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Abstract: Among the different types of photonic sensor devices, optical whispering gallery mode
resonators (WGMRs) have attracted interest due to their high level of sensitivity, small size, and
ability to perform real-time temperature measurements. Here we demonstrate the applicability of
temperature measurements using WGMR in both air and liquid environments. We also show that
WGMR allowed measurements of the refractive index variations in an evaporating glucose–water
solution droplet. The thermal tuning of WGMR can be reduced by coating WGMRs with a thin layer
of polymethyl methacrylate (PMMA). Dip-coating the silica microsphere multiple times significantly
reduced the resonance shift, partially compensating for the positive thermo-optical coefficient of
silica. The shift direction changed the sign eventually.

Keywords: PMMA coating; refractive index sensing; resonance scan method; silica microsphere;
temperature scanning; whispering gallery mode resonator (WGMR)

1. Introduction

Whispering gallery mode resonators (WGMRs) have attracted significant interest be-
cause of their extreme sensitivity, compactness, fast responses, and real-time measurements.
WGMRs have been used in various applications, such as temperature sensors [1–4], pres-
sure and force sensors [3], humidity sensors [5,6], accelerometers [7], and biosensors [8–10].
WGMRs show ultra-high quality (Q) factors and ultra-narrow linewidth resonances that
allow achieving very high resolution and detecting extremely small incremental changes
of parameters [11].

WGMR sensors’ operational principles are based on a shift of the resonance frequencies
or resonance width due to external influences. A common method for recording the WGMR
resonance spectrum is the laser frequency scan method. A slow frequency scan of the laser
is finely done by sweeping through the resonances, and the transmission signal is recorded.
When the laser frequency matches the resonant frequency of the WGMR, an absorption dip
in the transmission spectra is observed [12]. The width of the dip indicates the Q factor of
the WGMR.

The Q factor of a WGMR describes the ability to store energy inside. It can be
mathematically described as the ratio of the resonant frequency to the full width at half
maximum of the resonance. To enhance the light–matter interaction inside the resonator,
it is necessary to have a high Q factor. Several losses limit the maximum value of the Q
factor. Material losses are caused by the absorption in the material. Silica has low material
absorption in visible and telecommunication regions but absorbs water from the moisture
of the ambient air limiting the Q below 109 [13]. Surface scattering losses are provoked by
surface roughness and tiny particles, for example, dust or coatings [10]. Radiative losses
increase for smaller resonators because of the curved surface, and for resonators in liquid
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environments because the refractive index contrasts between the resonator material and
media are reduced. These losses are defined by the resonator cavity and the surrounding
medium. Coupling losses, however, can be adjusted by controlling the position and
distance between the resonator and the coupling element [14].

WGMRs are very sensitive to the changes in temperature due to the thermo-optical and
thermal expansion coefficients of the resonator material. The thermo-optical coefficients
for different materials can be either positive (silica) or negative (CaF2, PMMA, PDMS),
and they determine the shift directions of the resonances. WGMR sensitivity to temperature
variations could be potentially both useful [15] and troublesome [10] for applications in
different photonic devices. The thermal effects can influence negatively, for example,
the generation of Kerr comb [16,17]. Silica is very sensitive to temperature changes [1,4,18].
Several attempts have been made to reduce the thermal sensitivity of WGMRs—for instance,
controlling the resonator size and optical properties of the medium [19] or coating it by a
thin layer of material with opposite thermo-optical properties [20–23]. By adjusting the
layer thickness, the thermal sensitivity of the resonator can be compensated. The layer
can be applied using a method based on the chosen material and WGMR geometry: dip-
coating [23], drop coating [22], sputtering [20], etc.

In this paper, temperature and refractive index sensing with whispering gallery mode
resonances in air, water, and glucose droplet media are reported. A Peltier element was
used to control the temperature of the measurement. The change in refractive index of
the evaporating liquid droplet was observed during the thermal tuning of the WGMR.
The application of the proposed method for chemical sensing is discussed. To reduce
temperature sensitivity, silica microspheres were coated with a thin layer of material,
polymethyl methacrylate (PMMA).

2. Materials and Methods
2.1. Fabrication of Silica Microspheres

WGMRs were fabricated from a standard Corning SMF28 Optical Telecommunication
fiber. A hydrogen–oxygen flame torch was used as a heating source. The fiber jacket was
stripped. The protective coating was removed using an acetone bath and then cleaned
using ethanol to wipe the dust particles from the surface. The striped and cleaned telecom
fiber was fastened to a step motor which moved the fiber towards the flame with a constant
speed. As the silica melted, a microsphere grew on the tip of the fiber stem due to surface
tension. To achieve higher Q factors, the fabricated sphere was moved to the cooler part
of the flame for 10–20 s. The results of the fabrication process were WGMR spheres with
diameters of 300–700 µm and Q factors of up to 108 (see Figure 1a).
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Figure 1. The scheme of the experimental system. (a) Silica microsphere whispering gallery mode
resonator (WGMR) with a diameter of (509 ± 3) µm. (b) View from the top with a Gadolinium
Gallium Garnet (GGG) coupling prism to excite the resonance of whispering gallery mode resonator
(WGMR) using a 780 nm external cavity diode laser (ECDL), a Peltier element to control temperature,
and a photodiode to process the signal transmitted in the air. (c) Side view where a Teflon tub is
viable to contain the liquid drop, which can be situated above the rim because of liquid tension forces.
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To reduce the temperature sensitivity of silica (expansion coefficient α = 0.55 · 10−6

1/K, thermo-optical coefficient β = 12.9 · 10−6 1/K [18]) microspheres, a thin layer of
material with a negative thermo-optic coefficient, for example, PMMA (α = (70− 77) · 10−6

1/K, β = −1 · 10−4 1/K), can be applied [20,23]. For that purpose, some of the fabricated
silica microspheres were dip-coated in a 3% PMMA–anisole solution. Before further coating,
each layer was dried for at least 2 min. No annealing was performed. We have not measured
the physical thickness of PMMA layer, as dip-coating and drying of a curved surface differs
from a flat surface coating needed for ellipsometry. The temperature scan was performed
in air to gauge the influence of the PMMA layer on the temperature sensitivity.

2.2. Experimental Arrangements

A basic scheme of the measurement system is shown in Figure 1b,c. The measurement
system was set up using a 780 nm external cavity diode laser (ECDL, laser diode Thorlabs
L785P090, spectral line < 1 MHz) to excite the resonances, an isolator (60 dB), a couple of
mirrors, a focusing lens (F = 1 cm), a Gadolinium Gallium Garnet (GGG) coupling prism
to provide a light coupling into the WGMR, and a small Teflon tub to contain the liquid.
A photo-detector (Photodiode Thorlabs PDA-36A) connected with an oscilloscope (Rigol
DS1074 4 channel) was applied for signal analysis. The size of the WGMR microspheres
was around (510 ± 50) µm. Additionally, a Peltier element (Melcor 2 × 2 cm), a temperature
sensor (AD590), and a temperature controller (Thorlabs TTC001 or Thorlabs TED200C)
were used to control the temperature. ECDL allowed a tunability of the central wavelength
in the range of 10 nm.

WGMR was coupled to a prism, as described in reference [24]. While sweeping the
laser frequency by changing the grating angle/position, transmittance spectra spanning
about 3–4 GHz were recorded. Two reference signals were used for calibration: Rb satura-
tion spectroscopy signal and interferometer fringes from the optical fiber, which has flat
ends. The laser was adjusted in a mode to measure both 87Rb D2 and 85Rb D2 lines in the
scanning region (see Figure 2a, curve 4). The hyperfine structure consisted of 3 Rb lines with
known frequencies and 3 cross-over peaks for each isotope D2 line. The first reference was
used to calculate the interferometer period of 48.78 MHz for the second reference, to follow
the laser frequency drift due to change of ambient room conditions, and to indicate the ab-
solute frequency. While observing the reference signal obtained from fringes, we deduced
that the laser frequency scanning was nonlinear (see Figure 2a, curve 5), and additional
calibration of the laser scan frequency was necessary (see Figure 2b). The second reference
was used to both monitor the laser scan mode and linearize the frequency scanning.
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Figure 2. The temperature scanned WGMR resonance spectra for three different temperatures and
two reference signals. (a) Before calibration, the laser scanning was obviously nonlinear, since at the
beginning of the triangle signal the laser frequency scan was slower. (b) After calibration using both
references for an almost linear absolute frequency scale.
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2.3. Temperature Scanning

In a simplified case, the WGMR resonance shift d f depends only on the termo-optical
coefficient β and the expansion coefficient α. This dependence is linear from temperature
T [25]:

d f
f

= −dλ

λ
= −

(
1
R

∂R
∂T

+
1

nR

∂nR
∂T

)
dT = −(α + β)dT, (1)

where λ is the wavelength of the laser, nR is the refractive index, and R is the radius of the
sphere. This equation has been used by Guan et al. [26] to link the temperature with the
WGMR resonance shift using a similar measurement setup in both air and water.

The temperature scan was performed by a Peltier element. A heating-cooling cycle
from 20 ◦C to 25 ◦C with a step of 0.5 ◦C (see Figure 2b, curves 1, 2, 3) was performed.
The temperature was changed using the temperature controller, and after achieving the
temperature stability after at least 2 min, the transmission spectra with references were
recorded for each step. Additionally, a temperature gradient was observed since the
temperature sensor was located at the base of the Peltier element under the prism, and
the resonator was close to the top of the prism (see Figure 1c). Temperature calibration
was performed, and for every variation by 1 ◦C measured by this temperature sensor we
observed a variation of 0.71 ◦C measured by WGMR sensor. Therefore, when calculating
the actual WGMR resonance shift for 1 ◦C and the sum of coefficients, the gradient had to
be taken into consideration. WGMR resonance spectra were recorded by the scan method
after the temperature was stabilized. The measurements were performed in 3 different
environments: air, water, and 5% glucose water solution.

2.4. Mathematical Modeling

Computer modeling was done using finite element method (FEM) simulations with
COMSOL Multiphysics software. Simulations were done in 2D axisymmetric mode with the
Wave Optics module using Electromagnetic Waves, Frequency Domain physics. The model
consisted of a spherical 2R = 550 µm silica resonator, a PMMA layer of different thicknesses,
and an air domain surrounding the resonator. The refractive indices, size of the resonator,
and thickness of the coating layer were given parametrically as the functions of temperature,
thermo-optic coefficient, and thermal expansion coefficient. The main goal was to find
the frequency of the fundamental mode with a certain azimuthal mode number and find
the frequency of the same mode for a different temperature, thereby determining the
temperature-dependent frequency shift.

3. Results
3.1. Temperature Measurements in Air and Liquid

Using the individual spectra recorded with the scan method for each temperature,
the shift of resonance frequency from the temperature was calculated. Using the Rb sat-
uration spectroscopy signal as a reference, it was possible to eliminate laser drift from
the temperature-induced WGMR resonance shift. The sensor response to temperature
was indeed linear, which had a good correlation with theoretical assumptions and previ-
ously published results [1,4,15,27]. The frequency shift in air was (−3030 ± 20) MHz/K
(Figure 3a, black dots). In the water drop the frequency shift was slower than in air
with (−2621 ± 24) MHz/K (Figure 3a, red squares). In a drop of 5% glucose solution,
different results were observed depending on the temperature scan direction. The lin-
ear shift of the frequency for the temperature interval of 20–25 ◦C when heating was
(−3064 ± 31) MHz/K (Figure 3a, blue diamonds), and for the interval of 25 ◦C–20 ◦C
when cooling it was (−2267 ± 27) MHz/K (Figure 3a, blue triangles). The results suggest
the presence of an additional resonance shift mechanism in the glucose solution drop.
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Figure 3. The frequency shifts depending on temperature for WGMR (a) in air, water, and 5% glucose
solution are linear and can be fitted with linear approximations; however, for glucose, the frequency
shift is different when heating or cooling. Therefore, it consists of two separate parts: (b) the
independent shift of resonance spectra for a 5% glucose solution in stable temperature, and the
drop evaporates and the glucose concentration increases, which changes the refractive index. Inset
shows the modeling results for the resonance frequency shift depending on the refractive index of
the surrounding media for 500, 550, and 600 µm microspheres.

Shifts in the WGMR resonance frequency can be caused not only by changes in size
and refractive index of the resonator material due to changes in temperature but also by
the variations in the surrounding medium refractive index [11]:

∆ f
f

=
∆nm

nm
F +

∆nR
nR

(1 − F) +
∆R
R

, (2)

where nm is the refractive index of the surrounding medium, and F is a sensitivity function.
The drop of liquid was relatively small and evaporated as the experiment progressed. As a
result, the concentration of the glucose solution increased over time. The refractive index of
a glucose solution depends on the concentration [28] and could contribute to an additional
WGMR resonance shift [29].

To confirm the influence of resonance shift on the surrounding medium, the WGMR
resonance was observed in a glucose solution drop at a constant temperature. The WGMR
resonances shifted over time (Figure 3b). Initially, the volume of the drop was about
100 µL. As the water evaporated, the WGMR resonance shifted linearly. After an hour,
when a significant part of the drop had evaporated, only a thin layer of liquid covered
the WGMR. This made the observed WGM resonance position less stable and could be
seen as increased noise of the WGMR resonance position. Finally, (57 ± 2) µL of the
glucose solution was left. The left over liquid volume was evaluated using automatic
micro-liter pipette (10–100 µL). The volume of the drop multiplied by the concentration
is constant, which means the glucose concentration reached 8.8%. The refractive index of
the glucose solution increased from 1.335 to 1.342 [30], and the WGM resonance shifted by
−4001 MHz. Limit of detection was 12 MHz, and allowed us to detect a 0.01% change in
glucose concentration or 1.5 · 10−5 RIU. Modeling results shown in Figure 3b inset confirm
the WGM resonance shift induced by the surrounding media. Increasing the microsphere
size decreased the sensitivity to the surrounding media. These results justify the different
temperature dependence for a 5% glucose solution during heating and cooling cycles as
the temperature scan in each direction took about 30 min.

Using the dependence of frequency shift on the temperature, the sum of thermo-
optical and expansion coefficients can be found from Equation (1). The sum of coefficients
obtained during the experiment is presented in Table 1. The calculated sum in liquid was
lower than in air, which suggests the temperature gradient in the former case is different
than in air because of both the larger heat capacity and the evaporation of liquid. Previously,
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the value α + β has been reported to be 9.23 · 10−6 1/K at about 1531 nm for 430 µm silica
microsphere [1].

Table 1. Measured WGMR resonance shifts from temperature and the sum of α and β coefficients in
air and water and glucose solution drops.

Environment df/dT α + β

(MHz/K) (10−6K−1)

air −3030 ± 20 7.88 ± 0.05

water −2621 ± 24 6.81 ± 0.06

5% glucose solution −2666 ± 58 6.93 ± 0.15

3.2. Temperature Dependence in the Case of PMMA Coating

The temperature sensitivity of the silica microsphere can be modified using thin
coatings. The WGMR resonances shifted differently for the WGMRs dip-coated with
PMMA (see Figure 4a and Table 2). As the microspheres were dipped multiple times, it
was assumed the PMMA layer thickness increased. The resonances of the microspheres
dipped once in PMMA solution were shifted by (−2370 ± 180) MHz/K (Figure 4a, red
squares), slightly less than samples without any PMMA. After dipping the microsphere
three times, the resonances shifted (−1070 ± 400) MHz/K, which was approximately three
times less than without the PMMA layer (Figure 4a, green diamonds). The resonance of
WGMR dipped five times was shifted by (6800 ± 1900) MHz/K (Figure 4a, blue triangles),
which is at least double that without PMMA. Furthermore, the resonance shift direction
was reversed. The PMMA layer thickness depends on many different coating parameters:
solution concentration, the solvent used, solution temperature, dip time, dipping and
towing speed in and out of the solution, etc.
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Figure 4. Experimental results show the frequency shift depending on temperature for WGMR
in the air (a) coated with the PMMA layer is linear and can be fitted with linear approximation.
The temperature sensitivity decreased as more layers were added until reversing the resonance shift
direction for thicker PMMA layers. Mathematical modeling shows (b) fundamental mode moving
inside the PMMA coating layer when the thickness increased from 0.5 to 1.0 and 3.0 µm. (c) The
temperature sensitivity of the coated WGMR decreased as the PMMA thickness on the 550 µm silica
microsphere increased.

The modeling results are shown in Figure 4b,c and Table 2. When the thickness of
PMMA coating was increased, the electromagnetic field concentrated in the fundamental
mode shifted from being located in silica resonator (0.5 µm coating) to being in the PMMA
coating layer (3.0 µm coating). Similarly to experimental results, the temperature sensitivity
decreased with increasing the thickness (Figure 4c).
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Table 2. (left panel) The measured temperature-dependent resonance shifts and the sums of α and β

coefficients for PMMA-coated microspheres in air. (right panel) Modeling results for the 0, 0.5, 1.0,
and 3.0 µm thick PMMA coatings on 550 µm silica microspheres.

No. of df/dT α + β Thickness df/dT
Dips (MHz/K) (10−6K−1) (µm) (MHz/K)
ine 0 −3030 ± 20 7.88 ± 0.05 0 −3870
ine 1 −2370 ± 180 6.2 ± 0.5 0.5 −3345
ine 3 −1070 ± 400 2.8 ± 1.0 1.0 −1364
ine 5 6800 ± 1900 −17.6 ± 4.9 3.0 −49

4. Discussion

The temperature scanning was linear in air and the water drop. Using silica micro-
sphere WGMR, a 3.3 mK temperature change could be detected in air and 3.8 mK in liquid.
The experimentally observed resonance shift in air (−3030 ± 20 MHz/K) was smaller than
the modeling of silica without any PMMA coating (−3870 MHz/K). One can assume that
there is an additional temperature gradient between prism and WGMR. The rate of heat
conduction does depend on the area. The area of contact between the microspheres and
prism is small compared to the rest of the WGMR surface surrounded by air. When the
temperature was varied by 1 ◦C, the temperature of WGMR changed only by about 0.54 ◦C,
as the thermal stability was achieved. In the case of liquid drop surrounding the WGMR,
thermal stability was achieved even “faster,” when the WGMR temperature changed only
by 0.47–0.48 ◦C.

The analysis of results, obtained in the 5% glucose solution, were rather complex, and
require further investigations because the resonance shift caused by temperature scanning
varied during heating or cooling. As any possible laser frequency drift was eliminated by
using the Rb saturation signal as the reference, the additional resonance frequency shift
was linked with the change in refractive index due to water evaporating from the drop
in the glucose solution. The evanescent field around the WGMR appeared to extend the
size, making the WGMR very sensitive to the surrounding media and temperature. Similar
temperature sensitivity to the media has been observed by Kim et al. [19] and used to
achieve thermal stability. The sensitivity to the refractive index of the glucose solution drop
is shown in Figure 3b. Our measurement system is very sensitive to the refractive index of
the surrounding medium. Using silica microsphere WGMR, 1.5 · 10−5 RIU change could
be detected. This effect can be used to measure the variations in the low concentrations
of solutions.

When the temperature is scanned, the change of the refractive index of the media
should be taken into consideration. When the index of refractive of the solution increases,
as the water in drop evaporates, the WGMR resonance frequency decreases. Similarly,
the refractive index of the water and glucose solution depends on the temperature of the
liquid [30]. As the temperature increases, the refractive index of the liquid decreases and
the resonance frequency should increase. As a result, two effects of the resonance shift due
to WGMR and resonance shift due to the surrounding medium fight compete with each
other. This effect should be investigated further.

The thermal sensitivity can also be influenced by coating of WGMR with a thin layer
of PMMA. As the PMMA thickness increased, the sum of α and β decreased and eventually
changed the sign. Many aspects influence the thickness and structure of PMMA coating,
which require further investigation. Similar results have been reported by Li et al. [22] for
polydimethylsiloxane (PDMS) coated on silica toroidal microresonators. Results reported
by Jestin et al. [23] also show reduced temperature tuning in larger silica microspheres,
coated with an estimated 0.55 µm PMMA layer. Mathematical modeling confirmed the
trend of temperature sensitivity decreasing for thicker coatings. Such silica microspheres
and thin PMMA or a similar coating combination could be useful to reduce temperature
sensitivity and simultaneously increase sensitivity, for example, to humidity, which is
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added by the PMMA layer [5]. The optimal thickness of PMMA to compensate temperature
sensitivity for 550 µm microsphere was determined to be about 3 µm.

5. Conclusions

In conclusion, we have demonstrated the applicability of temperature measurements
using the WGMR in both air and liquid environments. We have also shown that the
WGMR allows the measurements of the refractive index variations in the evaporating
glucose–water solution droplet. We have shown that the thermal tuning of WGMR can be
reduced by coating WGMRs with a thin layer of PMMA. Dip-coating the silica microsphere
multiple times significantly reduced the resonance shift, partially compensating for the
positive thermo-optical coefficient of silica.

In the future, the proposed temperature scanning method could be used for mea-
surements if no applicable WGMR resonances are detected at room temperature in the
laser scan region. The system can also be used to detect minor refractive index changes in
surrounding liquid media. Temperature sensitivity can be manipulated using thin coatings
to potentially decrease unwanted dependencies and add or increase additional sensitivities.
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