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2.2. Thermo-optic tuning experiments using the packaged device

After packaging, the capillary micro-resonator was filled with a nematic liquid crystal (MLC
7012, Licrystal) using a micro-syringe pump. Subsequently both ends of the capillary tube
were sealed using a UV curable epoxy. The WGM spectrum experienced dramatic changes
due to the significant increase in the effective refractive index inside the resonator. Figure 3
shows the WGM spectra of the packaged capillary tube resonator before and after it was filled
with the liquid crystal. One can see from the figure that the average transmission loss of the
spectrum, corresponding to the resonator filled with the LC, is much higher. The extinction
ratio of the WGM resonances increased from 6 dB to 13 dB (about 60% increase). It should
be noted that additional side-lobes appear in the WGM spectra, possibly due to the excitation
of non-degenerated WGMs after infiltrating the resonator with higher birefringent LCs. The
shift experienced by the WGMs after infiltration is difficult to calculate since the shift is
higher than that of the FSR value of the spectrum. The average Q-factor of the highest
extinction troughs decreased from ~1.9 x 10* to ~0.9 x 10°, suggesting an increased loss
within the resonator. The increase in the average loss of the transmission spectrum of the
taper after infiltrating the resonator with the LC is probably due to a number of factors such
as scattering and absorption of light by the liquid crystal medium. In addition, it can be seen
that the free spectral range (FSR) of the WGMs increased for the LC-filled resonator from
11.5 nm to 13.35 nm leading to the reduction of a number WGM resonances observed in the
wavelength range from 1500 to 1600 nm.
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Fig. 3. Experimental WGM spectra of the air core and liquid crystal filled thin-walled micro-
capillary.

Analysis of the experimental results allows one to determine and compare the so-called
effective diameter of the capillary tube resonator before and after its infiltration with LC,
using the approximate equation [40]:

2
D, = ﬂ— (1)
7n,; FSR
where 4 is the resonance wavelength and n.y is the effective refractive index of the capillary
tube resonator.

As can be seen from the above formula, the increase in the effective refractive index of the
capillary tube and the increase in experimental FSR due to the infiltration with a higher
refractive index LC, should lead to a reduction in the resonator’s effective diameter. The
notion of effective diameter relates to the localization of WGMs inside the resonator. As was
discussed previously by Sumetsky et al. in [38] for liquid ring resonator optical sensor
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(LRROS), and in our previous study of the photonic crystal fiber resonators [41], an increase
in the effective refractive index of the resonator core leads to the WGMs moving away from
the capillary wall toward the higher refractive index core.

In order to demonstrate thermo-optic tuning of the WGM resonances in the fabricated
capillary tube resonator we carried out a series of experiments increasing the temperature
from room temperature 25°C up to 50°C in 1°C steps by placing the packaged device on a
controlled hot stage. Later the temperature was decreased in 1°C steps back to room
temperature with all changes in the transmission spectrum recorded using an OSA. The
temperature of the hot stage was measured by a thermocouple with 0.1°C measurement
resolution. Figure 4 shows the transmission spectra of the packaged LC filled capillary tube
resonator with increasing and decreasing temperature in a selected wavelength range. With
the increase in temperature, all the WGM resonances experienced monotonic blue shifts and
the decrease in temperature resulted in their return back to their initial spectral positions.
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Fig. 4. Transmission spectra of the LC-filled WGM resonator with (a) increasing and (b)
decreasing temperature. There is an average spectral shift of 3.23 nm for the temperature
change from of 26 to 40 °C.

An average spectral shift of 8.3 nm was observed for the temperature change from of
26°C to 50.8°C with a rate of =270 pm/°C. By way of justification it is well known that both,
ordinary and extraordinary refractive indices of nematic LCs depend on the orientational
order of the LC molecules. An increase in the LC temperature causes orientational
fluctuations leading to the decrease of refractive index of both components [33]. This
decrease of the liquid crystal’s refractive index leads to the decrease in the WGM resonant
wavelengths to satisfy the resonance phase matching condition (Ln,, =m4,, where 4, is the

m™ order resonance wavelength, n.; the effective refractive index of the resonator, L is the
cavity’s round trip length, and m is the integer number of wavelengths along the optical
round-trip length termed as the azimuthal mode number) [40].

An increase in temperature also causes a decrease in the Q-factor of the resonance and
appearance of additional secondary spectral dips near the main resonance, most likely due to
the fact that the liquid crystal core is a birefringent medium and thus has different RIs for
different polarizations. The exact position of the resonance minimum was determined by
fitting of the primary (highest extinction ratio) spectral trough corresponding to the
fundamental mode with Lorentz function. For greater clarity, Fig. 5 illustrates the dip



