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Abstract: We have demonstrated a robust and accurate methselecting whispering gallery
modes in optical bottle microresonators (BMR) bgciribing scars on BMR’s surface by focused

ion beam milling. A “cleaned-up” transmission spagt was obtained after microstructuring.
OCI Scodes (140.4780) Optical resonators; (140.3948) Micrdtyedevices; (220.4241) Nanostructure fabrication;

1. Introduction
Optical microresonator based devices have recattilgcted considerable attention, promising aneiasingly wide
range of applications [1]. Among microresonatorigrodisks [2], microspheres [3] and microtoroid$ fdly on the
efficient excitation of whispering gallery modes @M), which are confined predominantly in one azinaltplane
and show well resolved spectral characteristicscdntrast, a recently proposed truly 3-D opticatnmiesonator,
namely the bottle microresonator (BMR) [5]-[8], éxits particularly dense spectral features, whigguire
considerable effort to be identified [8]. The rispectral features are a result of the strongly émo#tegeneracy
between WGMs with common azimuthal and differingamode numbers, as a result of the highly protdiape.
While dense spectral features are highly advantagadien bottle microresonators are used in caviip Gtudies
[7], they can potentially be a serious hindrand8NfRs were to be used in other applications sucfefiactometric
optofluidic sensors. In this case, a cleaner spetiwith more easily identifiable and traceable spddeatures
would be desirable. Exploiting the distinctly difféat spatial intensity distributions of the non-eegrate
resonances supported by such highly non-sphericabresonators, different approaches, such as usgigindex
prisms [9] and micro-droplets [8], have been usedifferentially attenuate modes and clean-up thecsum.
However, these techniques are cumbersome, notatetucontrolled and difficult to integrate in ptiaal systems.
In this paper, we introduce for the first time amcw@ately placed and controlled micro-scar on tiréase of the
BMR, using high-precision focused ion beam (FIB)limg, to clean up the original dense spectrumsThbcalized
damage on the BMR'’s surface preferentially attessiat subset of the bottle modes. Uniquely to théthod, the
shape, size and orientation of the scars can beotled for optimum spectral clean-up. In additiomore than one
micro-scar can be optimally placed in order allalyamne bottle mode to survive.

2. Device Fabrication and Characterization

The “soften-and-compress” solid BMR fabricationtteicjue [6] was employed to produce robust resosatorthis
work, a standard telecom fiber (Corning SMF28) wssd to fabricate BMRs with estimated neck-to-ngiskance
L,=350 um, bottle diameteD,=170 pum and stem diamet&=125 um. In previous work using similar
microresonators [8], the radial penetration defftthe observed resonant modes was found to be &houort.

Sample #1 Sample #2

a

Fig. 1: FIB-milled scars on BMRs: (a) sample #l{V\]lith twars perpendicular to{tbrae axis; (b) sample #2 with scar parallel to the axis.

Scars of different sizes and orientations were ethrysing the FIB system “Helios 600" (FEI Inc., Isfiloro,
USA). FIB beam sizes smaller than 50 nm can bdyeabtained, thus scar sizes can be controlled eitellent
precision. Fig. 1 shows the SEM images of the goldted FIB-milled BMRs. In sample #1 (Fig. 1(a)ptacars
were milled perpendicularly to the resonator axid placed asymmetrically with respect to the BMRtee The
first scar, with 5 pm width, 109 um length and 6 depth, was placed 50 um away from the center.sEeend
scar, with 5.5 pm width, 27.5 um length and 6 pmtllewas placed 83 um away from the center. In &&amp
(Fig. 1(b)), a single scar, with 5 um width, 50 length and 6 um depth was carved parallel to thdRBMis and
placed 50 um away from the center. The gold coatiag removed after FIB milling was completed.



BMRs were evanescently excited by a tapered fili#r waist diameter of ~2 um using a 100 kHz linetwjd
tunable laser (Agilent 81600B). The tapered fibaswn contact with and perpendicular to the axithefBMR, and
placed at various positions along the axis. Fig-@(shows the transmission spectra of sample i trRnsmission
spectrum of the pristine BMR is also shown for canigon.
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Fig. 2 (a) Transmission spectra of the tapered fiber-Ealfl BMRs excited at the microresonator cenfetb@fore microstructuring, after
microstructuring at (b) the center; (c) 10 pm daéfiter; (d) 120 um off-center; (e) Lorentzian figtito a resonance group in Fig. 2 (d); (f)
intensity distribution along the BMR axis when twodes are excited simultaneously.

Before FIB milling, rich and dense spectral chaggstics are shown in Fig. 2(a) with the taperdxbfiin the
center of the BMR. In this case, all BMR modes banpotentially excited with amplitude that dependstheir
coupling strength with the micro-taper mode. Sinhfladense spectra were obtained with the taperedr fin
different positions along the BMR length [6][8].gFi2(b) and (c) show the corresponding spectra WN&Ms in
sample #1 are excited with the microtaper placethetcenter and 10 um off-center, respectivelis khown that
the spectra of the scarred BMR are substantiaflgretr. As in the case of localized diffractive &s§][9], this is
due to the fact that only BMR modes concentratedirad the resonator center survive with minimumesssvhile
modes which overlap or extend beyond the FIB searserience severe scattering losses and are ndeexc
efficiently. When the tapered fiber was placed melythe region with two scars no sharp transmissi@onances
were observed. However, for a tapered-fiber pasiti@20 um from the center, shown in Fig. 2(d), pterd well
resolved periodic transmission notches appeareth.aghis is a unique feature of the two asymmelijcplaced
perpendicular scars of sample #1 and was not obdemvthe case of the long longitudinal scar of gi@#?2 or the
diffractive localized loss in Ref. [8]. Fig. 2(eha@wvs that each of the resonance groups of Fig. @jdstitutes
several partially-overlapping Lorentzian resonan&és. 2(f) shows the intensity distribution alotigg BMR length
when two bottle modes are excited simultaneoudhg Mode beating results in broad-enough power naimimwo
places along the length. When these minima coinwidle the scars the effects of the scattering lessinimized
and the sharp resonances re-appear. In this wdlydefined individual groups of modes, with largeiad mode
number, occupying a large section of the BMR careffieiently excited. It should be noted that easbde alone
would not have “tunneled” through the scars andisad, since their power minima (anti-nodes) ocouver areas
much narrower that the scar width (~5um). Suchesate expected to play important role in sensopli@ations.

4. Summary - Conclusions

In conclusion, we have presented an efficient, rodlable and robust method of cleaning-up densialpgpectra in
BMRs, using high precision FIB techniques. We hals® demonstrated that a reduced group of modesean
predominantly selected with high-Q factor in BMR&hatwo asymmetrical scars. The shapes and positidrihe
milled scars can be chosen according to the apilitaand the performance of microstructured BMRa ba
improved by optimizing the scar shape size anchtateon. This technique can be employed to cleaspsgztra in
other types of non-spherical micro-resonators [#19.
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