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Research Highlights

Microcantilevers are highly sensitive devices that can be used for chemical sensing. The translation of this sensitivity requires a
very sensitive readout method. Our readout technique is based on a design which uses integrated silicon photonics to create a
resonant optical cavity beneath the microcantilevers, providing picometer scale measurement resolution of the deflection of the
microcantilever. We demonstrate the hydrogen sensor with a capability of resolving 38 ppb of hydrogen at a background
hydrogen concentration of 50 ppm.

We believe that the technique described in this paper is compelling and will have high impact, as the integrated optical readout
technique used to create the highly sensitive hydrogen sensor can also be applied to any other highly sensitive chemical sensing
applications by changing the functionalization layer of the microcantilever.

Abstract— This paper presents a microelectromechanical systems (MEMS) based hydrogen sensor
utilizing a microcantilever (MC) functionalized with palladium, and an integrated silicon photonics
based interferometric optical readout. The entire sensor is fabricated using standard surface
micromachining processes, and the combined MEMS and optical readout allows extension to sensor-

array implementations in the future. The sensor has a demonstrated capability of resolving a 38 ppb
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change in hydrogen concentration at room temperature and pressure, at an ambient background
concentration of 50 ppm. This sensor platform provides a pathway towards realization of robust
miniaturized devices for high precision monitoring of low-concentration hydrogen, as well as being

suitable for future extension to multi-gas sensor-arrays.

Index Terms—Hydrogen, cantilever, gas sensor, MEMS, MOEMS.

I. INTRODUCTION

Hydrogen sensing received increasing attention in both industry and academia due to numerous applications,
including trace hydrogen detection for the medical and electrical power sectors [1]. There are a myriad of
hydrogen sensors based on different detection methods in the market. Ultimately, the preferred choice of a
sensing approach is application specific and is based on the selectivity and sensitivity required towards
hydrogen, the operating environment, and the cost [2].

Electrochemical and metal oxide hydrogen sensors are two of the most widely used sensing solutions in
industry. Electrochemical sensors can cover the range of detection from 10 ppm to 4% of hydrogen
concentration with a resolution of 10 ppm [3]. However, the nature of their operation requires frequent
recalibration, which increases the cost of implementation. Hence, metal oxide sensors are generally the
preferred choice when selectivity towards hydrogen is not most critical, since they are relatively lower cost
and provide the same level of sensitivity as an electrochemical solution, but with lower selectivity [4]. Over
the past decades, commercial sensors for hydrogen have been continuously evolving: however, to meet the
ever increasing industrial demands there exists a need for increasingly more sensitive, robust, selective and
relatively low cost sensors. Applications such as online health monitoring of transformers requires sensors
with a resolution of at least 2 ppm [5]. In the nuclear sector, hydrogen sensors with 10 ppb resolution are

used to monitor reactor corrosion [6]. To accommodate these needs, the current research trend has been to
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improve detection using techniques such as nano-patterned particles or nanowires, with reported sensitivity
levels of 20 ppb that require complex manufacturing processes leading to high cost [7], [8].
The relatively recent emergence of microelectromechanical systems (MEMS) has opened up new options for
realization of low cost and robust chemical sensors, by leveraging existing semiconductor fabrication
technologies. MEMS structures are ideal for chemical sensing since their large surface-to-volume ratio can
produce a pronounced change in a property of the structure in response to an interaction with the chemical.
For example, Yang et al. have demonstrated a MEMS chemical sensor that is able to resolve mass to a level
of 7 zeptograms [9]. A common MEMS chemical sensing approach utilizes microcantilevers (MC) or
microbridges, coated with a functionalization layer that interacts with an analyte. Such interaction induces a
changes in the material properties of the suspended layers, which are then detected either by monitoring the
deflection of the mechanical beam (termed static mode) or a change in the resonant vibrational frequency
(termed dynamic mode) of the structure. For static detection using a MC, a precise readout of the cantilever
deflection is typically undertaken using an optical lever technique similar to that used in an atomic force
microscopy readout [10]. From the viewpoint of gas sensing, such a readout method renders the system bulky,
fragile, vibration sensitive, and unsuitable for field-portable applications. To enable miniaturization,
integrated electronic readout techniques of MC deflection have been generally proposed, but these do not
capitalize on the sensitivity of the MC sensor due to the associated levels of intrinsic electronic noise [11].
With the advancement in the field of integrated photonics, researchers have demonstrated very sensitive
chemical and dew point sensors [12], [13]. In this work we demonstrate hydrogen sensing based on the
integration of a MC sensor functionalized with palladium and an on-chip silicon photonics based
interferometric optical readout technology [14]. This configuration allows the ultimate interferometric
sensitivity to be achieved in a compact footprint using standard fabrication processes that minimize cost of
manufacturing at large volumes. This study demonstrates a sensing response time of 75 minutes with the

capability to resolve to a level of 38 ppb over a dynamic range of 400 ppm.
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Il. THEORETICAL CONSIDERATIONS

The optical interferometric readout in our approach is fabricated via an on-chip silicon photonics
waveguide with a Bragg diffraction grating aligned to an overlying suspended MC with a bottom reflective
layer. This arrangement is schematically presented in Figure 1(a). A fraction of the light travelling through
the waveguide is coupled out by the Bragg grating and directed towards the underside of the cantilever. The
reflective layer on the underside of the MC directs the light back towards the grating, where the light couples
back into the waveguide. The optical path difference between the light interacting with the cantilever and the
fraction of light present in the waveguide, results in optical interference. That is, the interferometric effect
amplitude modulates the output power of the waveguide as a function of the MC-grating gap in a periodic
manner, as determined by Putrino et al., and shown in Figure 1(b) [15]. Hence, optical modulation of the
waveguide output power provides a metric to determine the deflection change of a functionalized MC in
response to the interaction of the analyte to be sensed with the functionalization layer.

The hydrogen sensor designed in this work is a MC consisting of three thin film layers, as depicted in
Figure 1(c): (i) silicon nitride (SiNx) was chosen to be the structural layer as it exhibits excellent mechanical
properties [16], (ii) an underlying gold layer was used as the reflective layer for light transversing the air gap,
and (iii) a palladium (Pd) film on top of the SiNx served as the functionalization layer [17]. When exposed to
hydrogen, considering solubility of hydrogen in SiNx and gold is minimal, the dominant effect causing MC
deflection is the absorption of hydrogen into the Pd layer [18], [19]. Due to the low activation energy required
for dissociative adsorption of hydrogen molecules into Pd, the reaction readily takes place at room
temperature [20]. Absorption of hydrogen induces a volumetric expansion of the Pd layer, causing a
differential strain between the Pd and other layers, thus bending the cantilever downward towards the grating.
This movement of the cantilever produces a corresponding change in the intensity of the optical power
transmitted through the sensor. For a fixed wavelength of light, and to avoid any ambiguity in the

measurement of the MC position, the operation of this readout technique is limited to approximately the
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linear region between the output power minima and maxima. This linear region can be either positively or
negatively sloped, depending on the position of the cantilever. However, this limitation can be alleviated by
using multiple wavelengths, since the positions of the maxima and minima shift as a function of the optical
wavelength. This has been demonstrated by Putrino et al., based on measurements of the optical power output
through the structure for wavelengths of 1585 nm and 1610 nm, as shown in Figure 1(b) [15]. The shift in
the interference pattern as a function of wavelength is attributed to both the interference dependence on the
optical path-length, and the wavelength dependence of the exit angle of light from the Bragg grating. This
method has been demonstrated to be capable of resolving the cantilever position in the picometer range [15].

Solubility of diatomic gases in metals can be predicted using Sievert’s law based on the partial pressure of
the gas. When hydrogen is absorbed into the Pd film, the atomic fraction of hydrogen in that Pd film increases.
At a low atomic fraction, Sievert’s law holds true and the hydrogen fraction in the Pd film, n can be

determined based on

PH; 1)

K

n =

where pH, is the partial pressure of hydrogen in Torr and K is the Sievert’s constant.

The Sievert’s constant for hydrogen into Pd was experimentally determined to be 49 Torr? by Okuyama et
al. [21]. Using the volumetric change per unit volume of 0.19 calculated based on the elongation of Pd by De
Ribaupierre et al. [22], the strain of the Pd layer on the cantilever can be calculated and used to estimate the
displacement of the cantilever. Considering that the structural SiNx layer used in our studies is much thicker
than both the top and bottom metal layers, the displacement, o, of the cantilever depicted in Figure 1 (c) can

be estimated for a given concentration of hydrogen in parts-per-million, [Hz], from [23]

} @

where E;, E, and E; are Young’s modulus of the gold film, SiNx and the Pd films, hy, h, and h; are the
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thickness of the gold, SiNx and Pd films, L is the length of the cantilever, a;, @, and a5 are the coefficients
of thermal expansion (CTE) of gold, SiNxand Pd respectively, AT is the change in temperature in the enclosed
chamber, P is the atmospheric pressure in Torr (760 Torr) and K is the Sievert’s constant. The relevant
material parameter values for the MC used in this work are tabulated in TABLE I. With the picometer
sensitivity demonstrated by Putrino et al., given a temperature variation within +/- 1mK, the sensor should
be capable of resolving a 5 ppb change in hydrogen concentration at an ambient background concentration
of 50 ppm. The resolution can be increased at a lower ambient background concentration of hydrogen as the
expansion of the Pd film with the absorption of hydrogen has a square root dependency.

There are two well-known phases of palladium-hydride, alpha and beta, which will be determined by the
ratio of hydrogen to Pd. Experiments in this study were undertaken using the alpha phase to minimize
hysteresis for a full reversibility of hydrogen absorption and to minimize the probability of the Pd layer

delaminating from the cantilever [24], [25].

I1l. MEMS FABRICATION AND MEASUREMENT SETUP

The waveguides and gratings (silicon photonic chip) were fabricated by Laboratoire d’clectronique et de
technologie de I’information (LETI) on a silicon-on-insulator (SOI) wafer as described by Putrino et al. [14].
The MCs were subsequently surface micromachined on the planarized photonic chip at The University of
Western Australia to create the hydrogen sensor. Figure 2 shows the MC fabrication process with the
waveguide grating aligned under the MC midway along its length. The sacrificial layer was deposited using
Prolift 100-24 from Brewer Science and patterned to define the anchor holes. Subsequently, an electron-
beam evaporated gold layer of 50 nm in thickness was deposited to serve as the reflective underside of the
cantilever to form the resonant optical cavity with the buried grating. Subsequently, the 700 nm thick SiNx
structural layer was deposited using inductively-coupled plasma-enhanced chemical vapour deposition

(ICPECVD) according to the deposition parameters given in TABLE I1I, followed by electron-beam
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deposition and lift-off patterning of the 20 nm thick Pd film. Electron-beam deposited titanium was used as
an adhesive layer between both metals and the SiNx structural layer. The gold and silicon nitride layers were
then patterned to form the cantilever using inductively coupled plasma reactive ion etching (ICPRIE) and an
etch mask consisting of photoresist and an underlying layer of Prolift 100-24. This layer of Prolift 100-24
was 1.5 um thick and facilitated removal via lift-off of the overlying photoresist mask that is hardened during
the ICPRIE etch process. This process is fully described by Zawierta et al. [26]. The patterning masks for the
Pd layer as well as for the gold and SiNx layers shared identical geometries. Simultaneous with this mask
removal, the cantilever was wet released by dissolving the Prolift 100-24 sacrificial layer in the same positive
photoresist developer (AZ826) bath. The cantilever is then rinsed in deionized water, followed by acetone

and methanol rinse before it is dried with a CO; critical point dryer.

Figure 3 shows the schematic setup used for the hydrogen sensing experiments presented in this paper. The
sensor is tested in a chamber enclosure with a continuous flow of gas to limit the effect of hydrogen
absorption/desorption within the walls of the chamber. As such, the chamber is always vented to the
atmosphere and the change of pressure inside the chamber across all the different concentrations of hydrogen
(total flow of gas increases as the concentration is increased) is small and has a negligible effect on the
deflection of MC. We used calibrated forming gas (500 ppm of hydrogen in nitrogen) diluted with high purity
nitrogen to achieve the desired hydrogen concentration. The dilution process is performed using two
calibrated EL-FLOW series mass flow controllers from Bronkhorst. The on-chip silicon photonics
waveguides have Bragg grating couplers at both the input and output of the waveguide. These gratings are
designed to couple light in and out at an angle of 10° with respect to the vertical direction [15]. In this work,
SMF-28 fibers were used to launch the light into and out of the grating. The facet of a single mode fiber
stripped to its cladding was polished at 40°, inducing total internal reflection at the fiber end to achieve the
coupling angle of 10° into the on-chip waveguide grating as depicted schematically by the inset in Figure 3

[27]. A laser operating at a wavelength of 1550 nm (Ammonics ADFB-1550-20-B) was used as the light
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source. The intensity of the light out of the chip was measured using a Thorlabs InGaAs photodetector
(DETO8CFC). The signal from the photodiode is amplified by a Stanford Research System’s SR570 low
noise current preamplifier. A National Instruments NI-6009 data acquisition unit, with 14-bit sampling, was

used to log the data from the preamplifier.

IV. RESULTS AND DISCUSSION

A SEM image of the fabricated device is presented in Figure 4, where the inset shows the height profile of
the cantilever measured using a Zygo NewView 6K optical surface profilometer. The as-fabricated cantilever
curves upwards due to a residual stress gradient across the thickness of the tri-layer structure. The vertical
gap between the cantilever and the substrate varied from 6.5 um at the middle of the cantilever to a value of
12 um at the MC free end (see inset of Figure 4). Knowledge of the gap height is essential since it determines
the maximum travel distance of the cantilever before snap-down renders the cantilever unusable [28]. While
there are proven techniques to mitigate snap-down, they were not employed for the purposes of this proof-
of-concept device. Laser doppler vibrometry was used to measure the cantilever thermomechanical Brownian
motion and, thereby, estimate the mechanical resonant frequency. A value of 18.8 kHz was measured for the
vibrational resonant frequency, which closely matched the value predicted by mechanical finite-element-
modeling (18.5 kHz) of the cantilever structure shown in Figure 1(a) meshed with tetrahedrons using
CoventorWare with the parameters given in Table I.

For the demonstration of sensor operation, the gas chamber with the tested device as shown in Figure 3

was first flushed with ultra-pure nitrogen for 3 hours to ensure the conditions inside the chamber reached
an equilibrium state with a low level of hydrogen. Figure 5(a) shows the response of the sensor, over a
duration of 5 hours, when hydrogen was added to the pure nitrogen gas flow to obtain a concentration level
of 50 ppm. We observed that the light transmitted through the sensor increased significantly at the onset of
hydrogen flow into the chamber and returned to the value observed prior to hydrogen exposure when the

hydrogen flow was terminated. As hydrogen in the chamber is absorbed into the Pd layer, it expands the Pd
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layer volumetrically and the resulting structural strain bends the MC downwards. The sensor was initially
characterized to be on the negative slope of the interferometric curve (see Figure 1(b)). Hence, as the MC
was bent down and the MC-grating gap decreased, the light transmitted through the sensor increased. The
sensor response measured during the hydrogen exposure was fitted with an exponential model and the time
constant was determined to be 28 minutes. Based on the measurement presented in Figure 5(a), the hydrogen
sensing response time (10% - 90 %) was measured to be 75 minutes. It needs to be noted that the absorption
rate of hydrogen into pure Pd depends on the concentration of hydrogen in the gas, and tends to be
significantly lower at very low concentrations as it takes longer to activate the Pd layer [29]. To alleviate this
slow response time, the sensor can be heated up to increase the absorption rate of hydrogen into Pd [24].
However, heating up the sensor will also reduce the sensitivity of the Pd layer [30]. Nevertheless, this
experiment is on par with previously reported response times of greater than 60 minutes in other hydrogen
sensors that utilized pure Pd film as a functionalization layer [24].

In addition to the clear change in the transmitted signal associated with hydrogen exposure, we have also
observed a sudden change in the output signal of the waveguide caused by turning the hydrogen flow on and
off (circled regions in Figure 5(a)), simultaneously measuring a 0.1 °C temperature change in the chamber.
These abrupt changes can be attributed to the combination of the Joule-Thompson effect (i.e., a change in
gas temperature arising from a sudden change in pressure of gas flowing through the MFCs with minimal
heat exchanged with the environment) and the heating of gas that flows through the MFCs [31]. The total
flow of gas into the chamber was increased from 800 to 880 sccm to achieve the zero to 50 ppm transition in
concentration of hydrogen. The additional 80 sccm was introduced through a separate MFC from the forming
gas cylinder which has a different pressure to the gas cylinder providing the dilution nitrogen and resulted in
temperature variation. As the cantilever is composed of three dissimilar layers of non-matching thermal
expansion coefficients, the cantilever deflection will be sensitive to changes in temperature in addition to the
changes in hydrogen concentration.

Figure 5(b) shows the output from the sensor when it is exposed to repeated cycles of 50 ppm of hydrogen,
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after the measured data was compensated for any long term temperature drifts and normalized to the
maximum power observed in the measurement. The steady state value for the measured optical power
through the sensor in response to 50 ppm of hydrogen exposure varied for all the four cycles. It is likely that
these variations are associated with the variations in temperature and the associated changes in the capacity
of the Pd layer to absorb hydrogen, combined with changes in the cantilever deflection associated with
interlayer mismatch of thermal expansion coefficient of the metals layers (as discussed previously). The
extent of hydrogen absorption in Pd is negatively correlated with temperature [32]. At elevated temperatures,
a smaller amount of hydrogen will be absorbed by the Pd layer which would reduce the downward MC
deflection compared to lower temperatures. Furthermore, as discussed earlier, since the coefficient of thermal
expansion for gold is greater than for Pd and due to the geometry of our trilayer MC (see Figure 1(c)), any
temperature increase will tend to bend the MC upwards away from the grating. For all the experiments
performed in this study, the temperature sensor was positioned near the exit vent of the chamber enclosure,
as indicated in Figure 3. Whilst the steady state temperature changes can be measured at that location, to
improve the temperature compensation methodology, an identical reference MC (with inhibited hydrogen
absorption) right next to the sensing MC would provide the most accurate correlation of MC deflection due
solely to temperature changes. Nevertheless, based on measurements presented in Figure 5(b), a variation of
9.7% was observed for the full scale range (FSR) of the sensor over the four cycles. Moreover, it is evident
that when hydrogen is first introduced into the chamber (indicated by the circled region at the onset of the
first exposure cycle in Figure 5 (b)), there is a delay before the onset of the dominant effect of Pd-film
expansion beginning to deflect the MC in comparison to subsequent exposures. This effect is attributed to
the reduction of the native oxide layer on the Pd film by the hydrogen, and can be expected to occur after
every exposure to oxygen. This behaviour can be alleviated by using Pd alloys previously reported to prevent
surface oxidation and maintain similar sensitivity to pure Pd thin films [33]. This delay is not observed in the
subsequent cycles of hydrogen exposure as the MC was not exposed to ambient air, and so the Pd layer

surface was not oxidized between cycles.
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The sensitivity of our approach is maximized when the MC is in the middle of the linear region between
a minimum and maximum of the periodic response curve, as described earlier in Figure 1(b). This region is
characterized by the minimum deflection noise density and maximum sensitivity [34]. Positioning of the MC
deflection in this region was achieved by exposing it to a hydrogen concentration of 50 ppm. Figure 6 (a)
shows the measured output power, p(t), through the sensor acquired at a rate of 0.5 Hz when the cantilever
is exposed to a hydrogen concentration increment of 1 ppm, from 50 to 51 ppm. A clear signal change is
observed in response to a concentration change of 1 ppm, convoluted with a slowly changing drift in the
signal. To estimate the ultimate resolution of this sensor at a background hydrogen concentration level of
50 ppm (i.e., the minimum change of hydrogen concentration level that would be expected to be detected), a
model p(t) for the output power as a function of time was developed to account for both the long term drift,
that is associated primarily with temperature, and the response of the sensor to a 0 ppm to 50 ppm step change

of hydrogen concentration level. The model is defined by

B(D) = Py + 4P (1 —77) + Pyt @3)

where Py is the temperature dependent long term drift, P, is the initial (offset) optical power, AP is the
observed power change due to the Hz concentration step change with the associated time constant, 7. Fitting
the model to the raw measurement data acquired during the 50 ppm hydrogen exposure at a sample rate of
0.5 Hz resulted in parameter values of P;=1.75 uW/hr, P,=103 uW, AP=31.6 uW and 7=23.7 minutes and
a coefficient of determination of R? = 98.0%. The error in the fit, Ap = p(t) — p(t), was analysed using
the Allan deviation to determine the minimum deviation as a function of the averaging time window size.
The calculated Allan deviation was then scaled for a coverage factor of 1.96 to account for a 95% confidence
interval. The resolution of the sensor was estimated as the ratio of the scaled Allan deviation to the value of
2 LW observed for the change in the optical power through the sensor scaled to the associated value of 1 ppm
step change in hydrogen concentration. Figure 6(b) shows the estimated sensor resolution as a function of

the integration window time used on the measured raw data. Initially, as the integration time increases,
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random noise is reduced and the resolution is improved. However, eventually a critical value for the
integration time is reached such that the measured thermal signal drift dominates over the random noise and
degrades the resolution. The performed Allan deviation analysis indicates that for our data acquisition rate
of 0.5 Hz the optimum averaging time is between 1 and 2 minutes and corresponds to an estimated resolution
of 38 ppb. In the background of the raw measured data, Figure 6(a) includes the plot obtained for the output
signal transmitted through the sensor averaged in windows of 1.5 minutes as optimized via the Allan analysis.
The sensor response to changes in hydrogen concentration is much stronger at the onset of hydrogen exposure
in comparison to changes at higher concentration levels. As such, the resolution of the sensor can be expected
to be higher for lower background hydrogen concentration levels.

To demonstrate the dynamic range of the sensor, the output power from the waveguide for laser sources of
two different wavelengths was measured as the sensor was exposed to various concentrations of hydrogen
ranging from 0 ppm to 400 ppm. The results for this measurement are shown in Figure 7. For the wavelength
of 1550 nm, we observed a dynamic range of 0 ppm to 250 ppm where the signal peaked reaching a maximum
of the interferometric response curve. As the concentration was increased beyond 250 ppm, the output power
transmitted through the waveguide began to decrease. Due to the periodic behavior of the optical cavity
causing non-monotonic (or sinusoidal) variation of the transmitted signal as a function of the gap as shown
in Figure 1(b), the unambiguous dynamic range using a single wavelength is limited to half of the period of
the interference pattern. For a wavelength of 1550 nm this range corresponds to 400 nm of cantilever
displacement [34], within which the output power from the waveguide changes monotonically and
unambiguously. The dynamic range observed to be about 250 ppm for the wavelength of 1550 nm is in good
agreement with the dynamic range of 0 ppm to 230 ppm estimated for the sensor using Equation (2) and the
400 nm of the cantilever deflection change between the consecutive minima and maxima of the optical cavity
interference pattern [34].

As demonstrated by the right hand side axis in Figure 7, the output power for the 1470 nm laser source, the

output power was observed to increase monotonically as the hydrogen concentration increased up to 400
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ppm. This demonstrates that the dynamic range of the sensor can be extended using suitably chosen
wavelengths, by taking advantage of the shift of the periodic response as a function of the transmitted

wavelength [15].

V. CONCLUSION

We have demonstrated a microcantilever based hydrogen sensor functionalized with Pd which uses a novel
integrated optical read out technique based on a resonant optical cavity created below the cantilever with a
grating-coupled waveguide. The sensor demonstrated a response time of 75 minutes for a hydrogen
concentration change from 0 to 50 ppm and the resolution of the hydrogen concentration measurement was
estimated at 38 ppb. A dynamic range of 400 ppm was demonstrated using a single wavelength laser source,
with a possibility for further dynamic range extension using suitably chosen multiple wavelengths.

Measurement of cross-sensitivity to temperature changes has been observed and has been associated with
the trilayer structure of the MC. However, this issue could be mitigated by using a reference cantilever to
compensate for temperature variations. Furthermore, to realize robust sensors suitable for industrial
applications, it is suggested that Pd alloys be used for sensor functionalization in the place of pure Pd in order

to ameliorate surface oxidation effects.
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Figure 1: (a) Isometric view of the sensor structure where some of the light travelling through an underlying

waveguide is allowed to diffract and reflect from the underside of the sensing MC back into the waveguide
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resulting in optical interference that is dependent on the waveguide to MC separation. (b) Adapted plot of
the measured waveguide output as a function of the gap between the cantilever and the Bragg grating for
wavelengths of 1550 nm and 1610 nm [15] (c) Cross-section of the suspended MC depicting the annotation

for dimensions of layers of materials used for analyzing the trilayer cantilever
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Step 5: Dry etch cantilever patterning and wet release

Figure 2: Fabrication process flow of the sensing MC surface micromachined on a photonic chip fabricated

on a silicon-on-insulator wafer and planarized with a 100 nm thick layer of silicon oxide
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Figure 3: Gas flow with a controlled concentration of hydrogen is presented to the sensor in an enclosed

chamber with optical signals being connected on and off the chip using Bragg grating couplers as magnified

by the inset
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Figure 4: SEM image of the fabricated hydrogen sensing microcantilever. The inset shows the A-4’ surface
profile of the cantilever as measured by optical profilometry across the A-A’ cantilever length. The silicon
photonic waveguide is under a 100 nm thick SiOy planarization layer and not visible. Its location is identified
by the dashed lines. Two electrodes are included under the MC for the option of electrostatic actuation,

which was not used in this study.
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Figure 5: (a) Measured 1550 nm optical signal transmitted through the device as a function of time before,
during, and after a 5 hour long exposure to 50 ppm of hydrogen in nitrogen atmosphere. The red line is the
fit of the measured data during hydrogen exposure with the time constant determined to be 0.47 hours (28
minutes). The circled regions in the plot highlight the sudden change in the output power from the waveguide
associated with abrupt changes in the total gas flow caused by hydrogen exposure. (b) Output power through
the hydrogen sensor normalized to the maximum observed output power (before being flushed with nitrogen)
value as a function of time through four cycles of 50 ppm hydrogen exposure. The full scale range (FSR) to
50 ppm hydrogen exposure was determined to be 9.7%. The circled region in the plot highlights the delay in
the first cycle of hydrogen exposure due to time taken to reduce the native oxide on the surface of the Pd

layer.
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Figure 6: (a) Optical signal transmitted though the sensor during hydrogen concentration change from
50 ppm to 51 ppm. The plots shows both the raw data collected at 0.5 Hz and data points averaged in a 1.5
minute window. (b) Minimum detectable change in hydrogen concentration as a function of averaging
window size estimated using the ratio of the Allan deviation scaled by 1.96 for a 95% confidence level and
the magnitude of the change in the transmitted optical power of 2 uW associated with a 1 ppm hydrogen

concentration change as observed in (a).
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Figure 7: Unambiguous dynamic range of 400 ppm is shown for A = 1470 nm, whereas for A = 1550 nm a

common value of the transmitted signal can be measured for concentrations below and above about 250 ppm.

VALUES FOR VARIABLES USED IN EQUATION (2)

TABLE |

Variables Values
Young’s modules of gold, E1 78 GPa
Young’s modulus of SiNy, E2 200 GPa
Young’s modulus of Pd, E3 121 GPa
Thickness of gold, hy 50 nm
Thickness of SiNy, hz 700 nm
Thickness of Pd, hs 20 nm
Length of cantilever, L 220 nm
CTE of gold, a1 14 pm/K
CTE of SiNy, o2 3.27 pm/K
CTE of Pd, a3 11 pm/K
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TABLE Il

DEPOSITION PARAMETERS FOR SILICON NITRIDE THIN FILM STRUCTURAL LAYER

Variables Values
SiH4 flow 8.8 sccm
NH;3 flow 10.2 sccm
He flow 167.2 sccm
Ar flow 542.4 sccm
ICP power 300 W
Table temperature 250 °C

Pressure 19.4 Pa






