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An all-optical tunable whispering gallery mode (WGM) laser pumped by a laser diode is proposed. The laser
is fabricated by filling a silica capillary with a light-emitting conjugated polymer solution. Based on the
thermo-optic effect of the hydroxyl groups in the polymer and capillary, the effective refractive index of
the WGM cavity changes by the auxiliary irradiation of the laser, and the wavelength of the WGM mode
shifts correspondingly. The emission wavelength was continuously tuned over 13 nm with the irradiation
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power intensity changing from 0 to 22.41 W cm™2, showing a corresponding tuning rate of 0.58 nm W~!
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Accepted 28th March 2022 cm™“. The wavelength tuning process has a fast response time that is within 2.8 s. It shows strong

stability, with the output intensity showing no obvious attenuation after 100 minutes of operation. The
proposed laser exhibits good repeatability, stability and high tuning efficiency, and could be applied as
a light source for on-chip devices.
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1. Introduction

Polymer lasers, owing to their advantage of a large wavelength
tuning range,"' have become an important category of tunable
laser sources over the whole visible spectrum, and have been
applied in sensing®® and full color laser displays.®™*® The poly-
mer materials possess the advantages of easy processing and
low cost, which make them ideal gain media for lasers. In recent
years, various geometries of polymer lasers have received
significant attention, such as Fabry-Perot structures," distrib-
uted feedback structures,’*™* photonic crystals,">'* and
whispering-gallery-mode (WGM) cavities."”>* However, a signif-
icant limitation of the current polymer lasers is the optical
pump source. More recently, polymer lasers have been optically
pumped by laser diodes (LDs) or by light emitting diodes,* ¢
optimizing the compact and undoubtedly low-cost polymer
laser systems, which greatly promotes their applicability.

The WGM microcavity resonators with a small mode volume
and high quality (Q) factor are ideal cavities for polymer lasers
that are pumped by LD or by light emitting diodes. Currently,
various methods for achieving the wavelength tuning of WGM
lasers have been reported,*-**> such as strain, injecting liquid,
and temperature. Chen et al. have developed an optically
pumped mechanically tunable WGM laser from polymer
microfiber, demonstrating that bending is a powerful way for
tuning the wavelength of WGM laser.* Li et al. proposed an all-
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optical tunable whispering gallery mode (WGM) laser from
a liquid-filled hollow glass microsphere.** A secondary laser at
793 nm was used to irradiate the liquid-filled hollow glass
microsphere to excite the NaNdF, in the liquid core, resulting in
a maximum tuning range of 4.95 nm and a sensitivity of
2.95nm W " mm > Zhang et al. have reported a tunable WGM
laser based on the polymer thermo-optic effect.* Benefiting
from the strong thermo-optic effect of polymers, the emission
wavelength can be continuously tuned to about 19.5 nm as the
temperature changes from 24 °C to 42.2 °C. Niu et al. have
proposed a tunable polymer WGM laser pumped by a laser
diode.* By changing the concentration of the gain material, the
laser wavelength is tuned over 15 nm. These results not only
shed light on the good tunability of WGM lasing devices but
also open up an avenue for the design of new tunable WGM
lasers pumped by LD or by light emitting diodes.

In this study, we present an all-optical tunable WGM laser
pumped by a laser diode. The device is prepared by filling
a polymer solution into a capillary tube. A typical WGM laser
emission is observed experimentally after excitation by
a commercial laser diode at 450 nm. Based on the thermo-optic
effect of the hydroxyl in the polymer and capillary tube,
wavelength-tunable WGM lasing with high speed tuning
response and wide tuning range is achieved by controlling the
power intensity of the 940 nm irradiation laser diode. The
reversibility and repeatability are studied, the polymer WGM
laser shows a good spectral reversibility after five cycles of
auxiliary power intensity. Furthermore, the device exhibits
strong stability after 100 minutes of operation. Our work will
provide a potential tunable light source for all-optical on-chip
devices.
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2. Fabrication of the polymer WGM
laser

The schematic of the laser diode-pumped all-optical tunable
polymer WGM laser is shown in Fig. 1(a). A commercial silicon
capillary tube (Zhong Cheng Quartz Glass Co., Ltd Beijing,
China) with an inner diameter of 300 pm and wall thickness of
115 pm was selected as the microresonator. The optical
micrograph of the cross section of the capillary tube is shown in
the inset of Fig. 1(a) and the scale bar is 100 um. A typical light-
emitting polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-
benzo-(2,1',3)thiadiazole)] (F8BT, American Dye Source) was
employed as the active material and is dissolved in xylene with
concentrations of 12.5 mg mL'. The absorption and photo-
luminescence (PL) characteristics of F8BT are shown in
Fig. 1(b). Non-polarized white light from a tungsten halogen
lamp (HL-2000) was used to characterize the absorption spec-
trum. There is a little overlap between the absorption and the PL
spectrum, indicating that the self-absorption of the PL emission
is very weak. When the capillary is dipped into the organic
polymer solution, the solution will be imbibed into the capillary
tube via the capillary effect. After that, the tube is dipped in
a solution composed of polyvinyl alcohol (PVA, Sigma-Aldrich)
dissolved in deionized water at a concentration of 40 mg
mL~', which acts as a sealant.

The lasing mechanism in the dye filled capillary is studied by
numerically simulating the field distribution in the microcavity
using the COMSOL software. We established a cylindrical shell
structure with three layers. The refractive indices of air, tube
wall, and dye solution were set as 1, 1.45, and 1.55, respectively.
Based on the scaling law, the wall thickness and inner diameter
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of the capillary were set as 2.3 um and 6 um, respectively. All
parameters are consistent with the experimental parameters.
Fig. 1(c) presents the electric field distributions of a funda-
mental transverse-electric mode (TE,) in the microcavity.
Fig. 1(d) exhibits the intensity profile of the microcavity cross
section along the red line in Fig. 1(c). Almost all the energy
(about 86.47%) is confined in the cavity, which is formed by
silica and liquid polymer. Also, only a small portion spreads
into the silicon layer of the microcavity, which provides the
possibility for the realization of high-Q WGM lasing.

3. Spectra characterization of the
WGM laser

A commercial laser diode (NDB7Y75, Nichia Corporation) with
the maximum continuous output power of 5 W and central
emission wavelength of 450 nm was used as the pump source.
The threshold current of the laser diode is 0.32 A and slope
efficiency is 1.8 W A™"'. The astigmatic and highly divergent
output beam is collimated and focused to an elliptical spot size
with a diameter of 200 pm and 50 um, respectively, along the
vertical and horizontal direction. A pulsed power supply (Pico-
las GmbH) was used to generate laser pulses with a pulsewidth
of 50 ns at a repetition rate of 200 Hz. When such short pulse-
width is used, the laser diode can be driven at high peak current
levels of up to 30 A, resulting in an optical pulse power intensity
of 0.53 MW cm ™ ? in the microcavity. A fiber-coupled laser diode
(DF01H4948T, Skyralaser, China) operating at 940 nm, which is
matched with the absorption peak of the hydroxyl (OH),* is
used to trigger photo-thermal effects. The output fiber is fixed at
11 mm away from the capillary microcavity. A spectrometer (HR
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(a) The schematic diagram of the all-optical tunable diode laser pumped polymer WGM laser. The inset is the cross section of the capillary

tube and the scale bar is 100 um. (b) Absorption (blue line) and photoluminescence (brown line) spectra of F8BT, with its absorption peak around
450 nm. (c) Top view of the electric field distribution (TEg) of the polymer microcavity, the scale bar is 2 pm. The white and black circles denoted
the boundaries of the capillary tube. (d) Simulated intensity profile (TEq) of the capillary tube cross section along the red line in (c).
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Fig. 2 (a) The lasing spectra of the diode laser-pumped polymer WGM microcavity collected with increased pump power density. (b) Enlarged
view of the WGM lasing mode clusters. (c) The enlarged view of the lasing spectra from the polymer WGM laser. The corresponding mode
number is from 2783 to 2791. (d) The output peak intensities (the blue circle with linear fitting) and linewidths (orange squares connected with
a line) at the wavelength of 558.8 nm as a function of the pump energy. Inset: photograph of the excited WGM laser, with a scale bar of 50 um. (e)
The output power intensity and temperature rise of 3 samples with increased pump current of the auxiliary fiber-coupled 940 nm diode laser.
Inset: infrared photograph of the polymer microcavity irradiated by a 940 laser diode.

4000, Ocean Optics) with a spectral resolution of 0.01 nm was
used to collect the emission of the WGM lasers.

The evolution of the PL spectrum of the laser diode-pumped
WGM laser is demonstrated when the pumping power density
ranges from 0.12 MW cm > to 0.25 MW cm 2, as shown in
Fig. 2(a). Only a broad spontaneous emission spectrum peak is
observed when the pumping peak power density is lower than

0.12 MW cm 2. Also, the FWHM is over 50 nm. When the pump
power density is raised above 0.14 MW c¢m™ >, the weak broad
spectrum transformed into sharp peaks centered at about
558 nm. Also, a significant increase in the emission peak
intensity is observed. These features indicate that the resonant
feedback is built up in the polymer-filled capillary microcavity.
An enlarged view of the peak spacing at a pump power density of
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Fig. 3 (a) Lasing spectra of the diode laser-pumped polymer capillary WGM laser (with pump power density of 0.35 MW cm~2 and repetition
frequency of 200 Hz) versus power density of a fiber coupled 940 nm laser diode. (b) Wavelength shift and intensity change in the polymer

capillary WGM lasing as a function of the 940 nm laser power density,

density. (d) Reversibility of the lasing wavelength when 940 nm laser power density increases and decreases periodically from 0 t0 19.86 W cm
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Fig. 4

(a) The dynamic evolution of the wavelength blue-shifts when the 940 nm laser diode is turned on. (b) The dynamic evolution of

wavelength red-shifts when the 940 nm laser diode is turned off. (c) The linear function of wavelength and temporal variation when turning on
and turning off the 940 nm laser diode. The evolution of the lasing spectral intensity with a pumping power density of 0.35 MW cm™2, (d) 100

minutes with the power density of the 940 nm laser diode at 7.13 W cm™2. (e) 70 minutes with the power density of 17.32 W cm

0.25 MW cm 2 is shown in Fig. 2(b). The value of the free
spectral range (FSR) is 0.2 nm. The equation for the WGM laser
can be illustrated as:

AZ
TtneffD

FSR = 6))]
where A is the wavelength, and n. is the effective refractive
index, and D is the inner diameter of capillary.

It should be noted that the intensity of the emission spectra
decreases periodically in Fig. 2(b), forming some mode clusters.
The spacing between adjacent mode clusters AA is 1.56 nm
caused by the two-ring coupling effect.*® The capillary tube
consists of two mismatched cylinder microrings, forming
a coupled asymmetric microcavity, which causes inhibition
between the two nearby ring microcavities. Fig. 2(c) presents
a typical WGM lasing spectrum with lasing peaks that match
well with mode numbers from 2783 to 2791 of the first order TE
modes. The mode numbers are calculated according to the
WGM theory:

MAy = ThegeD (2)
where A, is the peak wavelength and n.s is the effective
refractive index of the polymer solution, and D is the inner
diameter of the capillary. In our study, the value of Q can be
estimated as 5.17 x 10® by the equation Q = /A, where 1 is
558 nm and AA is 0.108 nm. A plot of the intensity and FWHM of
the emission spectra as a nonlinear function of the pump power
density are depicted in Fig. 2(d), and exhibit a clear lasing

2156 | Nanoscale Adv., 2022, 4, 2153-2158
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threshold at 0.128 MW cm . The related image showing lasing
from the polymer WGM laser is presented in the inset of
Fig. 2(d). The laser output power density and polymer micro-
cavity temperature rise as a function of the drive current, as
shown in Fig. 2(e). The inset is a photograph of the 940 nm
laser-irradiated polymer microcavity taken with a thermal
imager (875-1, Testo, Germany).

When the laser diode at 940 nm is irradiated into the
polymer-filled capillary microcavity, the photo-thermal effect
changes the effective refractive index and diameter of the
microcavity, thereby altering the resonant wavelength. The
temperature-induced change in the resonance wavelength (A2)
can be expressed as follows:**%

A= (1 dnzp 3)

1 dD
—AT
ndT )

*par
where dn/dT and dD/dT are the thermo-optic and thermal
expansion coefficients, respectively. 4, is the resonant emission
wavelength at room temperature, and AT is the value of the
temperature change of the polymer-filled microcavity. The
thermo-optic coefficient for the polymer dissolved in xylene is
—3.0 x 10>, The small thermal expansion coefficient (about
1077) of the silica capillary imposes constraint on the thermally
induced expansion of the polymer-filled capillary microcavity.
The geometric parameter changes of the microcavity can be
ignored. Therefore, the resonant wavelength is mainly affected
by the temperature change of the polymer-doped xylene for
achieving the all-optical tunable laser diode-pumped WGM
lasing.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The tuning characteristics of the laser diode-pumped poly-
mer WGM laser were investigated. When the 940 nm laser is
manipulated to irradiate into the polymer capillary microcavity,
a series of typical WGM spectra are obtained. As shown in
Fig. 3(a), with the increase in the output power density of the
940 nm laser diode from 0 to 22.4 W cm 2. As the temperature
of the polymer liquid rises, the lasing peaks exhibit a contin-
uous blue shift due to the negative thermo-optic coefficient.
Fig. 3(b) shows that the total wavelength shift is up to 13 nm
without a decrease in the emission intensity.

The reverse process of tuning characteristics of the polymer
WGM laser was also investigated. There is a redshift with the
decrease in the output power density. The lasing spectra for
a complete cycle of the 940 nm laser output power density was
investigated, as shown in Fig. 3(c). The function between the
lasing wavelength and the time was investigated, while the
power density of the 940 nm laser diode increases and decreases
periodically. Nine power density values used in Fig. 3(a) (except
for 22.41 W cm™?) are selected and cycled in 100 seconds. Their
stable lasing wavelength are each recorded simultaneously. The
results of five cycles are shown in Fig. 3(d). The results
demonstrate that the lasing wavelength usually returns to the
original value when the power density is reset, which implies
that the laser diode-pumped polymer capillary WGM laser has
good spectral reversibility.

The temporal tuning characteristics of the polymer capillary
WGM laser were investigated with a pumping power density of
0.35 MW cm 2. A series of spectra were recorded by the spec-
trometer at 50 microsecond intervals. As shown in Fig. 4(a), the
blue shift of the wavelength from the polymer microcavity is
complete in 2.8 s when the 940 nm laser diode is turned on,
which provides a power density of 9.68 W cm 2. Correspond-
ingly, the wavelength red shift is complete in 2.8 s when the
laser diode is turned off, as shown in Fig. 4(b). The relationship
of the wavelength shift and irradiation time was investigated for
a specific mode. The results shown in Fig. 4(c) indicate that the
wavelength shifts linearly with irradiation time.

The stability of the all-optical tunable laser diode-pumped
polymer WGM laser was also investigated in our study. When
the laser diode pumping power density is 0.35 MW cm ™2, two
power densities of 7.13 and 17.32 W cm 2 are used to irradiate
the polymer capillary. The intensity of the emission was recor-
ded every minute and is shown in Fig. 4(d) and (e), respectively.
After 100 minutes and 70 minutes of operation, respectively, the
emission intensity has no obvious attenuation, indicating that
the polymer capillary WGM laser has high stability and can be
used as a potential on-chip light source.

4. Conclusions

In summary, we have realized an all-optical tunable WGM laser
in a polymer-filled capillary tube based on laser diode pumping.
Based on the photo-thermal effect of the hydroxyl in the poly-
mer and capillary, the lasing wavelength of the polymer WGM
laser can be tuned up to 13 nm by controlling the power density
of a 940 nm irradiating laser diode. Moreover, the output lasing
density of the device is not significantly weakened after 130

© 2022 The Author(s). Published by the Royal Society of Chemistry
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minutes under an irradiation power density of 17.32 W cm 2.
The experimental results indicate that the all-optical tunable
polymer WGM laser has good stability and reversibility, which
makes the laser diode pumped laser a promising candidate for
on-chip light source.
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