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Optical-fiber-based measurement of an ultrasmall volume highQ photonic crystal microcavity
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A two-dimensional photonic crystal semiconductor microcavity with a quality faGer40,000 and a
modal volumeVgs~ 0.9 cubic wavelengths is demonstrated. A micron-scale optical fiber taper is used as a
means to probe both the spectral and spatial properties of the cavity modes, allowing not only measurement of
modal loss, but also the ability to ascertain the in-plane localization of the cavity modes. This simultaneous
demonstration of higl@ and ultrasmalVg in an optical microcavity is of potential interest in nonlinear optics,
optoelectronics, and quantum optics, where the meadQradd V¢ values could enable strong coupling to
both atomic and quantum dot systems.
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The use of an optical microcavity to alter the interactionfield componentE,, is odd about thé& axis, thereby reduc-
of light with matter has been instrumental within a wide ing vertical radiation loss from the patterned slgh,a grade
range of fields, including cavity quantum electrodynamicsin the hole radius is used to both further confine the mode
(cQED),! nonlinear opticg,and molecular sensingThis in-  in-plane and reduce in-plane radiative losses, é)dthe
teraction depends strongly upon the cavity photon lifetimedesign is relatively insensitive to perturbations to the cavity,
measured by the quality fact®, and the electromagnetic a5 verified through simulations where the steepness of the
field strength within the cavity, related by the effective modalgrade and the average hole rad{ushave been varied sig-
volume V4% Planar photonic crysta(PC) microcavities nificantly without degrading th€ below ~20,000.
have attracted significant attentfofiin this regard due to In this work. PC membrane microcavities are formed
their apility o trap light Within volume_s gpproaqhing .the from a silico,n-on-insulator wafer consisting of a
theoretical limit> the potential for on-chip integration with 340-nm-thick silicon(Si) layer on top of a 2um silicon

waveguide$; ' and lithographic control of many salient =."- . . i :
properties of the cavity modé3.A major limitation, how- dioxide layer(although Si was chosen here, similar high re-
fractive index PC microcavities have been fabricated in a

ever, has been the relatively low experimentally realiged "¢ . . .
values, limited to<3,0002 until recent demonstrations of Wide range of semiconductors, including AlGaAs-based

Q~13,000 in a InP-based sub-threshold laser caviand ~ and InP-baseld systemg Cavities are fabricated using elec-
Q~ 45,000 in a Si-based add-drop filt&rin this paper, we tron beam lithography, a plasma etch through the Si layer,
use an optical fiber taper to measu@e~40,000 in a Si- and a hydrofluoric acid wet etch to remove the underlying
based PC microcavity mode, and then use the taper to der@xide layer. Fully processed chips consist of a linear array of
onstrate that the mode’s in-plane localization is consistengavities, with lattice constar{i) varying between 380 and
with V5~0.9 cubic wavelengthg(\/n)3). This simulta-

neous experimental realization of a higGhand ultrasmall- (@) T (b))oooC00
. . . . . :‘JA;,, JOOOCOQa
Ve PC microcavity can enable future experiments in chip- a0 55 )000¢ 00
. A 22 Qa0

based strongly-coupled cQED with GHz-scale coherent cou- o 1350 CO0H

. " . . 5 220 5 s
pling rates. In addition, the taper probing technique em- S5yl e B

loyed here bridges the disparate length scales from ey 1000 GOOgle .
ploy 9 P 9 Ll )0 00 C.0%, i
conventional fiber and free-space optics to chip-based micro- ) 1000 C.00K

optics, providing for a direct, flexible, and efficient optical
interface.

The PC cavity geometry employed is shown in Fig®) 1
and Xb), and was designed using group theoretical, Fourier
space, and finite-difference time-dom&fDTD) analyses as
described in detail elsewhet@he cavity consists of a local-
ized defect in a square lattice of air holes that is etched into

an optically th'.” membrane of refractive 'Indtla)r-3.4.,. Thls . brane microcavity and experimental measurement sétySche-
geometry prowde_s in-plane modal _Iocallzatlon via d'Str_'b' matic of the undercut, two-dimensional PC microcavity geometry.
uted Bragg ref_lectlon due to _the lattice and vertical gonflne-(b) Magnetic field amplitud¢|B|) in the center of the PC membrane
ment by total internal reflection at the membrane-air interor the AY mode. The dashed curves show the grade in hole radius
face. Tgle resulting TE-likgelectric field m_the plane of the (r/a) along the centrak and§ axes of the cavitymarked by dashed
slah A; defect mode(so labeled due to its symmetry and |ines through the dielectric lattigeand the solid curves are slices of
ground-state frequency in the cavitghown in Fig. 1b) is  the field componenB, along these directions. The hole radiu$
predicted to hav& ~10° and Veg~ 1.23 (\./n)3, whereX.  varies between/a=0.23 in the center to/a=0.35 at the edges of

is the wavelength of the resonant cavity mode. The importante cavity, and for the mode of intereat,\;=0.245.(c) Schematic
aspects of the cavity design ang) the dominant electric of the fiber taper probe measurement setup.
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FIG. 1. (Color onling Design of the photonic crystéPC) mem-
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polarization of the input light is adjusted to be TM-polarized
relative to the PC slab. The resonance positions shift as a
function ofa andr in a manner consistent with that expected
for modes supported by the photonic lattiédoting that the
defect mode of Fig. 1 is the lowest frequency mode lying
within the (partial) photonic band-gap of the lattice, an ex-
perimental spectral identification of this mode is made for

Qz. fixed a as follows. Devices are tested as a function of de-
o000 creasing, so that initially, when the devices have large-sized
(XX XX holes, all of the resonant modes formed from the appropriate
: : : : : photonic band-edge lie above the frequency scan range of the
s0000 input laser. We then test in succession cavities with decreas-
(XX XX ing r until a resonance is observed. This resonance is the

o000 lowest frequency mode lying within the in-plar{partial

0 :: . e 3 band gap of the photonic crystal, and thus corresponds to the

cavity mode of interest, thfundamental 4 mode.
FIG. 2. SEM micrographs of a fully fabricated PC microcavity. A wavelength s(c);an of the taper tr_ansm_lssE)n ShOWIQQ the
(a) Cross-sectional viewb) Top view of the portion of the cavity resonance of thé, mode for a device witha=425 nm is

contained within the dashed lines(@. Total cavity dimensions are 9iven in the inset of Fig. ®). In this measurement the taper
~13 umx 16 um. (c) Zoomed in angled view of the dashed line IS _Positioned parallel to they axis at a height ofAz
region in(b) showing the smoothness and verticality of the etched=650 nm above the center of the PC microcavity. Fitting this
air hole sidewalls, necessary to limit scattering loss and radiativéransmission data to a Lorentzian, a linewidtk 0.047 nm
coupling to TM-like modes. is measured for the cavity resonance. This linewidth is a
maximumestimate for the cold-cavity linewidth, due to
430 nm and with 5-10 different lattice filling fractiorger  cavity loading effects of the taper. Loading by the taper re-
equivalently,r) for a givena. Scanning electron microscope sults in out-coupling to théorward propagating fundamental
(SEM) images of a fabricated device are shown in Fig. 2. taper mode which, upon interference with the power directly
To study the resonant modes of the PC microcavities aransmitted past the cavity, results in the observed resonant
optical fiber-based probe is used. Optical fiber tajféfsare  feature in the taper transmission. Other parasitic taper load-
fabricated by heating and stretching a standard single modeg effects include coupling to radiation modes, higher-order
fiber to a diameter of 1—2um, providing an air-guided fun- taper modes, and thbackward propagating fundamental
damental mode with an evanescent tail extending into théaper mode. To estimate the taper loading effects onathe
surrounding air. The taper is mounted so that it can be latereavity mode, we examing as a function ofAz. The result-
ally and vertically positioned over the caviti€Big. 1(c)), ing data(Fig. 3b)) show that asAz increases, the loading
and is connected to a scanning tunable laser with 1 pm reseffects are reduced, until a regime is reached where the taper
lution and aA=1565-1625 nm wavelength scan range.does not significantly effect the cavity mode and the mea-
When the taper is brought clogée-500 nm to the surface of sured linewidth asymptotically approaches the cold-cavity
a given cavity, a number of resonance features in the tapdinewidth. Assuming that the loading is monoexponentially
transmission appedfig. 3@)). These features disappear if related toAz, we fit the measured linewidth to the function
the taper is positioned to the side of the cavity or if the y=1y,+Be *? wherey,, B, and« are all fitting parameters.
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FIG. 3. (Color onling Fiber taper transmission measurements of the PC microcayaieEaper transmission spectrum for a cavity with
a=409 nm, where the data have been normalized to a background spectrum when the taper is far above the cavity. The highlighted long
wavelength mode is thag resonant modgb) Measured linewidtl{dots versus taper-cavity ga@z) for theAg mode(a/\;~0.263 in a
sample witha=425 nm. The taper is vertically positioned by a stepper motor with 50 nm encoder resolution. The solid curve is a fit to the
experimental datginse) Normalized taper transmission versus wavelength when the taper is 650 nm above the cavity surface.
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FIG. 4. (Color online Mode localization data. Measured normalized taper transmission (g as a function of taper displacement
along the(a) X axis and(b) § axis of the cavity. The dashed line (8)-(b) is a Gaussian fit to the data while the solid line is a numerically
calculated coupling curve based upon the FDTD cavity field and analytically determined fundamental fiber tapétapeydéiameter
~1.7 um). The Gaussian fit to the data gives a full-width at half-maxin{@WwHM) of 1.2 and 1.3um along thex andy axes, respectively.
The insets in@)-(b) are optical micrographs of the taper aligned alongstleadX axes of the cavity, respectively. The cavity is the central
rectangular region.

The resulting fit value ofy is 0.041 nm, essentially identical mission depth as a function of taper displacement is shown
to the directly measured linewidth whexz=800 nm, and in Figs. 4a) and 4b) as solid lines and agrees closely with
corresponds to a cold-cavit® ~39,500. To compare this the measured data. Assuming that the cavity mode is local-
result directly with numerical calculations, we repeat ourized to the slab in th& direction, the close correspondence
previous FDTD calculatiofsbut include an offset im of  between the measured and calculated in-plane localization
r/a=0.05 to account for the increased size of the fabricatedndicates thaw/.;=< 0.9(\./n)® for this highQ mode. Similar
holes(as measured by SEMelative to the design of Fig. 1. measurements of the higher-frequency resonant modes of the
Doing so yields a predicte@~ 56,000 anda/\.~0.266, PC microcavity(such as those in Fig(8&) indicate that they
fairly close to the measured values, an¥@=0.88\./n)%,  are significantly more delocalized in-plane in comparison to
smaller than the original design due to the better in-planeheAg mode, as one might expect for higher-order modes of
confinement provided by the larger hole radii. As a finalthe cavity.

comment onQ, we note that a number of devices encom-  To illustrate the potential applications of such a smvaj}
passing a range of values forand the grade in/a have and highQ microcavity, we consider two examples from
been tested, an@® values=15,000 have been consistently quantum optics. The Purcell factéFp), a measure of the
measured, in accordance with simulation results. As demicrocavity-enhanced spontaneous emission rate of an em-
scribed earlier, this robustness to deviations from the ideabedded active material, is given under suitafiieaxima)
structure is perhaps the most important aspect of the cavitgonditions a&

design.
By measuringfor fixed Az) the strength of the coupling F _ 3 (N Q 0
to the PC cavity modes as a function of lateral taper displace- P~ 47\ n Vi)

ment, the in-plane localization of the cavity modes can be

ascertained®2° The strength of coupling is reflected in the For the PC microcavity studied her@Q~ 40,000, Vg
depthof the resonant dip in the taper transmisstéfor the ~ ~0.9\./n)3), the predictedFp is ~3,500, an extremely
taper aligned along the long) and short(X) axes of the large value for a semiconductor-based microcagpievious
cavity the depth of the resonant transmission dip foraje work on semiconductor microdisks have predictedFp
cavity mode versus taper displacement is shown in Figg. 4 ~190. Another application is in cQED, where strongly
and 4b), respectively. These measurements show the modeoupled atom-photon systems have been proposed as candi-
to be well-localized to a micron-scale central region of thedates to produce the quantum states required for quantum
cavity, and confirm that thé\g mode is both higf® and  computing application&! For such applications, the regime
small V. They do not, however, reveal the highly oscilla- of strong coupling, where the atom-photon coupling coeffi-
tory cavity near-field, but rather an envelope of the field, duecient (g) exceeds the cavity and atomic decay ratesand

to the relatively broad taper field profile. To better under-vy,, respectively, must be reached. Although strong coupling
stand the results of Fig. 4, we consider a simple picture ohas been achieved in systems consisting of an alkali atom
the taper-PC cavity couplinf, where the coupling coeffi- and an actively stabilized Fabry-Perot cadity) future ap-
cient is calculated from the analytically determined taperplications, where higher levels of integration are sought,
field and the phase-matched Fourier components of thehip-based cavities are of inter&stUsing the measure@
FDTD-generated cavity field. The calculated resonant transand estimated/; for the A3 mode studied here, the relevant
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parameters for a commonly used cesi(@%) atomic transi- asmall mode volume, high refractive indgx- 3.4) cavities,
tion (\g=852 nm, y, /27=2.6 MH2),! and the formulagy  where the micron-scale dimension of the taper is utilized to
=7(y.(3eNg/4my, Ver)) and k=w/2Q, we calculate poth source and out-couple light from the cavity. This tech-
g/2m~16 GHZ® and «/2m~4.4 GHz, indicating that the pnigue allows for rapid characterization of relevant cavity
QS—PC cavity system _c_ould achieve strong coupling. In addiz,qde parametei@.., Q, andVey), and the use of an external
tion, the calculated critical atom nurr;b(eMo:ZKyl/ ) ang fiber-based probe provides a greater level of versatility than
saturation photon numbérrb:)/iIZg ) areNo~8.8X 107 other methods, such as embedding of active material within
and my~1.3x10°8, a regime where a single atom would the cavity®* or microfabrication of input-output

have a profound effect on the cavity field, and vice Versa aveguides to couple to the cavPIn particular, resonant

More _detalled calculations using the opt|ca_l bistability Statecavity elements in both passive and active devices can be
equation and quantum master equation have bee

fbsted, and both of the important cavity mode parameders
6 i i i !
Sien rf(l)érg?r(fn alndcc(:)onfll(rag :ahtztn:tss'zomqsbs zfesrilblli tg d?ftt.eCtand Ve can be quantitatively probed, making it a valuable
gié strongly coup . : IS Sy ) MOy 401 for future studies of wavelength-scale resonators. Here,
calculations of the coupling and decay parameters for al

InAs semiconductor quantum ddindicate that the current Ve have used this technique to demonstrate a PC microcavity

PC microcavity would also be capable of reaching stronqr;i?ﬁflv:iho%w(feggo and in-plane localization consistent
e — ¥ Cc .

coupling in such a solid-state system.
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