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Enhancement of microcavity lifetimes using highly dispersive materials
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We show analytically and numerically that highly dispersive media can be used to drastically increase
lifetimes of highQ microresonators. In such a resonator, lifetime is limited either by undesired coupling to
radiation, or by intrinsic absorption of the constituent materials. The presence of dispersion weakens coupling
to the undesired radiation modes and also effectively reduces the material absorption.
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Microcavities with long life times and very small modal Poul(®) FIZO @
volumes (i.e., very narrow transmission resonance width = ' 1

olumes (i.e., very narro ansmission resonance widths Po(0)  (0—wgd?+ (Trag+ Dapet Tio)?

I'yang have important applications in many different fields

including photonics[1,2], nonlinear opticg3], biosensing WhereP,,, andP;, are outgoing and incoming powerdyes

[4], cavity quantum electrodynamids], and novel fre- is the resonant frequencygysis the absorption-decay width,
quency standardgs]. For many applications, on-chip reso- L'raqiS the radiation-decay width, afd is the width due to
nators are highly preferrdd]. Limits to increasing lifetimes the coupling with input and output. As long %9 I'raq

of such micro-resonators are most often determined by thei ! 10, the transmission width of this system can efficiently
intrinsic losses: absorption of the constituent matdrdiich ~ P€ lowered by decreasing the coupling to input and output
determines the absorption quality factQf,= wed (21291, (I'o). However, because O_f nOUZ_ebes and I‘ra}dr this pro-

or undesired coupling to radiation modes due to imperfecgf@m cannot be followed indefinitely: the ultimate limit to
confinementwhich determines the radiatia,,y). The qual-  the ransmissioryans= wred 2(I'raq* I'aps* I'i0) Of this sys-

ity factor of a resonatoQyane1/(1/Quaq*+1/Qupst1/Qy0) €M iS St byQurans< wred 2(rrad+rab_g. Note also that as we
cannot be larger than the smaller @f,q and Qups (Qo is  @PProach the limitingQyan according to Eq(1), the peak
determined by the coupling to the input and oufp@n a  transmission drops rapidly to zero. _ .
separate front, recent wof8—10] has shown how the trans- For peldag_og_lcal reasons, can|der first changmg the index
mission curve of a perfect macroscopic ring cavity, coupled®f refract[on inside such a cavity by a smé]H_. Accprdmg to
only to its input and output ports can be significantly nar-Perturbation theory, the only effect of thién will be to
rowed by insertion of highly dispersive media that case, change the resonance frequeney thereby sliding the
using electromagnetically induced transpare(E§r)]. It is ~ Whole transmission curve in Eql) sideways:wes— wred 1
tempting to speculate whether highly dispersive media could Sno/N(wed ], whereo is the fraction of thed energy of the

be used to significantly narrow transmission resonanc€avity mode contained in the region whese is applied:
widths of highQ microresonators. Naively, one might think

that this approach cannot work: if dispersion increases the ¢ = {f d3x s(r)|E(r)|2} / {f d3X8(I’)|E(I‘)|2:|.
lifetime of a resonator, that means that the light residing in Von Vimode

the resonator has more time to interact with the absorptive o+ consider replacing the material from which the cav-
material, and more time to couple to the undersired radiatioi y is m;ide with a material that has the saneye), but is
modes. Therefore, it seems that one would again be Iimitea res”

: . ow highly dispersive; we can use the same perturbation
by Qaps andQreq the same as before. In this manuscript, Wetheory to determine what happens. However, in this case,

show, that this picture is not correct: inserting highly d|sper-every frequencys experiences a different shift of resonance

(Sg've Zﬁ%'al ;nr:g t?]igavr'gng?gﬂganlIz(;sgfﬁ;esf;g(%gd’use c’requency: that ise perceives being in a system in which the
abs 10, P nducedén is given by

to design microresonators with lifetimes orders of magnitude
larger than what was previously possible. _ dn

For definiteness, imagine a resonator, with one input, and MN(w) =N(w) = N(wred ~ (0= wres)d_w - @
one output channel, with equal input and output couplings. “res
The material from which the resonator is made is approxiNote that clearlydn(w,e9 =0. This én is small, since we are
mately nondispersive, but it has some finite absorptioninterested only in behavior of frequencies closetg, so we
Imagine further that the confinement of the resonator is noaire justified in using a perturbative approach for studying
perfect, so the resonator is also coupled to undesired radighis problem. It is convenient to express everything in terms
tion modes. The transmission of this resonator can be modbf the group velocity  vg(wred =C/[N(wred
eled[11] as + wres(dn/dw)|w,ej of the dispersive material, and model the
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v as being nearly constant over the narrow spectral bandwidth of the ¢agity dn/ dw|wre5~ [c/vg—N(wyed ]/ wres Finally,
according to our perturbation theory, each frequeacperceives a different effectivé,ed w) = wes—[0(0— wed / N(Wred |
X[c/vg—n(wred]- Pluggingw,sin place of wesin Eq. (1), and slightly rearranging, we obtain

2 [ oz Cc ]2
Pout(w) _ FIO/ 1+ n(wres) <E } n(wre5)>

Pin(w) - ) ) o c 2 3)
(0= wed”+ (Frag+ Fapst I'io) 1+ — —N(wred
N(wred \ UG
According to Eq.(3), every single decay mechanism out of
this resonator(I',,4 I'aps @and I'ip) gets suppressed by the
same factor: (1+[o/n(wed][c/vg—N(wed]), and thereby

Qurans— Qtran{ 1+ L<£ - n(wres)>:| ) (4)

N(wred \ Vg

POUT/PIN

T

while Tpeqcremains unchanged.
This increase of the quality factor can be physically un-
derstood as follows. According to EQR), o> w,es €Xperi-
encesdn >0, thereby perceiving a resonance curve shifted to
the left (meaning lower transmission than otherwis8imi- 1.0
larly, o < w,esexperience$n <0, again implying a reduction '
of transmission since < w,e perceives the resonance curve
as being shifted to the right. Therefore, the final perceived 0.8} —
transmission width is severely narrowed. Note that the en-
hancement factor could be huge in real physical systems t
assumingr~ 1, n(wed ~ 1, andvg/c~10" (as observed in 0.6
a recent ultraslow-lightUSL) experiment13]), we get the
enhancement factor of order “.Gat which point one could
start envisioning implementation of miniature, integrable | 0.4
atomic clocks.

In order to confirm the validity of our model from E(B), 0.2
we perform a series of numerical experiments on an exem: ’
plary microcavity system. That is, we perform finite- L
difference-time-domain(FDTD) simulations, which solve 0 I | |
Maxwell’'s equations exactlywith no approximation apart 0.2 0.25 0.3 0.35
for the discretizatiopy including the dispersion, with
perfectly-matched-layer$PML) boundary conditions. The wa/2nc
cavity we focus our attention on is a typical monorail pho-
tonic crystal microcavity14], shown in top plot of Fig. 1. It
consists of a periodically corrugated waveguide; the cavity is _ _ ) )
introduced by introducing a defect into the periodicity. The G- 1. (Colon The photonic crystal microcavity system used in
signal is sent down the waveguide on the lgihich serves 235?;:1 (Tg;nZg‘;‘ilteegeesr'%imfhe-r?gsttoi;_pf)neli i;ea dzlﬁ:zt:;h tt?g the
as t.he Input Chann)?l I couple; through tan?ellng inta the hickness of the monorail with, then the distance between succes-
CaVItY’ from where 't. decays into the radiation mo.des’ an ive holes is als@, except for the defect in the periodicity which
"’?'SO Into 'the waveguide on the left, and th? Wa\{egwde on thﬁresents the cavity, where the distance between the holes is in-
right (which serves as the OUtqu char)né_lnce n the_ CU  ¢reased to 1a The radius of each hole is 085In various nu-
rent work we are not interested in a particular physical SySterical simulations in this paper, we change only the properties of
tem but rather in studying the underlying physical phenomspe “central,” shaded region of this structure; the thickness of this
ena, we can reduce our numerical requirements immensepégion is the same as the monorail, while its width isa0.6he
by studying a 2D(instead of 3D) system; we do not expect central panel shows the magnetic field of the confined mode, which
the physics of our particular 2D model to be any differentis perpendicular to the plane everywhere, while the electric field lies
than its 3D counterpart. In all our simulations, the numericalin the plane. The bottom panel shows results of a transmission
resolution is 4@ts/a. “measurement” through the system.
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FIG. 2. (Color Transmission curves for all the microcavities
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blue curve in Fig. 2, the resonant frequency of the cavity
occurs atw,.=0.2544327c/a), Qyans=308, and on-resonant
transmission
transmission is limited to the value below 100% because of
the coupling to the radiation modes:

is TpeakE Poul @red ! Pin(wed =0.7597. The

Qrad= Qrand (1 - \“"TpeaQ =2399.

Next, we introduce material dispersion into the “central”
region of our system: it&(w) is shown in Fig. 315]. The
system is designed so that {Ré&vd}=ngi(A=1.5um)
=3.464, I{n(w,ed}=0, while vg(w,ed/c=0.0453.(This par-
ticular value ofvg makes comparison with a comparable
nondispersive cavity easier, as we will see lat@ver the
frequency range of interest, dispersion is almost lirisavg

is nearly constant while absorption is very small. When we
calculate the transmission through this system, we obtain the

solid green
=0.254462mc/a), Tpea=0.7613, and Quune=1106. This
value of Qy4ns iS consistent with the one obtained by plug-

curve in  Fig. 2, which haswes

(sketched in Fig. Lthat were simulated. Solid blue and red lines iNg vo(wred/C=0.0453, Quane=308 (from the blue curve

denote transmission through cavities made from nondispersive m
terial: blue is for the case with three holes on each side of the cavity;
while red is for the case of four holes on each side. Solid green an
black curves denote transmission through cavities in which dispeIJ-
sive material was included in the shaded “central” region of Fig.
in each case, there were three holes on each side of the cavity. T
green curve is for the cavity whoséw) is shown in Fig. 3; it has

ibove, and 0=0.425, (which is obtained with a numerical
80mputation that is independent of the other computations
nto the perturbation theory result given by E@) [16].
1.Despite the fact that light now spends much more time in the
’ﬁ@vity (thereby having more time to couple to the radiation
modes, the peak transmission is not affected. To appreciate

ve(wred/c=0.0453. The black curve is for the cavity that has the significance of this fact, consider an alternativery
ve(wed/c=0.0150. Dashed curves are for the cavities that are excommonly useflway of increasing lifetime: instead of add-
actly the same as their corresponding-color solid curve countertnd material dispersion, we add one more period of holes to
the sides of the cavityso there are four holes on each side

parts, but now also including absorption:{lmh=0.0077.

mission through our system, in the case wher8.464 in the

The transmission is shown as the solid red curve in Fig. 2:
As our first numerical simulation, we “measure” the trans-Qyans=1079 (this is very similar toQ,,sin the case of the

green curve because of the particulgrvalue chosen for the

“central” region. The modal profile of the resonant mode isgreen curvg but T.,=0.2918, which is 2.6 times lower
shown in the bottom panel of Fig. 1. The band gap extendshan for the solid green curve. In the temporal domaiot

from w=0.2(27c/a) to w=0.3527mc/a). As shown by the
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shown, both the green and red solid curves are exponen-

FIG. 3. Example of am(w) used in our simu-
lations; both imaginary and real parts are shown.
The column on the left shows(w) over a broad
frequency range. The column on the right shows
the samen(w), but over the frequency regime rel-
evant for the microcavities studied. In the case
shown here,vg/c~0.0453 in the region of
interest.
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tially decaying with the same rate, but in the case of then contrast, our dispersive cavitgven now, in presence of
green curve~2.6 times more energy is transmitted to the absorption has 10 times larger transmission than the dashed
output than in the case of the red curve. Intuitively, one camed curve, while actually having a larger lifetinigy a factor
also understand this peculiar influence of the material dispemlf 2). Another way to understand this somewhat counterin-
sion as follows: from the point of view of material disper- tuitive result is to note that ab,., the systems corresponding
sion, both the radiation modes, and waveguide modes looto the blue and green curves look exactly the same, meaning
the same. Therefore dispersion weakésiews down the  that transmission ab,.s has to be exactly the same; the rest
coupling to each of these modes by the same amount, thusf our results follow from this simple constraint.
making Qyans larger, while leavingT ¢, unchanged. In con- Before concluding, a few words are in order to discuss
trast, adding an additional hole to each side of the cavityarious possible physical implementations of the scheme we
lowers onlyI'io, thus decreasing ;e Before proceeding, propose. The ultraslow-lightUSL) experiment from Ref.
we perform one final check on this picture by lowering[13] is an obvious option. Other potentially promising sys-
velwred/C in the central region to 0.0150. The result is tems to create slow-light media include polaritonic media
shown as the solid black curve in Fig. 2: althou§fi.is  metal-dielectric surfaces supporting surface plasmons, and
nearly the same as the solid green and blue cur@gs,s  USL in solids[18]. Polaritons and surface plasmons tend to
=2665, which is again a value consistent with the perturbapg very lossy in the regimes of high dispersion; to compen-
tion theory resulf16], despite the fact that at such low group gate for the loss, they could be combined with gain media, or
velocity we are stretching the limits of our numerical réso-they could be cooled to very low temperatures in which case
Iu.tion. Note however that because of the extreme resonanggsses drop dramatically. In USL losses are not a problem,
width narrowing at such a low group velocity, only frequen- anq jt has a further interesting characteristic that its disper-
cies w that are very close tays play an important role for  gion can be externally controlled with changing the ampli-
the SySte.m' But, it is precisely for these_ fre_q_uenCIES that ouf,de of an external coupling fie[d.3]; this could potentially
perturbative model from Eq.3) is most justified, since all provide a microcavity whoseQ could be dynamically
our expansions become better and better approximations P'8hanged by many orders of magnitude. A typicél) in
cisely in that limit. For example, neglecting second order;g| media has a very similar shape to the one we show in
dispersion in Eq(2) causes even smaller errors than in thegig 3. introducing USL media into a cavity would therefore
case when group velocity is larger. produce very similar results to the ones we show in Fig. 2.
Considerations of the previous paragraph were for nearlyec4se of the importance of their applications, very signifi-
absorption-free systems. Now, we proceed to study the efsot efforts have been devoted to designing Hyicro-
fects of increased material absorption: To do this, we take thg,ities [7,17]. Most of these designs are compatible with
exact systems presented by the solid blue, red, and gregRijng highly dispersive materials; gaseous USL is suitable
curves in Fig. 2, and add the same amount of absorptiog,. ;se with a photonic crystal microcavity from RéL7],
Im{n}=0.0077 to each of them. Th_e re_sultlng tran_sm|55|or_1§Nhi|e solid-state base@in Pr-doped %SiOs USL [18] could
are shown by the dashed curves in Fig. 2. Consistent withe sed with most existing microresonator designs. For ex-
our model, theT,¢5s in the blue and green case decreased b\émple, by naively combining solid-state USL from REt8]
the same factofT,ea=0.276 novy, both of these curves also (ve/c=1.5% 10°7) with the microcavity design from Reff7]
have significantly loweQyans Now (Quans=187 and 669, (o~ 108) it may be possible to achiev@> 10'. (Clearly,
respectively, but as expected by Egd), the ratio of their to achieve such long lifetimes, many various technical

Qyranss did not change. Finally, froMipeax Qrag aNdQuansOf 1 rdles would have to be overcome, including time-

the blue curve, we obtai,,=476, which is quantitatively fiel fl :
consistent with the observélg,~0.0273 for the dashed red dependent stray fields and temperature fluctuations.

curve, and with the perturbation theory predicti@y,s This work was supported in part by DARPA Research
=n/(2 Im{n}o) [16]. Since the light has much more time to Contract No. FA8750-04-1-0134, and also by the Materials
interact with the absorptive material in the case of the dasheResearch Science and Engineering Center program of the
red curve(Quan=327), the resulting factor of decrease in National Science Foundation under Grant No. DMR-
Toeakis Mmuch larger than in the case of the dashed blue curveéd400334.
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