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Photonic crystal slot-microcavity circuit implemented in
silicon-on-insulator: High Q operation in solvent without undercutting

S. Hamed Mirsadeghi,? Ellen Schelew,” and Jeff F. Young®
Department of Physics and Astronomy, Advanced Materials and Processing Engineering Laboratory
(AMPEL), University of British Columbia, Vancouver, British Columbia V6T 171, Canada

(Received 13 December 2012; accepted 22 March 2013; published online 5 April 2013)

We report the fabrication and characterization of a silicon-based photonic integrated circuit
consisting of a photonic crystal slot-cavity, waveguides, and grating couplers, designed as a robust,
easy-to-use device for enhancing light-matter interactions at a precise location inside a fluidic
medium, while minimizing fabrication complexity. Measured Q values in excess of 7500 for circuits
immersed in hexane and operating near 1.5 um are obtained, in good agreement with simulations.
The detection limit for changes in solvent refractive index unit (RIU) for these structures, which
have not been optimized, is 2.3 x 1073 RIU. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4799963]

Strong light-matter interaction is critical for both funda-
mental studies and applications including nonlinear optics,
cavity quantum electrodynamics (QED), optical sensing, and
optical trapping. Optical resonators such as Fabry-Perot cav-
ities,! microspheres,” silicon and silica whispering gallery
type resonators,” and photonic crystal (PC) nanocavities™*”
are known to enable such strong interaction by both spec-
trally and spatially confining light. These structures are char-
acterized by three key parameters, quality factor (Q), which
is a measure of losses in a cavity, mode volume (V), and the
overall transmission (T) of the excitation source. High Q,
small V cavities can be used to increase spontaneous
emission rates,® optical nonlinear responses,” and opto-
mechanical coupling;® to decrease the optical power required
to achieve “strong coupling” in cavity QED,”'° optically
trap nanoparticles,'"'> and push the limits of molecular
detection;'? and to decrease the electrical power needed to
drive optical modulators'* and lasers. "

Of the various cavity-based approaches, PC micro-
cavities™ are attractive because of the combination of high
Q factors and low mode volumes that can be achieved, their
design flexibility, and the ease of integrating them in planar
lightwave circuits (PLCs). The present work focusses on
silicon-on-insulator (SOI) PLCs, and exploits the design flex-
ibility of PCs to integrate high-Q, low mode-volume micro-
cavities, wherein the mode energy resides almost entirely in
the background dielectric (vacuum or a solvent), with more
conventional SOI-based grating couplers, and silicon wire-
waveguides, where the field is predominantly in the silicon.
Such structures are of interest for applications where one
wants to enhance the interaction of circuit-bound photons
with matter that cannot be embedded within the silicon.
Examples include optical sensing, where small amounts of
some material in solution are detected due to its effect on
changing the refractive index of the pure solvent and trap-
ping of small, nanoscale objects suspended in solution, using
optical forces.

VE]ectronic mail: hamedms@phas.ubc.ca
PElectronic mail: eschelew@phas.ubc.ca
“Electronic mail: young@phas.ubc.ca

0003-6951/2013/102(13)/131115/4/$30.00

102, 131115-1

Almeida er al.'® developed “slot-waveguide” structures
that support propagating modes in silicon-based waveguides
wherein most of the mode profiles are concentrated in the air/
solvent gap between two silicon ridges. These have been
used extensively in the sensor community.'”'® Robinson
et al."® theoretically showed that if such a slot waveguide
was surrounded by a one dimensional PC on either end, a
fully three dimensional (3D) localized mode could be trapped
in a volume less than a tenth of a cubic half (free space)
wavelength. This design assumed a slot width of only 20 nm.
Yamamoto et al.’ used a two dimensional (2D) PC to create a
similarly small mode volume cavity in a wider slot wave-
guide. In this design, which is easier to fabricate, the cavity
was defined by locally modifying just a few of the holes in
the PC, nearest to the waveguide. Di Falco er al.** demon-
strated high Q values and strong sensitivity of resonant fre-
quencies to the background refractive index in slot cavities
defined by varying the pitch of the surrounding PC along the
slot waveguide axis. These, as well as subsequent'® high Q
PC based slot cavities, are based on “free-standing” structures
where the underlying cladding layer is removed after the PC
structures are etched into the silicon. They also required butt-
coupling of the excitation source to the waveguide.

Here, we incorporate slot cavities in full SOI photonic
circuits that include input/output grating couplers, single
mode silicon ridge waveguides, and one dimensional (1D)
PC coupling waveguides. The cavities are designed to sup-
port high O modes in solution without having to remove the
silicon dioxide layer beneath the cavities. The circuit layout
is shown in various levels in detail in Fig. 1. Two 2D pho-
tonic crystal grating couplers®' of hole radius 250 nm sepa-
rated by 680 um are used to launch light from a tunable
laser diode, via parabolic tapered waveguides, into and out
of single mode silicon channel waveguides that connect to
the photonic crystal cavity region. The background PC
region comprises a hexagonal array of circular holes sepa-
rated by 490nm, and with hole radius of r=160nm.
Various “defects” are introduced into this background PC,
in order to excite a 3D localized mode in the centre of the
PC. All data and simulations in this manuscript correspond
to samples with a 220nm thick silicon layer on top of a

© 2013 American Institute of Physics
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3 um thick buried oxide layer that robustly supports all cir-
cuit elements.

The single mode channel waveguides of width 450 nm
are connected via a short impedance matching regionzz’23 to
“W1” photonic crystal waveguides that simply omit a row of
holes from the background PC. Slots of widths s =70nm,
90 nm, or 110 nm run horizontally, through the middle of the
PC, forming a distinct 1D waveguide that intersects the W1
waveguides at 60°. The light in the W1 waveguides propa-
gates primarily in the silicon, while the slot waveguides con-
fine the light primarily in the air or solvent gap. Fig. 1(c)
shows how the two different waveguide types are connected,
via a single “coupling hole” with radius (r.) that varies from
chip to chip. This geometry, though not yet optimized,
allows independent access to the slot waveguide from the
ends, which may be advantageous for some applications.

When the position of the holes adjacent to the slot wave-
guide between the two W1 waveguides are intentionally
shifted away from the slot, a 3D localized mode is drawn out
of the slot waveguide continuum,’ and it is this 3D localized
mode that is exploited in this circuit design. For all of our
samples, the shifts of the holes are as shown in Fig. 1(d).

The samples were fabricated®* using a 100keV JEOL
JBX-6300FS electron beam writing system and ZEP-520 A
resist (Nippon-Zeon Co. Ltd.), which served as the etch

Injection

Y (pm)

FIG. 1. (a)—~(c) Layout of a slot-cavity with input/output grating couplers,
tapered and ridge waveguides. The excitation laser injection location is la-
beled. The two smaller “coupling holes” at the end of PC waveguides are
visible in (c). (d) The electric field intensity distribution of the slot-cavity
from 3D FDTD simulations overlapped with the cavity design. To make the
defects in the PC lattice, yellow, red, and green holes are shifted by 12, 8,
and 4 nm, respectively. Note that the field in the cavity is almost entirely
polarized in the y direction.
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mask. Etching was done using an Oxford PlasmaLab System
100 with chlorine gas. The complete circuit requires only
one lithography step and one etch step.

Fig. 1(d) also shows the electric field intensity distribu-
tion in the vicinity of the slot-cavity mode, calculated using
finite difference time domain (FDTD) software.””> A trans-
verse electric (TE)-polarized mode with well-defined power
in the input silicon channel waveguide is launched towards
the cavity region, and the corresponding power in the
output silicon channel waveguide is calculated using a 2D
frequency-domain power monitor, from which the simulated
transmission is obtained, as shown in Fig. 2(a). These simu-
lations correspond to the device parameters of sample S2 in
Table I, and assume the holes and top half space are filled
with hexane (n=1.365). Hexane is of interest because it is
our preferred solvent for suspending colloidal Pb-based
quantum dots that can be tuned in resonance with these
cavities.

Fig. 2(a) shows the experimentally measured transmis-
sion spectrum through sample S2, in hexane, on an absolute
scale (left curve). These data were obtained by focussing a
tunable continuous wave (CW) laser to a 10 um diameter on
the input grating coupler (“Injection” label in Fig. 1(a)), and
monitoring the power emitted from the corresponding output
grating coupler. To make a correspondence with simulated
transmission from ridge waveguide to ridge waveguide,
these cavity transmission spectra were normalized by the
transmission measured through identical reference samples
where the entire PC region in Fig. 1(b) is replaced by a sim-
ple continuation of the ridge waveguide.
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FIG. 2. (a) Resonant transmission spectra from input to output ridge wave-
guides through slot-cavity for sample S2 in Table 1. The simulation curve is
red (right curve) and the experimental data points fitted with a Fano line-
shape are plotted in blue (left curve). (b) and (c) Resonant transmission
spectra for two different devices in hexane (blue, on the right) and acetone
(red, on the left): (b) r=160nm, s=70nm, r, = 80 nm, Qjerane = 5450,
Qacetone = 5700, (¢) r=160nm, s=90nm, r. = 80 nm, Qperane = 3980,
Qa(’erom’ = 4100.
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TABLE I. Summary of the results from simulations and transmission meas-
urements on 5 different devices.

Simulation Experiment

0 T@%®° i(m) Q0 T (%)

Sample® s (nm) r.(nm) A (nm)

S1 90 80 1567.8 5640 4.8 1564.3 3800 3.1+0.4
S2 90 110 1567.8 7390 2.1 1563.9 6100 2.3%+0.3
S3 90 140 1567.8 8480 0.49 1564.8 4400 0.29%0.08
S4 70 110 1596 8900 1595.4 7650

S5 110 110 1535.4 4720 1545.2 4400

*For all devices in this table, » = 160 nm.

"These values are the transmission between input and output ridge wave-
guides at the resonance of the cavities.

Table I summarizes the measured and simulated param-
eters for 5 different samples (absolute transmission data only
for 3 of the 5). Samples S1, S2, and S3 differ only in the ra-
dius of the “coupling hole.” Samples S1 and S2 both yield
good agreement with the simulations, while all parameters
for sample S3 are noticeably different, indicating a fabrica-
tion error. Samples S2, S4, and S5 differ only in the width of
the slot, and the predicted shift and change in Q value are in
good agreement between experiment and simulation.

These Q values are higher than those reported for cavities
operating in solvents in Refs. 11, 20, and 26 despite not hav-
ing removed the silicon dioxide undercladding. Simulations
suggest that by undercutting these cavities, the intrinsic
(i.e., stand-alone, unloaded) Q value of the cavity in hexane
should increase from 10 x 10° to 25 x 10 as compared to
the hexane-over-SiO, structure studied here. The transmission
values are limited partially by the fact that the W1 photonic
crystal waveguide modes turned out to be above the light line
in these samples (a total propagation loss of ~1.5dB), and
because the single-variable-hole coupler between the W1
waveguide and the slot waveguide causes excess scattering.

To illustrate the impact of working with a cavity mode
localized in the slot, Figs. 2(b) and 2(c) show the spectra for
two samples measured in hexane and acetone (n=1.346).
All modes shift by ~7 nm, consistent with simulations. The
largest shift in nm per unit variation in refractive index (sen-
sitivity) is 370 nmRIU~!, for sample S2. This is less than
that reported for some samples in Ref. 20 because their struc-
tures are undercut, and because they have larger slot widths.
Using the definition of the detection limit (DL) in Ref. 27,
these O values, sensitivity, and our signal to noise ratio
(SNR) of 33dB with 0.8 mW excitation power, the DL of
these structures is estimated to be 2.3 x 107> RIU. This is
comparable to other photonic crystal sensors>"262%2 pased
on undercut cavities. Despite the fact that the Q values
reported in Table I are lower than Refs. 30 and 31, these
devices have larger sensitivity as a result of shifting the field
maximum from the slab into the fluid.

In conclusion, we have reported the design, fabrication,
and characterization of a silicon-based photonic integrated
circuit consisting of a photonic crystal slot-cavity, wave-
guides, and grating couplers, operating at telecommunication
wavelengths in a fluidic medium. The structure was designed
to offer a robust means to enhance electric field intensity and
hence light-matter interactions at a precise location inside a

Appl. Phys. Lett. 102, 131115 (2013)

fluidic medium, while minimizing fabrication complexity
and maximizing ease-of-use. Both 3D FDTD simulations
and transmission measurements demonstrate that such cir-
cuits, fabricated in a single lithography/single etch process
without having to undercut the cavity, exhibit Q factors
>7500 and mode volumes of V ~ 0.086(§)3, with resonant
transmission T ~ 3%, when operated in hexane. These un-
optimized structures have a detection limit for refractive
index change of ~2 x 107> RIU. Their performance could
be improved by (i) modifying the sizes of the holes that line
the W1 waveguide and the junction between it and the slot
waveguide, to reduce losses and improve the SNR, (ii) by
reducing the hole-shifts that define the slot cavity, thus
enhancing the unloaded Q, and (iii) by using a different clad-
ding layer thickness to increase the grating coupling
efficiency.”’
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