasing is observed from the fiber under optical pumping at room temperature. The linewidth
of lasing mode is narrower than 0.09 nm. The lasing mechanism is unambiguously verified by comprehensive spectroscopic
analysis and ascribed to WGMs. Diameter- and polarization-dependent lasing characteristics are systematically investi-
gated, showing good agreement with the theoretical calculation. Particularly, application of the fiber laser for refractive
index sensing based on resonant shift of lasing mode is demonstrated and the sensitivity up to about 300 nm/RIU is
achieved. The promising potential of high quality polymer microfibers as optical sensors and multi-function components
for flexible photonic integrated systems is highly expected.

Picture: Whispering gallery mode (WGM) lasing emission (bright ring) is realized from a dye-doped polymer microfiber.
This microlaser can serve as refractive index sensing of tetrahydrofuran (THF) solution based on the interaction of the
THF molecules (solid spheres) with evanescent wave of WGM modes. The simulated field distribution of WGMs is inserted
inside the fiber.
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Abstract The realization of whispering gallery mode (WGM)
lasing in polymer fibers is hindered by an appropriate method
to dissolve the polymer and the gain material. In this work,
microfibers fabricated by directly drawing from a dye doped
polymer solution are exhibited as high quality microlasers and
microsensors. Multi-mode and even single-mode lasing is ob-
served from the fiber under optical pumping at room tempera-
ture. The linewidth of lasing mode is narrower than 0.09 nm. The
lasing mechanism is unambiguously verified by comprehensive
spectroscopic analysis and ascribed to WGMs. Diameter- and
polarization-dependent lasing characteristics are systematically
investigated, showing good agreement with the theoretical cal-
culation. Particularly, application of the fiber laser for refractive
index sensing based on resonant shift of lasing mode is demon-
strated and the sensitivity up to about 300 nm/RIU is achieved.
The promising potential of high quality polymer microfibers as
optical sensors and multi-function components for flexible pho-
tonic integrated systems is highly expected.
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Whispering gallery mode microlasers and refractive index
sensing based on single polymer fiber

Van Duong Ta', Rui Chen', Lin Ma', Yong Jun Ying', and Han Dong Sun'-2*

1. Introduction

The development of low-dimensional photonic nano/micro
structures, being the building blocks for single-chip tech-
nologies, has attracted intensive research interest [ 1-4]. Due
to the low cost and the mechanical flexibility, organic ma-
terials are considered to be a promising candidate for flex-
ible photonic circuits [5-7]. Among various kinds of or-
ganic nano/microstructures, polymer fibers can be readily
fabricated by approaches such as electrospinning deposi-
tion [8—12], directly drawing from liquid polymer solution
or melt [13-18], or vapor deposition polymerization [19],
which have been employed for sub-wavelength waveguides,
light-emitting sources, optical sensors, etc. Recently, poly-
mer fibers have been demonstrated successfully for creation
of inverters and multiplexers for digital logic [20], which
reveals their potential application in micro/nanophotonic
integrated system.

While low-threshold laser source is important for op-
toelectronic integrated system, only few works have real-
ized optical nano/micro resonators based on polymer fibers,
characterized by the observation of laser emission from a
piece of conjugated or dye-doped polymer fiber [12,21]. In

these structures, the two cutting edges of the fiber are served
as mirrors and formed the so called Fabry-Pérot (F-P)
or one-dimensional (1D) cavity where light is amplified
to achieve the stimulated emission. However, the quality
(Q) factor of F-P cavity is low due to the high optical losses
at the fiber’s edges. To overcome this drawback, other kinds
of microcavity in high quality fiber should be investigated.

Generally speaking, microfibers possess cylindrical
shape with circular cross-sections, which has high potential
to form the so-called whispering gallery modes (WGMs). It
is known that the WGM cavity has essentially a high Q fac-
tor and a small mode volume, therefore, is appropriate for
low-threshold lasers [22,23]. WGM lasing has been inves-
tigated from cylindrical microresonators based on capillary
tubes [24], microdisks [25-27], and microrings [26,27]. For
the organic material, a polymer microdisk can be fabricated
by photolithographycally etched from a thin film [26,27],
while for the microrings, the WGM lasing was obtained by
coating an active thin film around the optical fiber [26,27].
Very recently, a 3D microlaser has been demonstrated from
electrospun polymer microfibers but the rough outer surface
of these fibers might lead to considerable optical losses due
to the scattering [28].
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Figure 1 (online color at: www.lpr-journal.org) (a)—(c) Schematic diagrams demonstrates fabrication of microfiber by direct drawing
from dye-doped polymer solution. The gap is around 0.5 cm. (d)—(h) The top-down view optical image of microfibers with different

sizes under halogen illumination.

In this work, we demonstrate the WGM lasing from high
quality, direct drawing, and flexible polymer microfibers.
The diameters of microfibers range from 5 to 100 um, fab-
ricated with well and precise control. At room temperature,
single and multi-mode lasing upon optical pumping are
observed from dye-doped microfibers by using a micro-
photoluminescence (p-PL) system. The proposed WGM
lasing mechanism is experimentally verified by the analy-
sis of i) lasing peaks and ii) the polarization dependence of
the longitudinal modes, and further theoretically supported
by the simulation using the finite element method. The cav-
ity size dependence of lasing characteristics has also been
systematically investigated. Application of the fiber for re-
fractive index sensing is demonstrated with sensitivity up
to about 300 nm per refractive index unit (RIU).

2. Fabrication and optical measurement

The solution used for microfiber fabrication was prepared
as follows. First of all, polymethylmethacrylate (PMMA)
was dissolved in dichloromethane with concentration about
11wt%. Then, Rhodamine 6G (R6G) and epoxy resin
(Araldite® 506 from Sigma-Aldrich) [29] were subse-
quently added into the solvated PMMA. Ratio of PMMA
and epoxy resin is ~1:2 in weight, and concentration of
R6G is around 0.06 wt%. Ultrasonic was used in each pro-
cess for dispersing the solutes.

Figure 1 shows a schematic diagram of R6G doped
microfiber fabricated by physically drawing from the com-
posite solution, together with optical images of the obtained
microfibers. It is important to note that in our work we have
introduced the epoxy resin, which is semi-liquid and high
viscous, into the solution. This material helps to increase the
viscosity of the solution and also significant slows down the

evaporation rate of solvent from the microfiber during the
drawing process. As a result, microfibers with smooth outer
surfaces, long lengths (up to 20 cm with high uniformity),
and a wide range of tunable diameters can be obtained.

To create the microfibers, a solution droplet was de-
posited on the substrate (Fig. 1a), and a metal rod with
a sharp tip (Figure Slc) was then approached vertically
down and immersed into the droplet. After that, the rod
tip was retracted from the droplet and the microfiber was
formed by drawing at a constant speed (Fig. 1b) [14]. To
fix the microfiber on the substrate for subsequent charac-
terization, the rod was moved right and down to the edge of
the substrate (Figs. 1b, ¢). As shown in the figure, the gap
enables to obtain free-standing microfibers surrounded by
air only, which is convenient for optical measurements. We
are able to fabricate microfibers with different diameters
by drawing with different speeds [30]. These microfibers
were subsequently dried in air for structure stabilization.
Figures 1d-h illuminate the optical images of solid-state
microfibers with different sizes. The cross-section of a typ-
ical fiber was examined by a confocal microscopy image
and the result indicates that the fiber has a circular cross-
section (Fig. S1). In addition, the outer surface of our fibers
is highly smooth, imaged by scanning electron microscopy
(SEM) shown in Fig. S1.

Optical investigation of individual microfiber was car-
ried out by using a p-PL system (see Fig. S2 for more in-
formation) at room temperature. A beam from a frequency-
doubled, O-switched Nd: YAG laser (wavelength: 532 nm,
pulse width: 1 ns, frequency: 60 Hz) was guided at an an-
gle ~45° to the normal of the XYZ translation stage. The
excitation beam was then focused to excite the microfiber
with elliptical spot of about 0.8 x 1.2 mm. In addition,
the polarization of laser excitation is parallel to the fiber
axis. PL was collected by an objective (50x, NA = 0.42)
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which was delivered to a camera for PL image or coupled
to a spectrometer equipped with a silicon charged cou-
pled device (CCD) for spectra recoding (spectral resolution
~0.043 nm).

In principle, any variations in the refractive index of
the medium surrounding the fiber wills lead to changes of
optical path inside the fiber, therefore resulting in a slight
shift in resonant mode. Based on this idea, demonstration of
refractive index sensing of the fiber is presented. Firstly, the
fiber is fixed on top of a Distributed Bragg Reflector (DBR)
substrate [29]. Following, the DBR is also immobilized in
a glass holder by using a double side tape. Finally, 23 ml of
water is funneled into the holder. Tetrahydrofuran (THF) is
used as a factor to increase refractive index of surrounding
medium. The fiber needs to be fixed well to prevent its
vibration in the liquid medium. The fiber is then optically
pumped (the same as it is hold in the air) with a constant
pump pulse energy (PPE). After recording the spectrum,
0.2 ml of THF is continuously added into the holder by
a small injector. It is noted that the fiber is only excited
after about 45 seconds from the time THF is added. In this
range, THF is well dissolved in water. All measurements
are performed at ~298 K.

3. Results and discussions
3.1. WGM lasing microfiber

Figure 2a depicts the power dependent p-PL spectra from
a microfiber with diameter of about 32 um (optical im-
age attached in the inset). The spectra show a continuous
increasing of PL intensity with the increase of PPE. Un-
der the lowest PPE (0.3 pJ), spontaneous emission with a
weak broad spectrum can be observed. The broad spectrum
changes to sharp peaks under PPE = 0.5 pJ and their inten-
sity increases dramatically with the increase of PPE. These
peaks are furthered examined by analyzing the integrated
PL intensity as a function of PPE (Fig. 2b). A nonlinear de-
pendence of the integrated intensity on PPE can be observed
which indicates a lasing action, and the lasing threshold is
determined to be around 0.4 pJ (relates to a fluence per
pulse of ~53 uJem™2).

It was found that lasing wavelengths demonstrate a
slightly blue-shift under high PPE [24]. Figure 2c presents
the position of primarily lasing peaks denoted as P1 to P4
(Fig. 2a). This phenomenon has been explained in Ref. [31],
due to the thermal effect which is nonreversible and hard
to avoid in organic materials. However, as can be seen,
the value of blue-shift observed in our microfiber is only
~0.1 nm, which is several orders smaller than the previ-
ous report (in a range that the excitation power is 7 times
larger than the lasing threshold) [24]. This implies the high
stability of our microfiber against the thermal effect, which
reveals the protection of the active material by the thermally
stable polymers, beneficial for steady operation.

WGM lasing is characterized by the polarization (trans-
verse electric (TE) or transverse magnetic (TM)), the an-
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Figure 2 (online color at: www.lpr-journal.org) (a) The PL emis-
sion of a typical fiber recorded at room temperature as a function
of pump pulse energy. The inset shows the top down view of
the microfiber. (b) The integrated PL intensity and (c) Position of
lasing peaks (P1-P4) with the pump pulse energy.

gular (m), and the radial momentum numbers (r) [32].
The WGM positions are generally varying for TM and
TE modes. Therefore, understanding the polarization of
lasing emission is the initial step for analyzing the lasing
mechanism. Figures 3a and b plots the schematic diagram
of WGMs in TE and TM polarization together with rota-
tion angle of a polarizer. In particular, polarization is TE
(TM) when the electric field is perpendicular (parallel) to
the fiber-length axis [33]. We analyzed the polarization of
lasing spectrum by using the polarizer. At the initial posi-
tion (rotation angle is zero) the polarizer’s axis is parallel
to the microfiber as schematically indicated in Figures 3a
and b. The integrated PL intensity of a single lasing peak
(under a constant excitation) as a function of rotation angle
(¢) of a polarizer is shown in Fig. 3c. It is clear that the PL
intensity fits very well with Malus’ law and the polarization
is therefore identified to be TM modes only (Fig. 3b).
Lasing peaks are further examined by using 2D model
of WGM theory for TM modes [32,34]. Let D, n be the di-
ameter and reflective index of the microfiber, respectively.
D and n can be estimated from optical image and lasing
spectrum. In general, Q factor of a microcavity monotoni-
cally decreases with increasing r. Here, only the first (r = 1)
and the second (r = 2) mode orders were taken into consid-
eration since the higher orders have much lower Q factors.
The lasing peaks with high intensity are referred to r = 1.
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Figure 3 (online color at: www.lpr-journal.org) (a)—(b) Schematic
view of WGMs (the ellipsoids) in a microfiber with its electric field
oscillation (white arrows) of TE (a) and TM (b). Gradient color
in the ellipsoids indicates a field distribution of WGMs which is
gradually decreased from the centre to the edge. (c) The inte-
grated PL intensity as a function of rotation angle of polarizer. (d)
Mode analysis of the corresponding lasing spectrum. The arrows
indicate lasing peaks with mode orders rlarge than 2.

Assuming D = 32.36 pum (that is close to the estimated
value from optical image shown in Fig. 2a), the calculated
refractive index of fiber is 1.46, and the corresponding mode
numbers m are found to be 231-239. Similarly, the lower
peaks are corresponded to second order (r = 2), and m
are indexed as 225-228. These values matched very well
with the lasing peaks in the corresponding spectrum shown
in Figure 3c, which therefore confirms the WGM lasing
mechanism.

3.2. Size-dependent lasing characteristics

Figure 4a shows a series of lasing spectra from the fibers
with different sizes. When D decreases, the number of las-
ing peaks decreases along with the increase of the free
spectral range (FSR). In principle, if the FSR is compara-
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Figure 4 (online color at: www.lpr-journal.org) (a) The p-PL
spectrum of microfibers with different diameters (D), indicated
by the baseline value of each spectrum. The inset shows a mag-
nification of the single-mode lasing with the linewidth (§1.) of about
0.085 nm. (b) The FSR and Q factor dependence on microfiber
diameters. The FSR curve fits well to a «/D function (« is a con-
stant). (c) Lasing photon energy (large symbols) compared with
theoretical data. Diameter of corresponding fibers is shown be-
side each curve.

ble to the width of optical gain spectrum, single longitudi-
nal mode lasing can be obtained [35]. Following this idea,
we has observed single-mode lasing at 564 nm. Linewidth
of the lasing mode is ~0.085 nm, which is much smaller
than the linewidth of the previous polymer lasers [36] and
nanofiber lasers based on F-P cavity [12,21]. The obtained
narrow linewidth is related to the low optical loss of WGMs.
In fact, the emission is confined and selectively enhanced
at the circumference of a circular cross-section of the fiber
by multiple total internal reflections at the interface be-
tween fiber and surrounding medium [23]. Thanks to the
extremely low optical loss of the total internal reflection
process, the light can travel thousands of cycles before it is
coupled outside through elastic scattering. In addition, the
calculated lasing mode number is 73 corresponding to D =
9.87 um. The field distribution inside this microfiber will
be presented later.

Subsequently, FSR and Q factor of lasing spectra as a
function of D are investigated and presented in Figure 4b. It
is noted that the FSR can be described by formula: FSR =
A2/nL, where X is the peak wavelength and L is cavity length.
From the value of FSR, L can be calculated and it is found
that L is approximately the circumference of microfiber,
which once again confirms the WGM lasing mechanism.
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Figure 5 (online color at: www.lpr-journal.org) Normalized mag-
netic field distribution of TM WGMs in circular cross section of
a microfiber (D = 9.87 um, n = 1.46) for the first order (a), and
the second order (b). The corresponding mode numbers m is
indicated at the bottom right corners of the patterns. (c), (d) Nor-
malized field intensity in the radial direction of the first and second
orders of TM WGMs, respectively. R is the radius counted from
the centre of the fiber. The edge of the fiber is illustrated by dash
lines.

Moreover, Q factor (defined as Q = A/5A, where 86X is
the linewidth of the peak) exhibits a linear increase with
increasing D. It can be seen that Q factor is around 6500
for D ~ 10 pm to approximate 8200 for D ~ 71 pum.

For better comparison between experimental data and
theoretical calculation, lasing peak positions from different
microfibers as a function of m, together with predicted val-
ues are shown in Fig. 4c. The microfiber’s diameters used
during calculation are very close to corresponding values
estimated from optical image. This investigation indicates
a good agreement between experimental data (big sym-
bols) and theoretical prediction (line-symbols) for series of
microfibers, which supports the WGM lasing mechanism.

3.3. Numerical calculation

Numerical calculation of the electromagnetic field distri-
bution inside the microfiber was carried out. For better
demonstration, a typical microfiber with size of 9.87 um
was selected [37] by using the finite element method (sup-
ported from COMSOL Multiphysics). Figure 5a presents
the field distribution of plane TM wave at resonance wave-
length 564 nm inside a circular cross section of the mi-
crofiber. From the figure, the first order WGMs (patterns in
red and blue color) can be clearly seen together with total
internal reflection at the fiber-air interface. It is needed to
point out that m, which is equal to the number of field max-
imum, is found to be 73. This value is exactly the same with
the calculated data as mentioned above, therefore, the re-
sult is supposed to give a real picture of WGMs. Similarly,
Figure 5b shows a possibility of the second order WGMs.

In principle, the second order always co-exists with the
first order but it has lower Q factor, therefore, higher lasing
threshold is expected. As a result, spectrum in Figure 3d
shows both the first and the second order modes but with
much lower intensities and larger linewidths for second or-
der. It is noted that for a comparable resonant wavelength,
the second order has smaller m due to smaller effective
cavity length (Figs. 5a and b). In order to get a clearer
imagination of the field distribution, intensity profile of the
first and the second order WGMs in radial direction are
plotted in Figs. 5c and d. It can be easily seen that the
field is strongly confined inside the microfiber, while only a
small fraction is located outside through evanescent waves.
Integration of the distribution curve shows that up to 99%
energy is confined inside the fiber for both cases, which
should be counted for the low lost WGM lasing observed
from the microfibers.

3.4. Refractive index sensing

WGM cavity has been widely used for ultrasensitive bio-
logical and optical sensors [38—40]. In principle, evanescent
wave of the WGMs, which exist several tens to hundreds
of nanometers near the cavity’s surface, is very sensitive to
even a single molecule [38]. When the evanescent waves
interact with molecules from the surrounding medium, a
shift of resonance wavelength is indicated [38—40]. In this
work, a fiber with D ~ 36 um was used to demonstrate as a
refractive index sensor. Figure 6a illustrates our schematic
design. In this setup, the fiber is fixed on top of a DBR
for low optical loss compared with conventional substrates
[29]. Water is served as an environmental medium while
certain amount of THF is added to increase the refractive
index of the medium. As the refractive index increases, las-
ing mode should perform a red-shift behavior as shown in
Fig. 6b and the shift of resonant peak (A}) is expected to
be a function of refractive index variation (An). We did
observe this phenomenon as indicated in Figs. 6¢ and d
by continuously adding THF into the water medium. Re-
fractive index of THF solution is calculated following an
experimental work in ref. [41]. In the investigated range,
A is a linear function of An, which confirms a validity of
the sensing mechanism. Considering this relationship, the
sensitivity is as high as 300 nm/RIU. It is important to note
that for the fiber inside water (without adding THF) neither
blue-shift nor red-shift of lasing mode is observed under
excitation with a constant PPE.

In conclusion, we have reported a novel material com-
position for polymer microfibers fabrication with tunable
size, which can be served as high quality optical microres-
onators and optical sensors. At room temperature, single
and multi WGM lasing were observed from the dye-doped
microfibers. This achievement is of great significance be-
cause microfiber itself can be served as a laser source
and waveguide simultaneously for photonic integrated cir-
cuits. In fact, the microfibers can be assembled in arrays
and ordered structures [12] due to easy fabrication and
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Figure 6 (online color at: www.lpr-journal.org) (a) and (b)
Schematic setup and principle of refractive index sensing. (c)
Lasing spectra from the studied fiber as a function of THF con-
centration. (d) Experimental shift of a lasing mode at ~587 nm
(AA) versus the refractive index variation of THF solution com-
pared with water (An). The experimental data (dots) are well fitted
by a linear line, indicating an expected relationship between An
and Ax.

mechanical flexibility, therefore, can be served as logic
elements [20]. Owing to the doping flexibility, different
colloidal quantum dots with wide range emitting wave-
length can be introduced by similar technique allowing for
wavelength versatility and broad tuning of a laser. In ad-
dition, the evanescent wave of the WGMs near the surface
of the microfiber was applied for refractive index sensing.
This sensing mechanism is very sensitive even to molecules
level. Therefore, by constructing more advanced structures
such as coupled fibers [40], it is expected to be used for
chemical, biological, and optical sensing with much better
sensitivity. It is believed that our approach can find exten-
sive potential applications in optoelectronics devices.
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