HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 25 20 DECEMBER 2004

Demonstration of ultra-high-Q small mode volume toroid microcavities
on a chip
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Optical microcavities confine light spatially and temporally and find application in a wide range of
fundamental and applied studies. In many areas, the microcavity figure of merit is not only
determined by photon lifetiméor the equivalent quality-factor, }Q but also by simultaneous
achievement of small mode volum®). Here we demonstrate ultra-high Q-factor small mode
volume toroid microcavities on-a-chip, which exhibit a Q/V factor of more thah(10n)=3. These
values are the highest reported to date for any chip-based microcavity. A corresponding Purcell
factor in excess of 200 000 and a cavity finesse-@f8x 1(f is achieved, demonstrating that toroid
microcavities are promising candidates for studies of the Purcell effect, cavity QED or biochemical
sensing. €2004 American Institute of PhysidDOI: 10.1063/1.1833556

Microcavities can be characterized by two figures ofcrystal defect cavitie$. Further optimization of the toroid
merits: the temporal confinement is described by the qualitynicrocavity can result in yet higher values.
factor of the moddQ), and the spatial confinement is char- The use of silica microtoroids allows the preservation of
acterized by the mode volunt¥).* Of all optical microcavi- ultra-high-Q factors while the additional transverse spatial
ties, whispering-gallery-type microsphere resonators haveonfinement of the optical mode over spherical cavities re-
obtained the highest Q factor to dateearly 9 billiorf).  sults in a smaller modal volume. To investigate the modal
While Q-factor figures prominently in many applications, volumes of toroid microcavities achievable experimentally,
minimizing mode volume is also important in a variety of samples were fabricated as described in Ref. 10, by lithog-
fundamental and applied studies such as cavity quantumaphy and etching followed by a GQaser-assisted reflow
electrodynamic$cQED) studies, photonics and biochemical process. Figure 1 shows a scanning electron microscopy im-
sensing. In particular, a high Q/V ratio is desirable in appli-age of a toroid microcavity. The geometrical parameters de-
cations such as lasers, add-drop filters and biochemical sefining the structure are the minor toroid diameféy and the
sors, which rely upon a large finesse. Cavities can also bprincipal toroid diametefdenotedD). The principal toroid
used to enhance the spontaneous emission rate, a_concejimeter(D) was controlled by the size of the initial silica
which is used in “single-photon on-demand” sourtgs, disk preform. The thickness of the toroide., minor diam-
where the figure of merit is the Purcell factor, given by eterd) is determined by a combination of the initial oxide
thickness and the flux and exposure time of the subsequent
CO, laser anneal. In order to create small mode volume mi-
3 QN3 crocavities, 1um thermally oxidized silicon wafers were
Fp= ——(—> used. Subsequently, photolithography and etching were used
4wV . . bl ;
to create various diameter silica disk preforms, with the
(Ref. 5. Wafer-based cavities such as photonic crystals, smallest diameter being 20n. The laser assisted reflow was
microposts’ or microdiskg typically have much smaller used in a final step to create toroidal microcavities. During
mode volume than microspheres, and allow wafer-scale intethis process the silica melts, and the toroid principal diameter
gration and control.However, the Q factor of these cavities is reduced while silica is consumed to form the toroidal pe-
has remained significantly lower than for silica micro-
spheres. However, recently, ultra-high-Q performance on a
chip has been demonstrated using a toroid-microcéQIity.
These cavities allow integration and control previously not
accessible in the ultra-high-Q regime. Here we demonstrate
that toroid microcavities not only allow one to obtain ultra-
high-Q, but also to achieve small mode volumes, reaching a
previously inaccessible range of Q/V ratio of more than
10° (\/n)~3. By variations of the principal and minor toroid
diameter, the Q/V value was adjusted and the highest
achieved value wa®/V,,~2.5x10° (\/n)~2 (for a toroid
microcavity with A=1550 nm, V,,~180 um?, and Q=4
X 10%). This result is more than one order of magnitude

larger than the highest value reported so far, using photonic

FIG. 1. Scanning-electron-microscopy image of a high Q/V toroid micro-
cavity on a chip, using a im thermal oxide microdisk as a preform. Inset:
¥Electronic mail: vahala@its.caltech.edu the principal(D) and minor(d) toroid diameter.
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10° : : ; : alternative approach was used. This approach does not rely
o, ° o upon measurement of cavity linewidth, but on measurement
Lo -~ of the doublet splitting frequencyy */27) and the cavity
10°¢ % ~-, 3 . . - ! : .
“ v . - ringdown time at the critical coupling pou]ff.AIternatlver,
.g 1 the cavity Q can be inferred by measurement of the modal
8 107 c 09 : coupling pgrametel‘ and a ringdown measurement, as is
5 3 o presented in Ref. 10.
= 0t § v/2n =155 MHz| | In comparison with the Iattelra, the method presented here
3 g 07 o= 10608 does not require knowledge &f~" but rather only the dou-
o 0.6 Q,=4x 108 blet splitting frequency(y */2m). Measurement of splitting
107 3 frequency is less sensitive to thermal effects since the split-
Deiihing Erequnoy & (MHS ting frequency has peen observed to bg nearly immune to
A ; thermal shiftgassuming that each mode is frequency shifted

nearly equally by the excitation wayeTherefore, the split-
ting frequency can be deduced even in a regime where the

FIG. 2. Measured quality factor of toroid microcavities, with approximately individual doublets are therma"y distorted. To infer the qual'

constant minor diameteid=3.5 xm) and varying principal diameter. The ity factor, the measurement of the splitting frequency is com-
solid lines are the theoretically predicted whispering-gallery quality factorbined as in previous studies, with the ring-down lifetime at
for a microsphere_TE, blue, (T™, rgd). Inset: The dogplet resonance struc- the critical coupling point 7). The longest critical decay-
ture for a 28am-diameter toroid microcavity. The critical decay time mea- time observed in this study Wa@rit:75 ns. The foIIowing

sured for this sample was 10.6 ns. The intrinsic Q-factor %s14f, corre- . . . .
sponding to a modal coupling parameter[o£31. Solid line is a fit to a  €XPression is then used to relate both this information and

ép . 3b .40 50 . 60
Toroid principal diameter (D) inum

coupled oscillator modelRef. 14). the measured splitting frequency to the intrinsic Q factor:
. . . . -1

riphery. For a lum-thick thermal oxide, the smallest toroidal Qo= 0= wi(i _ i) . (1)
cross sectiongminor) diameters obtained in this work were Terit \ Trit ¥

~3.3um and principal diameters as small as [i® were
achieved, as inferred by scanning-electron microscopy. IFigure 2 shows the quality factor determined through this
should be noted that for oxide layers belowud, it was  method for a number of microtoroids as a function of toroid
found that the residual strain in the oxide caused nonunifornprincipal diameter(D) for minor diameter in the range of
silica disk preforms. (d=2.8-6um). The highest measured value wax 40°, in
Characterization of the quality factor of microtoroids a toroid microcavity with geometrical parametets6 um,
proceeded by coupling the optical whispering-gallery mode$ =29 ym, and A =1550 nm. As evident from the experi-
to tapered optical fibers. A piezoelectric three-axis stage withnental results, ultra-high-@>10°) factor could be main-
20 nm closed-loop resolution allowed accurate control of theained until a limiting diameter of-28 pm, below which
taper-microtoroid coupling gap. Tapers with diameters ofpoint a strong decrease of Q factor is observed. Reduction of
~1-2 um were used, and efficient coupling with high ideal- Q for smaller principal diameters is expected, as the
ity was achieved: A narrow line-width external cavity laser whispering-gallery loss increases as a result of the increased
was used to excite the optical modes, and the taper transmigptical leakage through the whispering-gallery poterttiaf.
sion recorded. The ultra-high-Q toroid modes typically ex-In a sphere the whispering-gallery Q scaleQasexp(2¢),
hibited a doublet structure due to the presence of scatteringhere¢ is the angular mode numb&r!’ Numerical model-
centers which can induce modal coupling of the degeneratgg confirms that the angular mode numbefor the mea-
clockwise  and  counterclockwise  whispering-gallery sured microtoroids is nearly unchanged compared to that of a
modes:>** The strength of intermode couplir@e., visibil-  microsphere of identical principal diameter, and the radial
ity of the doublet structure, as given by the ratio of the cavityeigenfunctions are still well described by their microsphere
linewidth 7*/27 and the splitting frequency™/2m) can be  counterparts. Therefore, the Q-factor is expected to approxi-
described by the dimensionless modal coupling parametghately scale according to the whispering-gallery loss of a
I'=ry/7,"> and was found to generally increase for decreasmicrosphere. For comparison, the numerically calculated
ing microcavity size, due to the enhanced scattering-captur@hispering-gallery-loss for a microsphere (&) mode is
efficiency of the WGM modes. The inset of Fig. 2 shows thealso shown in Fig. 2 and tracks the measured Q toroid Q
doublet structure of a WGM in a 28n-diameter toroid values in the leaky regime. Also evident from Fig. 2, the
(with the doublet splitting frequency/ 277=15.5 MHz, and  toroid microcavities of this work nonetheless show Q-values
I'=31). In addition, the optical modes exhibited strong ther-typically more than 1 order of magnitude below the expected
mal effects even at low powers, due to their small modewhispering-gallery-loss limit for a spherical cavity, indicat-
volume. These thermal effects induce distortion of the lineing that other contributing factors such as surface scattering
shape unless input power levels are adjusted to a suitablynd surface contaminant absorption also increase with de-
low value. These distortions tend to make the apparent lineereasing diameter. This is consistent with observations in
width larger(pull the resonant frequencies of the mpite  silica microsphere.
one frequency scan direction while making its appearance To infer the mode volume of the fundamental
narrower in the opposing scan direction. These artifactsvhispering-gallery modes of the microcavities, we used a
present a challenge to Q measurement based upon linewidttumerical finite-element modeling method in conjunction
measurement alone. In order to accurately determine the Q with the exact toroid geometryas determined from

presence of strong modal coupling and thermal effects, ascanning-electron microscoptp solve for the optical modes
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e crocavities. Numerical modeling of the maximum achievable
. * e Q/V for a toroidal geometry was also investigated, and will
10 ~
@ S ol o R2 be presented elsewhere.
g ° . T~ The maximum achievable Q/V factor in these studies
St € . ? was 2.5< 10° (\/n)~3, for a microtoroid withD=29 um, d
' s = o*® =6 um, Q=4x10%, V,,=180um3at A=1550 nm. The high-
< g est reported Q/V factor to date for an optical microcavity is
S 10° < 3 4.5x 10* (\/n)3 for a photonic crystal defect cavi?yThere-
® = fore, the measured value in this work constitutes a more than
3’ " Minor téroid diametir (d) "° one order of magnitude improvengent, ansq enters an unprec-
0 40 e 8 10 120 edented Q/V range of more than®1@./n)~>. To allow fur-
Toroid principal diameter (D) inum ther comparison with other microcavity geometries, the Pur-

FIG. 3. Ratio of Q-fact d mode volurgié) using th ental dat cell factor and finesse are also calculated. The cavity-finesse
. 9. Ratio O -factor ana mode volu using the experimental aata .
from Fig. 2. The mode volume was estimated by numerical finite element(>2'8>< 1206) exc_e_eds the hlgheSt value rep(.)rtEd .So far of
modeling using the cavity geometry parameters, as inferred by SEM. Dotte8-3'>< 196- |n'add|t|0n a Purcell-factor of 2 10° is achieved, '
lines give the asymptotic behavior. For large diameter, the intrinsic Q iswhich is an improvement of more than one order of magni-
approximately constant, and the Q/V ratio follows an inverse square depertyde over previously reported valudg’
dence on principal cavity diameter, whereas for small diameters the expo- In summary uItra-high-Q small mode volume toroid mi-
nential dependence of Q on principal diameter dominates. Inset: The mode - ! . .
area of a toroid microcavity as a function of minor toroid diamétgrfor crocavmes_ are demonst_rated. By I’edl_.ICtIOI’_l O_f the _tor0|dal
fixed principal toroid diametetD=25, 50, and 75um are shown The  Cross section and variation of the cavity principal diameter
corresponding mode volume is given by ViBAgy. The highest Q/V value  an optimum ratio of quality factor to mode volunt®/V)
of more than 10(A/n)"® was measured for a 2@m-principal-diameter a5 ohtained. The mode volume reduction was calculated
toroid. . . . . .
using numerical modeling of the toroid modes. The highest
] achieved Q/V value was in excess of1@/n)~® and is more
of the toroid. Mode volume can then be evaluated from thenan one order of magnitude larger than for any other chip-
commonly used definitioiwhere ¢ is the dielectric con-  pa5ed microcavity. Corresponding Purcell factor and cavity
stany: finesse are also record values in this device. The large
5 Purcell-factor shows that toroid microcavities are promising
e[E(n)]%dV candidates for achieving enhancement of spontaneous emis-
V="———. (2)  sion, and related studies.
maxs[E(r)[]
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