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ABSTRACT: Hydrogen sensing is important in many industrial, biomedical, environmental, and energy applications. Realizing
a practical, reliable, and inexpensive hydrogen sensor, however, is an ongoing challenge. Here, we demonstrate hydrogen sensing
based on an optically active metal—dielectric—metal (MDM) perfect light absorber. The cavity enables perfect broadband light
absorption (>99.999%) with optical losses localized in an ultrathin palladium (Pd) layer. Upon exposure to hydrogen, the Pd
layer forms a hydride which actively shifts the cavity minimum reflectance wavelength by ~60 nm for a hydrogen concentration
of 4%. The sensor enjoys extremely high figure of merit. The ease of fabrication, large area, and high sensitivity of our sensor
make it an attractive and practical option, especially for miniaturized hydrogen sensors vital for medical and food safety
applications.

KEYWORDS: thin films, Fabry-Perot cavity, interference, gas sensing, hydrogen sensing, nanophotonics

ydrogen is highly flammable with low ignition energy at

ambient temperature and pressure and concentrations
ranging from 4 to 75%." Consequently, hydrogen sensing is an
important safety issue in industries where it is a crucial
component or a byproduct. Gas chromatography and mass
spectrometry systems are suitable for large scale industrial
sensing; however, they may not be suitable for applications
that require miniaturization, for example, detection of
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hydrogen in the breath that can indicate various diseases,
such as lactose intolerance, and detection of hydrogen
produced by bacteria in food industries.””* Several nano-
photonic and plasmonic systems have been reported for
optical-based hydrogen sensing.”® Nanophotonic and plas-
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Figure 1. Sensing mechanism: (a) A schematic illustration of the MDM sensor consisting of a Pd—TiO,—Ag thin film stack. The reflection is
decreased via destructive interference. (b) By introducing hydrogen, the Pd film converts into a hydride PdH, with a hydrogen stoichiometry (x).
The MDM cavity is designed such that the formation of a hydride fully suppresses reflection and PLA is realized. (c) The real (n) and imaginary
(k) components of Pd at various hydrogen atomic ratios (0, 20, 65, and 80%) are shown in the top panel. The middle panel shows the reflectance
from a bulk Pd substrate at the same hydrogen stoichiometry. The bottom panel shows the reflection phase at an air—Pd interface for the different

hydrogen atomic ratios.

monic materials enable the control of light at the
subwavelength scale.” In particular, metals that form metal
hydrides, for example, palladium (Pd), are used for optical
hydrogen sensors as they provide strong optical and electronic
response to hydrogen. Upon exposure to hydrogen, Pd forms a
hydride (PdH,), which can form a solid solution (& phase) at
low hydrogen partial pressure or a solid hydride phase (S
phase) at higher hydrogen partial pressure.” In the /3 phase, the
lattice parameter increases by ~3.5% as the lattice expands to
accommodate the hydrogen atoms occupying new lattice sites.”
At intermediate hydrogen partial pressures, both @ and S
phases coexist in a Pd film (so-called &’ phase).” The change in
the complex permittivity and lattice structure of Pd provides a
detectable optical response from a photonic’ or a
plasmonic™*° sensor.

While metal hydride photonic sensors are relatively
selective,'” they require lithography to fabricate, which is
high cost, low throughput, and prone to imperfections, an
impediment to commercialization of hydrogen sensors.'"'”
Hydrogen sensing based on light absorption using Pd
nanograting on a multilayer system was introduced by Tittl
et al” The reflection was suppressed by matching the
impedance of free space to achieve perfect light absorption
(PLA; ~99.5%). The change in Pd nanograting complex
refractive index red-shifted the absorption maximum AA_, =
19 nm and a change in the figure of merit (FOM = AR/R) of
up to 500. On the other hand, realizing perfect light absorption
using thin-film stack of metals, dielectrics, and semiconductors,
has been demonstrated using different geometries.'”'* Thin
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film light absorbers represent an inexpensive and scalable
alternative that enables many applications, for example,
structural coloring,® solar thermal energy applications, '
water splitting,'® photocatalysis,'"” polarizers,”” and heat-
assisted magnetic recording.”!

In this work, we experimentally demonstrate hydrogen
sensing using a thin-film perfect light absorber as a scalable and
lithography-free hydrogen sensor. The perfect light absorber
consists of a metal-dielectric-metal nanocavity with Pd as a top
metal layer. Perfect light absorption is realized via amplitude
splitting destructive interference and the strong optical losses
inside Pd. The cavity’s resonance is sensitive to Pd optical
properties, which undergoes significant changes when exposed
to hydrogen. At 4% hydrogen concentration, the cavity’s
resonance red shifts by 60 nm. The fabrication simplicity and
sensitivity of our sensor make it a promising candidate for
practical hydrogen sensing applications. More importantly, the
sensor provides a significant red shift of ~15 nm at a low
hydrogen concentration of 0.7%."”

To realize perfect light absorption, light should be critically
coupled to the absorber.””*’ Critical light coupling occurs
when absorption equals the sum of the reflection, transmission,
and scattering. For opaque metallic susbtrates in the order of
100 nm, the transmission is ~0. In addition, scattering can be
ignored for smooth thin films. To critically couple light to a
thin film cavity, it is necessary and sufficient to balance
absorption and reflection. Using amplitude-splitting destructive
interference, reflection can be suppressed in thin films,'® such
that light is entirely trapped inside the resonator and is
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Figure 2. Perfect light absorption in Pd—TiO,—Ag cavity. (a) FDTD calculation of the optical power density dissipated inside the cavity showing
that the density of optical losses inside the Pd film is an order of magnitude higher than that occurring inside the Ag film, which behaves as a PEC
for longer wavelengths. (b) A schematic of the Pd (13 nm)—TiO, (200 nm)—Ag (120 nm) thin-film cavity with a microfluidic channel added on
top where the gas flows and interact with the sample. (c) The measured angular reflection measurements to determine the angle at which perfect
light absorption takes place. (d) Reflectance of the fabricated cavity at 54° incidence angle for the bare sample showing perfect light absorption at

~1100 nm.

dissipated due to the existence of losses. To achieve PLA the
interfering waves must be out of phase (the phase condition),
and the out-of-phase waves must be of equal amplitude (the
amplitude condition)."? Consequently, light is trapped inside a
lossy medium and is eventually dissipated entirely. In an MDM
cavity, it is straightforward to satisfy the amplitude condition
since the metal layers are highly reflective and the incident field
amplitude is split between them. Consequently, changes in the
reflectance of any of the metal films would modify the
amplitude condition and the magnitude of light absorp-
tion.'"'® Assuming that both metal films behave as a perfect
electric conductor (PEC), the phase condition is realized when
the optical thickness of the dielectric to, = ngt = mA/2, where
ng and t are the refractive index and thickness of the dielectric
film, respectively, and m is an integer. However, if the metal
films do not behave as a PEC, the films introduce a nontrivial
phase shift, that is, A@ # 0, n, which modifies the cavity
resonant wavelength for a given fqy,.
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The operation principle of the MDM hydrogen sensor is
depicted in Figure 1la,b, where the reversible transformation of
Pd to Pd, changes the cavity resonance wavelength due to
changes in the Pd optical constants. As shown in Figure 1c, top
panel, the real (n) and imaginary (k) components of Pd
complex refractive index change significantly as the hydrogen
atomic ratio x increases from 0 to 80%. Clearly, the difference
in the complex refractive indices between Pd and Pd hydrides
increase for longer wavelengths. Consequently, operating the
sensor at longer wavelengths leads to higher sensitivity. The
change in refractive index significantly changes the reflection of
Pd, as shown in Figure lc, middle panel, which directly affects
the magnitude of light absorption in MDM cavities.
Furthermore, the phase of reflected light from an air—Pd
interface change considerably as a function of hydrogen atomic
ratio (stoichiometry), which would change the wavelength at
which the phase condition is satisfied.
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Figure 3. Reflectance with varying hydrogen concentration: (a) The measured reflection of the MDM absorber before and after introducing
hydrogen. (b) The absorption mode red-shifts and absorptance increases by increasing the hydrogen concentration. (c) Calculated FOM (1) for

the MDM cavity used based on the obtained optical constants of Pd and PdH, ;. (d) The measured Al

concentration.

as a function of hydrogen
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The sensor consisted of a 13 nm Pd—200 nm TiO,—120 nm
Ag MDM cavity. The ultrathin thickness of the Pd layer
ensures the sensor’s reliability. This is because for Pd films with
thickness < 20 nm, Pd films do not suffer from mechanical
deformation upon forming a hydride due to the reduced tensile
stiffness in thinner films.”* The dielectric thickness is chosen to
be 200 nm so that the cavity resonance lies in the NIR at a
wavelength with high transmission within the atmospheric
window. Indeed, operating at longer wavelengths (1700 and
2100 nm) lead to higher sensitivity (see Supporting
Information, Figures S1 and S2). However, at these wave-
lengths, light is strongly attenuated by water vapor and remote
optical sensing with adequate signal intensity may not be
possible. The power dissipation density of normally incident
plane waves on the fabricated MDM cavity was calculated
using the commercially available finite-difference time-domain
software from Lumerical. As shown in Figure 2a, the power
dissipation density inside the Pd layer is an order of magnitude
higher than that inside the Ag film since Pd has significantly
higher optical absorption. Note that, for longer wavelengths,
the Ag film approaches the PEC condition such that the field
penetration and, consequently, the power dissipated/de-
creased. The strong localization of light absorption in the Pd
layer ensures that the cavity’s absorption properties will modify
strongly due to slight changes in the Pd film optical
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properties.”> Hence, the MDM cavity sensor is expected to
exhibit high sensitivity.

A schematic of the sensor is shown in (Figure 2b). The
MDM cavity was deposited on a glass slide. Pd and TiO, were
deposited by electron beam evaporation at a rate of 0.5 A-s™",
while Ag was deposited using thermal evaporation at 20 A-s™".
A microfluidic channel comprised of a poly(methyl meth-
acrylate) (PMMA) plastic top (encompassing laser micro-
machined inlets and outlets) and a double-sided 100 xm
adhesive film defining the outlines and thickness of the
microchannels was added to the top of the sensor. To expose
the sensor to different hydrogen concentrations, the channel
inlet was connected to a tank of nitrogen mixed with 4%
volume concentration H, and another with pure nitrogen. The
gas flow from both tanks was controlled separately using two
mass flow controllers (MFCs). By adjusting the MFCs, we
could control the hydrogen concentration (between 0 and 4%)
introduced to the sample. The sensor was then placed on a
variable angle ellipsometer (J. A. Wollam, V-VASE) to measure
the reflectivity R as a function of angle of incidence.

The measured angular reflection of the bare sensor, that is,
without the channel, is shown in Figure 2c. We determined the
operation angle by choosing the angle at which reflection is
minimized. As shown in Figure 2d, we obtain perfect light
absorption at 54° (see Supporting Information, Figure S3). At
this angle, the measured reflectance at 1095 nm is 0.0002.
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Introducing the channel, however, affects the measured
reflectivity as it splits the incident beam into two reflected
beams. We investigated the beam reflected from the sensor
surface from, which we can determine the reflection minimum
of the cavity mode.

As shown in Figure 3a, after introducing pure N, to the
sensor, we do not see any shift in the reflection minimum at
Amin (red curve) compared to the reflectance measured when
the sample is exposed to ambient air (dashed black curve). In
comparison, after introducing N, mixed with 4% of H,, we see
a clear red shift in the reflection minimum as well as a change
in the reflection amplitude due to the intercalation of hydrogen
atoms in the Pd lattice as expected.” By introducing pure N, to
the channel again, the reflection mode blue shifts. However,
the absorption properties of the pure Pd film has now
permanently changed. This is likely due to lattice adjustments
in the thin Pd film due to strains associated with adsorbing and
releasing hydrogen molecules. The following cycles of
introducing N, mixed with 4% of H,, and pure N,, show no
change in the spectral properties of the absorption mode. An
important figure of merit (FOM) that can capture the optical
activity of our absorber is 7 = R (Pd,)/R (Pd,), where R (Pd,)
is the reflectivity of the sensor without hydrogen and R (Pd,) is
the reflectivity of the sensor for Pd hydride with hydrogen
stoichiometry x. However, because the microfluidic channel
reduces the sample reflection for most wavelengths, it is
difficult to assess the true reflectance of the sample. In Figure
3b, we show the calculated FOM for our sensor containing a
hydride with a hydrogen stoichiometry 20%, that is, R (Pd,)/R
(Pdy,), is ~2000, which is significantly higher than that
obtained in previous works (see Methods).” In fact, the FOM
was found to be orders of magnitude higher for particular
configurations. As an example of the extremely high FOM that
can be obtained from MDM hydrogen sensor, the calculated
FOM of an MDM cavity comprised of Pd (5.91 nm)-TiO,
(200 nm)—Ag (60 nm), A, = 1506 nm at incident angle =
40° is 924363.

We also studied the total spectral shift in 4, for different
hydrogen concentrations. Practical hydrogen sensors must be
able to respond to hydrogen at concentrations approximately
an order of magnitude lower than the explosive limit of H,
(4%)."> As shown in Figure 3¢, A, shifts gradually for various
hydrogen concentrations. The total A, shift is 15, 45.5, and
62 nm, for hydrogen concentrations of 0.7, 2, and 4%,
respectively (see Figure 3d).

In summary, we have demonstrated a large-area, litho-
graphically free hydrogen gas sensor based on palladium-based
thin-film perfect light absorber. The MDM cavity is sensitive to
modification in the absorption and reflection phase properties
of Pd. The strong absorption in the Pd layer and the strong
modification in the refractive index of and reflection phase
from hydrogenated-Pd resulted in extreme hydrogen sensi-
tivity. The A, shift is significantly higher than what was
previously reported using a perfect absorber.” Future work can
realize perfect light absorption in the visible range to enable
monitoring hydrogen by looking at color changes, as predicted
numerically in ref 26, which is a similar result to the work by
Ngene et al.’?

B METHODS

Cavity Fabrication. To fabricate the thin film absorber, we
first cleaned glass slides (Micro slides, Corning) with acetone
solution then dried the slides. A total of 120 nm of Ag was

1893

deposited using thermal evaporation at S nm-s™' deposition
rate. A total of 200 nm of TiO, and 13 nm of Pd were then
deposited using electron beam evaporation at 0.2 As™ and a
base pressure of <5 X 107 mbar.

Microfluidic Channel Fabrication. The microfluidic
channel consists of a poly(methyl methacrylate) plastic top
(encompassing micromachined inlets and outlets) and a
double-sided adhesive film defining the outlines and thickness
of the microchannels. PMMA tops with inlets and outlets were
laser micromachined (diameter 0.61 mm, separation 12.4 mm)
using a VersaLASER system (Universal Laser Systems). A
double-sided adhesive film (iTapestore, 100 ym in height) was
laser cut in the same size of PMMA tops and 14 X 2 mm
microchannels within. The film was attached to the PMMA
component to include the inlet and outlet between the outline
of the channels. Fluorinated ethylene propylene (FEP) tubing
(Cole-Parmer) was used to connect the gas sources to the
microchannels. Tubing and all connections to the tubing,
between gas sources and channel, was sealed using a S min
epoxy (Devcon). A picture of the actual sensor is shown in
Supporting Information, Figure S4.

Angular Reflection Measurements. Angular reflection
was measured using Variable-angle high-resolution spectro-
scopic ellipsometer (J. A. Woollam Co., Inc.,, V-VASE). The
transmittance is O for all wavelengths and angles. Since we are
dealing with thin films, perfect light absorption corresponds to
near zero reflectance. While the maximum resolution of the
ellipsometer is 0.03 nm, the measurements were taken with a
resolution of 1 nm. The additional beam reflected from the
microfluidic channel is blocked by the ellipsometer detector’s
iris.

Materials Optical Constants and FOM Calculation.
The optical constants for TiO, and Ag used in the calculations
were obtained by fitting the Wemple-DiDomenico’’ and
Drude dielectric models, respectively, to single-layer ellipsom-
etry data for each material. The optical constants for Pd, were
based on the experimental results by Vargas et al,”® which
were fit to a Brendel-Bormann dielectric model.””~*' From
the obtained optical constants of PdH,, we were able to
calculate the FOM using transfer matrix method calculations
following Chilwell and Hodgkinson.*

Numerical Simulations. The calculated power dissipation
distribution in the thin-film stack was performed using the
commercially available finite-difference, time-domain software
from Lumerical. The simulation was performed using a 2D
model with incident plane wave. The mesh was tailored to each
layer with a mesh step of 0.001 nm for the Pd layer and 0.005
nm for the rest of the structure.
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