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ABSTRACT: Polymer microfibers with a circular cross-section are directly drawn from a solution. By encapsulating the dye-
doped microfibers with polydimethylsiloxane (PDMS) elastomer, optically pumped lasing with enhanced photostability is
achieved. The lasing characteristics as well as size-dependent lasing action are carefully analyzed, and the lasing phenomenon is
ascribed to whispering gallery mode. The PDMS elastomer offers another degree of freedom to mechanically tune the lasing from
microfibers. It is interesting to note that by different types of bending, bidirectional shifting of the laser wavelength is observed,
which is due to strain-induced refractive index change of the fiber and PDMS matrix. Our studies not only show an effective
method to passivate the microfibers, but also open up a new approach to manipulating the lasing, which allows for fine
adjustment of laser emission to any desired wavelength within the tuning range.
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With the rapid development of nanoscience and nano-
technology, various types of microresonators have been
proposed and demonstrated, such as the Fabry-Pérot cavity,"
distributed feedback (DFB) grating,3 photonic crystal,* random
cavity,~” whispering gallery mode (WGM),* '* and combina-
tion with plasmonic resonances for nanosized laser sour-
ces."' ™" This is motivated by both the fundamental interest of
cavity-induced change of the spontaneous emission,'> and the
potential applications as microlasers,'® detectors, and ultra-
sensitive sensors.”” WGM resonance in a circular microcavity
always possesses a high quality (Q) factor as well as small mode
volume and, therefore, has attracted intensive research
attention.'®'® Besides microdisks,” micropillars,20 spheres,zl’22
and hemispheres,”>>° active cylindrical wires or fibers
represent attractive candidates because they hold the potential
to be used as a laser source and a waveguide simulta-
neously.' >’

Besides the high quality performance, integrated photonics
applications also require microlasers to be cheap, stable, flexible,
and highly tunable. Recently, significant progresses have been
made on organic single nanowire or nanofibers for
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subwavelength multicolor light sources,”® waveguides,m27 and

optically pumped lasers.”” Compared to semiconductors,
polymer fibers might be favorable because they can be easily
doped with functional materials. Moreover, they are less costly
and easier for material fabrication and device processing. Very
recently, WGM lasing from dye-doped polymer fibers had been
realized, and the proof-of-concept refractive index sensing was
demonstrated.>**! However, due to the photo-oxidation effect,
frequency shifting and mode hopping were generally observed
in dye molecules or colloidal quantum dots (QDs) doped
systems, which strongly affect the stability and reliability of
these devices.”>***>%*

On the other hand, tunable lasing still remains the ultimate
scientific goal, which is driving enormous efforts to address the
relevant challenges. As is well-known, lasing emissions are
sensitive to the gain medium, refractive index, and optical cavity
size.”* To date, different methods have been proposed to tune
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the wavelength of lasers."***™*" Examples include the electri-

cally tunable liquid crystal microlaser,® optically tunable
organic laser,>® mechanically tunable optofluidic DFB
laser,*”** and so on.

In order to address the problems of stability and tunability as
mentioned above, we proposed herein to place the polymer
fiber inside polydimethylsiloxane (PDMS) elastomer. PDMS
was chosen because of its transparency, low refractive index,
and good mechanical properties. It is found that the polymer
fibers into PDMS can still maintain their high quality WGM
lasing, which is confirmed by power-dependent and size-
dependent measurements. As expected, the photostability of
the lasing emission is significantly improved. More interest-
ingly, the elastomer matrix enables us to mechanically tune the
lasing emission. By bending the fibers, bidirectional tuning of
WGM lasing wavelength can be achieved. The mechanism is
ascribed to the refractive index change of both the fiber and
PDMS matrix. This feature would launch a wide range of novel
applications.

The polymer fibers were fabricated from modified solution as
reported previously.”® The solution is a mixture of poly-
methylmethacrylate (PMMA) with dichloromethane of con-
centration of 11 wt %. Organic dye molecules Rhodamine 6G
(R6G) and Araldite 506 epoxy resins, purchased from Sigma-
Aldrich, were doped into the solution. The concentration of
R6G is around 0.12 wt % and the weight ratio between the
PMMA and epoxy resin is 1:2. It should be mentioned that
adding high viscous epoxy resin slows down the evaporation of
solvent and fibers with smooth outer surface can be readily
achieved. A JEOL JSM-7001F field emission scanning electron
microscope (FESEM) was used to characterize the morphology
of the sample. For optical measurements, the laser source was a
frequency-doubled, Q-switched Nd:YAG laser emitted at 532
nm. The pulse width and repetition rate of the laser are 1 ns
and 60 Hz, respectively. The laser beam was guided at a grazing
angle ~45° normal to the sample placed on an X-Y-Z
movable stage. The polarization direction of the laser beam is
along the microfiber. The signal emitted from the fiber was
collected with an objective (50X , numerical aperture = 0.42),
directed into a 750 mm monochromator and detected by a
back-illuminated silicon charged coupled device (CCD) for
spectral. Proper filters were placed in front of the entrance slit
of the monochromator, and a variable-density attenuator was
used to adjust the power of the excitation. Schematic diagram
of the measurement setup can be found in Figure SI.

Figure la shows the diagram of directly drawing polymer
fibers from the composite solution. The PDMS (Sylgard 184
Silicon Elastomer from Dow Corning) was prepared by mixing
a 10:1 mass ratio of liquid silicon base and a curing agent. To
create polymer fibers, a drop of solution was placed on the
substrate. A sharp metal tip was immersed into the drop and
then pulled out with a constant speed. The fiber was guided
across the uncured PDMS. Due to the gravity, polymer fiber
will sink gradually inside PDMS matrix. As indicated in the
figure, by changing the size or the drawing speed of the metal
tip, polymer fiber with different sizes can be obtained. After
fabrication, the structure was left at room temperature for about
two days for solidification. The fiber in PDMS maintains its
bright red color, as shown in Figure 1b, which indicates that no
deterioration of gain medium occurs during the curing process.
Due to the flexibility, we are able to cut the fiber and check its
cross-section. From the optical image shown in Figure 1c, it can
be clearly seen that the polymer fiber has a circular shape. In
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Figure 1. (a) Schematic diagram shows the fabrication of polymer
fiber in PDMS by direct drawing. (b) Optical image of the fiber inside
PDMS. (c) Cross-section of the fiber in PDMS where the circle
indicates the position of fiber.

addition, polymer fiber which is not covered by PDMS has
been measured. The FESEM image shown in Figure S2
indicates a smooth outer surface and uniform size along the
fabricated fiber.

Figure 2a plots the power-dependent photoluminescence
(PL) measurement of a typical single polymer fiber with radius
about 33 ym. Two distinct regions can be clearly seen. For
pump pulse energy below the threshold (~0.97 yJ), weak and
broad spontaneous emission from the fiber is observed. At
threshold, initial sharp peaks emerge from the broad emission,
as shown in Figure S3. Above threshold, those peaks increase
rapidly with the pump pulse energy. A plot of integrated PL
intensity of the peaks with pump pulse energy is presented in
the inset of Figure 2a. The clear transition from spontaneous
emission to stimulated emission and the nonlinear increase of
the emission intensity indicate the lasing phenomenon. Figure
2b—d shows the optical image of the measured polymer fiber. It
is noted that above threshold (Figure 2d), the emission from
the fiber is much brighter compared with the one below
threshold (Figure 2c). Moreover, above threshold, bright
emission from the edge of the fiber can be observed. This
predicts the cavity of the lasing may come from WGM, which is
benefited from the circular shape and smooth interface of the
microfiber.

As mentioned above, frequency shifting and mode hopping
are generallz observed in dye or colloidal QD-doped flexible
microlasers.”*** This nonreversible blueshift of the lasing
peak comes from the slight change of cavity size and the photo-
oxidation of the gain medium. This issue ruins many potential
applications based on the polymer fibers. An effective method
to solve this problem is to cure and isolate the gain medium
from oxygen, as proposed in our work. The mapping of
normalized lasing peaks with pump pulse energy is plotted in
Figure 2e. The straight lines indicate that all the lasing peaks
maintain at identical position during optical pumping, which
implies good passivation of the polymer fiber in PDMS matrix.

The lasing mechanism is further confirmed by analyzing the
lasing characteristics. In spherical microcavities, the light is
trapped inside the microstructure by total internal refraction
between the microstructure (n;) and the surrounding medium
(n,), where n; > n,. The lasing modes can be predicted from
the following equation.**
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Figure 2. (a) Power-dependent PL measurement of single polymer fiber. Inset shows the integrated PL intensity with pulse energy. (b—d) Optical
images of the measured fiber below (c) and above (d) lasing threshold; “in” denotes the spot of laser excitation, while “out” indicates the laser output
from the rim of the microfiber. (e) Mapping of the normalized lasing emission with pump pulse energy.
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where R is the radius of the circular microcavity, n, = n;/n,, L =
1/n, for transverse magnetic (TM) modes, and L = n, for
transverse electric (TE) modes, a(r) is the roots of the Airy
function where r is the radial mode number, and m is the mode
number. If we insert R = 33.5 pm, refractive index 1.475 and
1.411 for polymer fiber (1;) and PDMS (1,),”" the lasing peaks
can be well-fitted, as shown in Figure 3. Theoretical calculation
implies that the lasing peaks belong to first order (r = 1) TM
modes, and the corresponding mode numbers count from 538
to 544. The line width (A1) of the lasing peak is small, which is
around 0.07 nm. According to Q = A/AJ, the cavity Q-factor is
estimated to be around 7800. Actually, the Q-factor for fiber in
PDMS is smaller than the one in air, which is due to the lower
refractive index contrast. Nevertheless, thanks to the lower
refractive index of PDMS than polymer fiber, the fibers inside it
still possible to support lasing emission. More importantly, it is
well-protected against photo-oxidation.

To obtain more information about the lasing characteristics,
a size-dependent measurement was conducted on individual
polymer fibers. Figure 4a plots a series of lasing spectra
detected from polymer fiber with different radius. It is found
that the lasing always happen in the spectral region highlighted
in the inset of Figure 4a. It can be seen that the position where
gain is larger than the loss is located around the emission peak.
Previous investigations show that the free spectral range (FSR)
and Q-factor strongly depends on the size of a WGM cavity. As
shown in Figure 4b, the FSR can be well-fitted by a/R, where a
is a constant. This is reasonable because FSR = A%/(n4w2R),
where A is the resonant wavelength and ng is effective refractive
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Figure 3. Lasing spectra from the polymer fiber in PDMS. The mode
numbers and peak positions are determined from eq 1. Insets show the
schematic diagram of the WGM in fiber and the magnification of one
lasing peak.

index of fiber.*® Moreover, the determined Q-factor is in the
range of 5000 to 8000, which shows linear relation with the size
of the fiber. Information about the optical image of fiber with
different sizes can be found in Figure S4. We did not observe
single longitudinal mode lasing from smaller fiber in PDMS. It
should, however, be possible to obtain single-mode lasing under
higher pump pulse energy. To conclude, the discussions above
confirm that the lasing mechanism is due to WGM.

In addition to the easy curing and good transparence, PDMS
shows a good elastic property which is soft and deformable with
no shrinkage. It therefore offers us another degree of freedom
to modify the structure. It is known that strain is a useful tool to
modulate the physical properties of materials. Strain tuning is
usually realized by applying a mechanical force to either
compress or stretch the structures. Up until now, most of the
tunable flexible lasers are based on the strain-induced
deformation of cavity or microstructures.”"*”*¥** Ag will
be presented later, mechanical bending is also an effective
method to manipulate microlasers.

dx.doi.org/10.1021/ph400084s | ACS Photonics 2014, 1, 11-16
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Figure 4. (a) WGM lasing from fiber inside PDMS with radius of 21.5,
13.7, 13.5, and 13.0 um, respectively. Inset shows the spontaneous
emission from the fiber and the highlighted area indicates the lasing
region. (b) The FSR as a function of fiber’s radius, fitted by a 1/R
function. (c) The Q-factor from the fiber with various sizes show linear
dependence of the fiber’s radius.

As schematically show in Figure Sa, the fiber in PDMS was
cut, with one end fixed to the substrate, while another end fixed
to a moveable stage. The length and the thickness of the PDMS
elastomer are 2 cm and 0.7 mm, respectively. Due to the force
and the flexibility, when the stage is moving toward the fixed
one, PDMS elastomer will bend upward automatically. The

curvature increases with the moving AL. One polymer fiber
with radius of around 23 pm was chosen and its cross-section
was shown in Figure Sb,c. It is found that the fiber is located
near one surface (Side A) of the PDMS. The microfiber was
optically pumped and the emission was collected from the top
side. By bending and tracing the lasing emission, interesting
phenomenon has been observed. As shown in Figure Sg, when
Side A is on top, a clear blueshift of lasing peaks can be
observed by the bending (Figure Sd). Surprisingly, if Side B is
on the top and bend the structure (Figure Sh), a continuous
redshift of the peaks was obtained (Figure Se). Comparing the
measured spectrum, the total amount of shifting is larger than
the peak spacing (FSR). During the bending, no higher order
radial mode is observed. The shifting of the lasing peaks could
be due to various reasons such as change of the cavity size,** or
refractive index of the fiber or matrix.***” However, by bending
the fiber to different degrees, there is no significant change of
the size of the fiber, which can be seen from Figure SS. This is
because the polymer fiber after curing is solid. It is still possible
that the cross-sectional shape of the microfiber may change due
to strain, but this change should be very small. Based on our
lateral investigation, the change of the size of cavity is not the
primary cause of the spectral shifts.

It is reported that the refractive index of PDMS is very
sensitive to the force and temperature due to its high elasto-
optic and thermo-optic coefficients.*® In ideal case, the bent
structure will suffer from both tensile and compressive strain at
the outer and inner edges.*” This corresponds to the situations
as indicated in Figure Sg and Figure Sh, respectively. As shown
in Figure 5d, based on eq 1, the mode number of the lasing
peaks can be identified when AL = 0 ym, by considering r = 1
and R = 24 pm. Therefore, if we return to eq 1 and fix the
values of R, r, and m, the resonant wavelength can be described
by a function of n; and n,. Considering the main lasing peak
TM},, the contour plot of resonant wavelength can be

Normalized PL Intensity (arb.u)

Compressive

576 579
Emission Wavelength (nm)

573
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Figure S. (a) Schematic diagram shows the bending of the fiber inside PDMS elastomer. (b) Cross-section of the fiber inside PDMS and (c) the
magnification of the fiber; (d) and (e) are the lasing emission from fiber under different degrees of bending and cases, as schematically shown in (f—

h).
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obtained as Figure 6a, where the axes are the refractive index
and the color represent resonant wavelength. The resonant
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Figure 6. Contour plot of resonant wavelength as a function of
refractive index n; and n,, for different cases, namely, Side A (tensile
strain) and Side B (compress strain). Solid lines denote the resonant
wavelength under different bending situations.

wavelength under different bending situations is traced by solid
lines. It is noted that the decrease of refractive index of fiber
and PDMS will lead to the blueshift of lasing peaks. This should
be reasonable because different strain brings about different
refractive index. When Side A is on the top, both fiber and
PDMS will suffer from tensile stress. The induced tensile stress
intends to “dilute” the materials, which results in the decrease
of the refractive index. In contrast, when Side B is on the top,
the fiber and PDMS will suffer from compressive strain.
Therefore, the lasing peaks demonstrate redshift (Figure Se)
due to the increase of refractive index (Figure 6b). As shown in
Figure 6, the scale of refractive index change is only 0.0075 for
n, and n,, which indicates the high sensitivity of the lasing peaks
to the change of refractive index.'” It can be clearly seen that
bending caused the lasing peaks shift to either a short or long
wavelength depending on different types of strain. Following
this idea, various kinds of gain materials can be involved, which
is effective to extend the laser emission range and tune it to
desired positions.

In conclusion, we have exploited the fabrication of polymer
microfiber in flexible PDMS elastomer. Optical-pumped WGM
lasing with enhanced photostability was achieved. Due to the
flexibility of the PDMS elastomer, mechanical tuning of WGM
lasing from the fiber was achieved. It is found that the WGM
lasing was very sensitive to the refractive index of fiber and
PDMS matrix. Bidirectional tuning of the lasing peaks was
realized by different types of strain. Our method provides an
effective method to protect the fiber against photo-oxidation.
The demonstration of bending-induced lasing tuning may help
to advance photonic and sensing devices based on polymer
fibers.

B ASSOCIATED CONTENT

© Supporting Information

Additional information of the schematic optical setup for
measurement, FESEM images of the microfiber, PL spectrum
of the microfiber around lasing threshold, and optical image of
microfiber with different sizes and under bending. This material
is available free of charge via the Internet at http://pubs.acs.org.
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