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Experimental demonstration of the slow group velocity of light
in two-dimensional coupled photonic crystal microcavity arrays
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We recently proposed two-dimensional coupled photonic crystal microcavity arrays as a route to
achieve a slow-group velocity of ligtiflat band in all crystal directions. In this letter we present

the experimental demonstration of such structures with a measured group velocity belogvedm@08
discuss the feasibility of applications such as low-threshold photonic crystal lasers with increased
output powers, optical delay components, and sensor@0@ American Institute of Physics
[DOI: 10.1063/1.1882755

One-dimensional coupled resonator optical waveguidesoupled dipole and quadrupole bands to obtain the dispersion
(1D CROWS3 were proposed by Yariet all and subse- diagram, and the-components of the magnetic field of these
quently demonstrated experimentally in microwave and opmodes at the center of the PhC slab is shown in the insets of
tical domain$™® 1D CROWSs attracted significant attention Figs. 2 and 3, respectively. The coupled dipole bands origi-
because of their ability to provide a very small group veloc-nate from the doubly degenerate dipole mode; two subbands
ity of light in the direction in which the cavities are coupled. corresponding to the coupled and they-dipoles split away
As in the case of photonic cryst@PhQ waveguides, the from thel point in theI'X direction, while one degenerate
coupling into such structures is difficult, since the inputdiagonal dipole band is observed in th& direction. Be-
beam needs to be aligned in one particular direction angause of the preferential radiation directions for the dipole
coupled efficiently into a cross-sectional area that is typicallynode, the coupled dipole bands exhibit different group ve-
much smaller than um?. Similarly, PhC microcavity lasers locities in different crystal directions. Conversely, the
have been studied by many groups because of their smatoupled quadrupole band exhibits a small group velocity in
size, low threshold, and possibility of high direct modulationall crystal directions, as it originates from the nondegenerate
rate®™ unfortunately, their output powers are very low for quadrupole mode with a large in-pla@factor and with a
most applications. fourfold symmetric radiation pattern. In this letter, we also

We have recently proposed two-dimensional couplecddress the effect of small imperfections in fabrication of
photonic crystal resonator array8D CPCRAS, which en-  photonic crystals on degenerate dipole modes.
able a small group velocity of light for all wave vectors and ~ The designed 2D CPCRAs were fabricated in a silicon
in all crystal directions with a very low group velocity On insulator(SOI), as described in our earlier publicatith,
dispersion’ Our design overcomes the noted disadvantagegnd scanning electron microscof®EM) images of the fab-
of 1D CROWs: since a small group velocity occurs in all ficated structures are shown in Figbl For the experiments
propagation directions, the coupling into the structure is thuPresented here, a low-index silicon-dioxit&iO,) layer un-
not as difficult. Moreover, when the structure is combinedderneath the silicoSi) membranes was not undercut. The
with an active material and employed as a laser, a mucRresence of the SiQlayer redshifts resonance frequencies
higher output power can be achieved than in PhC microcavand mixes the TE and TM polarizations, but does not affect
ity lasers, while preserving a low threshold and a high-directhe slope of the bands significantly, as confirmed by 3D
modulation rate. The high density of optical states in sucHinite-difference time domaitFDTD) simulations. The pa-
structures can also be used to study nonlinear optics at low
thresholds, or to construct compact polarizing optical ele-
ments and sensors.

A 2D CPCRA is formed by tiling microcavities in two
dimensions, as shown in Fig(d. When combined into a
two-dimensional network, defect modes of individual cavi-
ties form coupled defect bands located inside the photonic
band gap}.O In particular, the coupled arrays in the square ’ :
lattice photonic crystal exhibit three coupled TE-like bands: eccssctsssscss:
monopole, dipole, and quadrupdfeThe coupled monopole R T 4]
band is close to the air band edge and is not flat; this band is Firh sotes
also outside the wavelength range probed in our experiments Sum T

and thus is not studied in this letter. Instead we focus on the

FIG. 1. (a) Experimental setup used in measurement of the CPCRA band
diagram. The explanation of symbols is as followg2: half-wave plate,
dAlso at the Department of Applied Physics, Stanford University, Stanford,BS: beam splitter, PBS: polarizing beam splitter, OL: objective lens, IR-

OL BS A2 PBS

YTYYY Y Yty 1y

CA 94305; electronic mail: altug@stanford.edu cam: infrared camera, and D: detector. Rotations of the structure around the
YAlso at the Department of Electrical Engineering, Stanford University, y- andz-axes are controlled by two rotation stagés; SEM images of the
Stanford, CA 94305; electronic mail: jela@stanford.edu fabricated CPCRA withA=3a.
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FIG. 2. (Color online (a) Measured band diagraifrom the transmission ) ) ) ) )
spectrum of the CPCRA from Fig. 1 for the coupleddipole mode in the ~ FIG. 3. (Color onling Comparison of the experiment with the FDTD simu-
I'X direction. The dark blue stripe is the location of the coupled band. Thelfatlons }nCIu_dlng structural astigmation and underlying oxide Iayt_er. Soh_d
horizontal axis is the tilt angle around theaxis, which corresponds to lines with filled markers are experimental results and dashed lines with
different k-values; the vertical axis is the wavelength. The inset shows the2mpty markers are simulation resuits. The horizontal axis corresponds to the
transmission spectrum at 0° tilt, i.e., at thepoint. (b) The measured band Probed fraction of the indicated crystal direction and the vertical axis is the

diagram for coupleg-dipole mode. The insets show the magnetic figg) wavelength:(a) dipole bands in thd'X direction. Triangles and squares

pattern of thex- andy-dipole mode at the-point. denote one set af- and y-dipole bandsalso shown in Fig.  while in-
verted triangles and circles denote the other set, obtained after rotating the
structure by 90° around theaxis; (b) x- andy-like dipole bands in thé'M

rameters of the fabricated structures are: the PhC periodicityfirection; (c) quadrupole band in th&X direction. The middle subfigure

a=490 nm, the hole radius=190 nm, the slab thickness shows the magnetic fieldB,) pattern of the quadrupole mode at igoint.
=275 nm. and the CPCRA unit cell dimensioAs< A=3a The subfigure on the right shows the unit cell and high symmetry directions.
X 3a (i.e., two PhC layers are inserted between tiled micro-

cavities. The experimental setup used in the measurement g, can be observed, indicating the spectral position of the
the dispersion diagram is shown in Fidall The structure is  ode By tracking the position of the dip at different tilt
excited by a tunable laser source with a scanning range Qfngjes, we can extract a full band diagram. It should be em-
1460-1580 nm. The beam is slightly focused on the samplgnhasized that the linewidth of the spectrum is very srtll

by a very low numerical apertur®lA) objective lens, so that ) “even though the signal is transmitted through an array
the excitation can be approximated by a plane wave; this i3ontaining 3600 coupled cavities, indicating a high unifor-
important for the control of the in-plane wave vector mity of the fabricated structures. The 7 nm linewidth corre-
(k-vectop. The size of the device is 100mx 100 um and  gponds to a quality factofQ) of 220 while for the dipole
the pump beam has the diameter of 120 at the sample o6 in a single-defect microcavity embedded in a square
s_urface. .Polanzmg optics are employed to preferentially eXpnc |attice the simulate®~ 300.

cite TE-like (even) modes of the structure. We have tested 1o yransmission spectra measured at different tilt angles
both transmission and reflection spectra of the structure witk}, 1o 'x direction with the pump polarized in the and

the same and opposite polarization relative to the pump lasey. jirections are plotted in Figs.(& and 2b), respectively.
The employed method for measuring the dispersion diagrark, e gark plue stripes located between 1545 and 1565 nm in
is similar to the surface_coupling reflectivity technique thati,aqe figures correspond to the positions of the coupled
uses a white light source'* The in-planek-vector and the | ands: the fla-dipole band[Fig. 2a)] and the non-flat

choice of the PhC symmetry directi¢hiX or I'M) are con-  y jino|e bandFig. 2(b)]. We note two discrepancies relative
trolled by rotating the structure around tiye and z-axes, {5 the theory™ first, thex- andy-dipole bands do not have
respectively. In order to position the pump beam relative tYhe same wavelengths at thepoint, and second, a different
the device, its reflection is imaged; therefore, the maximumye oy andy-dipole bands is observed when the same set of
tilt angle that can be teste@efore losing the images de-  eagurements is performed on the structure rotated by 90°
termined by the collection optics and is equal to 13°. HOW-54,nq thez-axis. These two observations indicate that fab-
ever, this is sufficient to probe a relevant portion of the studyjcateq structures are not symmetric under 90° rotation. This
ied CPCRA dispersion diagram, since the tilt angle  ,qymmetry can be noticed in the SEM images of the fabri-
required to reach th& point of the two-layer CPCRAIs - ¢4ted structures: structures are slightly astigmésch result
around 31° as estimated from of imperfect electron beam lithographyvith the hole diam-
27 - eter in thex-direction larger by roughly 20 nrt6%) than in
k= Tsm(ax) = 3a the y-direction (the structure periodicity is approximately
equal in both directions The degeneracy of the dipole
anda/\=0.3. Due to the low NA of the objective lens, the modes is also lifted in th€M direction, where the diagonal
collected reflected signal drops rapidly when the sample tildipole splits intox- and y-like dipole bands. On the other
around they-axis increases; the transmitted signal is thushand, the quadrupole mode is nondegenerate and the corre-
more convenient for measuring the band diagram. The inseiponding coupled band does not split into subbands due to
of Fig. 2(a) shows the transmission spectrum of the dipolestructure imperfections. We have studied the structures astig-
band at thel” point (corresponding to the 0° f)it with the  mated by 6.25% numerically by employing FDTD with dis-
incident beam polarized in thedirection, thereby preferen- cretization of 20 units pea; results for dipole bands in the

tially exciting thex-dipole. A strong resonance dip near 1564 'X andI"M directions are plotted in Figs(& and Fig. 3b),
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respectively, together with corresponding experimental resine functiongas predicted for the CPCRA band diagram by
sults (determined by fitting inverted Lorentzians to transmis-the tight binding methotl between the quadrupole band fre-
sion dip3. A very good match between experiment andquencies at the high symmetry poir(s, X, and M) calcu-
theory is observed, and the small discrepancy results mainliated by the FDTD method.

from a modest FDTD discretization. The wavelength resolu-  Finally, we evaluate advantages of a CPCRA laser rela-
tions in the simulation and the experiment are 5.5 and 0.2—five to a PhC microcavity laser. First, its output power would
nm, respectively, and error bar for simulation is indicated inbe approximatelyN times larger, as it would operate as a
Fig. 3. In order to further justify the identification of the phase-locked array dfl microlasers. Second, its electrical
modes, the spectrum at tiepoint is repeated with a broad- pumping would not be as challenging, since approaches
band sourc¢1200-1700 nmunderx- andy-polarized exci-  similar to those employed in pumping large area PhC band-
tation, and it showed the location of both dipole modes, aifedge lasers could be usEtlLast, a pump beam is generally
and dielectric bands, which matches very well with the pre-much larger than the cavity size in a PhC microcavity laser,
diction of simulation(see EPAPS Ref. 12We have also and the majority of the excitons are created in the mirror
measured the reflected signal at the opposite polarizatioregions where they cannot couple to the cavity mode,
relative to the pump laser at thiepoint. For thel'X direction  thereby degrading the spontaneous emission coupling factor
with x-polarized excitation(i.e., x-dipole is primarily ex-  and the lasing threshof.However, in the CPCRA laser the
cited), the signal at the opposite polarizatigy-polarized ~ pump beam overlaps with many cavities, and the wasted
shows no peak at the location of tkedipole. The lack of a  pump power is reduced.

peak at the location ok-dipole confirms that the studied In conclusion, we have experimentally demonstrated the
modes are primarily linearly polarized as expected for dipolehand diagram of the 2D CPCRAs that we proposed
modes. In addition, polarizing effects introduced by brokenrecently® and confirmed the existence of flat bands inside
rotational symmetry on degenerate modes have been okhe photonic band gap independent of light propagation di-
served, which is beneficial for polarization control of the rection, with measured group velocities below 0.608/e
CPCRA laser and also important in constructing miniaturizedare currently working on applications of these structures as

polarizing optics, e.g., a polarizing mirror. lasers and sensors.
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