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Abstract— Dynamic thermal wavelength shift in hollow core 

microbottle resonators has been experimentally demonstrated 

using the frequency-detuning method. A linewidth broadening 

phenomenon is observed when the tunable laser is swept from a 

shorter wavelength to a longer wavelength. The thermal effect in 

the microbottles with various diameters as a function of the power 

and sweep frequency of the tunable laser has been studied and 

analyzed. In addition, the effect of thermal broadening on multiple 

WGM resonances within the spectrum has been observed, 

demonstrating that broadening of the linewidth of the first WGM 

resonance suppresses the subsequent WGM resonances during the 

up-scanning cycle of the tunable laser. Study of the dynamic 

response of the microbottle is beneficial for the design of ultrahigh-

resolution optical fiber thermometers and low threshold mode-

locked lasers. 

 
Index Terms—Dynamic thermal effect, hollow core microbottle, 

thermo-optic effect, whispering gallery modes 

 

I. INTRODUCTION 

HISPERING gallery modes (WGMs) have been 

investigated in recent years for their applications in 

nonlinear optics [1], microcavity lasers [2], optical signal 

processing [3], and optical sensing [4] due to the advantages of 

high quality (Q) factors and small mode volumes. In sensing 

applications, high Q factors lead to high measurement 

resolution, making it suitable for low-dose molecules detection 

in addition to the promising sensing techniques, such as surface 

plasmon resonance sensors [5-8], fluorescence sensors [9-11] 

and fiber interferometric sensors [12-14]. Alongside this, the 

high Q factor facilities the study of the nonlinear phenomena in 

microcavities such as electromagnetically induced transparency 

[15], Kerr frequency combs [16] and thermo-optic dynamics 

[17]. When light with a specific wavelength is trapped in a 

microcavity, a small portion of it is absorbed by the cavity and 

converted into heat, which results in changes of the refractive 

index and the diameter of the microresonator, leading to a 

spectral shift of the WGM resonant wavelength. Since the heat 

is dissipated from the microcavity through its surface area, 
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thermal effects that are usually negligible in large cavities, can 

be significant.  

A study of the dynamic thermal behavior of a toroidal 

microcavity was reported by Carmon et al. in [18] who analyzed 

the thermally induced hysteretic wavelength response of the 

cavity and derived a dynamical formula describing the 

behavior. The authors demonstrated that regardless of the 

direction of the tunable pump laser scan (from short to long 

wavelengths or vice versa), the WGM resonance always drifted 

towards the longer wavelength. However, when the pump 

wavelength scan direction was towards longer wavelengths, a 

greater amount of pump power was coupled into the resonator. 

As a result, an asymmetric line broadening and hysteretic 

wavelength response phenomena were observed. Based on the 

studies of a silica microcavity, the dynamic thermal behavior of 

a polydimethylsiloxane (PDMS) coated silica toroidal 

microcavity was investigated, where the opposite thermo-optic 

effects in silica cavity and PDMS coating led to oscillatory 

thermal dynamics [19]. Furthermore, a method aimed at 

estimating the thermal relaxation of a microdisk was also 

illustrated by fitting two adjacent WGM resonances that were 

tuned by thermal effects [20]. 

Studies of the dynamic thermal behavior of microresonant 

cavities are useful for a better understanding of heat 

accumulation and dissipation processes, which can be exploited 

for the development of high-sensitivity sensors and mode-

locked lasers. In sensing applications, any thermally induced 

shift is highly undesirable as it can influence the total spectral 

resonance shift induced by the refractive index change. 

Therefore, a thermally induced shift should be calibrated to 

ensure the accuracy of the sensor. Alternatively, several thermal 

stabilization techniques have been developed to suppress the 

thermal effects in microcavities. For example, a thermometer 

with less than milli-Kelvin self-heating effect composed of a 

silicon nitride (Si3N4) microring was proposed and 

experimentally demonstrated in [21].  On the other hand, the 

heat energy accumulation due to the thermal phenomena can be 

used to design self-locking lasers. For example, Lin et al. 

demonstrated frequency locking in Raman optical frequency 
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combs using a BaF2 disk resonator with an ultrahigh Q-factor 

[22]. 

As one of the geometries that supports the WGMs, 

microbottles offer the advantages of higher Q factors and 

improved coupling stability compared with other WGM 

structures [23,24], facilitating their applications in sensing and 

microlasers with high sensitivity and good stability. The 

hollow-core structure allows for filling the microresonator with 

various materials with special properties, enabling the control 

of modes by changing the effective refractive index and 

diameter of the microcavity [25]. The flexibility in mode 

selection maintains the robustness of coupling states, making it 

an ideal platform for various applications based on the thermo-

optic effect within the microbottle compared with other WGMs 

structures. Though the dynamic thermal effects in microcavities 

with various geometries and materials have been investigated 

previously, our study of the dynamic thermal effect in a hollow 

core microbottle lays the foundation for enhancing materials-

filled microbottle sensors’ sensitivities by decreasing the 

thermal induced errors and improving microbottle lasers’ 

efficiency by decreasing the lasing threshold. In addition, it will 

be beneficial to researchers focusing on the nonlinear optical 

effects based on the hollow-core microbottles, paving the way 

for more applications of WGMs, such as wavelength-division 

multiplexed coherent communications [26], Brillouin lasers 

[27], and Raman spectroscopy [28]. 

In this work, we for the first time experimentally demonstrate 

and analyze thermal effects in hollow core silica microbottles 

with Q factors in the order of 107 using the frequency-detuning 

method. The differences in the wavelength response for hollow 

core microbottles have been investigated as a function of the 

power and sweeping frequency of the pump laser. The heat 

accumulation induced wavelength shift during the laser 

scanning has been investigated. Furthermore, the wavelength 

response of multiple WGM resonances have been studied, 

demonstrating the effect of heat accumulation and distribution 

among multiple WGM resonances. The lineshapes of the WGM 

resonances in the transmission spectra during the upward 

scanning cycle of the tunable laser were also studied 

experimentally. To the best of our knowledge, this is the first 

report focusing on dynamic thermal effects of multiple WGM 

resonances, which is beneficial for expanding their applications 

in sensing, microlasers and spectroscopy. 

II. EXPERIMENTAL SETUP AND SAMPLE 

PREPARATION  

The hollow core microbottles were fabricated by tapering 

thick-wall silica capillaries using a customized microheater 

brushing technique [29]. In each case a central section 

(approximately 5 cm long) of the capillary with outer and inner 

diameters of 450 µm and 300 µm (Polymicro Technology), was 

stripped off and placed inside the microheater slit where the 

temperature was set to 1300 C. The temperature of the 

microheater was optimized to ensure the viscoelastic state of 

the silica fiber or capillary, making it suitable for the tapering 

process. Opposite ends of the capillary were fixed on the 

translation stages whose motion was accurately controlled by a 

custom-built computer program. The tapering process lasted for 

15 mins, resulting in fabrication of a tapered capillary with an 

outer diameter of 35 µm and wall thickness of 2.5 µm.  

 To fabricate a hollow microbottle, one end of the tapered 

capillary was sealed using a UV-curable glue whereas the other 

end was connected to a syringe pump that provided air pressure. 

The tapered capillary was then kept inside the slit for further 5 

mins before injecting the air with the syringe. This resulted in 

the fabrication of a hollow core microbottle with a maximum 

outer diameter of 177 µm as shown in Fig. 1 (a). The 

microbottle was then disconnected from the syringe pump and 

fixed on a glass slide using two drops of a UV-curable glue. 

A tapered fiber with a waist diameter of 2 µm was fabricated 

by heating and stretching a commercial single mode fiber 

(SMF) with a diameter of 125 µm using the same microheater 

brushing setup. The experimental setup for characterization of 

the microbottle is illustrated in Fig. 2. Two ends of the 

fabricated tapered fiber were connected to the tunable laser 

(Anritsu, Tunics Plus) through a polarization controller 

(Thorlabs, FPC561), a photodetector (Thorlabs, PDA10CS-EC) 

and an oscilloscope (Keysight MSO-X 2022A), respectively. 

The polarization controller was utilized to optimize the 

transmission spectrum with high Q-factor WGM resonances. 

The paddles of polarization controller were fixed once the 

transmission spectrum with high Q-factor resonance dips was 

obtained ensuring the consistency of the experiments. A 

function generator (Agilent, 33120A) was used to control the 

wavelength scanning frequency of the tunable laser. The glass 

slide with the microbottle was placed on a 3-dimensional 

translation stage perpendicularly close to the tapered fiber to 

facilitate the most efficient light coupling. To estimate the Q-

factor of the hollow-core microbottle, the time-domain signal 

from the photodetector is converted to the wavelength-domain 

spectrum according to the central wavelength of the tunable 

laser and the voltage from the function generator. The 

experiments were conducted in a laboratory with an ambient 

temperature of 18±0.5 °C. It should be noted the minor 

temperature changes occurred in a slow manner and did not 

substantially influence the linewidth broadening effect within a 

time range of 500 ms in the subsequent experiments. The 

transmission spectrum of the fiber taper coupled to the hollow 

core microbottle is shown in Fig. 1 (b). The Q-factor for the 

resonance near 1550.0057 nm was estimated as 1.78107 and 

the full width at half maximum (FWHM) as 2 pm using a 

Lorentzian fit. 
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Fig. 1. (a) Microscopic image of the hollow-core microbottle, (b) 

transmission spectrum of the fiber taper coupled to the hollow-core 

microbottle and the Lorentzian fit of the resonance at 1550.0057 nm. 

 

Fig. 2. Schematic diagram of the experimental setup. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Dynamics of a single WGM resonance  

The dynamic response of the hollow core microbottle (with 

a 140.5 µm diameter) recorded with the scanning frequency of 

1 Hz and pump laser power of 4 mW is shown in Fig. 3. The 

low-to-high parts of the function generator signal (red line) 

correspond to the pump wavelength sweep in the direction from 

short to long wavelengths, and vice versa. As can be seen from 

the graph, when the scanning wavelength approaches the cavity 

resonance from the shorter wavelength side, light is trapped 

inside the microcavity where the thermal effect leads to a small 

change of the cavity diameter and the refractive index, leading 

to a red shift of the resonance wavelength. Since the direction 

of the wavelength scanning and the wavelength shift of the 

resonance coincide, further energy accumulation within the 

microbottle leads to a broader linewidth as shown in Fig. 3 

during -0.9--0.7 s (highlighted in yellow). On the other side of 

the dip, beyond -0.7 s point, the resonant wavelength does not 

red-shift any further because the heat accumulation cannot 

compensate for the heat dissipation from the cavity. Similar 

linewidth broadening is observed during the time interval 0.1-

0.3 s (highlighted in yellow) in the second up-scanning sweep. 

In the case of the wavelength down-scanning process, a 

narrowed resonance is observed due to opposite directions the 

tunable laser scanning (blue shift) and the resonance 

wavelength shift (red shift). The coupling efficiency can be 

calculated as 28.3 % based on the transmission decrease near 

the resonant dip in Fig. 3 [30].  

 
Fig. 3. Dynamic response of the hollow core microbottle at 4 mW 

pump laser power (black) and function generator signal (red). 

Plots in Fig. 4 demonstrate the dynamic responses of the 

hollow-core microbottle (177 µm) at various pump laser powers 

and a fixed scanning frequency of 1 Hz (a), and various 

scanning frequencies and laser power fixed at 2 mW during the 

up-scanning cycle (b). As can be seen from the plots, a larger 

hysteretic dynamic effect is observed at higher pump laser 

powers. In contrast, a smaller hysteric effect is observed when 

the pump signal is swept with a higher frequency. This can be 

explained by the limited speed of the thermal response of the 

cavity to the fast-scanning pump signal. To demonstrate the 

wavelength shift arising from the thermal hysteric effect, the 

time dependency was converted to the wavelength dependency 

during the up-scanning cycle according to the central 

wavelength and the voltage signal applied to the tunable laser.  

Figs. 5 (a) and (b) illustrate the resonance shift as a function of 

the pump power and scanning frequency of the tunable laser for 

the hollow core microbottles with outer diameters of 98.9 µm 

(wall thickness of 1.9 µm), 140.5 µm (wall thickness of 

1.6 µm), and 177 µm (wall thickness of 1.5 µm), respectively. 

As one can see, larger resonance wavelength shifts occur at 

higher pump powers and smaller scanning frequencies of the 

tunable laser for three hollow core microbottle samples. The 

increase of the input laser power leads to higher energy 

accumulation inside the microbottle due to the absorption 

within the silica, contributing to a broader linewidth 

demonstrated in Fig. 4 (a). The increase in the scanning 

frequency leads to a weaker linewidth broadening effect which 

can be attributed to a lower amount of energy accumulation in 

the hollow-core microbottle. Since the speed with which the 

heat energy is absorbed and dissipated by the resonator 

resulting in the change of its diameter and subsequent spectral 

shift of the WGM wavelength is limited, the increase in the 

scanning frequency leads to a narrower linewidth of the 

resonance. 
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Fig. 4. Dynamic transmission responses of the hollow core microbottle 

at (a) different pump powers and constant scanning frequency of 1 Hz, 

(b) different laser scanning frequencies and fixed pump laser power of 

2 mW. 

 
 

Fig. 5. Wavelength shift for the selected spectral dip versus (a) pump 

power (b) scanning frequency for hollow-core microbottles with 

diameters of 98.9 µm, 140.5 µm, and 177 µm. 

   To investigate the dependency of the linewidth broadening 

effect of the wavelength resonance versus the power of the 

tunable laser, the spectra of the down-scanning cycles were 

recorded for hollow core microbottles with various diameters 

whose corresponding Q factors are illustrated in Fig. 6 (a). It 

can be seen that the Q factor of the wavelength resonance 

increases with the increase of the input power for all the 

microbottles, indicating lower energy dissipation with respect 

to absorption. The lower heat dissipation by the microbottle at 

higher tunable laser powers contributes to the heat 

accumulation when shifting to a longer wavelength, which 

explains the stronger broadening effect observed in the WGM 

spectra during the upward scanning cycle, as depicted in Fig. 5 

(a). Fig. 6 (a) also demonstrates that the resonance broadening 

effect caused by the thermal effect is positively related to the Q 

factor, where a larger linewidth broadening effect usually 

happens for the resonator mode with a higher Q factor. Fig. 6 

(b) illustrates the dependency of the spectral position of the 

WGM resonance with respect to the power of the tunable laser 

for 3 microbottles with different diameters during the 

downward scanning cycle. As can be seen from the figure, the 

WGM resonance shifts towards shorter wavelengths with an 

increase of the laser power for microbottles with diameters of 

140.5 µm and 177 µm. This observed blue shift could be 

attributed to the displacement and structural deformation of the 

hollow core microbottle under the influence of optical field 

induced in the coupling taper by the tunable laser at higher 

powers [31], [32]. It can also be observed that the WGM 

resonance for the 98.9-µm microbottle undergoes a redshift 

within the power range of 1-2 mW, subsequently experiencing 

a blueshift with a further increase of the input laser power. The 

red shift of the resonance is ascribed to the increase in the 

diameter of the hollow microbottle induced by the radiation 

pressure exerted by the light coupled through the tapered fiber 

[33]. To illustrate the wavelength shift tendency of the 98.9-µm 

microbottle in a power range of 0.5-3.5 mW, various laser 

powers were pumped into the WGM coupling system with an 

interval of 0.5 mW and the corresponding transmission spectra 

are shown in Fig. 6 (c). As one can see, the wavelength 

spectrum initially exhibits a red shift with increasing laser 

power, whereas continued increments in the pump power lead 

to a subsequent blue shift. Fig. 6 (d) demonstrates the 

dependency of the wavelength resonances for three different 

modes versus the tunable laser power. It can be seen that all 

WGM resonance modes experience a redshift and a subsequent 

blueshift as the increase of the laser power, though exhibiting 

different turning points. Initially, the effect of thermal 

expansion of the hollow core microbottle dominates resulting 

in the red shift, whereas at higher power levels effects caused 

by the optical forces induced by the fiber taper begin to 

dominate, leading to blue shifts of the WGM resonances. 
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Fig. 6. (a) Q factor and (b) wavelength of the WGM resonance at 

various laser powers for microbottles with diameters of 98.9, 140.5 and 

177 µm, (c) experimental transmission spectra of a hollow core 

microbottle at various tunable laser powers, (d) wavelengths of the 

WGM resonant dips versus the power of the scanning tunable laser. 

B. Dynamics of multiple WGM resonances 

The WGM spectra of a hollow core microbottle (98.9 µm) 

with multiple WGM resonance dips recorded at the scanning 

frequency of 1 Hz and various pump laser powers are shown in 

Fig. 7 (a). As one can see from the graph, due to the spectral 

proximity of multiple resonances, the linewidth broadening 

phenomenon observed in the previous experiments for the 

shortest wavelength resonance leads to the suppression of the 

linewidths of subsequent resonance dips during the up-scanning 

cycle, and this suppression becomes more pronounces with the 

increase in the tunable laser power. The second WGM 

resonance also has a suppressive effect with respect to the third 

(longest wavelength) resonance. The transmission of the 

hollow-core microbottle with 1-Hz scanning frequency and 

input pump laser of 3 mW is shown in Fig. 7 (b). It can be 

observed that the first (shortest) resonance of the microbottle 

shifts and closely tracks the wavelength of the tunable laser. 

Similar to the case of a single WGM resonance, the absorption 

leads to the change of the cavity’s diameter and refractive 

index, resulting in a continuing thermal accumulation and the 

linewidth broadening effect due to the match between the 

resonant wavelength and the wavelength of the tunable laser. 

Then the first resonance does not red-shift any further when the 

tunable laser up-scans around 1553.6025 nm, where the heat 

accumulation cannot compensate for the heat dissipation from 

the cavity, leading to a sharp transmission increase in the 

spectrum as shown in the dashed box in Fig. 7 (b). This heat 

dissipation process lasts for 0.1 ms according to the frequency-

detuning spectra demonstrated in Fig. 7(a), which can be 

attributed to the thermal mechanism involving the heat 

dissipation from the mode volume to the rest of the hollow core 

bottle, where the relaxation time is in the order of milliseconds.  

Heat transfer between the hollow-core microbottle and the 

surroundings over the period of tens of milliseconds is not 

considered [19]. The temperature change when the heat 

accumulation cannot counteract the heat dissipation can be 

described by the equation: ∆𝑇(𝑡) = 𝑇0𝑒
(−𝑡−𝑡0)/𝜏 , where 𝑇0  is 

the maximum temperature change of the microcavity, 𝑡0 is the 
corresponding time during which this change has occurred, 
t is the time variable, and 𝜏 is the thermal relaxation time [34]. 
The temperature of the microcavity decreases exponentially 

until it reaches the initial microcavity temperature where the 

∆𝑇 is 0. Then, since the wavelength shift caused by the change 

of the cavity’s diameter and refractive index is also applicable 

to the second resonance, the consistency between the second 

resonance and the wavelength of the scanning laser leads to a 

significant transmission decrease, where the remaining heat 

energy within the microbottle contributes to the linewidth 

broadening of the second WGM resonance. Similarly, the 

emergence of the third WGM resonant mode can also lead to a 

notable transmission reduction and a sharp edge in the 

transmission spectrum. The linewidth broadening will 

disappear when the heat accumulation cannot counteract the 

exponential thermal decay. It should be noted the different 

resonant modes show different sensitivities with respect to the 

diameter and refractive index changes of the microcavity due to 

the thermal absorption, in accordance with the plot in Fig. 6 (d), 

where smaller wavelength gaps between WGM resonances with 

the increase in the pump laser power led to wavelength 

mismatch between the resonances and the scanning laser. Thus, 

the heat accumulation tends to be lower than heat dissipation in 

terms of multiple WGM resonances in a microcavity, 

demonstrating suppressions of the linewidth broadening for the 

second and third WGM resonances.  

 
Fig. 7. (a) Dynamic response of the hollow core microbottle with a 

diameter of 98.9 µm at different laser powers, (b) wavelength response 

of the hollow core microbottle with 3 mW input laser power. 

 

To further investigate the linewidth broadening of the 

multiple WGM resonance modes, two adjacent WGM 

resonance dips in the transmission spectrum were studied. Fig. 

8 (a) shows the dynamic response of the microbottle (98.9 µm) 

at the tunable laser power of 1.2 mW. As depicted in the inset 

spectrum in Fig. 8 (a), Dip 1 has central wavelength at 

1544.98014 nm and Dip 2 - at 1544.98059 nm. It should be 

noted the horizontal coordinate of the inset is converted to the 

wavelength units to better illustrate the spectral gap of 0.45 pm 

between the two dips. Fig. 8 (b) shows the transmission spectra 

of the microbottle (98.9 µm) at different laser powers, where 

the linewidth broadening effect of the first dip can be clearly 
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observed. It can also be seen that the increase in the tunable 

laser power leads to a larger linewidth broadening of Dip 1 and 

a complete suppression of Dip 2 at higher powers. This is 

attributed to the wavelength mismatch between the WGM 

resonances and the up-scanning laser caused by changes in the 

diameter and refractive index of the microcavity. As the laser 

power increases, the second WGM resonance cannot follow the 

up-scanning laser, demonstrating the suppression of Dip 2. A 

complete wavelength match with the increase in the laser power 

results in a complete suppression of Dip 2. 

 
Fig. 8. (a) Dynamic response of the hollow core microbottle (98.9 µm) 

at 1.2 mW pump laser power (black) and function generator signal 

(red), (b) transmission spectra of the hollow core microbottle at 

different pump laser power. 

C. Comparison of different WGM microresonators  

 A comparison of the thermo-optic dynamic effect for different 

types of WGM microresonators reported in literature to date 

with the results of this work has been carried out. As can be 

seen from Table I, the linewidth broadening effect can be 

observed in all types of WGM geometries for lasers operating 

in the power range of milliwatts. Due to the larger thermo-optic 

coefficient of silicon (~10-4 K-1) [35], a stronger linewidth 

broadening was achieved for a microdisk with a diameter of 

4.5 µm despite a smaller operating laser power and a higher 

scanning frequency [36]. Based on the study of the silica 

microsphere in [18], the linewidth broadening effect with 

respect to the laser power and scanning frequency have been 

investigated in [37], demonstrating a larger wavelength shift 

compared with our result. The linewidth broadening effect can 

be mitigated by coating the resonator with a layer of PDMS, 

where the negative thermo-optic coefficient of PDMS 

compensates for the wavelength shift caused by the diameter 

expansion of the silica resonator [19]. Due to the hollow core 

feature in our case, thermal expansion of silica occurs only in 

the microbottle walls, leading to a smaller wavelength shift 

similar to the result reported for a Si3N4 ring [21]. The 

observation can be applied to sensors with high sensitivities, 

lasers with low thresholds, and nonlinear optics with reduced 

thermal noise. 
 

IV. CONCLUSION 

In conclusion, the dynamics of the thermo-optic effect in 

hollow core microbottle resonators with Q factors in the order 

of 107 have been investigated using the frequency-detuning 

method. By sweeping the tunable laser towards longer or 

shorter wavelengths with the help of a signal generator, we 

observed the differences in the spectral shifts of WGM 

resonances and the resonance broadening due to the differences 

in light absorption and heat dissipation mechanisms within the 

cavity. Owing to the heat dissipation by the microresonator 

cavity being a slower process than light absorption over a short 

sweep period, the hysteretic response has been detected using 

an oscilloscope in a high-resolution mode. The differences in 

the resonators’ response were also studied as a function of the 

power and sweeping frequency of the pump laser. The results 

indicate that a higher tunable laser power and a lower scanning 

frequency both lead to a larger wavelength shift during the up-

scanning process. The dependency of the WGM resonant 

wavelengths with respect to the power of tunable laser was 

investigated at various laser powers. The spectral dynamics of 

multiple WGM resonances were studied with respect to the 

power of the tunable laser. The continued linewidth broadening 

in multiple WGM resonances shows the heat accumulation in 

hollow-core resonator, potentially facilitating its applications in 

sensors and mode-locked lasers. 

 

TABLE I 

 Comparison of thermal-optic dynamic effect for different types of microresonators 

Geometry Material Diameter 

 (µm) 

Laser power (mW) Scanning speed or frequency Wavelength 

shift (pm) 

Reference 

Sphere Silica 140 1 4.6 nm/s 60 [18] 

Sphere Silica 25 1 50 Hz 70 [37] 

PDMS coated 

toroid 

 

PDMS 

and silica 

42.2 3.1 40 nm/s 3 [19] 

Ring Si3N4 200 2.10 0.05 nm/s 30 [21] 

Disk Silicon 4.5 0.035 4 MHz 200 [36] 

Hollow core 

bottle 

Silica 144 2 1 Hz 16 Our work 
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