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ABSTRACT Photonic crystal nanobeam cavities with high-quality factors are
very sensitive to the changes of the dielectric properties of their surroundings.
Utilizing this high sensitivity and by applying chemical functionalization, an
ultrasensitive chemical sensor for gases based on a nanobeam cavity was

demonstrated. A limit of detection of 1.5 parts-per-billion (ppb) in ambient conditions, determined from the noise level of the system, was achieved

for nerve agent simulant methyl salicylate. The nanobeam cavity's nonlinear thermo-optical bistability is also utilized to realize a threshold detector for

cumulative chemical exposure.
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arious types of photonic cavities and

optical resonators based on dielec-

tric materials with micro- or nano-
scale dimensions have been developed,
affording very high optical quality factors
and finesse.! Those cavities can be categor-
ized in two main types: whispering gallery
resonators and photonic crystal cavities.
While the highest quality factor achieved
so far is obtained in whispering gallery
resonators,®> 2D and 1D photonic crystal
cavities have the advantages of compact-
ness, planar structures, design flexibility,
and readiness for integration in photonic
circuits. In particular, 1D photonic crystal
nanobeam nanocavities have a very small
footprint and can provide extremely high
quality factors.>* They are commonly fabri-
cated on silicon-on-insulator (SOI) or silicon
nitride on silicon substrates, which are com-
patible with CMOS (complementary metal—
oxide—semiconductor ) processes and thus
can be fabricated in large scale at foundries.
High-Q photonic crystal nanobeam cavities
have been utilized in quantum optomec-
hanics,” nanoparticle manipulation,® and
nonlinear optics.”

With very high quality factors, the
changes of the resonance frequencies of
photonic cavities, which are susceptible to
the change of the dielectric properties of
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the surrounding medium, can be resolved
with very high precision. Generally, it is
feasible to measure resonance wavelength
shifts of 1/50—1/100 of the resonance line
width.29 Such a principle has been utilized
to develop highly sensitive refractometric
sensors based on various types of photonic
cavities, capable of measuring refractive
index change in the 10" *to 10 % range,'* '3
on a par with other optical techniques such
as surface plasmonic resonance sensors and
fiber grating sensors."*'> On a silicon photo-
nics platform, previously a microring silicon
optical resonator has been used to detect the
presence and pressure of gaseous and liquid-
phase chemicals.'*'® Here we demonstrate
the use of chemically functionalized nano-
beam cavities as chemical sensors of analytes
in gas phases.

Device Characterization. Figure 1a and b
show, respectively, optical and scanning
electron microscope images of a nanobeam
cavity device used in this study. The nano-
beam cavity is side coupled with a bus
waveguide that has two integrated grating
couplers for input and output of optical
signals from and to optical fibers. The
waveguide-loaded quality factors of as-
fabricated devices were in the range
50000—80000."” To achieve selective and
optimal chemiabsorption of specific types
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Figure 1. (a) Dark-field optical image of an array of nanobeam cavities coupled with waveguides and grating couplers. (b)
Scanning electron microscope micrographic of a nanobeam photonic crystal cavity coupled to a bus waveguide. (c)
Transmission spectra measured on the device with (red) and without (black) the polymer coating. The loaded quality factor
has degraded from the as-fabricated value of 50 000 to 20 000 (black) after application and removal of the polymer coating,

and 8000—10 000 (red) with the coating on the device.

of analytes, the nanobeam surface needed to be
chemically functionalized. For homeland security ap-
plications, methyl salicylate (MeS) as a simulant of
nerve agent gases was tested as the analyte gas in
the sensing experiments. A fluoroalcohol polysiloxanes
polymer (Adiol, Seacoast Scientific Inc.) was selected
as the coating material for its strong and reversible
bonding with MeS molecules, as well as its high thermal
stability and stable interface with the substrate.'®
The polymer was used as purchased and dissolved in
toluene to a volume concentration of T mg/mL. The
solution was then spin coated on the device substrate
at 3000 rpm for 30 s, and the substrate was baked on
a hot plate at 90 °C for 1 min in ambient to evaporate
the solvent. The process resulted in a layer of con-
formal polymer coating with a thickness in the range
60—80 nm on the nanobeam cavity. The thickness was
measured by coating and patterning the polymer on a
control sample and measuring the step height with an
atomic force microscope. Coating with the polymer film
induced a large red-shift of the resonance wavelength
of the nanobeam cavity, as shown in Figure 1c. After the
coating process, the loaded Q-factor of the devices was
reduced to 8000—10 000. This significant drop in quality
factors was attributed to the excess optical absorption
in the polymer layer. Even after the removal of the
coating and thorough cleaning, the loaded Q-factor
recovered only to 20000 (Figure 1c) due to residues
of the polymer. To improve the device performance, it
is thus desirable to select polymers with low optical
absorption at near-infrared but high chemical specifi-
city with targeted analytes. Using 3D FDTD simulation,
the nanobeam cavity's response to the refractive index
change of the polymer coating was determined to be
more than 100 nm/RIU. Therefore, even after coating,
the nanobeam cavities are capable of measuring
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refractive index change on the order of 107> in the
polymer.

RESULTS

To measure optical resonance shift of the nanobeam
cavity in response to the exposure of gaseous chemi-
cals, we employed a simple slope detection method
using a probe laser, as shown in Figure 2b. The laser
wavelength was slightly blue-detuned from the reso-
nance frequency, and the transmitted optical power
was monitored with a photodetector. In this way, the
shift of the resonance frequency was transduced to the
change in the transmitted optical power. After calibrat-
ing the transmission spectrum of the system, the
photodetector reading can be converted to resonance
wavelength shift. Initially the probe laser power re-
mained at a low level of 1T mW. Considering that the
efficiency of the grating couplers is 20%, the intracavity
energy is calculated to be ~2.7 femtojoules (or photon
number ~2 x 10%. Because MeS has a dielectric
constant larger than that of the Adiol polymer,'®
absorption of MeS into the polymer caused an increase
(red-shift) of the resonance wavelength of the functio-
nalized nanobeam cavity. Therefore, upon exposure to
MeS gas, the transmission of the blue-detuned probe
laser will increase. Figure 2c shows the measured
responses when the device was exposed to MeS gas
flow with varying volume concentration from 240 to
1200 parts-per-billion (ppb) for a period of 240 s in
order to approach equilibrium state. In the gas gen-
erator, the analyte gas flow rate was kept at a constant
value of 50 sccm, while the carrier gas flow rate was
increased from 200 to 1200 sccm to gradually reduce
the analyte concentration in the total flow during each
test. It was confirmed in control experiments that
changing the flow rate of the total gas flow containing
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Figure 2. (a) lllustration of the measurement setup. A fiber array is used to couple light from optical fibers into grating
couplers on the chip. A plastic chamber connected to the gas generator is used to enclose both the fiber array and the device
chip. (b) Schematics of the optical measurement system based on the simple slope detection method. (c) The nanobeam's
optical response to 240 s exposure (shaded area in light green) of MeS flow with varying volume concentrations, from low to
high in eight steps, respectively: 240, 280, 350, 460, 550, 670, 860, 1200 ppb. The black trace is the system noise measured
without any gas flow and using a 1 s integration time. (d) The nanobeam's optical response versus MeS concentration
(symbols) along with a linear fit (red line). The system's limit of detection is determined to be 1.5 ppb by extrapolating to three

times the system noise amplitude (black trace, panel c).

no analyte induced negligible responses of the device.
In Figure 2¢, the initial fast spike at the onset of analyte
gas flow was attributed to the pressure shock when
the flow valves inside the generator were switched to
turn on the analyte flow and the consequent sudden
temperature change at the device. The primary re-
sponses of the optical signal consist of fast and slow
rising portions, which are very similar to the response
of other types of polymer-coated chemical sensors,
such as chemiresistors and chemicapacitors, and can
be well modeled with Fick's equation of diffusion.'
By fitting the fast portions of the responses at different
concentration levels with the diffusion model, the
diffusion constant of MeS in Adiol film was estimated
to be about 1.4 x 10" cm?/s. Thus for coating film
thickness of 60 nm, the diffusion time is ~252 s;
therefore the sensor's response is expected to approach
equilibrium during the exposure time of 240 s. How-
ever, the measurement results show that it takes longer
for the sensor's response to reach the equilibrium. This
slow response is attributed to the large dead volume of
the chamber and its large surface area where analyte
can be absorbed onto, as well as the unpassivated walls
of the tubing used in the experiment. All of these can be
improved by optimal design of the sensor packaging
and gas handling system, which are essential to gas-
phase chemical sensors. Nevertheless, the nanobeam
sensor has shown very high responsivity. Figure 2d
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shows that the device's response is linear to the analyte
volume concentration with slight deviation at concen-
trations higher than 1 ppm, which is attributed to the
reduced optical quality factor and the imprecision of
the gas generator. In the form of resonance wavelength
shift versus analyte concentration, the nanobeam'’s re-
sponsivity to MeS is measured to be 80 picometers/ppm.
In Figure 2¢, the system noise floor was measured
using an averaging time of 1 s and zero MeS concen-
tration in the gas flow. Using three times the rms
amplitude (30) in the measured noise as the system
noise floor, the limit of detection (LOD) in MeS con-
centration is determined to be 1.5 ppb, which is 1 order
of magnitude lower than previously achieved values
for MeS sensing using other chemical sensors.'®%°
We attribute the main contribution of the system noise
to the fluctuation of the device's temperature, which,
through thermo-optic effect, leads to fluctuation of
the cavity's resonance frequency and is also affected by
the gas flow rate. With a more advanced temperature
stabilization scheme, the noise and consequently the
sensitivity of the sensor can be significantly improved
in future research.

Silicon has a relatively high thermo-optic coefficient
of 1.86 x 10°"¥/K, which causes a red-shift of the nano-
beam cavity's resonance wavelength with increasing
temperature. When the probe laser power was in-
creased, the nanobeam cavities were heated primarily
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Figure 3. (a) Transmission spectrum of the nanobeam device measured using 8 dBm input laser power and by scanning the
laser wavelength from low to high. The resonance peak is broadened with a sharp transition at the long wavelength side as

the result of thermo-optic bistability. (b) Fine scan of probe laser

wavelength in forward (red) and backward (blue) directions

in the region near the transition between bistable states. The device shows two stable regions (1 and 3) and one bistable
region (2). (c) The nanobeam sensor's response when it is operated in the bistable mode and exposed to MeS flow with a
1200 ppb concentration. The area in shaded green marks the duration of exposure. The orange circle in the symbols indicates

the state of the device.

due to optical absorption in the polymer coating. The
internal heating caused a thermo-optic bistability
effect, as has been observed in many other types of
optical cavities with high quality factors*' and in our
earlier work."”” In Figure 3a, the transmission of the
nanobeam was measured when the probe laser power
of 8 dBm was used. Due to the thermally induced red-
shift, the resonance peak was broadened as the laser
wavelength was swept forward and a sudden transi-
tion happened when the laser wavelength surpassed
the drifting resonance wavelength. In Figure 3b, the
laser wavelength was swept in forward and then back-
ward directions near the wavelength range where
the transition happened. A clear bistability region
(region 2) can be observed as a hysteresis loop be-
tween two stable regions (regions 1 and 3). Although
often it is considered to be a nuance, we utilized this
thermo-optic bistability to achieve a threshold mode of
chemical sensing, which can trigger an alarm of a critical
level of cumulative chemical exposure. We scanned the
probe laser wavelength in the backward direction
(following the blue trace in Figure 4b) and stopped at
region 1 so that the device was at one of the stable
states with a high level of transmitted power. When the
resonance wavelength of the device shifted to longer
wavelength, which was equivalent to scanning the
probe laser wavelength backward, and beyond the
lower bound of the bistable region 2 at ~1541.560 nm,
the device swiftly switched to the lower stable state in
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region 3. The amount of the resonance wavelength
shift for the transition to happen, which relates to the
cumulative amount of analyte mass taken up by the
polymer coating, is determined by the probe laser
power level and wavelength. Thus, the position of
the probe laser sets a threshold of the sensor's expo-
sure to the targeted chemicals, beyond which a transi-
tion between the bistable states triggers an alarm. This
process was observed in the experiments, and the
result are shown in Figure 3c when the device was
exposed to a 1200 ppb concentration of MeS. Initially
the probe laser wavelength was set at 1541.585 nm
and the device was at the stable state with high
transmission in region 1. When the device was exposed
to the analyte flow, its resonance wavelength gradually
increased, causing a slow decrease in transmission
along the blue trace in region 2. When more analyte
molecules were absorbed by the polymer coating
and the resonance wavelength shifted beyond
the bistable threshold at ~1541.560 nm, the device
switched to the lower stable state in region 3 with a low
optical transmission. The analyte flow was then turned
off. As the analyte molecules diffused out of the
polymer and were purged, the resonance wavelength
gradually recovered, following the red trace in
Figure 3b from region 3 to 2 and eventually surpassed
the upper bound of bistable region 2 and switched
back to the stable state in region 1 with a high optical
transmission.
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Figure 4. (a) The nanobeam sensor's response when it is operated in the bistable mode and exposed to MeS flow with
concentration from low to high, respectively: 400, 460, 550, 670, 860, and 1200 ppb. The switching time decreases as the
concentration increases. (b) Log—log plot of the switching time versus the MeS concentration, cg,s (symbols). Red line is a
fitting with 1 /cgasz, showing excellent agreement. (c) Square root of switching time versus wavelength offset of the probe laser
from the threshold wavelength of switching between two bistable states.

DISCUSSION

Assuming a constant diffusion coefficient, the
switching time—the time that it takes from the turn-
on of analyte flow to the switching between two
bistable states—for given probe laser power and wave-
length is determined by the concentration of analyte
in the flow. As observed in the results in Figure 4a, the
switching time increases when the analyte concentra-
tion in the flow is decreased. The switching time is the
time for the given amount of analyte molecules to be
taken up by the polymer film to shift the resonance
wavelength to the threshold value (~1541.560 nm in
Figure 3b). The absorption of an organic vapor into
a polymer film can be described by Fick's equation of
diffusion, and for low mass change of the polymer film,
the mass taken up by the film after exposure time t is
approximately given by'®

12
2M(oo>(Dt> (1)

Mo = h?

where M() is the analyte mass in the film at equilib-
rium, D is the diffusion coefficient of the analyte
molecule in the polymer, and h is the thickness of the
polymer film. The equilibrium analyte mass M(ec)can be
expressed as M(eo) = ¢V, = KCgasVy,, Where ¢, and ¢y,
are the analyte volume concentration in the polymer
film and in the gas flow, respectively, K is the partition
coefficient at equilibrium, and V, is the volume of
the polymer film. Hence, the time it takes to absorb a
threshold value of analyte mass M, in the polymer film
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can be expressed as

trh = ”(M”‘MP) )2 — ”(m”‘(’l”))z 2
D\ 2KAyCyas D\ 2Kcgas

where A, is the surface area of the polymer film and
myy is the threshold areal mass. Thus, the switching
time tyy, is inversely proportional to the square of cga,
the volume concentration of the analyte in the gas
flow. In Figure 4b, the switching time is plotted versus
the analyte concentration and fitted with 1/cga52,
showing excellent agreement with eq 2. The result
confirms that the nanobeam sensor can be accurately
described by the simple diffusion model. The thres-
hold mass, mm(4,), is independent of ¢4, but can be
controlled by the probe laser wavelength: the closer
the probe laser wavelength is set to the transition
value, the less the amount of analyte needed to be
absorbed to induce switching. In Figure 4c, the switch-
ing time measured at various probe laser wavelengths
is plotted versus the wavelength offset from the switch-
ing threshold, the lower wavelength bound of the
bistable region (~1541.56 nm in Figure 3b). A clear
linear dependence of square root of the switching time
on the wavelength offset can be observed, indicating
a linear relation between the threshold mass and the
wavelength offset. Thus, in this bistable mode, the
nanobeam sensor can be utilized to detect a threshold
level of analyte exposure. The threshold level is tunable
by the probe laser wavelength and power and inde-
pendent of the analyte gas concentration, so the
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threshold mode is applicable to time varying concen-
tration. It can find important applications in industrial
and personal safety and production quality control.

CONCLUSION

In conclusion, we have demonstrated a CMOS-com-
patible photonic crystal nanobeam cavity functiona-
lized with a fluoroalcohol polysiloxanes polymer to

METHODS

The design of nanobeam cavities is described in detail in our
earlier work."” In short, the reflector sections of the nanobeam
cavity are designed with a periodic structure of nine holes,
drilled through the silicon layer, with a periodicity of 0.9a (o =
453.2 nm). In addition, a linearly tapered section from the mirror
section to the center of the cavity (from 0.5a to 0.395q) is
designed with six holes to precisely phase match the waveguide
and Bloch modes. A bus waveguide is used to couple light
evanescently into the nanobeam cavity. The device was fabri-
cated by means of a single step of electron beam lithography
using a negative tone resist (HSQ), followed by reactive ion
etching using a mixture of SFs and C4Fg gases.

The measurement setup used in this study is illustrated
in Figure 2a. A commercial gas standard generation system
(Kin-Tek 491M) was used to generate gas flow with precise
analyte concentration using dry nitrogen as the carrier gas.
In the generation system, a permeation tube containing liquid
analyte and with an emission rate of 2340 ng/min at 100 °C
was housed in a temperature-stabilized oven as the source of
gaseous analyte. The emitted vapor of the analyte from the tube
was diluted with the carrier gas with varying volume ratio to
obtain the desired volume concentration. A plastic chamber
connected to the outlet of the gas generator is used to enclose
the device chip and the fiber array aligned with the input/
output grating coupler to couple light into the bus waveguide.
The relatively large volume of this chamber in order to accom-
modate the fiber array and the chip will reduce both the
sensitivity and the response speed of the sensing system. If,
instead, a miniaturized chamber integrated on the device chip,
as demonstrated in ref 19, can be used, the performance of
the device can be significantly improved. Nevertheless, very
high sensitivity of the sensor has been demonstrated with the
current primitive device packaging.
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