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We report an integrated optical sensor of hydrogen (H,) gas employing an SU-8 polymer microdisk
resonator coated with a palladium (Pd) layer and coupled to a single-mode optical waveguide. The sensing
mechanism relies on the expansion in the Pd lattice due to palladium hydride formation in the presence of
H,. Strain induced in the microresonator then causes a red shift of the spectral positions of the resonator
whispering gallery modes (WGMs) which is monitored using a tunable laser coupled to the waveguide.
H; concentrations below the flammable limit (4%) down to 0.3% could be detected in nitrogen atmosphere
at room temperature. For H, concentrations between 0.3 and 1%, WGM spectral positions shifted linearly
with H;, concentration at a rate of 32 pm/% H,. Average response time of the devices was measured to be
50s for 1% H,. The proposed device concept can also be used to detect different chemical gases by using
SU-8 appropriate sensing layers.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thanks to its high energy conversion efficiency, non-toxic side
products, and sustainable nature, hydrogen (H;) attracts a lot of
attention as an energy source [1,2]. Hy is also widely employed
in clinical, industrial, and environmental reservation applications.
Main difficulties in using H, stem from its low flammable limit
(4%) and small molecular volume which bring challenges in H;
storage and sensing. To date, H, sensors have been demonstrated
using different measurement methods such as thermal [3], elec-
trical [4], mechanical [5], acoustic [6] or optical [7]. Among these,
optical sensing techniques are generally convenient for achieving
reversible sensing with low cost and compact devices. The first opti-
cal H, sensor relied on the interferometric detection of the length
of a palladium (Pd)-coated optical fiber [8]. This work was followed
by other optical H, sensor demonstrations including those employ-
ing reflection spectroscopy [9], reflectivity [10] or surface plasmon
resonance phenomenon [11].
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In this paper, we report a novel optical sensor of H, gas that
employs a polymer microdisk microresonator coated with a pal-
ladium (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 spec-
tral positions are very sensitive reporters of the microresonator size
and refractive index [12]. Our sensor detects the Hy gas via moni-
toring 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 H, detection below the
flammable limit down to 0.3%, with a linear response of the sensor
in the H, concentration range between 0.3 and 1% and a typical
response time on the order of 1 min for 1% Hs.

Up to now, elastic nature of polymer microring or microdisk
microresonators has been exploited in numerous demonstrations
such as strain sensing [13], ultrasonic detection for photoacous-
tic microscopy [14], and opto-mechanically tunable lasing [15].
Despite these, H, gas sensing using a polymer microring or
microdisk microresonator has not been demonstrated yet. Solid
silicon-on-insulator (SOI) ring resonators have been previously
used for Hy gas sensing [16]. In these experiments, H, was detected
by monitoring the spectral change in WGMs caused by the local
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Fig. 1. (a) Cross-sectional schematic views showing the microfabrication steps of the sensor device. Thicknesses: Pd - 220 nm, SU-8 - 1200 nm, SiO, - 5 pm, Si - 500 p.m.
(b) SEM image of a 200-pwm diameter Pd-coated SU-8 microresonator with SU-8 waveguide.

temperature increase resulting from the catalytic combustion of H,.
However, this approach did not allow measurement of H, concen-
trations lower than 0.7%. Vertical cavity lasers [17] were also used
in microresonator-based H; gas sensing demonstrations. Here, Hy
gas sensing relied on the change of the complex 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 H;
concentrations (0.3%).

2. Experimental
2.1. Microfabrication

Two-step UV photolithography was used for the fabrication of
the sensor devices (Fig. 1a). In the first step, SU-8 microresonators
and waveguides were fabricated on a Si wafer with a 5 um thick
oxide layer using standard UV photolithography. The thicknesses
of the microresonators and waveguides were measured as 1.2 um.
In the second step, a thin layer (thickness: 220 nm) of Pd was coated
on the microresonators using RF plasma sputtering. Undesired por-
tions of the Pd coating were removed using lift-off technique. The
crystallographic properties of the Pd film were analyzed by X-
ray diffraction (XRD) on a Rigaku Smarlab diffractometer (using
Cu Kor=1.5418 A radiation) in the range of 10-90°. A Zeiss Ultra

Plus field emission scanning electron microscope was used for SEM
imaging.

Measurements reported in this paper employed disk-shaped
microresonators with or without a hollow core as shown in
Figs. 1b and 7. For the cases with a hollow core, the inner diam-
eter was between 100 and 160 pm, substantially smaller than
the 200 wm outer diameter of the microdisks. Hence, the optical
properties of the WGMs were not affected by the presence of the
hollow core. No considerable difference was observed between
the sensing performance of the microdisk devices with or with-
out a hollow core. For different microdisks, the diameter of the
Pd-coated region was selected between 150 and 176 pm, smaller
than the outer diameter (200 wm) to avoid absorption and scat-
tering of WGMs due to the Pd layer (see Fig. 1b). We also made
sure that the diameter of the Pd-coated region was larger than
the inner diameter (100-160 p.m) for the hollow core microdisks.
Specific dimensions of the five sensors studied in this paper are:
Sensor 1 - inner diameter=160 wm, outer diameter=200 p.m,
Pd-layer diameter=176 pm; Sensor 2 - inner diameter= 100 pm,
outer diameter=200 um, Pd-layer diameter=150wm; Sensor
3 - inner diameter=0um, outer diameter=200wm, Pd-layer
diameter=176 wm; Sensor 4 - inner diameter=160wm, outer
diameter =200 .m, Pd-layer diameter=176 wm; Sensor 5 - inner
diameter=100 wm, outer diameter=200 wmi, Pd-layer diame-
ter=150 wm.
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Fig. 2. Schematic description of (a) the sample and (b) the experimental setup. Inset
shows a transmission spectrum obtained from a Pd-coated device.

2.2. Optical measurements

Optical measurements were performed using a tunable laser
(Santec, TSL-510-C, tuning range: 1500-1630 nm, wavelength res-
olution: 1 pm) that was coupled from an optical fiber to individual
waveguides using butt-coupling method [18] (see Fig. 2). Output
light was collected using another optical fiber butt-coupled to the
other end of the waveguide. Transmission spectra were obtained
by recording the transmitted optical power using an InGaAs detec-
tor (Thorlabs, FGA10) and a current amplifier (Stanford Research
Systems, SR570) while laser wavelength was swept over the wave-
length range of interest. The sample was kept at room temperature
(300K) in a home-made gas chamber. Nitrogen (N, ) and Hy gases
were flown into the chamber using two mass flow controllers
(Bronkhorst, EL-FLOW). During the experiments, the gas chamber
was constantly purged with N, at a constant flow of 1000 mL/min
while H, flow rate was adjusted for the desired H, concentration.
In each experiment, before initiating the H, flow, N, was flown for
at least 30 min in order to rule out the effects of humidity in the
chamber. During this time, blue shift was observed in the spectral
positions of the WGMs due to the decrease in relative humidity
[19].

Inset in Fig. 2 shows an example of the transmission spectrum
recorded from a Pd-coated microresonator. The quality factor (Q-
factor) of the WGMs in this spectrum is determined to be around
1000 according to the formula Q=A/5A where A is the resonance
wavelength and S\ is the FWHM of the corresponding resonance
mode. The dips in the spectrum correspond to the resonant wave-
lengths at which the light couples efficiently from the waveguide
to the microresonator. For this device, the free spectral range (FSR)
was measured to be 2.46 nm at around 1570 nm. This value is in
a good agreement with the calculations using the effective index
method that yield FSR=2.50nm, and with a result from the lit-
erature that employs a similar microdisk structure with 200 pm
diameter where FSR=2.28 nm was reported [20].

3. Results and discussion

Fig. 3 shows the XRD pattern of the Pd film. Two diffraction
peaks are present at 260=40.1° and 46.4° corresponding to [111]
and [2 0 0] orientations of face-centered cubic (fcc) Pd, respectively.
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Fig. 3. XRD pattern observed from the 220 nm thick Pd film.

These peaks observed in the XRD pattern indicate a high purity and
crystallinity in the Pd film. Similar XRD results have been observed
for Pd thin films that prepared with different method such as elec-
troplating, pulse laser deposition, laser ablation, and sputtering
[21-24].

When they encounter the Pd surface, H, molecules disintegrate
into hydrogen ions in the Pd lattice, forming palladium hydride,
PdHy, where x denotes the hydrogen ratio in the palladium hydride.
Formation of PdH, causes an increase in the lattice constant of Pd.
Since SU-8 is an elastic polymer, this expansion of the Pd layer
is transferred to the SU-8 microresonator as an increase in its
diameter. Consequently, a red shift is observed in the resonance
wavelengths of the WGMs because of the change in the radii of
the SU-8 microresonators, as shown in Fig. 4. This constitutes the
working principle of our sensor.

Fig. 5 shows spectral shifts (AA) observed for an uncoated SU-8
microdisk with 200 pwm diameter (Fig. 5a) and Pd-coated Sensor
1 (Fig. 5b) as H; is introduced onto the devices under a con-
stant N, flow of 1000 mL/min. Varying H, concentrations used in
these experiments are also shown in each plot. AA values were
determined by tracking the center of a transmission dip between
consecutive spectral acquisitions using the center of mass calcu-
lation algorithm. Such an algorithm is among the most primitive
ones used for localization of single fluorophores in super-resolution
microscopy [25]. In our experimental conditions signal to noise
ratio of individual transmission dips as seen in Fig. 4 was larger
than 100. This enabled localization of the center of a transmission
dip with an accuracy better than ~6A /100 (6A denotes the FWHM of
the transmission dip) [26]. In some cases, additional correction of
A values was implemented, taking into account a constant linear
spectral drift of the WGMs independent of the H, concentration. For
the uncoated device, red spectral shift of about 14 pm is observed
for 10% H, concentration, as seen in Fig. 5a. This corresponds to a
very low H, detection that can be mainly attributed to the refractive
index change in SU-8 as a result of H, adsorption [27]. Consistent
with the strain caused by the expansion of the Pd layer, a red shift is
observed in the WGMs. For the case of the Pd-coated device, 29 pm
red spectral shift is observed for 1% H, 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. 5a
reveal much smaller H, 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 repeated cycles of H, exposure. This
was attributed to the incomplete removal of hydrogen from the
Pd lattice [28] and partial breaking of bonds between the Pd and
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Fig. 4. Illustration of the H, sensing mechanism. Presence of H, leads to an expansion in the Pd layer. This results in a strain on the SU-8 microresonator that leads to a red
shift of the WGMs. Graph shows reversible change in the spectral position of a WGM caused by exposure to 1.5% Ha.

SU-8 surfaces as discussed in the following paragraphs. 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. 6a shows spectral shifts recorded from four different sensor
devices for different H, concentrations. A linear trend is observed
for concentrations up to 1% with a slope of 32 pm/% H,. As com-
pared to the uncoated device, this constitutes a 23-fold increase in
H, detection sensitivity. Beyond 1% H, concentration, saturation is
observed in the sensor response. This can be explained by the rel-
atively small thickness of the Pd film and to the filling of the states
available for hydrogen ions in the alpha-phase PdHy [29].

It is known that for 1.5% H,, Pd lattice constant undergoes 0.13%
expansion [30]. For 1% H, and Pd layer radius of 75 um, linear inter-
polation reveals the expansion of the radius of the Pd disk to be
65 nm. Assuming that the SU-8 microdisk expands by the same
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Fig. 5. Spectral shifts observed from (a) an uncoated and (b) a Pd-coated (Sensor 1)
sensor device for different H, concentrations. Red lines show the dependence of H,
concentration on time. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

amount as the Pd layer and for SU-8 microdisk radius of 100 pwm, the
relation Ar/r=AM/A reveals an expected spectral shift of 1021 pm
in the WGMs around 1570 nm for 1% H,. The theoretical spectral
shift predicted with this simple calculation is much larger than
observed spectral shift of 32 pm for 1% Hy. We attribute this devi-
ation to the different strengths of compressive and shear elastic
forces applied from the Pd layer to SU-8 microdisk. As the SU-8
microdisk is attached to the underlying substrate over its whole
cross-section, it will not fully follow the expansion in the Pd layer.
Athree dimensional computational analysis taking into account the
substrate, and the thicknesses of Pd and SU-8 layers is necessary for
accurate prediction of the H, sensitivity of our sensor devices. It is
also likely that the shear forces between the expanding Pd layer
and the SU-8 microdisk partially break the bonds between these
two surfaces, leading to the observed irreversibility in the device
operation. Expansion properties of the Pd layer are further inves-
tigated by the SEM images of a hollow core microdisk structure
(inner and outer diameters of 110 and 200 wm) exposed to 20% H;
for 30 min (Fig. 7). After exposure to H,, considerable increase in the
surface roughness of the Pd layer is observed in the regions where
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Fig. 6. (a) Spectral shifts measured from four different sensors at varying H, con-
centrations. Dashed red line is the best fit line for H, concentrations between 0.3
and 1%. (b) Response time measured for four different sensors at varying H, con-
centrations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)



82 M. Eryiirek et al. / Sensors and Actuators B 212 (2015) 78-83

Fig. 7. SEM images of a Pd-coated SU-8 microring with inner and outer diameters
of 110 and 200 wm before (a) and after (b) exposure to 20% H, for 30 min.

the Pd layer is in contact with SiO,. Such a macroscopic degrada-
tion is not observed in the parts of the Pd layer that is in contact
with the SU-8 surface. Despite this, we cannot rule out the presence
of degradations at the interface between the Pd and SU-8 surfaces
at the atomic scale. In the future, such degradation at the atomic
scale can be avoided by using undercut regions between the SU-8
layer and substrate [31]. Such a geometry should better transmit
the deformation of the Pd layer to the SU-8 microdisk, and thus
enable better reversibility, better sensitivity and lower detection
limits.

In our experiments, the lowest detected H, concentration was
0.3%. This value falls within the range of other optical H, sensors
[16,17,32] and is well below the lower flammable limit of H, in air
at room temperature (4%). The standard deviation in the spectral
position of a resonance during stable experimental conditions is
called wavelength stability of Pd coated SU-8 microdisk sensors.
This value is determined to be lower than 2 pm under 1000 mL/min
N, flow from the data presented in Fig. 5b between times t=18 min
and t =23 min. This translates into a detection limit of 0.07% H, for
our sensor devices for measurements in the concentration range
between 0.3 and 1%. This limit can be further reduced by improving
the quality factor (Q-factor) of the WGMs with higher resolution
microfabrication. In addition, a better control can be implemented
over the environmental conditions in the gas chamber. A parallel
measurement scheme with a second uncoated SU-8 microdisk can
also be employed in order to account for minute environmental
fluctuations in the gas chamber.
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Fig. 8. Spectral shifts observed from a Pd-coated sensor device (Sensor 5) for differ-
ent H, concentrations under 51% relative humidity. Red lines show the dependence
of H, concentration on time. Spectral shifts and relative humidity were measured
at room temperature (300K). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

We observed that our sensor devices started to break down irre-
versibly as the Hy concentration exceeded ~1.5%. This was due to
the irreversible beta-phase formation in the PdHy for x> 1.5% [30].
Hence the experimental dynamic range of our devices was 0.3-1.5%
of H,. This dynamic range can be increased by decreasing the lowest
detection limit as discussed in the previous paragraph. In addi-
tion, the Pd sensing layer can also be replaced by other Pd alloys
to further increase the beta-phase transition concentration [30]. It
is well known for Pd expansion based hydrogen sensors that the
ambient conditions (humidity and oxygen) deteriorate the sensor
parameters such as sensitivity and response time. Such drawbacks
that were previously reported for Pd coated micro/nano cantilever
based hydrogen sensors [33,34] and Pd coated fiber Bragg grating
sensors [35,36] should also be expected for the operation of the
sensor device we demonstrate in this paper.

Preliminary experiments with our sensors under wet air con-
ditions revealed a good sensing performance for 51% relative
humidity (~20 pm spectral shift for 0.5% H;) (Fig. 8), while almost
no sensing performance could be observed for 100% relative
humidity. A full understanding of our sensors under wet condi-
tions requires detailed characterization of the performance of the
uncoated and Pd-coated devices at different relative humidities.

For our sensor devices, response and recovery times were deter-
mined by analyzing the recorded time traces of the WGM spectral
shifts shown in Fig. 5b. The response and recovery times corre-
spond to the times required for the spectral shift to change by 90%
of the total spectral change observed upon initiating or stopping
the H, flow in the chamber, respectively. For the experimental data
shown in Fig. 5b, the response and recovery times were calculated
as 167, 81, 50s and 55, 73, 163s for 0.3, 0.5, and 1% H,, respec-
tively (see also Fig. 6b for the summary of the response dynamics
of multiple devices). As expected, the response time decreases with
increasing H, concentration. This behavior can be explained by
the concentration-dependent surface adsorption of H, which rep-
resents the rate-limiting step in the PdHy formation [37]. Similar
trends were observed in the previously reported optical H, sensors
[11,37]. The increase of the sensor recovery time with increasing H,
concentration can be attributed to the delayed removal of hydro-
gen which has to undergo spatially constrained diffusion out of the
Pd lattice.

4. Conclusions

In conclusion, using sensors based on optical signal readout, we
have demonstrated detection of H, at room temperature with the
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lower detection limit of 0.3% and the response time of 50 s for 1% H,.
Presented polymer microresonator sensors are low-cost, compact,
and easy to fabricate. As compared to other state-of-the-art optical
H, sensors, they hold a special promise for detecting extremely low
H, 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 sam-
ple chamber, and studying microdisks possessing undercut regions.
With modified sensing coatings, this optical sensing platformis also
suitable for detecting different gas species.
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