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Abstract: Using a fiber of that is 125 um in diameter in rhodamine 6G ethanol solution, controllable
multi- and single-whispering-gallery-mode (WGM) optofluidic lasers based on evanescent-wave-
coupled gain are both available. With multi-mode WGM emission, lasing emission with almost pure
TM (transverse magnetic) or almost TE (transverse electric) modes can be obtained when the pump
laser has an electric field parallel (perpendicular) to the fiber axis, i.e., the polarization direction of
output laser is the same as that of the pump laser. On the other hand, when the laser emission is
single-mode, the TE output laser always emerges firstly above lasing threshold, then keeps TE mode
while the pump laser’s intensity increases with polarization direction perpendicular to the fiber axis;
on the contrary, TE emission will dwindle relatively, while the TM emission emerges and dominates
the spectra, when the pump laser’s intensity increases with polarization parallel to the fiber axis. Our
work proves that controlling the leakage of the evanescent wave from high-Q microcavities is crucial
for both modes of lasing emission and its polarization.

Keywords: polarization; microcavity lasers; single mode; whispering gallery mode

1. Introduction

Recently, whispering-gallery-mode (WGM) optical microcavities have been exten-
sively studied in nonlinear optics [1,2], biosensing [3-5], integrated optics [6], low threshold
lasers [7-10] and other research areas, due to their ultrahigh-quality factor (Q) and small
volumes. In addition, when microcavities, including Mie resonators, work in the strong
coupling regime, mixing light-matter state such as polaritons could dominate optical prop-
erties of system, resulting in novel phenomena and applications, including Bose-Einstein
condensation of exciton polaritons and polariton laser without inversion [11-14]. On the
other hand, normally WGMs were multimode. To achieve single-mode emission in WGM,
many efforts, including Vernier Effect and Parity-Time Symmetry breaking, had been
used [15-17]. Our group has observed single-mode WGM emission in 125 pm diameter
micro cylindrical cavity based on evanescent wave coupled gain, which was experimentally
proved to be due to the leakage from the fiber to the cuvette wall [18]. The symmetry break-
ing can introduce unique properties in optical physics [19,20]. Moreover, the polarization of
the emission is an important property of WGM lasers. The effect of pumping polarization
on the polarization of WGM emission has been explored in several works [21-24]. It has
been demonstrated that the polarization of pumping light determines the polarization of
the vibration states of excited molecules and, consequently, the polarization properties
of lasing emission [21-24]. However, the relations between the pump’s and emission’s
polarization are usually obtained in multimode WGMs [21-24]. The influence of leakage
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on the polarization dependence between excitation and emission, especially the single
mode emission, is unknown.

In this work, the relation between pumping polarization and the polarization of the
single mode WGM laser was investigated. It is worth noting firstly that the single mode
is different from the multimode one, in which the polarization direction of the output
laser is found to be the same as that of the pump laser. In the single-mode situation, no
matter whether the polarization of pumping laser is parallel or perpendicular to the fiber
axis, the TE mode output laser, for which the polarization is perpendicular to the fiber
axis, always emerges first above the lasing threshold. However, at high pump intensities,
the polarization direction of the output laser is basically the same as that of the pump
laser. This means that TE emission will decrease relatively while TM emission emerges
and dominates the spectra when the pump laser’s intensity increases with its polarization
parallel to the fiber axis.

2. Materials and Methods
2.1. Sample Preparation

The 2.5 mg/ml Rhé6G solution was made by dissolving 2.5 mg Rh6G in 1 mL ethanol
and was put in a quartz cuvette. A segment of an optical fiber (radius r = 62.5 pm) was
used as a cylindrical cavity. The refractive index (RI) of the solution is 1.361, and the Rls of
the cuvette and fiber are both ~1.455. The bare fiber was cleaned carefully, using ethanol.
Then it was dipped into the solution, vertically resting against the cuvette front wall, due
to the capillary force, with a very thin layer of solution between them.

2.2. Optical Setup

The sample was pumped by an Nd:YAG 532 nm Q-switched laser with 10 ns pulse
duration, operating at repetition rate of 10 Hz. A pair of polarizers was set in front of the
laser. The first polarizer was used to adjust the laser intensity, by varying its angle. The
second one was used to determine the polarization of the excitation laser. Then the laser
beam was focused by a lens with a focus length of 10 cm, to obtain a circle excitation spot
on the sample with diameter of ~100 pm. The emission of the sample was collected by a
couple of lenses, using back scattering geometry, and the polarization of the emission was
also checked by a polarizer.

As denoted in Figure 1, for the polarization of excited laser beam, it is either perpen-
dicular (p-polarized) or parallel (s-polarized) to the fiber axis, the emission is also separated
as being either TE and TM modes, respectively. A spectrometer mounted with a CCD
(Charge-coupled Device) was used to record the spectrum, with a resolution of ~0.1 nm.
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Figure 1. (a) Diagram of experimental setup; white disk represents fiber; (b) and (c) are schematic
diagrams of the cavity pumped by laser with p-polarized (perpendicular) and s-polarized (parallel)
light, respectively; (d) and (e) are diagrams of emission whispering-gallery modes (WGMs) in the
cavity with TE and TM modes, respectively.
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3. Results and Discussion

Because of the existence of capillary force, the fiber would stick to the cuvette wall. Due
to the competition between optical coupling of fiber/cuvette-wall and fiber/surrounding-
solution, there would be two situations for laser emission: One is the evenly spaced
multimode WGM emission [21-27], and the other is single-mode emission [18]. When the
optical coupling between fiber/solution dominates the leakage loss of WGM in the fiber
(normally the fiber may not stick to the cuvette wall very well because the fiber surface is
not clean or is damaged) [18], the spaced multimode WGM emission would be observed,
as shown in Figure 2. When the fiber was pumped by s-polarized light, there were only
TM modes existing in the emission spectra, for which the polarizations of both pump and
output lasers are both parallel to the fiber axis.
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Figure 2. Multimode emission spectra of a fiber in 2.5 mg/mL Rh6G ethanol solution, at various
excitation intensities, under s-polarized pump (a) and p-polarized pump (b), respectively. The
polarization of the modes is marked in the spectrum.

The laser line spacing of multimode WGMs, AA, can be calculated by the following:

/\2
nn,1 D

AN = 1)
where A is the wavelength of the output laser, n; is the refractive index (RI) of the fiber and
D is the diameter of the fiber [24]. This value is very close to the AA measured in Figure 2
(0.57 nm).

As shown in Figure 2b, when the sample was pumped by a p-polarized laser, as the
pump energy exceeded 5 pJ/pulse, evenly spaced TE modes emerged in the spectra. Note
that the p-polarized excitation laser shares the same polarization direction with TE modes
of the emission. However, when the pump energy exceeded 21.4 uJ/pulse, another set of
lasing lines with TM modes emerged in the spectra, at a longer wavelength, compared to
that of TE modes, with its intensity much weaker than that of TE modes. The line spacing
0A between the adjacent TE and TM modes is 0.14 nm, being agreement with the estimated
separation, which is calculated as follows:
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where 17 denotes the RI of the fiber (1.455) and n; denotes the RI of the dye solution
(1.361) [28,29]. It is a little bit surprising that the TM modes emerged with s-polarized
excitation, since it had been concluded in References [21-24] that the polarization property
of lasing emission is simply dependent on the polarized state of the pump light in the side-
pumping scheme. However, we also noted that the conclusion simply is from perfect ring
resonator, not like in the current work, in which there is a possible leakage of evanescent
wave to the wall of cuvette. This would be the key factor to understand this phenomenon.

On the other hand, when the fiber is sticking to the cuvette tightly, i.e., the optical
coupling between fiber/cuvette could dominate the leakage loss of evanescent wave in the
fiber, the single mode WGM emission would be observed, as shown in Figure 3.
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Figure 3. Single-mode emission spectra from a fiber in 2.5 mg/mL Rh6G ethanol solution under
p-polarized pump (a) and s-polarized pump (b) at various pump energies; the polarization of the
modes are marked in the spectrum. Integrated intensity of the emission as the function of excitation
pulse energy under p-polarized pump (c) and s-polarized pump (d); (d) inset shows integrated
intensity of the TE modes as the function of excitation pulse energy.

Figure 3a shows that, when the fiber is pumped by p-polarized light, the lasing peak
with TE polarization firstly emerges at 596 nm, at pump energy of 7.1 uJ/pulse, and
it becomes stronger with the increasing of the pump. When the pump energy reaches
16.8 pJ /pulse, the second lasing line with TM polarization (vertical to the pump) emerges
at 603 nm, with much weaker intensity. When the pump energy is further increased to
47.6 ] /pulse, the TE mode maintains much stronger than the TM mode in the spectrum.
This is very close to the spectral features of multimode condition shown in Figure 2b.

Figure 3b shows the emission spectrum when the fiber is pumped by the s-polarized
laser. To our surprise, at the pump energy of 7.9 uJ/pulse, the first laser line emerging at
594.67 nm was TE polarized, which was vertical to the polarization of pump.
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When the pump energy was increased to around 29 pJ/pulse, the second lasing line
with TM polarization emerged at 601.57 nm, with its intensity equal to that of TE mode
at 31.3 pJ/pulse. When the pump energy further increased to 43 pJ/pulse, the 601.57 nm
lasing line with TM polarization became much stronger and then dominated the spectrum.
Figure 3c,d shows the integrated emission intensities varying with pump energies under
the p- and s-pump, respectively. The lasing threshold is approximately 8.7 uJ/pulse for TE
lasing under p-polarized pump, while it is 6.5 uJ /pulse for TE lasing and 29.8 uJ/pulse for
TM lasing under s-polarized pump.

We can conclude from the experimental results that, in the multimode situation, the
polarization of the lasing line is mainly determined by the polarization of the pump light.
The lasing modes are mainly TM polarization when pumped by s-polarized light, and TE
polarization when pumped by p-polarized light. However, in the single-mode situation,
no matter what the polarization of the excitation beam is, the emission would be single
TE-WGM first above the lasing threshold. As the pump energy further increases, when
the sample is excited by s-polarized lasing, the TM single line emerges and becomes
dominant in the spectrum, while the TE single line will keep dominant while it is excited
by p-polarized lasing.

For the “perfect” cylinder of fiber, the TE modes and TM modes are both eigen-
modes [30]; therefore, there would be no exchange between them. However, our previous
work had suggested that the single-mode emission was attributed to the loss modulation
due to the optical leakage from the fiber to the cuvette front wall, which selectively am-
plified one or a few of the WGMs. Therefore, at the contacting area, since the leakage, the
TM and TE modes of the fiber would have “interaction” between them, i.e., the TM modes
could transfer to TE modes, or vice versa [31,32]. The lasing line near the center of the gain
spectrum could get the highest gain, which suppresses the other modes due to depletion of
the inversion population. The experimental results and calculations have suggested that
TE modes have lower Q values than that of TM modes [23,28] in a disk cavity. This means
that the TE-WGMs are more likely to leak than the TM-WGMs when the fiber is attached
to the cuvette wall, so this will leave smaller number of TE modes than that of TM modes
in the cavity. Therefore, it is possible that a TE mode satisfies the lasing condition easier,
because the lack of TE modes will make more excitons available for lasing. Thus, a single
TE-WGM is more likely to be selected than TM-WGM even under s-polarized pump just
above lasing threshold, because of the existence of the interaction between TE and TM
modes in fiber. However, with the increase of excitation power, when a single TM-WGM is
also above the lasing threshold, because of its larger Q value, the energy could be easily
built up in TM mode, resulting in the saturation and even lead to the reduction of the TE
emission, as shown in Figure 3b.

Such an “interaction” also exists (but weak) at multimode emission condition shown
in Figure 2 that could explain the appearance of TM emission excited by p-polarized laser,
since TM modes have larger Q values.

In addition, we also investigated the effect of the dye solution concentration on the sin-
gle mode, under s-polarized and p-polarized excitation, respectively. As shown in Figure 4a,
when the fiber was pumped by p-polarized light, at pump energy of 12.9 puJ/pulse, the
single mode with TE polarization had a blue shift from 594 to 587.6 nm when increasing
the solution concentration from 1 to 10 mg/mL.

When the fiber was pumped by s-polarized light, at pump energy of 49 uJ/pulse,
both TE and TM single modes existed in the spectra, with the TM mode being much
stronger than the TE mode; the TM modes had a blue shift from 600.9 to 594.9 nm, as the
concentration of the solution was increased from 1 to 10 mg/mL. This suggests that the
central lasing wavelength of the single-mode lasing had a blue shift as the concentration
of the solution was increased, proving that the wavelength of the single-mode lasing can
be tuned.
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Figure 4. Single-mode WGM spectra of a fiber in Rh6G ethanol solution with different concentrations
under p-polarized pump at the pump energy of 12.9 uJ/pulse (a); under s-polarized pump at the
pump energy of 49 pJ/pulse (b). The corresponding concentration is marked at each spectrum.

Intuitively, a higher-concentration device would be expected to have a red-shift spec-
trum, as compared to a lower concentration one, because the increased self-absorption
in higher-concentrated solution will result in the red-shift of the gain spectrum normally.
However, the single-mode emission results from the losses due to the fiber attaching to
the cuvette. Although understanding the reason for blue-shift of the single-mode emission
is out of the scope of current work, the detailed analysis in spectra of gain and loss, as
well as in competition between the losses to cuvette and to solution, would be part of the
key factors to understanding this phenomenon. Nevertheless, the spectral blue-shift at
higher concentration solutions would be another unique property in single-mode emission
of WGMs laser.

4. Conclusions

In conclusion, using a fiber of 125 pm in diameter and a dye solution, we observed both
controllable multi- and single-WGM optofluidic lasers based on evanescent-wave-coupled
gain. When the laser emission is multimode, where the leakage from fiber to cuvette is
weak, i.e., the laser cavity is close to ideal disk (fiber cross section), lasing emission with
almost pure TM (TE) modes is obtained when the pump laser has the electric field parallel
(perpendicular) to the fiber axis. On the other hand, when the laser emission is single-mode,
where the leakage from fiber to cuvette is relatively strong—i.e., the laser cavity is more like
a disk with a defect, in which the energy exchange of TE and TM modes would be possible—
the single line of TE modes always emerges first above the lasing threshold, and then the TE
emission continues while the pump laser’s intensity increases with polarization direction
perpendicular to the fiber axis. On the contrary, TE emission will dwindle relatively while
the TM emission emerges and dominates the spectra when the pump laser’s intensity
increases with polarization parallel to the fiber axis. Furthermore, the concentration of
lasing materials solution can also be used to adjust the emission wavelength. Our work
proves that controlling the leakage of the evanescent wave from high-Q microcavities will
be crucial not only for achieving desired optofluidic lasers with controllable multi- and
single-mode emission, but also for controlling the output polarization of microfiber lasers.
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