










 

 27

COMSOL. The radius of the simulated sphere is 20 µm and the refractive index is set to 

1.5, which is the typical value for silica. The micro sphere is placed at the center of the 

simulation area, which is a cubic region filled with air and surrounded by PMLs. 

In Figure 3.3.1, WGMs are presented as modes confined near the interface of the 

sphere by total internal reflection. Although WGMs are not always confined near 

equator of spherical structure, we are only interested in those not far from the equator 

since they are more convenient to be excited by current coupling method. In the figure, 

(a) and (b) show the electric field intensity of two modes with the same mode numbers 

��, 0, �� but different polarizations. A discontinuity of electric field on the boundary of 

the sphere is observed in (b) since it is TM polarized. (c) and (d) present two TE modes 

with different � values. The difference in � leads to different numbers of mode spot in 

radial direction. (e), (f) and (g) show three TE modes with various 0 and � values. The 

difference between 0 and � is related to the number of spots in polar direction. 

With mode patterns from simulation, we are able to calculate the effective mode 

volume of micro sphere resonators. Maximum and average light intensity over the 

pattern could be further calculated from simulation results, contributing to the 

investigation on the performance of resonators that hold WGMs in various optical 

phenomenon and applications, especially in nonlinear optics where the light intensity is 

of much importance. 
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CHAPTER FOUR 

INVESTIGATION ON CHARACTERISTCS OF SILICA MICRO SPHERE RESONATORS 

 

4.1  Spectrum Characteristics of WGM 

The free spectrum range (FSR), which is the distance in spectrum between 

successive azimuthal mode numbers, of WGMs relative to specific cavity can be 

obtained from the asymptotic solution of Helmholtz equation [30]. When the mode 

number 0 � 1, the FSR could be simplified to: 

�� ¡¢ £ ,2(�5¤ 2 1� � <¥¦ 0f�/�3 3 

where �5 is the refractive index of medium, ¤ is the radius of the sphere, <¥¦ is the n-th 

zero of the Airy function, m is the azimuthal mode number and 0 is the polar mode 

number. 

WGMs can be hold in various spherical structures, like spheres, disks, rings and 

toroids. Since the micro sphere is a three dimensional structure which has higher degree 

of degeneracy than other structures, the mode density in micro spheres is also larger. In 

micro spheres, most modes of our interest are confined near the equator, which have � 

and 0 values. However, since the micro sphere measured in the experiment is not 

perfectly spherical, the degeneracy of � for modes with equal � and 0 are broken. This 

leads to clusters of multiple resonances distributed near the center resonance 
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frequency. The splitting in modes is due to the eccentricity of the spheres and is usually 

observed when measuring micro sphere resonators. 

Starting from the resonant frequencies for perfect spheres, the frequency shift 

due to eccentricity is given in [23] as below: 

����¥,�,5� � + 0� � ��40� e�
 

in which the eccentricity coefficient e � §2|
L � 
z|/
L, rI is the equatorial radius, r� is 

the axial radius. 

According to the equation above, �� depends on the eccentricity coefficient e. 

Thus the frequency shift between the splitting could be used to evaluate the uniformity 

of the micro sphere. 

4.2  Q-factor of Micro Sphere Resonators 

The Q-factor is defined as the ratio of the energy stored in the resonator to the 

energy dissipated per circulation, 

© �  2( E 7ªz«4�¬­­ 

In a resonator with energy exchange through coupling, the Q-factor consists of 

the intrinsic part and the external part, 

©�¬�z�f@ � ©¦f@ � ©Lf@ 

where the intrinsic factor ©¦ corresponds to the loss of the resonator, while the external 

factor ©L corresponds to the coupling condition. 
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The intrinsic loss of the resonator can be regarded as a combination of scattering, 

material absorption and radiative loss, which in mathematics gives the expression for 

unloaded quality factor ©¦: 

©¦f@  �  ©­ªzf@  �  ©5z�f@  �  ©1zyf@  

The material absorption limits the ultimate Q-factor of micro sphere resonators 

of specific materials. The radiative loss depends on the curvature of the surface. As the 

size of the sphere decreases to the same level of the wavelength, Q-factor will be 

dominated by radiative loss. For silica micro spheres with radius of tens of microns, the 

scattering loss is the dominant part for the Q-factor. The refinement of the surface 

determines the performance of the micro sphere [31, 32]. 

  



 

 

4.3  Results and Discussions

4.3.1  Spectral Characteristics

Figure 4.3.1: Micro sphere coupled to a tapered fiber coupler.

Due to the large mode density inside the micro sphere resonator, it is tricky to 

obtain the spectrum of desired sets of modes. To do so, we placed the tapered fiber 

coupler far from the resonator at the beginning of the measurement, and gradually 

decreased the distance between the resonator and the tapered fiber coupler with steps 

of . In every step, we scanned the transmission spectrum of the system from 

1540 to . When the coupling was relatively weak, only a small amount of 
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modes were excited and could be seen on the spectrum, giving us a clean spectrum that 

could be analyzed and compared to theoretical results.

Figure 4.3.2: Transmission spectrum at wea

Figure 4.3.2 shows the transmission spectrum when the tapered fiber coupler 

was placed  from the micro sphere. The radius of the resonator is 

transmission spectrum is normalized to maximum transmitted light intensity. When light 

was coupled to the resonator, only a portion of input light was received by the detector 

at the output port. Thus resonance frequencies appeared as dips instead of

the spectrum. The depth of the dip indicates the distinction of light intensity. Both TE 

and TM modes could be observed on the spectrum, which are two alternately sets of 

mode clusters. The intensity ratio of TE and TM modes could be precisely co

adjusting the polarization controller in the setup. FSR of the TE mode on the spectrum is 
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modes were excited and could be seen on the spectrum, giving us a clean spectrum that 

could be analyzed and compared to theoretical results. 

Figure 4.3.2: Transmission spectrum at weak coupling. 
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was coupled to the resonator, only a portion of input light was received by the detector 

at the output port. Thus resonance frequencies appeared as dips instead of

the spectrum. The depth of the dip indicates the distinction of light intensity. Both TE 

and TM modes could be observed on the spectrum, which are two alternately sets of 

mode clusters. The intensity ratio of TE and TM modes could be precisely co

adjusting the polarization controller in the setup. FSR of the TE mode on the spectrum is 
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Figure 4.3.2 shows the transmission spectrum when the tapered fiber coupler 

. The 

transmission spectrum is normalized to maximum transmitted light intensity. When light 

was coupled to the resonator, only a portion of input light was received by the detector 

at the output port. Thus resonance frequencies appeared as dips instead of peaks on 

the spectrum. The depth of the dip indicates the distinction of light intensity. Both TE 

and TM modes could be observed on the spectrum, which are two alternately sets of 

mode clusters. The intensity ratio of TE and TM modes could be precisely controlled by 

adjusting the polarization controller in the setup. FSR of the TE mode on the spectrum is 



 

 

, which is identical to theoretical result. Resonant frequencies are also consistent 

to those from mathematical calculation, which are marked as cir

Figure 4.3.3: Zoom-in view of the transmission spectrum of eccentricity splitting.

Instead of a single mode at the resonant wavelength, we observed a cluster of 

modes nearby, as shown in Figure 4.3.3. The mode cluster distributes arou

resonance as the center with a constant shift. The phenomenon of resonance splitting is 

due to the eccentricity of the micro sphere, which causes the degeneracy of modes with 

different values of mode number 

which is  in Figure 4.3.3, can be used as a reference to evaluate the uniformity 

of the sphere. 
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, which is identical to theoretical result. Resonant frequencies are also consistent 

to those from mathematical calculation, which are marked as circles on the figure.
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in view of the transmission spectrum of eccentricity splitting. 

Instead of a single mode at the resonant wavelength, we observed a cluster of 

modes nearby, as shown in Figure 4.3.3. The mode cluster distributes around the 

resonance as the center with a constant shift. The phenomenon of resonance splitting is 

due to the eccentricity of the micro sphere, which causes the degeneracy of modes with 

at the same frequency. The shift of wavelength, 

in Figure 4.3.3, can be used as a reference to evaluate the uniformity 



 

 

4.3.2  Q-factors in Different Coupling Conditions

Figure 4.3.4: Transmission spectrum on a resonance in different coupling conditions.

According to the coupling model in chapter 2, the on

rate is dependent on the internal loss of the resonator and the coupling condition. 

When the internal loss  is less than the transmission coefficient 

under-coupling condition, in which only a portion of input light will be coupled into the 

resonator. When  is equal to 

will be transmitted to output port. When 

in which a portion of light in the resonator will be coupled to the output port. With 

fixed, as the coupling coefficient 

critical-coupling and over-coupling, with an increasing ext

total Q-factor of the resonator
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Figure 4.3.4: Transmission spectrum on a resonance in different coupling conditions.

According to the coupling model in chapter 2, the on-resonance transmission 

rate is dependent on the internal loss of the resonator and the coupling condition. 

is less than the transmission coefficient , it is termed as 

upling condition, in which only a portion of input light will be coupled into the 

is equal to , the system is in critical-coupling condition and no light 

will be transmitted to output port. When  is larger than , it is over-couplin

in which a portion of light in the resonator will be coupled to the output port. With 

fixed, as the coupling coefficient  increases, the system will experience under

coupling, with an increasing external loss and a decreasing 

or of the resonator [23, 33]. 
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Figure 4.3.4 demonstrates the transmission spectrum near a single resonance of 

a micro sphere at 1553.77 nm with various coupling conditions. The system started 

with an initial distance of 600 nm， which leads to weak coupling coefficient and the 

system was in under-coupling condition. The line-width of the resonance is 0.03 pm, 

resulting in a total Q-factor of 5.2 E 10¯ at 1553.77 nm. As the resonator moved closer 

to the tapered fiber, the intrinsic Q remained the same while the external Q decreased, 

presenting a decreasing total Q and expanding line-width on the spectrum. The system 

transferred from under-coupling to critical-coupling with an increasing distinction rate 

of the transmitted light first, and then from critical-coupling to over-coupling condition 

with a decreasing distinction rate. When the distance between the resonator and the 

tapered fiber reached the minimum value of 200 nm in the measurement, the Q-factor 

decreased to 1.4 E 10¯. Intrinsic Q-factor of the resonator was calculated according to 

measured data, which is 9.7 E 10¯. 

  



 

 

4.3.3  Degradation of the Q

Figure 4.3.5: Transmission 

During the measurement, degradation of the performance of silica devices over 

time is the main problem for the consistency of the device under testing. The 

transmission rate of the tapered fiber coupler decreased from 

hours after fabrication. Similar degradation on the 

observed. 

As shown in Figure 4.3.5, a resonance at 

the same resonator. The resonator was placed in the air and isola

was not mounted on the experiment setup. One of the measurements in red line was 

operated right after the fabrication of the micro sphere, while another in blue line was 

operated 24 hours after the fabrication. The 
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Degradation of the Q-factor Over Time 

Figure 4.3.5: Transmission spectrum measured in different time.

During the measurement, degradation of the performance of silica devices over 

time is the main problem for the consistency of the device under testing. The 

transmission rate of the tapered fiber coupler decreased from  to 

hours after fabrication. Similar degradation on the Q-factor of micro spheres was also 

As shown in Figure 4.3.5, a resonance at  was measured twice on 

the same resonator. The resonator was placed in the air and isolated from dusts when it 

was not mounted on the experiment setup. One of the measurements in red line was 

operated right after the fabrication of the micro sphere, while another in blue line was 

operated 24 hours after the fabrication. The Q-factor in the first measurement is near 
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1 E 10±, and decreased to 3 E 10² in the second one, showing a degradation of almost 

two orders in 24 hours. 

The degradation is the consequence of the chemical property of silica. Silica, or 

silicon dioxide, is regarded to be stable in the air. However, it can be etched by alkalis. 

When the device is exposed in the lab, it will be gradually etched by OHf ions, which 

come from the ionization of a small portion of H�O in the air [34]. The process creates 

small cracks on surface of the micro sphere and the tapered fiber, which significantly 

increases the scattering loss when the light propagates along the surface. To prevent 

the degradation and extend the available usage time, devices should be isolated from 

the H�O in the air, for example, by placing all devices in a nitrogen-filled enclosure 

during the measurement and keeping them in a sealed dry box with desiccant inside for 

storage. 

 



 

 

SRS IN

5.1  Resonance-enhanced SRS

Figure 5.1.1: Raman 

Raman gain as a function of the frequency shift is shown in Figure 5.1.1, with the 

assumption that the pump light and the scattered light are in the same polarization. The 

line-width of the gain profile is 

the pump light [35]. With pump light near 
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CHAPTER FIVE 

IN SILICA MICRO SPHERE RESONATORS 

 

enhanced SRS 

Figure 5.1.1: Raman gain spectrum of silica. 

Raman gain as a function of the frequency shift is shown in Figure 5.1.1, with the 

assumption that the pump light and the scattered light are in the same polarization. The 

width of the gain profile is  with the peak value shifting 

. With pump light near , the scattered light from SRS is 

 

Raman gain as a function of the frequency shift is shown in Figure 5.1.1, with the 

assumption that the pump light and the scattered light are in the same polarization. The 

 away from 

, the scattered light from SRS is 



 

 39

expected to be shifted about 112 nm from the original wavelength and appear around 

1662 nm. 

Micro sphere resonators with high Q-factors provide a way to confine the light in 

a structure in microns with long photon life time and compact optical modes (WGMs), 

which could be utilized to implement resonance-enhanced SRS phenomenon. The most 

significant potential advantage is the reduction in the size of the device and the 

threshold input power, which is in hundreds of milliwatts for fiber-based devices [36]. 

Since in the resonator the SRS involves two different optical modes, one for the pump 

light and another for the scattered light, it is necessary to define a parameter to indicate 

the strength of interaction between two modes [37, 38]. We take the effective mode 

volume as the merit, which is given as: 

³LMM � ´|7µ|� .³ ´|7¢|� .³´|7µ|�|7¢|� .³  

in which 7µ is the electric field of pump light, and 7¢ is the electric field of scattered 

light in Raman process. The value of the effective mode volume depends on both the 

field amplitude and spatial overlap of two modes. The threshold of the input pump light 

power for resonance-enhanced SRS is given in as: 

4� � 1��¶� (���·¢NµN¢
³LMM©¦�

�1 � ¸��¸  

in which ��Γ� is the term correlating to the inter-mode coupling between the clockwise 

and counterclockwise modes in spherical resonators, ·¢ is the Raman gain coefficient, ¸ 

is the coupling coefficient, and ©¦ is the unloaded Q-factor of the resonator. 



 

 

From the equation above, the threshold pump power for resonance

SRS is relevant to the Q-fact

between the threshold power and the 

be enhanced by resonance simultaneously as a result of the large mode density in micro 

sphere resonators, making it possible to observe SRS with reduced threshold. 

5.2  Experiment Setup 

Figure 5.2.1: Experiment setup for observing SRS in micro sphere resonators.

To detect the scattered light from SRS, an optical spectrum analyzer (OSA) was 

added to the setup in Figure 2.5.1. The output light from the tapered fiber coup

split by a 9:1 sampler, with major portion of the light delivered to the OSA and the rest 

to the PD for obtaining the transmission spectrum near the resonance, as shown in 
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From the equation above, the threshold pump power for resonance

factor of the resonator. Due to the inverse quadratic relatio

between the threshold power and the Q-factor, the pump light and scattered light may 

be enhanced by resonance simultaneously as a result of the large mode density in micro 

sphere resonators, making it possible to observe SRS with reduced threshold. 
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To detect the scattered light from SRS, an optical spectrum analyzer (OSA) was 

added to the setup in Figure 2.5.1. The output light from the tapered fiber coupler was 

split by a 9:1 sampler, with major portion of the light delivered to the OSA and the rest 

to the PD for obtaining the transmission spectrum near the resonance, as shown in 



 

 

Figure 5.2.1. A tunable attenuator was also connected between the polarizati

controller and the tapered fiber coupler for adjusting the power of the pump light.

Direct DC voltage instead of scanning signal from the function generator will be 

applied on the piezo motor in the tunable laser when the transmission spectrum had 

been obtained to adjust the wavelength of the pump light. Scattered light from SRS can 

be found on the spectrum of OSA when the pump power reached the threshold.

5.3  Results and Discussions

Figure 5.3.1: Transmission spectrum of a resonance for pump light.

Measuring process for resonance

transmission spectrum of the resonator was scanned to select mode with high 
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enhanced SRS is described as following: The 

transmission spectrum of the resonator was scanned to select mode with high Q-factor 
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for dropping pump light. The attenuator was set to high attenuation so that only several 

microwatts of light were used for scanning to avoid deformation on the obtained 

resonance spectrum. After the laser had been tuned to the resonance wavelength by 

adjusting the driving voltage on the piezo motor, the power of pump light would be 

increased gradually until scattered light appeared on the spectrum. Transmitted pump 

light and scattered light from the resonator were received by the OSA, presenting an 

optical spectrum with peaks in several wavelengths. Figure 5.3.1 shows one of the 

resonance modes used for pump light, which has an unloaded Q-factor of 1 E 10±. 



 

 

Figure 5.3.2: Spectrum of transmitted pump light and scattered light from SRS.

Results from SRS measurement are presented in Figure 5.3.2. The peak near 

 is the transmitted pump light receive
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Figure 5.3.2: Spectrum of transmitted pump light and scattered light from SRS.

Results from SRS measurement are presented in Figure 5.3.2. The peak near 

is the transmitted pump light received by OSA. Due to the thermal effect of 

 

Figure 5.3.2: Spectrum of transmitted pump light and scattered light from SRS. 

Results from SRS measurement are presented in Figure 5.3.2. The peak near 

d by OSA. Due to the thermal effect of 
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silica micro sphere caused by absorption, the resonance position is shifted by the 

change in refractive index of the material and the portion of the dropped pump power 

will be capped. In (a), a cluster of modes with amplitude from �33 dB to � 26 dB 

appear near the center wavelength 1667 nm. In (b), the phenomenon is similar to (a), 

but the wavelength shift between excited modes is constant, which is close to the FSR of 

9 nm for TM modes in the resonator. In (c), only a single mode for scattered light is 

excited. The average Raman shift is 113 nm with the pump light at 1555 nm. The 

lowest threshold for resonance-enhanced SRS was measured to be 1 mW, which is two 

orders lower than reported values in fiber-based SRS devices. The average transition 

rate between the dropped pump power and scattered light power is 5.3%. 

The quantity of excited scattered light modes varies with the wavelength of the 

pump light. When pump power is dropped into different resonant modes of the micro 

sphere, the center wavelength of the Raman gain profile falls into different regions. Due 

to the large mode density in the micro sphere resonator, all modes with sufficient gain 

near the peak of Raman gain profile will be excited, presenting a cluster of lasing mode 

with Raman shift (112 nm) from the wavelength of the pump light. 

Bi-stability of the threshold power was also observed. The threshold power could 

be measured either by increasing the pump light power until scattered light from SRS 

appeared in the spectrum, or by decreasing the pump light power until the scattered 

light disappeared. We noticed that results from these two methods were not identical. 

The threshold measured by increasing the pump light power, which is 4 mW in our 
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result, was higher than that by decreasing the pump light power, which is 1 mW. The bi-

stability comes from the thermal effect in the resonator due to the absorption of the 

material and SRS process. Suppose that the resonator starts from low pump power with 

no SRS happening (referred as the “cold state”), and finally reaches a static state when 

SRS happens continuously (referred as the “hot state”). Since both the absorption of the 

material and SRS process will rise the temperature of the resonator, which will also 

change the refractive index, leading to deformation of mode patterns. The overlapping 

between mode patterns of pump light and scattered light in hot state is better than that 

in cold state, resulting in a lower threshold power. When the resonator is switching 

from cold state to hot state, the only heat source is the absorption, thus it takes more 

power to start SRS process. When it is switching from hot state to cold state, SRS 

process will also contribute to heating the resonator and help maintain the overlapping 

of the pump light and scattered light, therefore resulting in a lower threshold than the 

former situation. 
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CHAPTER SIX 

CHALCOGENIDE GLASS MICRO SPHERE RESONATORS 

 

6.1  Chalcogenide Glasses 

Chalcogenide glasses are a class of amorphous semiconductor materials 

containing chalcogen elements from group 6A of the period table, like sulfur, selenium 

and tellurium. Unique optical properties of chalcogenide glasses have been reported 

due to covalent bonds between heavy elements in the composition [39]. For example, 

arsenic tri-sulfide (As�S� ) glass has a high refractive index of 2.4 and a broad 

transparent window from 2 µm to 11 µm, making it a competitive candidate for optical 

material in near to mid infrared band. Moreover, As�S� glass has Raman gain in the 

order of 10f@¦, which is 3 orders higher than that of silica, and Raman shift of 340 cmf@ 

with line-width of 85 cmf@, showing strong potential for providing Raman amplification 

and lasing in mid infrared band (2 � 10 µm). 

For the Raman spectrum is usually broad and with a large frequency shift 

(about 10 THz), SRS provides a good option for generating light with frequency that 

might be difficult to obtain by other approaches, specifically for the mid-infrared band. 

By combining the advantages of micro sphere resonators and chalcogenide glasses, it is 

promising to expect Raman amplifier and laser in mid infrared band with reduced 

pumping threshold. Here we fabricated As�S� micro sphere resonator, investigated its 

properties, and explored the performance it may have. 
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6.2  Fabrication 

 

Figure 6.2.1: ÁÂaÃÄ micro sphere with the radius of aÅ. Æ ÇÈ. 

The As�S� micro sphere can be fabricated by a melting and cooling process 

similar to that for making silica micro spheres [40, 41]. The main problem for the 

fabrication is that the melting point of As�S� is only 310 °C, and As�S� does not have 

absorption peak near 10.6 µm as silica, thus neither hydrogen torch nor focused laser 

beam from a CO� laser can be applied as the heating source. As the result, chemical 

etching method is adapted for tapering and a micro-electro-mechanical-system (MEMS) 

heater with precise temperature control is used as the heating source for handling 

As�S� glasses. 

We started from a piece of As�S� fiber with a diameter of 170 µm. The fiber was 

first dipped into 1mmol/ml NaOH solution for etching until its diameter had reached 

20 µm. It was then carefully rinsed before being mounted on a three dimensional 



 

 

optical stage.  reacts with the oxygen in the air during the heating process and 

produces  particles on the surface, which will reduce the 

fabricated resonator. Thus, 

were kept in an enclosure filled with nitrogen gas during the fabrication process. The tip 

of the fiber was moved into the heating region and melted in to a sphere. The size of the 

sphere was monitored by a microscope and could be adjusted by the amount of fiber 

fed into the heating region. An 

method described above is shown in Figure 6.1.1.

6.3  Results and Discussions

Figure 6.3.1: Transmission spectrum near 
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and Discussions 
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micro sphere. 
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As�S� micro sphere resonators were measured with same experiment setup in 

Figure 5.1.2. The transmission spectrum for a resonance near 1556.27 nm used for 

pump light is given in Figure 6.2.1. The line-width of the resonant mode is 2.1 pm, 

indicating a total Q-factor of 7.2 E 10Ê. By fitting the data with the coupling model, 

unloaded Q-factor of 1.4 E 10² can also be obtained. 

According to chapter 5, the threshold for pump light of resonance-enhanced SRS 

corresponds to the effective mode volume, the Raman gain coefficient and the 

unloaded Q-factor of the resonator. The threshold of SRS in As�S� micro spheres can be 

estimated based on the measured threshold of silica micro spheres: 

4�Ë���0�, � 8 ³LMM·¢©¦ ���0�, �, 4�Ë���0�, � 8 ³LMM·¢©¦ ���0�, � 

4�Ë����Ì�� � ³LMM·¢©¦ ����Ì�� E ·¢©¦³LMM ���0�, � E 4�Ë���0�, � 

By inserting the threshold for silica micro spheres in Chapter 5, which is 1 mW, 

the unloaded Q-factor of the silica micro sphere �1 E 10±� and Q-factor of the As�S� 

micro sphere in Figure 6.2.1 (1.4 E 10² ) into the equation above, the estimated 

threshold of SRS for As�S� micro sphere at 1550 nm is calculated to be 100 mW. 

The estimated threshold is not reachable in current experiment setup. However, 

since the threshold power has an inverse quadratic relation with the Q-factor of the 

micro sphere, it can be reduced significantly by improving the fabrication process of the 

As�S� micro sphere. Besides the absorption of the material, one main factor that causes 

the reduction on Q-factor is the darkening property of chalcogenide glasses. When 
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being exposed to heating source or illuminated by intensive light beam, chalcogenide 

glasses will be darkened, which means that the refractive index of the exposed part will 

be changed. Inhomogeneous heating during the fabrication will cause non-uniformity in 

refractive index of the micro sphere. This will introduce extra scattering loss and thus 

reduce the Q-factor of the resonator. If a homogeneous heating region is applied in the 

fabrication, higher Q-factors of As�S� micro spheres are expected. 
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