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A systematic study on the effects of microtaper fiber diameters on the spectral characteristics of a whispering-
gallery-mode (WGM) micro-bottle resonator (MBR) is presented. Progressively cleaner and simpler spectra of the 
MBR were observed when the utilized microtaper fiber waist diameter (Dt) was increased from 2 μm to 10 μm. The 
maximum transmission depth at resonance varies with different microtaper fiber utilized from ~20 dB (Dt = 2 μm) 
to ~4 dB (Dt = 10 μm). The loaded Q-factors were observed to be unaffected by the increase of Dt with values of > 106 

being measured in all cases. Mode transformation of MBR was also experimentally investigated and compared to a 
microdisc FDTD simulation by studying near-field images of the output beam on the waist of the microtaper fibers. 
For the first time, experimental observation of mode transformation from LP01 to LP11 across scanned WGM 
resonances is being reported. © 2016 Optical Society of America 

OCIS codes: (130.3990) Micro-optical devices; (140.3948) Microcavity devices; (140.4780) Optical resonators.  
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1. Introduction 
Optical microresonators (MRs), supporting whispering gallery modes 
(WGMs), have created much interest in the recent years for their great 
potential towards miniaturization and applications in advanced optical 
micro-systems [1, 2]. Various microresonator geometries such as 
microsphere [3], microtoroid [4] and microdisc [5] are capable of 
storing light with high Q-factors and in small mode volumes. This is 
accomplished through the process of total internal reflection between 
the guiding and surrounding medium of the microcavity and the 
formation of WGMs.  Since these types of resonators primarily confine 
light at their respective equatorial planes, they are generally considered 
as a 2-D resonator with the spectral properties being defined primarily 
by their diameters. 

Study of optical MRs supporting WGMs has also been extended to 
include cylindrical structures, such as optical fibers, or MRs formed on 
fibers for their distinctive manner in confining light as well as for easy 
handling and incorporation in practical applications [6-8].  Among 
optical MRs fabricated on optical fibers, micro-bottle resonators (MBRs) 
have also been given increased attention due to their unique manner of 
supporting WGMs. Through the combination of WG-ring and WG-
bouncing ball principles, MBRs are able to support true 3-D WGM light 
confinement [9]. MBR shape approximates accurately a harmonic-
oscillator profile with its WGM numbers being defined by m 
(azimuthal), p (radial) and q (axial) order [10, 11]. The two distinctive 
MBR turning points correspond to regions of strong field enhancement 
and define the area of WGM modal confinement [9]. The presence of 
distinctive turning points in MBRs can be used for efficient 
adding/dropping functionality [12].  In contrast with spherical MRs, 
MBRs show highly non-degenerate resonances and very rich and 

complex transmission spectra [10]. This is due to the fact that as the 
radius of MBRs varies along the length, multiple overlapping effective 
cavities give rise to dense superimposed resonance spectra.  It has been 
shown that variation of radius even in the nano-scale is sufficient for 
MBRs to form and trap the light close to their surface [13]. 

The dense WGM spectral features of MBRs are advantageous for 
studies where large number of resonance modes are preferred; such as 
in cavity quantum electro-dynamics where multiple resonances are 
required to be simultaneously present on a linked quantum network 
[1].  This however would be a serious limitation in applications, such as 
sensing, where monitoring of specific WGM resonance is required over 
a broad wavelength range. It is then necessary to have MBRs with 
simpler WGM spectra that are easily distinguishable and traceable over 
a broad spectral range. Previously, two techniques for cleaning and 
simplifying the complex and dense spectral features of MBRs have been 
demonstrated by preferentially attenuating subset of the supported 
WGMs. The first technique showed that efficient modal filtering can be 
achieved by placing high-index micro-droplets as diffractive loss 
elements on MBRs [11]. It was also observed that even after the spectral 
“clean-up”, narrow spectral features would still consist of superposition 
of a few overlapping modes. A drawback of this method is that it is very 
hard to control and accurately position the micro-droplets in order to 
attenuate certain modes while ensuring the desired ones have survived. 
The second technique applied direct writing of micro-groove scars on 
the MBR surface with focused ion beam milling.  In this case, the scars 
introduced to the resonator surface would scatter-out the majority of 
WGMs and reduce the surviving mode resonances significantly [14].  
With accessible beam size of < 50 nm, high precision micro-groove 
shapes and designs can allow the user to accurately perform mode 
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filtering and selection on MBRs.  Nevertheless, while this particular 
technique is highly accurate, it involves expensive equipment and a 
number of additional fabrication steps. In this paper, we study 
systematically the effect of the microtaper excitation fiber diameter (Dt) 
on the MBR transmission spectrum characteristics, and propose it as an 
alternative very simple means of cleaning-up MBR transmission 
spectra.  Progressively cleaner and simpler spectra were obtained when 
Dt was increased from 2 μm to 10 μm. In all cases, the measured Q-factor 
values of the MBR resonances reached > 106.  Mode transformation as a 
result of light coupling from MBR back to the microtaper fiber is also 
reported.  It was observed that conversion of the LP01 microtaper fiber 
mode into LP11 takes place in a number of strong transmission 
resonances in the case of 2 μm taper waist diameters. Despite the much 
larger modality, modal transformation was observed to be not as 
frequent in the case of microtaper with 8 μm waist diameter.  In section 
2, we discuss the experimental spectral evolution of the MBR 
transmission spectra with microtaper diameter and compare it with 
theoretical modelling results showing a very good agreement.   In 
section 3, we present experimental evidence of modal transformation in 
the microtaper waist, associated with strong resonances, and compare 
it with numerical simulations of planar waveguide/disc-resonator 
systems in section 4. 

2. Micro-bottle resonator excitation source and 
spectral clean-up 
The MBR utilized in the experiment was fabricated by “soften-and-
compress” technique demonstrated previously [10].  As shown in Fig. 1, 
the microresonator attain neck-to-neck distance Lb = 355 μm, bottle 
diameter Db = 175 μm and stem diameter Ds = 125 μm. One of the 
important parts in MRs study is the coupling of light into and out of the 
microcavity.  Several methods relying on energy exchange between 
WGMs and the evanescent part of guided modes or total internal 
reflection has been developed to efficiently couple light into the cavity of 
optical resonators. One of the earliest methods was based on prism 
coupling which relies on total internal reflection [15, 16]. This method 
was later compacted with the utilization of angle polished optical fibers 
instead of prism [17].  Much recently, coupling light into WGM cavity 
using a fused-tapered fiber tip has also been reported [18].  To date, the 
best method for coupling into a WGM microcavity with high efficiency is 
with the use of optical fiber microtapers.  It is possible to couple more 
than 90% of the input light into the cavity of a high-Q fused silica 
resonator [19]. In the case of high-index barium titanate glass 
microspheres, it was reported that the required microtaper diameter 
(Dt) to observe strong transmission resonances is ≤ 2.5 μm [20].  

It is possible to control the excitation of MBR WGMs by varying the 
microtaper fiber waist diameters. For this study, five optical fibers 
tapered down adiabatically with Dt of 2, 4, 6, 8 and 10 μm were utilized 
to couple light into the cavity of the fabricated MBR. The microtapers 
were fabricated from standard SMF28 fibres using computer-
controlled, in-house tapering facilities.  With the incorporation of a 
three-axis micro-positioning stage, the microtaper fibers were arranged 
to be in contact with and at right angles to the MBR axis. Although this 
technique overloads the cavity and reduces the resonator’s overall Q-

factor value, it forms a robust and stable optical arrangement suitable 
for use in sensor and other practical applications.  The narrow linewidth 
(~100 kHz) output from a tunable laser source (TLS) was launched into 
one end of the microtaper fiber with the other end connected to an 
InGaAs photo-detector for transmitted power monitoring.  

Fig. 2 shows the transmission spectra of the microtaper fiber-coupled 
MBR when excited at center position with Dt of 2, 4, 6, 8 and 10 μm.  With 
the smallest taper diameter Dt = 2 μm, a dense transmission spectrum 
with strong excitation of WGMs is observed.  As the taper diameter 
increases to 10 μm the transmission spectrum becomes progressively 
cleaner and the maximum transmission dip decreases.  In addition, 
strong and dense transmission spectra are accompanied by sizable 
insertion loss, predominantly due to excessive excitation of free-space 
radiation modes and a large number of partially overlapping and over-
coupled WGMs (as a result of the taper being in direct contact with the 
MBR). The results are summarized in Fig. 3, where a decrease of the 
transmission dip from ~20 dB to ~4 dB and insertion loss from ~12 dB 
to ~0 dB is measured as the taper diameter increases from 2 μm to 10 
μm. The observed reduction in the density of transmission resonances, 
i.e. spectrum clean-up, and the decrease in transmission dip with the 
increase of the taper diameter is a result of the variation of the coupling 
strength between the propagating microtaper mode and the excited 
WGMs.  In order to quantify the coupling effects, we have modified the 
theoretical analysis developed for microsphere excitation by 

 
Fig.  1 Fabricated MBR of Lb = 355 μm, Db = 175 μm and Ds = 125 μm. 

 

Fig.  2 Excited MBR WGM transmission spectra coupled at the center 
with microtapers of different waist diameter Dt . 

 

Fig.  3 Summary of MBR transmission and insertion loss vs.  taper Dt.  



microtapers [21, 22]. In Ref. [21] a quasi-parabolic profile is considered 
to approximate the microsphere shape, and Hermite-Gauss functions 
are used to describe the axial (or polar) field distributions around the 
coupling point.  These approximations are exact expressions for the 
shape and axial field distributions in quasi-parabolic profile MBRs and 
therefore the obtained coupling constants expressions are applicable to 
MBRs with higher accuracy.  The required radial field distributions and 
MBR eigenfrequencies are given in terms of (m,q,p) in Ref. [11].  Details 
of the model will be presented elsewhere [23].    

Fig. 4 shows the effective index of the microtaper LP01 mode and MBR 
WGMs of different radial mode orders (p = 1, 2, 3, 4), as a function of the 
resonant wavelength.  Effective indices for the taper LP01 mode and the 
WGMs are defined as βLP01/k0 and m/Rb, respectively, where βLP01 is 
propagation constant of the LP01 taper mode, k0 is the vacuum 
wavenumber, m is the WGM azimuthal mode number and Rb is the MBR 
radius.  It is shown that for Dt = 2 μm the effective index of the taper 
mode lies well within the WGM effective-index range and it is phase-
matched with a large number of WGMs.  It is, therefore, expected to 
strongly excite a large number of WGMs supported by the MBR. As Dt 
increases above the 4 μm level the taper mode gets progressively more 
detuned from the MBR WGMs.   

The impact of the LP01 microtaper mode effective index variations are 
shown in Fig. 5, where the transmission minima are plotted as a function 
of the corresponding WGM resonance wavelength.  The transmission 
minima are calculated using a simplified coupling approach, 
appropriate for generalized ring-resonators [22-24].  Fig. 5 (a) and (b) 
show that for Dt = 2 μm and 4 μm, respectively, the transmission spectra 
are dense due to strong excitation of many different radial order WGMs.  
For Dt = 10 μm (Fig. 5 (c)), however, only the fundamental radial order 
(p = 1) WGMs are primarily excited and the calculated transmission 
spectrum is simplified substantially. In this case, the large phase 
mismatch between the microtaper LP01 mode and the MBR WGMs (see 
Fig. 4), and the decreased evanescent mode field overlaps result in 
smaller overall coupling constant and excitation strength and, therefore, 
reduced transmission dips.  In Fig. 5 (c) the calculated WGM azimuthal 
and axial mode numbers are also shown.  As expected, for a microtaper 
placed in the MBR center, the strongest excitation corresponds to the 
fundamental WGM characterized by axial mode number q = 0.  In this 
case, the calculated free spectral range (FSR) for modes with the same 
(p, q) mode numbers and adjacent azimuthal numbers, i.e. (m, q, p) = 
(476, 0, 1) and (m, q, p) = (475, 0, 1), is 3.15 nm, in close agreement with 
the experimentally obtained one (FSRexp ≈ 3.2 nm – see Fig. 2 (e)).  We 
should also point out that WGMs with larger axial mode numbers show 
progressively smaller transmission dips, as a result of their larger axial 
spreading and smaller evanescent overlap with the microtaper LP01 
mode.  In addition, because of spatial mode symmetry, in the case of 
central excitation only the WGM modes with odd number of axial 
intensity maxima (i.e. even axial mode number q) are excited.  In 
practice though, residual non-symmetries can result in excitation of 
both even and odd axial order WGMs, as it has been experimentally 
observed with offset excitation of slightly deformed microspheres [25].  
This effect will be much more pronounced with the smaller diameter 
microtapers.     

Utilization of microtapers with Dt = 10 μm generated readily resolved 
single resonance dips which are easily distinguishable along with clearly 
identifiable FSR. These transmission dips can be beneficial as indication 
markers through any wavelength shifts in case MBRs are to be used in 
sensing applications [26]. In addition, we have noticed that larger 
microtaper fiber waist diameter also results in a much more robust 
device showing negligible aging and deterioration towards 
environmental effects, such as humidity. Conversely, microtaper fibers 
with 2 μm waist diameters deteriorate quickly resulting in large surface 
scattering and transmission power drop. Comparison of Fig. 2 (a) and 
(e) show that the use of microtaper fiber with Dt = 10 μm results in > 10 
dB throughput power increase.  Fig. 6 shows specific measured 
resonant features of the MBR excited at center position with the five 
different microtaper fibers of different Dt. The wavelength span is varied 
in order to best demonstrate the multiple overlapping resonance fitting 
and the observed dominant resonance Q-factor (approximated by 
λ/𝛥λ).  The cumulative fitted and experimental curves are almost 
indistinguishable.  As can be seen from the Lorentzian fitting, utilizing 
microtapers with Dt ≤ 6 μm results in transmission features composed 

 

Fig. 4 Effective index of the microtaper LP01 mode (Dt = 2, 4, 6, 8, & 
10 µm) and MBR WGMs of different radial mode orders (p = 1, 2, 
3, 4), as a function of the resonant wavelength. 

 
Fig. 5 WGM transmission minima vs. corresponding resonance 
wavelength, for different radial mode orders (p = 1, 2, 3 ,4, 5), for 
microtaper diameter Dt of (a) 2 μm, (b) 4 μm and (c) 10 μm. (m, q 
are the WGM azimuthal and axial mode numbers, respectively) 
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of a large number of overlapping WGM resonances.  This is a direct 
consequence of the multiple radial-order WGM excitation discussed 
with reference to Fig. 5.  When using microtapers with Dt ≥ 8 μm the 
transmission features comprise predominantly single WGM 
resonances. As discussed above, our modelling attributes these 
resonances to radial order p = 1 WGMs.  This could be of great advantage 
for applications where monitoring single WGM dip resonances is 
required over a broad wavelength range. While utilizing smaller 
microtaper fiber waist diameters provide increased coupling efficiency 
and stronger resonances, this is achieved at the expense of multiple 
higher-radial-order MBR mode excitation. However, it should be 
stressed that in all cases, the measured maximum Q-factor of the 
dominant resonance was > 106 for all microtaper waist diameters. 

3. Modal transformation of microtaper fiber by micro-
bottle resonator 
Microtaper fibers utilized for exciting the MBR under study were 
fabricated to have an adiabatic transition from full SMF 9/125 μm 
core/cladding diameter to the desired diameter with 6.0 mm uniform-
waist length. For an adiabatic microtaper fiber transition, high efficiency 
excitation of LP01 fundamental fiber mode reaching 99.5% could be 
accomplished [27].  Although the microtaper fiber supports a number 
of modes along its waist (where the original core diminishes and light is 
being guided by the waist itself), uniform-waist microtaper fibers with 
adiabatic transition would still maintain the high LP01 mode excitation. 
Placing an optical microresonator in close proximity to the microtaper 
fiber waist causes evanescent coupling. Two conditions must be met in 
order for energy transfer between the microtaper fiber to the WGM to 
occur.  The first is the wavelength of the LP01 microtaper mode must be 
matched to a resonance wavelength, corresponding to a WGM of the 
microresonator. The second requires the coupling constant to match 
the microresonator WGM round trip losses for critical coupling and 
maximum power exchange.  However, as we have seen, in the case of 
MBR more than one WGM can be excited simultaneously, albeit with 
different strengths. In a similar way, the energy back-transfer from an 
excited microresonator WGM is possible to take place into many 
different microtaper fiber modes. Even the 2 μm waist microtaper 

supports ~5 LP modes at 1550 nm.  In such case, the input LP01 mode is 
expected to be partially coupled into higher order waist modes after the 
MBR. In other words, the process of evanescently coupling into a 
microresonator can potentially transform the launched LP01 microtaper 
mode. In this section, we study experimentally the mode 
transformation at the output of the waist of a truncated microtaper by 
monitoring the near-field images of the transmitted power, as we scan 
across WGM resonances.  The near-field images were studied across 
WGMs with high transmission dips as they more likely to show energy 
back-transfer to the microtaper waist higher-order modes. 

Investigation of modal transformation from an excited MBR back to 
the microtaper fiber was performed with the utilization of microtaper 
fibers of Dt = 2 and 8 μm. The microtaper fibers were cleaved at their 
respective minimum waist-regions and placed on top of the MBR as 
close as possible to their center, in order to minimize effects of vibration.   
Fig. 7 (a) shows light scattering by the MBR with cleaved microtaper 
fiber of Dt = 8 μm when its input end was connected to a He-Ne laser 
source. Schematic of the experimental setup for scanning the 
transmission spectra through the terminated microtaper fibers and 
capturing the output beam near-field images is illustrated in Fig. 7 (b). 
For accurate near-field images across a WGM resonance, the output 
transmitted spectra were first scanned without the near-field imaging 
optical components (dashed-red box) set in the system. The input end 
of the microtaper fiber was connected to a broadband CW-TLS and an 
objective lens with high NA (0.65) was aligned close to the microtaper 
fiber cleaved point in order to collect the output light and collimate it 
through free-space.  The light beam was then focused down by another 
high NA lens into a multi-mode fiber (MMF) and measured via an 
InGaAs optical power meter. Once the spectra of the excited MBR 
through the terminated microtaper fiber were acquired, optical 
components for capturing the output beam near-field images were 
placed in the system. For clear observation of modal transformations 
through the microtaper fibers, the collimated output beam was 
magnified 10X with the incorporation of two bi-convex lenses (L1 and 
L2) before being directed into a CCD camera for image recording. In 
order to prevent image saturation on the CCD detector due to the high 
power going through the microtaper fiber, neutral density filters were 
placed in the lens barrel of the CCD camera. 

Fig. 8 illustrates the observed MBR modal transformation back into 
the terminated microtaper fiber of one specific resonance using the 
finely tuned wavelength laser source with microtaper of Dt = 2 μm 
across the resonance centered at the wavelength of 1557.131 nm.  Off-
resonance (i.e. between 1557.110 – 1557.120 nm – images (a) & (b)), 
only the fundamental LP01 mode was observed. Around 1557.125 nm, 
there was a group of simultaneously excited WGMs. The near field 
image at this point shows the output beam became slightly distorted– 
due to different modes beating (image (c)).  Near 1557.128 nm (image 
(d)), the output beam started to lose power because of efficient light 
coupling into the cavity. At this strong resonance point, the TLS power 
was increased in order to have more light out of the microtaper for 
adequate image processing. The appearance of LP11 mode became 
much more significant past 1557.128 nm and tuning the wavelength 
further causes the LP11 mode to become predominant (images (e) – (h)). 
Modal transformation from LP01 to LP11 was clearly observed at the 

 

Fig. 6 Lorentzian fitting and Q-factor values of MBR WGMs excited 
with microtaper fiber of various Dt. 

 
Fig. 7 (a) MBR light scattering with microtaper fiber to a He-Ne laser. 
(b) Schematic of microtaper fiber near-field imaging experiment. 



resonance transmission dip, which was near 1557.131 nm (image (i)). 
Again, away from the resonance (past 1557.133 nm), only fundamental 
LP01 modes were observed (images (l) – (n)). With a few exceptions, 
most of the other strong WGM resonance checked showed noticeable 
LP11 mode excitation at their resonance wavelengths. Exciting the MBR 
with microtaper of Dt = 8 μm showed only a small fraction of the WGM 
resonances to result in a clear LP01 to LP11 modal transformation. Most 
of the stronger resonances only showed a slight distortion on the output 
beam image, indicating very small mode transformation. A large 
number of the resonances checked did not show any noticeable LP11 

excitation. Nevertheless, as shown in Fig. 9, the few resonances which 
did show clear modal transformation follow the same trend as with the 
previous microtaper with smaller waist diameter. It had been 
previously reported that coupling ‘ideality’ from a microresonator back 
to the desired mode of microtaper fibers would decrease as Dt increases 
[28].  In our study, however, strong LP01 to LP11 modal transformations 
were observed more frequently on the smaller waist diameter 
microtaper fibers. Despite the fact that larger waist diameter microtaper 
fibers support much larger number of modes, the observed modal 
transformation was significantly smaller and less frequent. The 
conclusion in [28] was based entirely on microtaper fiber modality 
arguments. However, mode excitation depends on evanescent field 
overlaps and phase-matching, which both decrease as the microtaper 
waist diameter increases.  This implies that modal phase-matching, 
rather than the number of supported modes defines the degree of 
modal transformation in an evanescently coupled microresonator. As 
shown in Fig. 10, in the case of Dt = 2 μm the effective indices of LP01 and 

LP11 lie well within the effective index range of WGM of different 
overlapping radial orders, making the LP01WGMmpqLP01 and 
LP01WGMmpqLP11 coupling feasible.  However, due to its larger 
evanescent field extension into the MBR, the LP11 mode shows stronger 
overlap with the WGMmpq and the LP01WGMmpqLP11 
transformation is dominant.  Similar preferential excitation of LP11 
mode has been observed in other coupled optical systems [29].  In the 
case of Dt = 8 μm, on the other hand, the effective indices of both LP01 and 
LP11 are closely together and highly mismatched with the radial order p 
= 1 family of WGMs and, therefore, the LP01WGMmpqLP11 mode 
transformation is not favored.  

Finally, we should stress that in the case of full tapered excitation fiber 
and resonant LP01WGMmpqLP11 (or other higher order mode) 
mode transformation, the LP11 (or higher order) mode will be gradually 
turn into a cladding mode in the up-taper region of the excitation fiber 
and be lost.  In this case, the mode transformation and subsequent loss 
will appear as an apparent increased transmission dip and stronger 
resonance.  This effect should be considered when the size of the 
experimentally obtained transmission dip and resonance wavelength 
are used to extract information about the MR parameters, such as losses 
or coupling strength.   

4. FDTD modal simulations  
In order to get additional physical insight, the modal transformation on 
a waveguide as it excites a WGM microresonator was simulated by 
utilizing a finite difference time domain (FDTD) software package [30].  
The simulation was performed in a 2-D environment with smaller 
component dimensions relative to the experimental work in order to 
minimize the required memory size and the run time.  The waveguide 
under study has a 0.7 µm-wide core with length of 16 µm. The 
waveguide was in contact with a microdisc resonator of radius 7 µm. 
The waveguide and microdisc refractive index was 1.5 and the 
background refractive index value was set to 1.0.   In order to avoid any 
back-reflections from the computed windows, perfectly-matched layers 
were set on the boundaries. The waveguide was two-moded around λ = 
1 µm.  A TM-fundamental mode pulse was launched from one end of the 
waveguide with a power monitor placed at the other. The pulse sent into 
the waveguide core was of Gaussian-shape and centered at 1 µm 
wavelength to calculate the transmission spectrum of the coupled 
waveguide/microdisc structure. Fig. 11 examines a specific whispering-
gallery resonance of the microdisc. The insets show the magnetic H-field 
intensity patterns across the waveguide near the output end. Away from 

 
Fig. 10 Effective index of the microtaper LP01 & LP11 mode (Dt = 2 & 
8 µm) and MBR WGMs of different radial mode orders (p = 1, 2, 3, 4, 
5), as a function of the resonant wavelength. 

 

1555 1556 1557 1558 1559 1560
Resonance Wavelength (nm)

1.20

1.25

1.30

1.35

1.40

1.45

Ef
fe

ct
iv

e 
In

d
ex

+
p=1

2
3
4
5

(2μm) LP11

(2μm) LP01

(Df =8μm) LP11

LP01

 
Fig. 8 Near-field images from terminated microtaper fiber of Dt = 2 
μm across a MBR WGM. 

 
Fig. 9 Near-field images from terminated microtaper fiber of Dt = 8 
μm across a MBR WGM. 



resonance (wavelength range 1028.5 – 1030.0 nm), high portion of the 
launched power remains in the waveguide fundamental TM0 mode. 
Getting closer to the WGM resonance (λ > 1030.5 nm) the output 
intensity patterns started showing excitations of the waveguide’s TM1 
mode. At the precise microdisc resonance wavelength of 1031.338 nm, 
the output H-field intensity pattern shows clear TM1 mode 
transformation. For longer wavelengths, the H-field patterns consist of 
two modes travelling through the waveguide. For wavelengths λ > 
1033.5 nm, only TM0 modes were observed at the output of the 
waveguide. The FDTD simulation performed on a microdisc resonator 
shows similar trends of energy back-transfer to the waveguide as 
observed in the MBR experiment.  Fig. 12 plots the steady-state H-field 
distribution within the waveguide and the WGM microdisc resonator at 
(a) off-resonance wavelength of 1028.500 nm and (b) on-resonance 
wavelength of 1031.388 nm.  A clear mode transformation is observed 
when power is coupled from the resonator back into the coupled 
waveguide at resonance wavelength. 

5. Summary 
In this paper, we have studied in a systematic way, both experimentally 
and theoretically the effect of the microtaper fiber diameter (Dt) on the 
MBR transmission spectrum characteristics.  Progressively cleaner and 
simpler spectra were obtained when Dt was increased from 2 μm to 10 
μm. Microtaper waist diameters were also shown to have little influence 
on the loaded Q-factor value of the MBR. The measured Q-factor with 
microtaper fiber of different Dt were observed to reach values > 106 in 
all cases.   Utilization of microtaper fiber with relatively larger waist 
diameters (>6 μm) was observed to increase the transmitted power and 
generate much simpler spectra, due to excitation of lower-radial-order 
MBR WGMs, albeit of reduced strength. These features could be 
beneficial as indication markers when MBRs are intended for sensing 
purposes [26].  The transmitted power can also be increased in the case 
of thin microtapers, when the gap between taper and microresonator is 
accurately controlled [31].  We have also calculated the effect of 
microtaper diameter on the MBR transmission spectra, showing a good 
agreement with the experimental results.   

Mode transformation as a result of light coupling from MBR back to 
the microtaper fiber is also studied in detail.  It was observed that 
conversion of the LP01 microtaper fiber mode into LP11 takes place in a 
number of strong transmission resonances in the case of 2 μm taper 
waist diameters. Despite the much larger modality, and contrary to 
initial expectations [28], modal transformation was observed to be not 
as frequent in the case of microtaper with 8 μm waist diameter.  In this 
case only a small fraction of the observed resonances showed clear 

modal transformation from a lower order to a higher order.  Using 
calculations based on a newly developed theoretical model, we 
demonstrated that modal phase-matching between WGMs and 
microtaper LP modes, rather than the number of supported LP modes 
defines the degree of modal transformation and coupling “ideality” in an 
evanescently coupled microresonator.  Hence there is no major concern 
of increased coupling losses from lower order to higher order modes on 
MBRs with the utilization of microtaper fibers of larger Dt. FDTD 
simulation on a microdisc resonator provides extra physical insight and 
shows similar energy back-transfer trend to the waveguide as its H-field 
strengths were scanned across a WGM resonance.   
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