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A highly sensitive sensor design based on two-dimensional photonic crystal cavity is demonstrated.
The geometric structure of the cavity is modified to gain a high quality factor, which enables a sen-
sitive refractive index sensing. A group of slots with optimized parameters is created in the cavity.
The existence of the slots enhances the light—matter interactions between confined photons and ana-
lytes. The interactions result in large wavelength shifts in the transmission spectra and are denoted
by high sensitivities. Experiments show that a change in refractive index of An~ (.12 between
water and oil sample 1 causes a spectral shift of 23.5nm, and the spectral shift between two oil
samples is 5.1 nm for An ~0.039. These results are in good agreement with simulations, which are
21.3 and 7.39 nm for the same index changes. © 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4906576]

All-optical sensors have attracted much attention in bio-
logical/medical research, chemical safety, and environmental
monitoring. Unlike electrically interacted sensors, all-optical
sensors are free from influences of external electric fields.
The principle of operating all-optical sensors relies on varia-
tions of optical characters when properties of the surround-
ing media change."> Among currently hot research topics in
this field, photonic crystal sensors feature an especially small
footprint and high quality factor/volume>* in integrated lab-
on-chip systems.”™' In many previous works, highly con-
fined photons were obtained in photonic crystal cavities
under low refractive index embedding (silicon vs. air),!' 1
whereas optical sensors are expected to work in a liquid
environment in most practical cases. High refractive indices
of liquids will unavoidably cause problems of photon leak-
age. Moreover, considerable spatial overlap between con-
fined photons and analytes is needed to induce clear changes
in optical properties. It is a challenge to increase the interact-
ing area without impairing the ability to trap photons.'>'¢

Here, we present our investigation on a modified pho-
tonic crystal cavity that allows us to overcome the above dif-
ficulties. As will be demonstrated, our sensor is designed to
work under high refractive index material infilling of
n=1.5, whose index is much higher than that of many typi-
cal liquids. More important, we enlarge the spatial overlap
between the trapped photons and analytes by introducing a
group of slots inside the cavity with dimensional and loca-
tional optimizations. The maximum quality factor obtained
in experiment is greater than 8000, and a wavelength shift of
5.1nm under a small refractive index modification of
~0.039 is observed.

The structure of the photonic crystal cavity is illustrated
in Figure 1, consisting of holes being etched through a
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silicon slab. A 2—um-thick silicon dioxide layer supports the
silicon slab from underneath. The cavity is surrounded by
ten rows of holes in the I'-K direction, and 12 rows of holes
in the I'-M direction. The cavity is created by removing three
holes in the I'-K direction. As a two-dimensional photonic
crystal, the slab confines light by total internal reflection.
Analytes cover the top of the photonic crystal and fill in the
holes. In order to understand the characteristics of high-
refractive-index embedding, we deliberately choose the
filling material’s refractive index as high as n=1.5, and cal-
culate the band structure of such a photonic crystal using
the three-dimensional finite different time domain (FDTD)
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FIG. 1. Photonic crystal cavity with modifications overlaid with a zoomed
image of the inside slots. Lattice constant ¢ =500nm, radii =195 nm;
r,=140nm with Ay, = 10nm, r,=235nm with Ay,=20nm, r.=110nm
with Ax,.= 100 nm, and r;= 170 nm with Ax;=0.
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simulation program of MEEP.'” Unlike typical low-refrac-
tive-index embedding, the width of the band gap for high-
index embedding becomes much narrower due to a low-re-
fractive-index contrast. Therefore, parameters are set as fol-
lows to make the resonant wavelength of the cavity work for
near infrared and distant from the band edges. The structure
shown in this work has a lattice constant of ¢ =500 nm. The
radii of the holes are set at r =195 nm. The thickness of the
silicon slab is 7 =260 nm.

According to previous research on high-Q cavity design,
light confinement can be optimized by varying the geometric
parameters of the holes surrounding the cavity.'*'* We do so
by computing resonant frequencies and quality factors of the
cavity using the software of harmonic inversion (the built-in
“harminv” in MEEP),"® which decouple the cavity fields into
individual sinusoids and calculate their decay rates. We
select the resonant wavelengths with the highest Q factor af-
ter 400 time periods running after an excitation in our simu-
lations. Higher quality factors can be achieved with longer
calculation times, but we believe 400 time periods are
sufficient.
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FIG. 2. Quality factors (a), intensities (b), and light distribution (c) of the
cavity without inside slots.
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The width of the cavity is modified by locally shifting
two neighboring rows of holes slightly away from the center
in the I'-M direction, with shifting distances of 10 and
20nm. The first neighboring row has radii of r,=140nm
and the second one has enlarged radii of r,=235nm.
Modifications are also made on the holes in the I'-K direc-
tion. The nearest pair of holes is shifted 100 nm outwardly
and reduced to .= 110nm. The next pair also has reduced
radii of r;,= 170 nm.

Only one resonant frequency of 1560nm was found
with a quality factor greater than 500. Its Q factor is 1840
with an enhanced intensity of 1.91. The profile of the
electromagnetic-field distribution of the resonant optical
mode is obtained by placing a narrow band pulse centered at
1560 nm in the cavity as a TE-polarized dipole source with
Gaussian frequency distribution. As shown in Fig. 2(c), pho-
tons are accumulated inside the cavity and symmetrically
extended to the nearest-neighboring areas. The in-plane reso-
nant mode has a profile with eight main lobes in the ['-K
direction but none in the I'-M direction. In order to enhance
the light—matter interaction, we create larger overlap areas
for photons and analytes. Unlike our previous work of add-
ing circular holes,'® we introduce a group of slots into the
cavity. These slots have geometric shapes matching the light
profile. Analytes fill in these slots and affect the performance
of resonant modes. We use three parameters to adjust the
dimensions of the slots, as illustrated in Fig. 1, the periodic-
ity dgor, length Ly, and width Wy,.. Three-dimensional sim-
ulations of quality factors and intensities are performed to
examine the effect of introducing slots. All dimensions are
normalized to the lattice constant a.

Starting with the periodicity, we varied the periodicity
Ao from 0.48a to 0.58a with fixed Ly and W, values of
0.12a and 0.4a. We chose the range of variation deliberately
by ensuring that ay, is approximate to the periodicity of the
main lobes in Fig. 2(c). As seen in Fig. 3, the quality factor
increases from 0.48a and reaches its maxima at 0.53a, fol-
lowed by a sharp decrease. It is easy to understand that con-
fined resonant light forms a stationary-like wave inside the
cavity. To keep quality factors high, the slots must have an
optimized location with minimal disturbance to the station-
ary wave.

These optimizations were also applied to the other two
parameters L, and W, We kept Wy, at the same value of
0.4a and varied Lgo from 0.06a to 0.16a. The quality factor
also decreases sharply as the width increases. It is also easy
to see that light confinement inside the cavity depends
strongly on the overlap between the light and the slots.
Although having the same periodicity, wider slots have
larger dimensions than narrower slots, which unavoidably
impedes photon confinement and accumulation. Based on
similar principles, the Q factor decreases with increasing
Waior values.

It should be noted that frequencies of resonant modes
have slight shifts as the three parameters are adjusted. This
clearly indicates that variations of the effective refractive
index are caused by different spatial modal distributions. In
addition, the quality factors as well as the intensity are lower
than the original cavity with no slots, due to the lowered re-
fractive index contrast between the cavity and its neighbors.
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FIG. 3. Relationships between the quality factor and the slot parameters ago
(@), Lot (b), and Wy (€).

With these modifications, we have optimized parameters of
the cavity and the best parameters of the inside slots. We
understand that a higher Q factor can be achieved by further
modifying the geometry. However, in this work, we have
chosen our sensor design as a compromise between high Q
factors and strong light—matter interaction.

To illustrate the operating principle of the sensor and to
estimate its sensitivity quantitatively, we calculated the out-
put spectrum of the sensor (Fig. 4). A pair of single-mode
photonic crystal waveguides serves as light input/output. The
top and the holes of the photonic crystal are filled with air,
water, and two kinds of petroleum-oil-based liquid samples,
the refractive indices of which are set at 1.0, 1.33, 1.456, and
1.495, respectively. As expected, there is no resonant peak
for air infiltration in this wavelength range, whereas water
and the other two oil samples show very clear resonances in
the spectra. A change in refractive index of An=0.12
between water and oil sample 1 results in a spectral shift of
21.3nm (from 1454.00 to 1475.3 nm) in our simulation. The
subtle difference between the two oil samples of An=0.039

Appl. Phys. Lett. 106, 031116 (2015)
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FIG. 4. Calculated transmission spectra of the sensor with analyte infiltra-
tions. Three resonant wavelengths are 1454, 1475.3, and 1482.69nm for
water and oil sample infiltrations. A change in refractive index of An=0.12
between water and oil sample 1 results in a spectral shift of 21.3nm. The
shift between the two oil samples is 7.39 nm for An=0.039 in refractive
index.

induces a theoretical shift of 7.39nm (from 1475.3 to
1482.69 nm). The sensitivity of our current sensor has been
significantly improved over that of a previous design with no
slots in the cavity. For the previous design, a change in re-
fractive index of An=0.12 between water and oil sample 1
results in spectral shifts of 10.4nm in simulation and
12.4 nm in experiment as reported in Ref. 20.

The photonic crystal sensor was fabricated on a silicon-
on-insulator (SOI) wafer with a 260-nm-thick silicon slab
and a 2—um-thick buried silicon-dioxide layer. The patterns
were first written in a 120-nm-thick Zep520 resist atop the
silicon slab by a Leica EBPG 5000+ e-beam lithography
system operating at 100keV. Inductively coupling plasma
(ICP) etching techniques was then used to etch the exposed
areas. A gas flow rate of SF¢/O, and the etching time are
controlled precisely to achieve a good depth-to-width ratio,

Hlllll
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FIG. 5. Scanning electron microscope image of a sensor. Holes and slots are
etched through a 260-nm-thick silicon slab placed atop a buried SiO, layer.
A cross-section view of the slots of a test sample with a tilt angle of 52° is
shown in the inset. A good depth-to-width ratio is obtained by carefully con-
trolling gas flow rates during ICP etching.
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FIG. 6. Experimental transmission spectra of the sensor. The blue, black,
red, and green spots were plotted for air, water, and oil sample infiltration. A
change in refractive index of An~0.12 between water and oil sample 1
results in a spectral shift of 23.5nm. The shift between two oil samples is
5.1 nm for An ~ 0.039 in refractive index.

as shown in the inset of Fig. 5. The remaining ZEP520 was
ultimately dissolved in acetone.

The completed sensor is shown in Fig. 5. Light was
coupled into and out of the sensor via a pair of traditional
tapered strip waveguides. In order to minimize the mode
mismatch, the strip waveguides are tapered from a width of
2.5 um at the edge to 866 nm at the interface of the photonic
crystal waveguides. A tunable laser ranging from 1440 to
1630nm serves as the light source. A TE polarization-
maintained lensed fiber is used to couple light from the laser
to the input waveguide. Output light was collected by a
group of objective lenses connected to a detector. Drops of
liquid analytes were placed directly on the sensor with a sy-
ringe. After measurement, the liquid drops were blown off
the chip with nitrogen gas.

Measured transmission spectra of our sensor are plotted
in Fig. 6. Original data recorded by the optical detector (in
solid spots) and their Lorentz fittings (in-lines) are both
shown. The black spectrum, which corresponds to water
sensing, shows a Q factor of 8060 at around 1451.2 nm. The
red spectrum was obtained after the oil sample 1 was placed
on the sensor, and its Q factor is 1980 at 1474.7 nm. Oil sam-
ple 2 has a spectrum shift of 5.1 nm from oil sample 1 with a
Q factor of 1380. There is no obvious resonance for air sens-
ing. In the presence of increased refractive indices, the reso-
nant wavelength shifts are 23.5nm for water/oil sample 1
and 5.1 nm for the two kinds of oil samples in the experi-
ments. Comparing the simulation results of 21.3 and 7.39 nm
for the same index changes, we observe excellent agreement
between experimental data and theoretical simulations.

Appl. Phys. Lett. 106, 031116 (2015)

It should be noted that the oil samples we used in these
experiments are real petroleum-based oil. Owing to compli-
cated chemical compositions of the petroleum oil samples,
their optical dispersion relations are difficult to predict pre-
cisely. The difference in index of An=0.12 for water/oil
sample 1 and An =0.039 for the two oil samples are given at
a single wavelength of 1550 nm, though these numbers may
vary slightly at other wavelengths. However, we do believe
that a good index sensing has been achieved with the opti-
mized photonic crystal sensor design.

In summary, we have designed a photonic-crystal-based
sensor for higher refractive index sensing. We proved in
both theory and experiment that our sensor can achieve high
quality factors, high sensitivities, and high signal-to-noise
ratios. Modifying the geometry of cavity and introducing
inside slots has proved to be a rather effective method to
enhance light-matter interaction. We believe our sensor is
very promising for practical applications in bio/medical/
chemical sensing.

This work was supported by the project of FOM IPP
IPOG-II: Nano Photonic Sensors (NPS).
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