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The unidirectional coupling of a microcavity mode to a ridge waveguide in a slab photonic crystal
structure was investigated for the first time. Experimental observation of the coupling efficiency for
the signal coupled out of the structure is in good agreement with the result of three-dimensional
finite-difference time-domain simulations. The coupling efficiency of the cavity mode to the output
channel is ~60%. © 2007 American Institute of Physics. [DOI: 10.1063/1.2737369]

Photonic crystal (PhC) microcavities integrated in semi-
conductor slabs show a promising way to miniaturize non-
linear optical processing for classical and quantum optical
applications.l_ The nonlinear sum-frequency generation ob-
served in a microcavity embedded in an InP membrane’ sug-
gests the possibility of generating parametric down-
converted light, which may ultimately help to realize an
integrated photonic circuit that incorporates squeezed light,
or entangled photon sources suitable for quantum optical in-
formation processes.

The utility of these microcavity-based sources strongly
depends on the efficiency with which electromagnetic energy
can be coupled from the microcavity to single channel
waveguides connected to other circuit elements. This feature
is especially important for quantum optical applications since
the statistics or reduced quantum noise of the nonclassical
light generated in microcavites is not well preserved when
there is more than one channel in communication with the
microc:avity.6’7 A figure of merit to characterize the efficiency
of a cavity for quantum optical applications is the ratio of
cavity loss through a desired output channel to the total loss.®
To have optimum squeezing in the field quadratures induced
in a nonlinear cavity, or to preserve the photon distribution of
the nonclassical light generated in these structures, this ratio
should be close to 1. In other words, the desired channel
should be the main channel that contributes to the cavity
loss.

In the current work, a new geometry is introduced to
outcouple a photonic crystal microcavity mode through a
single-mode ridge waveguide in a silicon-on-insulator (SOI)
wafer. The microcavity is freestanding (to increase its quality
factor due to better vertical confinement), but the rest of the
structure is supported on a SiO, layer, which makes it robust.
The ridge waveguide is connected by a short segment of a
PhC waveguide to the microcavity. The length of the PhC
waveguide is kept to a minimum to reduce the strong disper-
sion that it introduces. Once the light is coupled from the
microcavity to the ridge waveguide efficiently, it can be
guided anywhere on the integrated photonic chip. In this ex-
periment, a two-dimensional (2D) PhC grating coupler was
added to the structure to diffract the light off the chip for
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monitoring purposes. To our knowledge, there are just two
other experimental reportsz’8 of a structure for the unidirec-
tional outcoupling of light from a PhC microcavity. The au-
thors in Ref. 2 coupled the microcavity to a one-dimensional
(ID) PhC waveguide, with the entire structure made free-
standing. They deduced a coupling of 13% from the cavity,
via the PhC waveguide, to a tapered optical fiber coupler.
Very recently, a coupling efficiency of 40% from a microcav-
ity to a PhC waveguide (with two-hole separation) on a
GaAs membrane was reported (Ref. 8), based on a compari-
son of simulated and measured cavity Q values. They esti-
mated a 90% coupling efficiency when the cavity is tilted
with respect to the waveguide axis. The work reported below
emphasizes coupling from a freestanding microcavity to a
simple silicon ridge waveguide supported on SiO,: this of-
fers scalability and relatively low loss connectivity over long
distances on a SOI chip, with a coupling efficiency of
~60%.

Figure 1 shows the geometry of the SOI structure de-
signed and fabricated for the work described below. It con-
sists of a microcavity, a short segment of PhC waveguide, a
single-mode ridge waveguide, a tapered waveguide, and a

grating coupler
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FIG. 1. (Color online) Schematic diagram of Si slab photonic crystal struc-
ture in a SOI wafer. All features except the substrate are to scale. There is no
oxide layer beneath the microcavity region (see text).
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FIG. 2. Three-missing-hole microcavity and its interface with waveguides.

2D grating coupler. The microcavity is a three-missing-hole
c:avity9 in a triangular lattice, with nominal parameters of
lattice constant =420 nm and air hole radius r=0.29a [Fig.
2(a)]. The Si slab PhC structure is 196 nm thick and lies on
top of a 1.2 um SiO, layer and a 720 um Si substrate. The
PhC waveguide is made by removing six air holes along the
I'-K direction, and it is separated by two holes from the
microcavity. The geometry of the interface between the PhC
and ridge waveguides is shown in Fig. 2(b). The connection
region of the ridge waveguide was tapered to maximize its
coupling efficiency to the PhC waveguide segment.lO The
width of the triangular taper in Fig. 2(b) is r=0.54a. To ease
the coupling of light out of the 10 um long ridge waveguide,
it is connected to a 30 um long parabolic tapered waveguide
(with start and end widths of 400 nm and 14 wm, respec-
tively) and a 2D rectangular PhC grating coupler”‘12 with
pitches of ;=795 nm (parallel to the waveguide axis), a |
=750 nm, and hole radius of r,=244 nm.

A three-dimensional finite-difference time-domain
(FDTD) simulation? is used to characterize the structure and
estimate its coupling efficiency. The fundamental mode
wavelength and quality factor of the isolated cavity are cal-
culated to be A=1.520 um and Q=4890, respectively. After
adding the waveguides to the microcavity, its Q dropped to
2650, but the frequency of the cavity mode did not change.
The simulation showed that by keeping the ridge waveguide
and adding back all six-air holes along the PhC waveguide,
the O of the cavity reaches the same value of an isolated
cavity. Therefore, removing the air holes of the PhC wave-
guide allows the waveguide to serve as the main channel of
the cavity mode leakage to the environment.

To calculate the coupling efficiency from the microcav-
ity to the uniform silicon waveguide, a 130 fs Gaussian pulse
is used to excite the microcavity from the top [see Fig. 1],
and the energy buildup in the microcavity and the energy that
ultimately passes through the ridge waveguide are calcu-
lated. The beam waist radius of the laser on the surface of the
structure is set to 1.25 um. The simulation shows that the
coupling efficiency from the Gaussian pulsed source to the
microcavity and from the microcavity to the waveguide are
0.023 and 0.561, respectively. To calculate the power passing
through the waveguide, the Poynting vector along the wave-
guide axis at a surface 5.70 um away from the interface of
the two waveguides with area=2 X 1 um? is considered. The
energy contained in the microcavity is calculated in a volume
V=AxX Ay X Az=13/(3)axX36aX2.4a at the time when
the field inside the cavity reaches its maximum. In addition,
the simulation shows a 0.169 coupling efficiency from the
ridge waveguide to the top of the grating coupler, and the
light comes out of the grating coupler at 17° with respect to
the normal. Considering all these factors together, the simu-
lation suggests that ~0.22% of the incident Gaussian pulse is
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FIG. 3. SEM image of the fabricated microcavity-waveguide structure be-
fore the undercutting process.

coupled off the chip via the microcavity mode, waveguides,
and grating coupler. This is the quantity that can be com-
pared to the experimental results below, but the key compo-
nent of this calculation is the ~56% coupling from the mi-
crocavity to the ridge waveguide, which is independent of
the excitation source and the grating coupler.

A scanning electron microscope, operating at 30 kV, was
used to write the pattern in a 500 nm thick ZEP-520A (Zeon
Corp.) e-beam resist layer. The pattern was transferred to the
Si slab by dry etching with Cl,. Figure 3 shows the fabri-
cated structure. In order to maximize the Q of the localized
mode, the SiO, layer under the microcavity membrane was
removed by an undercutting process. In this procedure, 1 um
of photoresist (AZP 4110) was coated on the patterned struc-
ture and a square mask was used to cover the waveguides
and grating coupler. After exposing the photoresist under a
mask aligner and developing, the sample was dipped in a HF
solution. Figure 4 shows the undercut microcavity and its
interface to the ridge waveguide. Although the end of the
ridge waveguide is also undercut (which is unavoidable), it
remains single mode.

The microcavity mode frequency and quality factor are
measured by a resonant scattering experiment. A 130 fs pulse
train of a Spectra-Physics optical parametric oscillator
(OPO) laser system is focused on the microcavity from the
top half-space by a 100X microscope objective (the beam
waist radius of the focused beam was measured by a knife-
edge method'* as 1.25 um), and in the first instance, the
light scattered from the microcavity back through the 100X
objective is detected with a Bomem Fourier transform spec-
trometer. Figure 5(a) shows the resonant scattering spectrum
of the cavity mode centered at 1.510 wm with 0=2120, not
far from that predicted by simulation. The Q measured on
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FIG. 4. Undercut is visible as a halo around the microcavity slab.
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FIG. 5. (Color online) Resonant scattering (a) and background-free signal
emanating from the grating coupler (b).

isolated cavities of the same design was Q=4650, also close
to that predicted by simulation.

To quantitatively compare with the simulation described
above, an image of the grating coupler was apertured and
sent to the spectrometer. Figure 5(b) shows the signal com-
ing out of the grating coupler from the fabricated SOI struc-
ture. In this experiment, 398 uW average OPO power fo-
cused on the top of the microcavity gives a signal with
600 nW average power out of the grating coupler, giving a
measured efficiency of the whole structure of 0.15%.

In conclusion, the calculated total coupling efficiency
from the simulation (0.22%) agrees well with the measure-
ment (0.15%). This level of agreement, given the uncertainty
in the actual Gaussian spot size, offers confidence that the
all-important coupling efficiency from the microcavity to
the ridge waveguide is close to that simulated using FDTD
(~56%). This is further supported by the measured change
in the Q of the waveguide-coupled microcavity (Q=2100),
as compared to the isolated cavity (Q=4650). Additional
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simulations suggest that this can be increased by simply
shifting the two holes on either end of the cavity (such shifts
also affect the Q of an isolated microcavityls). With a 10%
lateral (outward) shift of the holes, the efficiency is increased
to 68%. This means that the main channel of cavity loss is
through the 1D ridge waveguide and shows a promising ge-
ometry to do quantum optical processing. Although this work
is done on a SOI structure (which does not have a second-
order nonlinearity), the current design could be applied to
[II-V semiconductor materials.
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