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In this Letter, a dye-doped cholesteric liquid crystal (DDCLC)-filled hollow glass microsphere is demonstrated to
be a resonator with good temperature response. A diglycerol layer is used to wrap the DDCLCs microdroplet to
keep it steady and control its orientation. The whispering gallery mode (WGM) lasing and photonic band gap
(PBQG) lasing caused by two different mechanisms were obtained under the pump of a pulsed laser, and the
temperature response of these two kinds of lasing was studied. For the liquid crystal and chiral material
used in this Letter, both the WGM lasing and the PBG lasing have a blue shift in wavelength with increasing

temperature.
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Liquid crystal (L.C), as a special material, has not only the
fluidity of liquid but also the anisotropy of crystal. The
fluidity makes it easy to combine with optical microcav-
ities, and the anisotropy provides a method to sense some
physical quantities by detecting changes of its refractive
index®?. Cholesteric LCs (CLCs), also known as chiral
nematic LCs, have drawn particular interests in many
fields such as optics, medicine, and biology2Z. In addition,
the unique helical structures of CLCs can act as
photonic band gap (PBG), which could be used to gener-
ate low-threshold lasing emission by doping fluorescence
dyes in the CLCs and optically pumping in an appropriate
wayY, When the light travels inside the optical micro-
cavity, the lower external refractive index causes the total
internal reflection at the interface so that the light would
be limited within the microcavity and resonate along the
interface; this kind of resonance mode is known as
whispering gallery mode (WGM)2. The WGM micro-
cavity has advantages of small mode volume and high
quality (@) factor, which causes particular interests from
researchers.

The design of WGM resonators mainly depends on the
choice of cavity material, which determines the WGM
responses to environmental variations. Solid materials
are widely used to form WGM microcavities in many re-
searches. Gao et al. manufactured a controlled assembly
WGM microsphere structure by chemical synthesis, which
showed it as highly sensitive to chemical vapors’.
Scholten et al. coated the microring resonator with
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nanoparticles to manufacture a detector for microscale
gas chromatographic vapor analysis™. The solid material
microcavity has good stability and a very high Q valuel2.
However, in order to achieve high @ values, a more com-
plicated manufacturing process is required to obtain a
smooth surface. Solid material microcavities have been
widely used in various sensing applications, including
not only traditional matter sensing but also field sens-
ing®. Due to the development of microfluidic technol-
ogy—, the LC microdroplets and microshells formed by
microfluids have been widely used as WGM microcavities
in recent researches. Sofi et al. studied the effect of the
electric field on the ferroelectric LC microdroplets in
transparent perfluoropolymer liquid and proposed that
the WGM lasing of the dye-doped ferroelectric LC micro-
droplets is electrically switchable. Lin et al. studied las-
ing modes in CLC microshells made by microfluidics
technology and controlled the lasing modes by tuning
the gain area and the gain—loss balance?. These micro-
cavities are usually formed in a liquid environment to form
a smooth surface and stay stable. Although the LC micro-
cavity is very simple to make, and the good sensitivities of
the LCs material bring good responses, the liquid environ-
ment would lead to large size and poor stability of the de-
vice. Our team has also done some researches on LC-based
resonators. Yang et al. used dye-doped CLCs (DDCLCs)
to coat glass microspheres to form a microshell structure
and studied the tuning effect of temperature on the WGM
and PBG mode lasings from the microshells2!. Xiong et al.
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proposed a resonator that integrated dye-doped nematic
LCs with a hollow glass microsphere (HGM) resonant cav-
ity and studied the tuning effect of temperature and elec-
tric field on the resonator??. Based on these, we conducted
further research.

In this Letter, we propose and experimentally demon-
strate a multilayer microsphere resonator based on
DDCLCs. An HGM is used as the outer shell of the res-
onator to maintain the stability of the internal liquid envi-
ronment. Inside the shell, there is a layer of diglycerol,
which contains a drop of DDCLC microdroplet. The emis-
sion spectrum shows that this resonator could behave as
two laser modes under the excitation of a single pump
source: the photonic band gap mode and the WGM.
Further experiments prove that both laser modes can re-
act to the varying temperature, and the lasing behavior
can be controlled by changing the thickness of the liquid
layer between the DDCLC microdroplet and the optical
microcavity. Based on the mechanisms above, we can con-
trol the laser modes of this resonator and use this resona-
tor for sensing the temperature.

The CLCs were prepared by mixing about 26 wt.%
chiral material (R811, Bayispace, China) with the LC
(TEB30A, n,=1.522 and n,=1.692; Yongsheng
Huatsing, China). About 1 wt.% fluorescent dye
4-dicyanomethylene-2-methyl-(6-4-dimethylaminostryl)-
4 H-pyan (DCM, Exciton, America) was doped into the
prepared CLCs as the gain medium. The DDCLC mix-
tures were mixed ultrasonically and heated in an oven
at 60°C to ensure that the materials are mixed evenly.
The mixture was centrifuged after cooling to room tem-
perature to remove any remaining undissolved solid par-
ticles. The fabrication process of the resonator was as
follows. (1) A low refractive index HGM (n = 1.45, diam-
eters ranging from 20 to 115 pm, K25, Minnesota Mining
and Manufacturing Company, America) was first fixed on
the end face of a single-mode fiber (SMF) with ultraviolet
curing adhesive. (2) A sharp tip fiber, which was fabri-
cated by the fusion splicer, was used to form a 10 pm
diameter microhole on the HGM. (3) A 5 pm diameter mi-
crotube, which was fabricated by the flame-heated taper-
drawing technique and connected to a syringe pump, was
used to inject the diglycerol and DDCLCs into the HGM.
The diglycerol was injected first, and then the DDCLCs
were injected into the diglycerol until the HGM was filled
with these two liquids; thereby the DDCLC microdroplet
could be wrapped by the diglycerol layer. The diglycerol
layer can help the DDCLC microdroplet form the helix
structure of the cholesteric phase. So far, we had fabri-
cated the DDCLC microdroplet resonator. The diameter
of the DDCLC microdroplet and the thickness of the di-
glycerol layer could be controlled by changing the injec-
tion volume of DDCLCs and diglycerol.

A schematic diagram of the experimental setup is shown
in Fig. 1. A frequency doubled neodymium-doped yttrium
aluminum garnet (Nd:YAG) pulsed laser (532 nm, 8 ns
pulse width, and 5 Hz repetition rate) was used to excite
the DDCLC microdroplet resonator. The pump light was
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Fig. 1. Schematic diagram of the experimental setup. The insets
are the microscopy images of the HGM filled with DDCLCs and
a diglycerol layer (the left inset is an unpolarized image, the right
inset is an orthogonal polarized image). Scale bar is 50 pm.

split into two beams, one was collected by the optical
power meter to monitor the intensity of the excitation
light, and the other beam was concentrated by a 10x mi-
croscope objective (NA = 0.25) to excite the DDCLC
microdroplet. The emission light from the resonator was
collected by a fiber optic probe, which was connected to
the spectrometer (spectral resolution = 0.01 nm) to ob-
tain the emission spectrum. To study the effect of temper-
ature, we used a heating stage (minimum regulation value
of 0.1°C) to vary the surrounding temperature.

Before we finally determined the multilayer structure of
the resonator, we studied the lasing behavior of an HGM
only filled with DDCLCs. This experiment aimed to verify
whether the DDCLCs in the HGM can form good helix
structures by only the action of the chiral material.
Figure 2(a) shows the emission spectrum of a 67 pm
HGM filled with DDCLCs at room temperature; the insets
of Fig. 2(a) are microscopy images of the DDCLC-filled
HGM. In the inset images, we can see that the pumped
DDCLC-filled HGM shows a bright ring at the surface
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Fig. 2. (a) Emission spectrum of the DDCLC-filled HGM.
(b) The emission spectra of the DDCLC-filled HGM as a function
of temperature. (¢) The wavelength shift of the marked peaks as
a function of temperature. The insets of (a) from left to right are,
respectively, an unpolarized image, orthogonal polarized image,
and excited image of the DDCLC-filled HGM. Scale bar is 20 pm.
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of DDCLCs, which is caused by the WGM resonance. In
order to distinguish the peaks from each other, we calcu-
lated the angular mode numbers [, which can be simply
expressed as [ = 2znr/A, where n is the refractive index
of DDCLCs, r is the radius of the DDCLC microdroplet,
and A is the resonance wavelength2. The calculated [ that
belongs to first-order TM modes is marked in Fig. 2(a).
Figure 2(b) shows the emission spectra of the DDCLC-
filled HGM at different temperatures. It is obvious that
the spectrum has a blue shift with the increasing temper-
ature. For a WGM cavity, the change of temperature
would change the refractive index and the size of the cav-
ity, and thus causes the change of resonance wavelength.
The relationship between the temperature variety and the

resonance wavelength can be expressed as follows2!:

AT+ pAT), (1)

DAT

where dn/d T represents the thermo-optic coefficient, and
D7'dD/dT represents the thermal expansion coefficient.
Considering the limitations of the HGM to the volume of
inside liquids, the volume of the DDCLC microdroplet
would hardly change with the change of temperature,
which means the change of emission spectrum is mainly
caused by the refractive index change of DDCLCs. Since
there are only TM modes in the emission spectra, the
refractive index n in Eq. (1) can be considered as the
extraordinary refractive index n, of DDCLCs, and its
relationship with temperature can be expressed by the

following equation2:

dn, 2p(An),

— B2 2
dT 3T,(1— L) ®

c

where B is a constant determined by the material, f is an
exponent, T, is the clear temperature of the LC material,
and An = n, — n,. For the LC material in our experiment,
the value of dn,/d T is negative, and thus the increase of
temperature will cause a decrease of the DDCLC’s refrac-
tive index and thereby cause the blue shift of the WGM
resonance wavelength. We have calculated the tempera-
ture sensitivity of the four peaks marked in Fig. 2(b).
As shown in Fig. 2(c), all these peaks have blue shift in
wavelengths when the temperature rises.

Unfortunately, the PBG mode lasing was not observed
from this kind of DDCLC-filled HGM, which means that
the DDCLCs in the HGM could not form good helix struc-
tures. Therefore, we improved the resonator structure to
try to obtain the WGM resonance lasing and the PBG
mode lasing at the same time.

In order to obtain the PBG lasing from the resonator,
we have made some attempts. It was found that the glyc-
erol would help the DDCLCs to form helix structures2J.
Therefore, we tried to inject glycerol into the HGM and
let the DDCLC microdroplet be covered by the glycerol.
In this process, we found that the viscosity of this liquid is

too low to keep the DDCLC microdroplet steady, so we
used diglycerol to replace glycerol. They have similar
molecular structures, but the diglycerol is more viscous.
The emission spectrum of a well-formed DDCLC micro-
droplet resonator (the diameter of the DDCLC microdrop-
let is about 60 pm) is shown in Fig. 3(a). The left inset is
the image of the resonator under the polarizing micro-
scope; the unique figure of the DDCLC microdroplet
shows the formation of the helix structure. The right inset
shows the resonator under the pump of a 532 nm laser; the
bright spot in the center of the DDCLCs microdroplet is
the PBG mode lasing, while the ring at the surface of the
DDCLCs is the WGM lasing. In this spectrum, it would be
easy to identify two different modes of the laser. The single
peak with high intensity is the PBG mode lasing, while the
periodic peaks with lower intensities are the WGM lasing.
From this spectrum, we obtained that the resonance line
widths (A2) of the PBG mode lasing and the WGM lasing
are, respectively, 0.34 nm and 0.14 nm. The @ factors can
be calculated by the formula @ = A/AA. The @ factor of
PBG mode lasing is about 1.9 x 10, and the @ factor
of WGM lasing is about 4.3 x 103.

In addition, in order to study the properties of these two
emission modes, some further experiments were carried
out. We measured the WGM emission spectra of resona-
tors with different DDCLC microdroplet diameters at the
same room temperature, as shown in Fig. 3(b). According
to the formula FSR = A2 /(zn.x D), in which 1 is the reso-
nance wavelength, and n. is effective refractive index, we
can know that the free spectral range (FSR) of the WGM
resonance is inversely proportional to the WGM resonant
cavity diameter DZ. The experimental data also proves
this: at room temperature, the FSRs of the WGM lasing
in the resonators with DDCLC microdroplet diameters of
40, 50, and 60 pm are 1.73, 1.55, and 1.38 nm, respectively.
The size of the resonant cavity determines the emission
wavelengths of the WGMs, but its effect on the emission
wavelength of the PBG mode is insignificant. According to
the formula A = n,p, the emission wavelength A of the
PBG mode is proportional to the extraordinary refractive
index n, and the helix pitch p of the DDCLCs. The
changes in the concentration of the chiral agent in the
DDCLCs would cause the changes of the helix pitch
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Fig. 3. (a) Emission spectrum of a resonator with a well-formed
60 pm diameter DDCLC microdroplet. (b) The relationship be-
tween the diameter of DDCLC microdroplet and the FSR of the
WGM peaks. The insets of (a) are, respectively, an orthogonal
polarized image and an excited image of the resonator. Scale
bar is 30 pm.
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and therefore change the emission wavelength of the PBG
mode. Based on the above principles, the emission wave-
length of the PBG mode and the FSR of WGMs can be
adjusted according to the actual needs.

Figure 4(a) shows emission spectra of a resonator under
different pump intensities. Figures 4(b) and 4(c) show the
thresholds of the PBG mode lasing and the WGM lasing,
respectively. When the pump intensity was below the
threshold, only the weak and broad spontaneous emission
was observed, and the emission intensity growth was slow.
Once the pump intensity was above the threshold, the cor-
responding lasing mode appeared, and the emission inten-
sity increased rapidly with the increasing pump intensity.
The threshold of PBG mode lasing is about 7.5 pJ, and the
threshold of WGM lasing is about 12.4 pJ. Since the light
needs to travel a few circles along the surface of LC micro-
droplets to form the WGM resonance, the high scattering
of LCs and the long optical path in this process will cause a
high loss, which could explain the higher threshold of
WGM lasing.

Due to the effect of temperature on the refractive index
of LC, which would cause wavelength shifts of WGM las-
ing and PBG mode lasing, it is a feasible way to realize
the tuning of wavelength or the sensing of temperature.
The pump intensity was set slightly above the threshold
of the WGMs to excite the PBG mode lasing and the
WGM lasing at the same time. The emission spectra of
a resonator with a 45 pm DDCLC microdroplet are shown
in Fig. 5(a). As the temperature increased, the blue shift of
the wavelengths was observed in both the WGMs and the
PBG mode. The effect of temperature on WGM lasing has
been elucidated above; as temperature rises, the effective
refractive index of DDCLCs decreases and thereby causes
the blue shift of WGM resonance wavelength. From the
equation 4 = n,p, the wavelength 4 of PBG mode lasing is
determined by the extraordinary refractive index n, and
the helix pitch p of DDCLCs. According to Eq. (2), n, of
TEB30A would decrease with the increasing temperature.
The effect of temperature on the helix pitch p is affected
by the choice of LCs and chiral materialZ. Thus, for the
materials selected in our experiments, the wavelength
of PBG mode lasing would have a blue shift as the
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Fig. 5. (a) Emission spectra of a resonator with a 45 pm DDCLC
microdroplet. (b) The wavelength shift of the marked WGM
peak as the temperature increases. (c¢) The wavelength shift of
the PBG mode peak as the temperature increases.

temperature increases. Figure 5(b) shows the relationship
between the temperature and the wavelength of a WGM
peak, which is marked in Fig. 5(a). Figure 5(c) shows the
relationship between the temperature and the PBG mode
wavelength. It is clear that both the WGMs and the
PBG mode have linear responses to temperature changes.
When the temperature increased from 29°C to 31.6°C, the
wavelength of WGMs had a blue shift of 7.75 nm, and the
wavelength of the PBG mode shifted from 594.88 nm to
589.16 nm, which, respectively, corresponded to sensitiv-
ities of 2.98 nm/°C and 2.2 nm/°C. Compared with the
resonator without diglycerol, the resonator with diglycerol
has a much higher sensitivity for WGM lasing. Moreover,
the sensitivity difference between the WGM lasing and
PBG mode lasing may bring a possibility of multi-
parameter sensing.

When the DDCLCs were injected into the diglycerol
layer, it was hard to control the position of the formed mi-
crodroplet. In other words, the formed microdroplet might
not be exactly in the center of the diglycerol but be close to
one side, just as the inset in Fig. 3 shows. In order to con-
firm the effect of the microdroplet position on the perfor-
mance of the resonator, some further experiments were
carried out. A resonator was excited at different
positions on the same plane, as the inset in Fig. 6 shows.
The corresponding excitation spectra are shown in Fig. 6.
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Fig. 6. Emission spectra of a resonator excited at different posi-
tions. The inset is the schematic diagram of the excitation
positions.
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The different positions of excitation are equivalent to dif-
ferent relative positions between the microdroplet and the
HGM,; thus, we could confirm the effect of the microdrop-
let position by the spectra in Fig. 6. Since the spectra
in Fig. 6 are almost identical, it can be considered that
the microdroplet position has almost no effect on the
spectrum.

In conclusion, a resonator based on DDCLC microdrop-
lets is proved. In the experiment of the resonator, which
has only DDCLCs in the HGM, only the WGM lasing is
obtained, which means that the DDCLCs could not form a
helix structure by itself. Then, a diglycerol layer is used to
wrap the DDCLC microdroplet to control its orientation;
then WGM lasing and the PBG mode lasing can be ob-
tained from the resonator at the same time under a pulsed
laser pump. The experiment on the microdroplet size
shows that the diameter of DDCLCs microdroplets would
determine the FSR of the WGM lasing. Additionally, the
temperature responses of the WGM lasing and the PBG
mode lasing have been studied. For the resonator without
diglycerol, the WGMs have a sensitivity of 0.68 nm/°C.
For the resonator with diglycerol, the WGMs can reach
a sensitivity of 2.98 nm/°C, and the PBG modes can reach
a sensitivity of 2.2 nm/°C. This may provide the possibil-
ity of highly sensitive temperature sensing and thermally
tunable microlasers in the air environment.
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