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ABSTRACT

An SU-8 polymer microdisk resonator coated with a palladium (Pd) layer and coupled to a single-mode optical
waveguide is used to as a hydrogen (Hy) gas sensor. In the presence of Hy, a red shift is observed in the
spectral positions of the microdisk whispering gallery modes (WGMs) due to the expansion in the Pd lattice.
H, concentrations below the flammable limit (4%) down to 0.3% could be detected in nitrogen atmosphere at
room temperature. For Hy concentrations between 0.3 — 1%, WGM spectral positions shifted linearly with Ho
concentration at a rate of 32 pm/%H,. Average response time of the devices was measured to be 50 s for 1% Ha.
The proposed device concept can also be used to detect different chemical gases by using appropriate sensing
layers.
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1. INTRODUCTION

Hydrogen (Hs) attracts a lot of attention as an energy source because to its high energy conversion efficiency, non-
toxic side products, and sustainable nature,.">? In addition to that, Hy is widely employed in clinical, industrial,
and environmental reservation applications. Storage and sensing of Hy are the main challenge due to its low
flammable limit (4%) and small molecular volume. To date, Hy sensors have been demonstrated using different
measurement methods such as thermal,? electrical,¥ mechanical,® acoustic® or optical.” Among these, optical
sensing techniques are generally convenient for achieving reversible sensing with low cost and compact devices.
The first optical Hy sensor relied on the interferometric detection of the length of a palladium (Pd) - coated
optical fiber.® This work was followed by other optical Hy sensor demonstrations including those employing
reflection spectroscopy,’ reflectivity'® or surface plasmon resonance phenomenon.!!

In this paper, we report a novel optical sensor of Hy gas that employs a polymer microdisk microresonator
coated with a palladium (Pd) sensing layer and optically coupled to a single-mode polymer waveguide. Microdisk
cavities host high quality optical resonances called whispering gallery modes (WGMs) whose spectral positions
are very sensitive reporters of the microresonator size and refractive index.'?> Our sensor detects the Hy gas via
monitoring the spectral position of the WGMs that changes due to the strain induced in the microresonator
as a result of expansion in the Pd sensing layer upon the formation of palladium hydride. To determine the
WGM positions, we employ a tunable laser coupled into the polymer waveguide. We report Hy detection below
the flammable limit down to 0.3%, with a linear response of the sensor in the Hy concentration range between
0.3 1% and a typical response time around 50 s for 1% Ha.
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Up to now, elastic nature of polymer microring or microdisk microresonators has been exploited in numer-
ous demonstrations such as strain sensing,' ultrasonic detection for photoacoustic microscopy,'* and opto-
mechanically tunable lasing.'® Despite these, Hy gas sensing using a polymer microring or microdisk microres-
onator has not been demonstrated yet. Solid silicon-on-insulator (SOI) ring resonators have been previously
used for Hy gas sensing.'® In these experiments, Hy was detected by monitoring the spectral change in WGMs
caused by the local temperature increase resulting from the catalytic combustion of Hy. However, this approach
did not allow measurement of Hy concentrations lower than 0.7%. Vertical cavity lasers'” were also used in
microresonator-based Hy gas sensing demonstrations. Here, Hy gas sensing relied on the change of the com-
plex refractive index of a Pd layer, leading to a spectral shift of the lasing wavelength. Compared to these
previous demonstrations, our sensor combines easy fabrication together with the detection of relatively low Hso
concentrations (0.3%).

2. EXPERIMENTAL
2.1 Microfabrication

The sensor devices are fabricated using a two-step photolithography process (Fig. 1a). Si-wafer with 5 pm-thick
oxide layer is used as the substrate to have the substrate refractive index lower than that of SU-8. In the first
step, SU-8 microresonator and waveguide structures are fabricated. The thickness of this layer is measured as
1.2 pm. Then in the second step, thin Pd disks (220 nm) are coated concentrically on the microresonators using
RF plasma sputtering. The outer diameters of the Pd disks are designed to be less than the outer diameters of
the microresonators to avoid loss of optical WGMs propagating at the edges of the microdisks (Fig. 1b).

2.2 Optical measurements

Optical measurements are carried out by detecting a tunable laser light (wavelength range 1500-1620 nm) coupled
to the SU-8 waveguide using butt-coupling method'® (Fig. 1c). As the wavelength of the laser is changed,
optical WGMs are observed at resonance wavelengths (i.e. wavelengths satisfying the resonance condition of the
microresonator.) 2.46 nm FSR (separation between consecutive WGMs) is observed with quality factors around
1000. Sensor devices are put into a gas chamber in which Hs and Ny gas concentrations can be controlled with
gas flow controllers. Before the transmission spectrum of the microresonator is measured, the gas chamber is
flooded with Ny for 30 minutes to rule out any possible effects of humidity. As the transmission spectrum is being
measured, Ho is released to the chamber at the desired concentrations using the gas flow controllers (Fig. 1d).

3. RESULTS AND DISCUSSION

The sensing mechanism of the polymer optical microresonator-based sensor relies on the volume expansion of
the Pd-coating in the presence of Ho. When the Hy gas is introduced into the gas chamber, Ho molecules are
adsorbed in the Pd and they disintegrate into hydrogen ions, forming palladium hydride, PdHy. Since the PdH,
formation causes an increase in the lattice constant of Pd!? the volume of the coating is increased under Hy
exposure. This volume expansion is transferred to the polymer microresonator. Since the WGM resonances are
highly sensitive to the size of the microresonator, a red-shift is observed for the WGMs in the presence of Hs.
The amount of red-shift depends on the Hy concentration in the environment.

Fig.s 2a-b show the sensing responses recorded from the uncoated and Pd-coated microresonators, respectively.
For the uncoated device, red spectral shift of about 14 pm is observed for 10% Hs> concentration, as seen in Fig. 2a.
This corresponds to a very low Hy detection that can be mainly attributed to the refractive index change in
SU-8 as a result of Hy adsorption.?’ However, for the case of the Pd-coated device, 29 pm red spectral shift is
observed for 1% Hs concentration. Changes of the refractive indices of SU-8 and Pd are other potential sources
for the observed red spectral shift. We conclude these contributions are negligible for two reasons: (i) Control
experiments shown in Fig. 2a reveal much smaller Hy detection sensitivity due to the refractive index change
of SU-8, and (ii) in our sensor devices Pd-layer does not cover the region near the rim of the microdisk where
WGMs are residing. We also note that a decrease in sensitivity of the devices was typically observed upon
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Figure 1. a) Cross-sectional schematic views showing the microfabrication steps of the sensor device. Thicknesses: Pd -
220 nm, SU-8 - 1200 nm, SiOz - 5 um, Si - 500 pm. b) SEM image of a 200 pm-diameter Pd-coated SU-8 microresonator
with SU-8 waveguide. c¢) Schematic representation of the sample and the experimental setup. d) Transmission spectrum
obtained from a Pd-microresonator device. FSR is calculated as 2.46 nm.
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Figure 2. WGM resonance shifts obtained from (a) uncoated and (b) Pd-coated microresonators. The red lines show the
H> concentration in the environment as a function of time. 10% Hy causes about 15 pm resonance shift for uncoated
microresonator whereas about 30 pm resonance shift is observed for only 1% Hs for Pd-coated microresonator.
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Figure 3. (a) Ha concentration vs. resonance shift graph for different sensor devices. The red line shows the linear fit for
H; concentrations up to 1%. (b) Response time vs. resonance shift graph for different sensor devices.

repeated cycles of Hy exposure. This was attributed to the incomplete removal of hydrogen from the Pd lattice?!
and partial breaking of bonds between the Pd and SU-8 surfaces. For a given sensor device, we always used data
recorded during the first set of experiments in calculating the sensitivity values reported in this paper.

Fig.s 3a-b show the resonance shifts and response times of different sensor devices as a function of Hs
concentration. The linear fit has the slope of 32 pm/%Hs. Beyond 1% Hs concentration, saturation is observed in
the sensor response. This can be explained by the irreversible beta—phase formation in the PdH, for > 1.5%.1°

For our sensor devices, response and recovery times were determined by analyzing the recorded time traces of
the WGM spectral shifts shown in Fig. 2b. The response and recovery times correspond to the times required for
the spectral shift to change by 90% of the total spectral change observed upon initiating or stopping the Ho flow
in the chamber, respectively. For the experimental data shown in Fig. 2b, the response and recovery times were
calculated as 167, 81, 50 s and 55, 73, 163 s for 0.3, 0.5, 1% Ha, respectively (see also Fig. 3b for the summary
of the response dynamics of multiple devices). As expected, the response time decreases with increasing Ho
concentration. This behavior can be explained by the concentration-dependent surface adsorption of Hy which
represents the rate-limiting step in the PdH, formation.?? Similar trends were observed in the previously
reported optical Hy sensors.'!:22 The increase of the sensor recovery time with increasing Ho concentration can
be attributed to the delayed removal of hydrogen which has to undergo spatially constrained diffusion out of the
Pd lattice.
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4. CONCLUSIONS

In conclusion, using sensors based on optical signal readout, we have demonstrated detection of Hy at room
temperature with the lower detection limit of 0.3% and the response time of 50 s for 1% Hs. Presented polymer
microresonator sensors are low-cost, compact, and easy to fabricate. As compared to other state-of-the-art optical
Hs sensors, they hold a special promise for detecting extremely low Hy concentrations. This can be achieved by
increasing the Q-factors of the WGMs with higher resolution lithography techniques, having a better control over
the environmental conditions in the gas sample chamber, and studying microdisks possessing undercut regions.
With modified sensing coatings, this optical sensing platform is also suitable for detecting different gas species.
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