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ABSTRACT: PdxAu1−x alloys have recently shown great
promise for next-generation optical hydrogen sensors due to
their increased chemical durability while their optical
sensitivity to small amounts of hydrogen gas is maintained.
However, the correlation between chemical composition and
the dynamic optical behavior upon hydrogenation/dehydrogenation is currently not well understood. A complete
understanding of this relation is necessary to optimize future
sensors and nanophotonic devices. Here, we quantify the
dynamic optical, chemical, and mechanical properties of thin
ﬁlm PdxAu1−x alloys as they are exposed to H2 by combining
in situ ellipsometry with gravimetric and stress measurements.
We demonstrate the dynamic optical property dependence of
the ﬁlm upon hydrogenation and directly correlate it with the hydrogen content up to a maximum of 7 bar of H2. With this
measurement, we ﬁnd that the thin ﬁlms exhibit their strongest optical sensitivity to H2 in the near-infrared. We also discover
higher hydrogen-loading amounts as compared to previous measurements for alloys with low atomic percent Pd. Speciﬁcally, a
measurable optical and gravimetric hydrogen response in alloys as low as 34% Pd is found, when previous works have suggested
a disappearance of this response near 55% Pd. This result suggests that diﬀerences in ﬁlm stress and microstructuring play a
crucial role in the sorption behavior. We directly measure the thin ﬁlm stress and morphology upon hydrogenation and show
that the alloys have a substantially higher relative stress change than pure Pd, with the pure Pd data point falling 0.9 GPa below
the expected trend line. Finally, we use the measured optical properties to illustrate the applicability of these alloys as grating
structures and as a planar physical encryption scheme, where we show signiﬁcant and variable changes in reﬂectivity upon
hydrogenation. These results lay the foundation for the composition and design of next-generation hydrogen sensors and
tunable photonic devices.
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■

INTRODUCTION

capability to store and detect hydrogen. The opportunity to
use hydrogen for energy storage and distribution is becoming
more attractive, and with a push for a future hydrogen
economy, more high-quality sensors are needed to mitigate the
dangers of hydrogen leaks. All-optical hydrogen sensors are the
preferred method of detection due to the decreased risk of
ignition. This is in contrast to more traditional electrical
sensors, which have the potential to spark upon device
malfunction. These optical sensors are required to have fast
response times, resistance to surface poisoning, limited

The alloying of diﬀerent metals to ﬁnely tune optical and
material properties has allowed for great advancements in a
wide variety of applications from plasmonic sensors to
catalysts.1−8 Alloying creates opportunities to improve the
material characteristics beyond that of the pure metal
components. Furthermore, one can combine the desirable
optical and structural properties from diﬀerent metals into a
single alloy. This process is particularly advantageous when
applied to metal hydrides, where the optical properties, electric
properties, and response to H2 gas are all of interest.
Metal hydrides are useful for a wide range of applications,
including color displays, switchable mirrors, and tunable
plasmonics.9−16 Moreover, metal hydrides possess the
© 2019 American Chemical Society
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applied to alter the PdxAu1−x composition. Two sets of samples were
produced for these experiments. The ﬁrst set was ∼100 nm thick and
was deposited directly onto the substrates. The second set was ∼400
nm thick with a 10 nm Cr adhesion layer that was sputtered onto the
substrates before the alloy deposition without breaking vacuum. The
Cr was deposited with a 150 W RF source instead of a standard dc
source because the only dc sources available in the system were
connected to the Au and Pd targets.
The composition of each alloy was measured with energydispersive X-ray spectroscopy (EDX). For each sample on a Si
substrate, EDX measurements were taken on four separate points to
ensure uniformity. The raw EDX data are shown in Figure S1 of the
Supporting Information (SI). The ﬁrst set of depositions had the
compositional fractions (PdxAu1−x) of x = 0, 0.14, 0. 34, 0.42, 0.52,
0.73, and 1. For the second batch (∼400 nm thick with the Cr
adhesion layer), we focused on samples with higher Pd content,
having the compositions x = 0.41, 0.59, 0.73, 0.77, 0.83, 0.88, and 1.
Film thickness and roughness measurements were taken with an
atomic force microscope (AFM) in an unpressurized dry air
atmosphere. The roughness measurement was taken on three distinct
2 × 2 μm2 patches on each of the alloys. The reported roughnesses in
this paper are all root-mean-square (RMS) roughnesses and are
calculated by taking the RMS value of each line of the AFM image
and taking the median of these values. The ﬁlm thickness
measurements were taken on the lithographically deﬁned Si samples.
Scans sized 20 × 20 μm2 were taken centered on the deﬁned edge of
the metal square. The step results in a bimodal Gaussian distribution
for the histogram of the topography data. The sample height was
taken as the diﬀerence in the mean of the two Gaussians.
Inductively coupled plasma optical emission spectroscopy (ICPOES) was used to conﬁrm both the sample thicknesses and the
chemical composition for each of the alloys. The Si squares were
dissolved in boiling aqua regia and subsequently diluted to 50 mL.
ICP-OES was then used to ﬁnd the Pd and Au concentrations of this
solution. Using the known surface area of the alloy on the Si sample,
the atomic masses, and the densities of these materials, the thickness
and atomic percentage of the alloys can be calculated. These
calculated values agreed within the error of the results of the EDX and
AFM measurements.
Optical Property Measurements. Optical property measurements were taken with a spectroscopic ellipsometer in a custom
environmental chamber as previously demonstrated by Palm et al.31
The QCM frequency is simultaneously recorded with the optical data
to correlate the hydrogen content of the sample with the optical
property changes. Measurements for each alloy are made at four
diﬀerent angles (48°, 55°, 70°, and 75°) for the pristine metal alloy
before hydrogenation. The dynamic optical properties of the alloys
were then taken at 75° as the environmental chamber was switched
from 7 bar of Ar to 7 bar of H2. The 75° orientation is chosen for the
dynamic measurements due to steeper incident angles having a higher
sensitivity to optical changes. The measurements in the hydrogenated
state were then retaken at all four angles at the end of this process.
The chamber was then purged with Ar with the dynamic data being
recorded again at 75°. This process was repeated for a total of four
hydrogen absorption steps and three desorption steps for each alloy.
Further details of the ellipsometric measurement, window compensation of the environmental chamber, and the dynamic optical ﬁtting
method can be found in the work by Palm et al.31
Hydrogen-Loading and Stress Measurements. The hydrogen-loading and stress measurements were taken in a separate
environmental chamber equipped with an interferometer using the
metal alloy ﬁlms on the QCM as one of the mirrors. The loading
value for each alloy is calculated with the method outlined by Murray
et al.,32 which compensates the total QCM frequency change with
eﬀects from stress along with environmental eﬀects, such as changes
in gas composition.
Because the QCM substrates used in our experiments are
anisotropic, the standard way of determining thin ﬁlm stress using
the Stoney equation is not applicable.33 The stress values reported in
this work use an adapted method from EerNisse’s double resonator

intracycle hysteresis between hydrogen absorption and
desorption cycles, and a large enough signal to be reliably
read.17
Pd has been the standard metal investigated for hydrogen
sensing and storage because it is the only pure metal that can
absorb and desorb hydrogen from its lattice at room
temperature without an activation layer.18 However, pure Pd
suﬀers from slow response times, surface poisoning, and a large
hysteresis.19,20 Alloying Pd with other metals has been shown
as a solution to mitigate these problems, particularly alloying
with Au.6,7,21−25 In addition to these improved hydrogensensing properties, PdxAu1−x alloys have been of particular
interest for improving catalysis reactions,1,5,26−28 as well as
being used as a hydrogen separation membrane.29,30 A more
complete characterization is essential to facilitate further use of
these alloys.
In this paper, we quantify the changes in the optical,
mechanical, and chemical properties of seven diﬀerent
PdxAu1−x thin ﬁlms as a function of hydrogenation. These
alloys are fabricated by physical vapor deposition cosputtering
at room temperature, a versatile process that allows for a wider
variety of substrates for sensors that are not possible with
fabrication methods that require high-temperature annealing
steps. We simultaneously investigate the dynamic optical
properties and hydrogen-loading amounts upon exposure to
H2 gas. We directly measure the optical responses with
spectroscopic ellipsometry with wavelengths spanning from
225 to 1690 nm, and we identify changes in the complex
refractive index upon hydrogenation. We use quartz crystal
microbalance (QCM) measurements to determine the hydrogen sorption of the material and ﬁnd higher loading quantities
than previously reported for gas-phase loading experiments.
For each hydrogen exposure, we also simultaneously measure
the stress change and discover that the relative change in stress
of the PdxAu1−x alloys is 0.9 GPa higher than the change of
pure Pd. Upon investigating the correlation between this stress
and the change in the surface roughness of the material, we
ﬁnd that despite the large amount of thin ﬁlm stress present in
the alloys, there are no observed roughness changes for any of
the ﬁlms after loading. Finally, we computationally demonstrate the applicability of these alloys to enhance light
reﬂection in grating structures as well as demonstrate a scheme
for physical encryption. Our research elucidates important
material properties of PdxAu1−x alloys that will further inform
hydrogen sensor design and implementation.

■

EXPERIMENTAL SECTION

Fabrication and Characterization of PdxAu1−x Thin Films.
The thin ﬁlm PdxAu1−x alloys are fabricated by room temperature
physical vapor deposition cosputtering with Pd (99.95%) and Au
(99.99%) sputtering targets. A Si chip with a lithographically deﬁned
1 × 1 cm2 area and two separate AT-cut 5 MHz QCMs were included
as substrates for each deposition run. The ﬁlm geometry on the
QCMs was deﬁned by a 12.5 mm diameter circular shadow mask
centered on the top QCM electrode. The substrates were cleaned
with acetone, methanol, and 2-propanol rinses prior to deposition
(the lithographic deﬁning of the Si piece was performed after the
solvent cleaning). Prior to PdxAu1−x deposition, the base pressure in
the main chamber was maintained at less than 1.8 × 10−8 Torr. The
thin ﬁlm alloys were deposited at room temperature, with Ar gas
introduced and adjusted to a 10 mTorr pressure. During deposition, a
constant rotation of 20 rpm, a z-height of 100 mm, and a gun tilt of
7.5 mm were applied to ensure uniform chemical composition across
each sample. Direct current powers ranging from 75 to 300 W were
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Figure 1. Measured optical properties of seven diﬀerent PdxAu1−x alloys. (a) Optical properties of each alloy without any hydrogen in the lattice
(unloaded). (b) Optical properties of the hydrogenated alloys under an atmosphere of 7 bar of H2. (c) Change in the optical properties for each
alloy upon hydrogenation. Change is deﬁned by the optical properties of the hydride subtracted from the optical properties of the unloaded metal.

that the ﬁve alloys with the highest atomic percent Pd have
similar values and trends, with the pure Au and Pd0.14Au0.86
exhibiting higher values. This is consistent with visual
observation, where the ﬁve alloys with the highest Pd content
all appear to have the same reﬂective gray color, with the
Pd0.14Au0.86 being the only alloy with a yellow hue approaching
the appearance of the Au. An interesting trend is observed in
the real part of the index (n), where one may expect the
intermediate alloys to monotonically increase in n from the
lower Au values to the higher Pd values as the Pd composition
is increased. Instead, both the Pd0.52Au0.48 and the Pd0.73Au0.27
alloys have a higher n than pure Pd across the entire
wavelength range investigated. The nonlinearity of the optical
properties with composition is not unique to the PdxAu1−x
system but is also present in the properties of other noblemetal alloys.8 The addition of Pd to PdAu results in a
nonmonotonic and dramatic increase of the valence band at
the Γ point.1 The additional electronic states below the Fermi
level resulting from the break in degeneracy of the band
structure are likely responsible for extra interband transitions in
these alloys and, ultimately, for the higher values of n observed.
Upon hydrogenation, pure Pd has the largest optical change
in both n and k, as expected. The magnitude of the change
decreases as the Pd content in the alloys is decreased. The x =
0.34 sample has the smallest atomic percent Pd in an alloy for
which we observe a measurable optical change, showing a
slight decrease in n but very little change in k. For both the Au
and Pd0.14Au0.86, we observe no measurable response when H2
is introduced to the system. For the pure Pd, the addition of
H2 causes a decrease in k across all wavelengths investigated, a
decrease in n for wavelengths above 565 nm, and an increase
below 565 nm, which agrees with the literature.31,39 These
trends are all observed in the alloys with the next three highest
Pd contents. The zero change intercepts in the real part of the
index occur between 550−580 nm for Pd and the alloys with
the next three highest Pd compositions. The results also
demonstrate that, for all alloys (and the pure Pd ﬁlm), the
largest response to hydrogenation occurs in the near-infrared
region of the electromagnetic spectrum. This higher response
at longer wavelengths has been observed with other
nanostructures and metal hydrides.6,22,31 By shifting to longer
detection wavelengths, PdxAu1−x alloys with lower x become
more detectable because of their increase in responsivity. This
allows for the use of alloys with higher Au concentration as
sensors with their increase in antihysteresis and antipoisoning

model.34 Instead of using two separate cuts of QCMs, we measure the
curvature of the sample and use the curvature to frequency relation
detailed by Murray et al.32 to ﬁnd the change in QCM frequency due
to stress in the sample. The change in stress of the thin ﬁlm upon
hydrogenation is then

Δσ =

Δfs τq
K ATτf f0

(1)

where Δfs is the change of QCM frequency due to stress, τq and τf are
the thicknesses of the quartz of the QCM and the metal ﬁlm
respectively, f 0 is the measured QCM frequency before hydrogenation, and KAT is a constant deﬁned by EerNisse to be −2.75 ×
10−12 cm2/dyn for a 5 MHz AT-cut QCM.34 Using this method, we
assume that the stress is isotropic through the thickness of the ﬁlm. All
stresses reported in this paper are compressive stresses and are
deﬁned to be positive.

■

RESULTS AND DISCUSSION
Dynamic Optical Property Measurements. Figure 1
shows the optical properties for the seven diﬀerent 100 nm
alloys investigated in this study as well as their property change
upon hydrogenation in 7 bar of H2 for the wavelength range of
225−1690 nm. Because metal hydrides typically have
signiﬁcant dislocation formation with initial loading, the data
shown here are for the second hydrogenation of the alloys.
Thus, the plots describe a typical loading cycle. For the data of
the initial loading of the pristine alloys and for the dielectric
functions of both the ﬁrst and second loads, see Figures S2 and
S3 (SI), respectively. To verify our optical ﬁtting model for
these materials, we compare our measurements to the Johnson
and Christy values reported for Au and Pd, which can be found
in Figure S4 (SI),35,36 and agreement was found. The nonhydrogenated optical properties of PdxAu1−x alloys have
previously been inferred with modeled electron energy loss
spectroscopy (EELS) data acquired on individual nanoparticles
in the range of 248−827 nm37 as well as with reﬂection and
transmission measurements for a single Pd50Au50 thin ﬁlm alloy
in the range of 350−1050 nm.38 However, the optical
properties have not been directly measured with spectroscopic
ellipsometry and have not been measured deeply into the nearinfrared region. Furthermore, the optical property dependence
of these alloys upon hydrogenation has not yet been
investigated, which we present here.
We observe a wide range of refractive indices (n + ik) for the
alloys as we adjust the chemical composition from pure Au to
pure Pd. For the imaginary part of the index (k), we ﬁnd that
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Figure 2. Optical response versus hydrogen loading. (a−e) Relationship of the optical properties (n and k) with the hydrogen content for each of
the ﬁve alloys that have an interaction with H2. Note that the top time axis has nonlinear spacing with each top tick corresponding to the time that
the alloy reached the stated H/M amount. Time = 0 min is deﬁned as the time that hydrogen is ﬁrst introduced into the system.

Figure 3. Hydrogen-cycling properties of alloys. (a−e) Comparison of the change in optical properties for each of the ﬁve alloys that interact with
hydrogen. Δn and Δk are plotted for the second through fourth loads with the ﬁrst load excluded. Δn and Δk are deﬁned by the optical properties
of the current hydride state subtracted from the values of the previously unloaded state. (f) Calculated hydrogen-loading values for the second
through fourth loads. Dashed lines are linear ﬁts for each alloy. Alloy colors match those shown in a−e, with the highest (lowest) H/M ratio
corresponding to Pd (Pd0.34Au0.66).

beneﬁts. For the full time−dynamic changes of the optical
properties, see Figure S5 (SI).
In addition to the optical properties, the amount of
hydrogen in the metal lattice was simultaneously monitored.
Figure 2 shows the dynamic behavior of the refractive index
versus hydrogen loading. We specify the amount of hydrogen
by H/M, which is the amount of hydrogen atoms per metal
atom in the lattice (including both Pd and Au). Figure 2

excludes the pure Au and Pd0.14Au0.86 alloy because they have
no measurable reaction with H2 either optically or gravimetrically. All other alloys share similar dynamic relationships. Each
alloy has a monotonic change in optical properties with respect
to loading, with the largest changes occurring in the nearinfrared. For the relationship of n and k at 1500 nm with the
Pd composition of the alloy and the ﬁnal H/M ratio, see Figure
S6 (SI). The change in optical response is nearly linear with
45060
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loading for each of the alloys, with the Pd ﬁlm appearing to
have an inﬂection point around H/M ≈ 0.25. This behavior
could be attributed to the α to β phase transition in the Pd that
does not occur in the alloys with lower Pd content.40
We next consider the repeatability of the optical and
gravimetric responses upon hydrogen cycling, which is
essential for any practical device. Figure 3a−e depicts the
changes in n and k for the ﬁve 100-nm-thick alloys that react
with H2 for their second through fourth H2 exposures. As
stated above, the ﬁrst hydrogenation causes a slightly diﬀerent
optical response than the subsequent loads due to lattice
defects and dislocations as it ﬁrst expands.41 After this initial
disturbance, the subsequent loads cause much less of a
degradation of the lattice, allowing for more consistent results.
For subsequent exposures (after the ﬁrst), the response is very
consistent for Pd as well as the alloys. Figure 3f shows the
maximum hydrogen content at 7 bar of H2, where the amount
of hydrogen in the lattice is also very consistent from load to
load after the initial exposure. As expected, these results imply
that any device based on PdxAu1−x should still be pretreated
with H2 before any attempted operation. Overall, the alloys
provide more consistent optical changes than the pure Pd
because less hydrogen enters the lattice, causing fewer
dislocations.
Material Property Measurements. To determine the
exact amount of hydrogen absorbed into the metal lattice, we
used a separate QCM sample in an environmental chamber
that accounts for extraneous eﬀects from stress and environmental (gas composition, pressure, temperature, etc.) changes.
Figure 4 shows the relationship of the hydrogen content of the

400 nm samples, respectively, which are in good agreement
with previous values found in the literature.42−44 Compared to
previous gas-phase measurements on thin ﬁlms, we have found
higher hydrogen-loading values for the alloys, especially for the
alloys with lower Pd content.21 While previous measurements
suggested no hydrogen reaction below x ≈ 0.55 in PdxAu1−x,
we record measurable amounts of hydrogen entering the lattice
down to x = 0.34 with a H/M value of 0.02 ± 0.01. Reasons
for this higher measured loading could be contributed to
diﬀerent fabrication conditions of the alloys or diﬀerent
amounts of initial thin ﬁlm stresses due to the ﬁlm thickness,
substrate, or the circular geometry of the ﬁlm. These diﬀerent
intrinsic stresses can have a large eﬀect on the material
properties of the thin ﬁlm system and should be characterized
for each new experimental procedure.
We also performed the experiments at 0.25 bar of H2 at 1
bar of total pressure to test the eﬀects of driving potential on
the total loading amount (see Figure S7, SI). These values are
slightly lower than those taken at 7 bar, as expected due to the
smaller driving potential of hydrogen in the lattice; however,
the same higher than previously observed loading trend with a
shallower slope when compared to atomic Pd percent is still
clearly present at these lower pressures. In the literature, gasphase loading experiments have also been performed on
PdxAu1−x nanoparticles, which exhibit a loading curve with a
similar slope but lower overall values than the thin ﬁlms.21,22
Electrochemical loading experiments have also been performed
on these alloys in the bulk with diﬀering results, suggesting that
a range of potential mechanisms may be at play for these
diﬀerent samples.45,46
With these unexpectedly higher loading values, we suspect
that diﬀerences in ﬁlm stress and microstructuring could be the
cause. When thin metal ﬁlms are hydrogenated, they undergo a
compressive strain as the metal lattice expands to incorporate
the hydrogen.41,47−49 This strain can aﬀect how much
hydrogen can be absorbed into the lattice and can have a
signiﬁcant impact on the sorption kinetics.43,50−54 Because of
this eﬀect, we investigated the amount of stress change upon
hydrogenation for each of our ﬁlms.
To determine the stress in our ﬁlms, we measure the change
in the curvature of the substrate (due to ﬁlm stress) and then
convert this curvature to stress using eq 1 with inputs from the
simultaneous QCM data. Figure 5a shows the raw curvature
changes of the 100 and 400 nm alloy samples. The 400 nm
samples clearly have a much higher curvature change than the
100 nm samples, as we would expect due to there being a
larger aﬀected ﬁlm mass to distribute the stress to the QCM.
Once we convert this change in curvature into a change in
stress (Figure 5b), we ﬁnd that both the 100 and 400 nm
samples have a similar relation between stress and hydrogen
content.
An interesting observation from this stress relation is that
neither the 100 nor 400 nm pure Pd samples fall upon the
trend of the alloys (the Pd data points are excluded in the
linear ﬁts of each plot). The Pd values fall a full 0.9 GPa below
the expected trend line of the stress of the alloys. This
diﬀerence could be attributed to the alloys having a higher
initial stress than the pure Pd due to the intrinsic strain of
alloying. By starting at a higher amount of initial stress, the
increase of stress per hydrogen atom is enhanced. This would
cause the alloys to have a diﬀerent response to hydrogen due
to the diﬀerent strains in the structure. This eﬀect is an
important factor in the design of future devices using PdxAu1−x

Figure 4. Total sorption data. The gray circles correspond to the 100
nm PdxAu1−x alloy data. The gray dashed line is a linear ﬁt of the ﬁve
alloys that react with hydrogen. The solid orange squares correspond
to 400 nm ﬁlms that have a 10 nm Cr adhesion layer, and the orange
dashed line refers to the linear ﬁt. The measured values are compared
to prior experiments by Bannenberg et al.21 on 40-nm-thick thin ﬁlms
at 10 bar of H2 partial pressure (green triangles and ﬁt with green
dashed line). The black dashed line is to guide the eye to the zero
loading point.

alloys at 7 bar of H2 with the atomic percent Pd in the alloy.
We can see from these measurements that the relationship
follows a linear ﬁt, as previously described in the literature.21,22
We recorded the H/M ratio versus concentration for both the
100 nm thin ﬁlms without any adhesion layer between the
alloy and the Au QCM substrate and the 400 nm ﬁlms with a
10 nm Cr layer between the substrate and the alloy. Both of
these sets of samples follow similar linear relations within error
bars. At 7 bar, our pure Pd samples had a hydrogen content of
H/M = 0.72 ± 0.03 and H/M = 0.69 ± 0.03 for the 100 and
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immediately after fabrication (i.e., before H2 introduction),
after an initial H2 exposure, and again after a second exposure.
We expect an initial increase in the surface roughness of the
ﬁlms after the initial hydrogenation due to the hydrogen
forming dislocations and vacancies in the lattice followed by
lesser changes in roughness on subsequent cycles. Instead, we
found that the H2 exposures had no measurable eﬀect on the
surface roughness of any of the ﬁlms, as seen in Figure 6. We
measured Pd and Pd0.73Au0.27 ﬁlms for the 100 nm samples
without a Cr adhesion layer and for 400 nm samples with a 10
nm Cr layer. Both sets of samples were measured on the Au
QCM electrode (initial electrode RMS roughness was 1.8 nm).
We also evaporated, in contrast to the sputtered samples
above, a 100 nm Pd ﬁlm with a 5 nm Cr adhesion layer
(required to prevent delamination) to test if the roughness
change was dependent on the fabrication conditions for the
thin ﬁlms.
Both the distribution and RMS values of the roughness
remain very consistent for all sample variations (sputtering vs
e-beam evaporation, 100 vs 400 nm ﬁlms, Cr adhesion layer vs
no adhesion layer). Figure 6a−e shows histograms of the
topography data for all three scans of each material. The results
are so consistent that it is diﬃcult to distinguish between each
histogram. Figure 6f−j shows the measured RMS roughnesses
and Figure 6k−o shows the pristine metal topography image
before the ﬁlm was exposed to H2. For each separate histogram
and the corresponding topography scan, see Figure S9 (SI).
The consistency of these roughness measurements are
surprising due to pure Pd having a 13% volume increase
upon hydrogenation and Pd0.73Au0.27 having an expected 9%

Figure 5. Stress characterization of PdxAu1−x alloys. (a) Raw data of
curvature change and (b) calculated stress values upon hydrogenation
of each alloy versus the calculated ﬁnal hydrogen per metal value
under 7 bar of H2. For each plot, the gray dashed line is a linear ﬁt of
the 100 nm data (gray circles) and the orange dashed line is a linear ﬁt
of the 400 nm data (orange squares), with each linear ﬁt excluding the
pure Pd data points. The vertical error bars for the curvature in part a
are smaller than the marker size.

because unaccounted for stress could have deleterious eﬀects
on device performance. It is important to fully characterize the
stress system down to the exact substrate and deposition
temperatures; otherwise, there may be diﬀerent material
responses in the system, such as the higher than expected
loading observed in this work. See Figure S8 (SI) for the
relationship between stress and Pd alloy composition.
With these high ﬁlm stresses present in the materials upon
hydrogenation, we expect to see measurable changes in the
surface morphology. We performed AFM scans on the alloys

Figure 6. PdxAu1−x thin ﬁlm morphology characterization. (a−e) Histograms for each material before hydrogenation (yellow), after the ﬁrst
hydrogen load (orange), and after the second hydrogen load (blue). Note: histograms for ﬁrst and second loadings are barely visible due to
similarities with the values obtained before loading. (f−j) Calculated RMS roughness values for each load. Dashed lines are a linear ﬁt to the data
showing no signiﬁcant change upon each loading cycle. (k−o) Representative AFM topography scans of the alloys before any H2 has been
introduced.
45062
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Figure 7. Simulated reﬂectance shifts upon hydrogenation. (a) Illustration of a simulated grating structure. Gratings are 100 nm high and 100 nm
wide with a spacing d between gratings. A 65 nm SiO2 spacer layer separates the grating from a Au substrate. Light is incident normally on the
grating with its polarization orthogonal to the grating direction. Reﬂection spectra for each of the alloys with a grating periodicity of (b−d) 550 nm
and (e−g) 300 nm plotted with the quotient of the metal (solid line) and hydride (dashed line) reﬂections showing the relative change in reﬂection
with hydrogenation (dot dashed line).

volume increase.41 Note that these measurements are not able
to detect any vertical thickness changes, as the height set point
is reset before each measurement. We do not see any
diﬀerence in roughness change between the materials that
are adhered directly to the QCM versus those with the Cr
adhesion layer, showing that in this case the strength of the
adhesion does not contribute to any roughness modiﬁcation in
this setup. A complete list of the measured RMS roughnesses
for each of the other alloys can be found in Table S1 (SI). The
data also suggest that the surface roughness of the ﬁlm has no
eﬀect on the ﬁnal loading amount in ﬁlms of these thicknesses,
as is expected. The 400 nm sputtered samples have
signiﬁcantly higher roughnesses than the others, yet all three
Pd samples have the same total loading numbers within error

bars. Similarly, the two Pd0.73Au0.27 samples also load to similar
values despite diﬀering roughnesses.
Simulations of Optical Switching. To apply these
measured properties to an applicable optical switching system,
we simulate (using Lumerical FDTD) several grating
structures to demonstrate the opportunity of using these
alloys as devices. The measured optical properties for both the
metals and hydrides presented in Figure 1 are used as inputs to
the simulations. Figure 7 shows the results for two separate
grating structures. Both structures consist of a grating with 100
nm width and height and a 65 nm SiO2 spacer layer on a Au
substrate. This spacer layer creates a cavity eﬀect from the
reﬂection oﬀ the Au substrate and enables increased
sensitivity.12 We simulated two diﬀerent periodicities to
show the tunability of the structure. First, a 550 nm periodicity
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Figure 8. Physical encryption scheme. (a) Design for using PdxAu1−x alloys in a physical encryption scheme. The “H2” message is created using a
multilayer stack containing Pd, while the background is created from a similar stack containing Pd0.42Au0.58. (b) Simulated coloring of the design
before exposure to H2 and (c) coloring of design after H2 exposure. The SiO2 thickness is t = 94 nm for these simulations with a 5 nm metal cap for
both the active area and the background. (d) Chromaticity diagram showing the change in coloring of the lettering versus the background.

lettering (encrypted message) is generated by using the same
thickness of layers as the background structure but with Pd
instead of the Pd0.42Au0.58 alloy for both the substrate and the
cap. The multilayer resonance causes the coloring of the
structure. Figure 8b shows the true color image of the structure
containing both the lettering and background before hydrogenation. These colors are calculated using the transfer matrix
method with the optical properties presented in Figure 1 as
inputs. Note that all regions have indistinguishable colorings,
hiding the message under ambient atmosphere. Once the
structure is exposed to H2, the Pd lettering has a large optical
change as it hydrides, causing a shift in the resonance,
corresponding to an observed color shift. The Pd0.42Au0.58
background, on the other hand, has a limited response to the
H2 gas, causing a minimal color change of the substrate, as seen
in Figure 8c. This allows for the lettering to become visible,
revealing the message. Because these materials are fully
reversible as well, all one needs to do to re-encrypt the
message is to remove the structure from the H2 atmosphere.
This allows for a full encryption scheme while only needing a
small amount of H2 gas to reveal the message with no other
optical setup required. One note is that both sides of these
structures would have to be exposed to hydrogen in order to
fully hydride the Pd and Pd0.42Au0.58 layers. While the optical
contrast between the two regions is relatively small, the planar
nature of the structure (without need for nanofabrication) is
advantageous.

is used to obtain large spikes in the relative reﬂectance, where
the Pd structure shows an almost 200-fold increase. As we
increase the amount of Au in the alloy, we see the peak of the
reﬂectance ratio blue shift and decrease in magnitude, with the
Pd0.52Au0.48 alloys still having over a 2-fold relative increase in
reﬂectance. By changing the periodicity of the structure to 300
nm, we can achieve the opposite response to hydrogenation,
where the relative reﬂectance dips to well below 1 for the same
materials and exposures. This demonstrates the utility of these
materials for a wide range of potential photonic device designs.
We note that while Pd has a larger optical response than the
alloys, the Pd0.73Au0.27 and Pd0.52Au0.48 both have signiﬁcant
optical responses in these structures. The tunable responses
combined with the chemical resistance of the alloys will allow
for improved sensor design. To have an even higher sensitivity
as an optical hydrogen sensor, the grating can be tuned for the
resonance to occur in the near-infrared instead of the visible,
because the largest optical changes upon hydrogenation occur
at longer wavelengths. See Figure S10 (SI) for simulations with
resonances in the infrared.
Finally, we show that these materials can be used for
physical encryption and readout based on the gaseous H2 in
the environment. Previously, Mg nanostructures have been
used for similar types of encryption schemes due to its large
optical change with H2.9,55,56 In these works, e-beam
lithography was used to create small and intricate encryption
images. In our example, we work with thin ﬁlm eﬀects to make
a macroscopic encryption scheme without the need for
submicron nanostructuring. We do this by taking advantage
of the similarities of the optical properties of Pd with
Pd0.42Au0.58 in the non-hydrogenated state. By using the high
optical sensitivity of Fabry−Perot-like resonances, we can
amplify the diﬀerence in the optical responses of the two
metals upon hydrogenation. Figure 8 outlines the encryption
scheme of this setup. For the background of the image, there is
an optically thick Pd0.42Au0.58 substrate with a 94 nm SiO2
intermediate layer and a 5 nm Pd0.42Au0.58 capping layer. The

■

CONCLUSIONS
In conclusion, we have directly measured the optical, sorption,
and stress properties of a series of PdxAu1−x alloys with
controlled chemical composition upon hydrogenation. We
implemented in situ spectroscopic ellipsometry from the midultraviolet to the near-infrared regions and showed the
consistency of these properties through multiple H2 exposures
after an initial hydrogenation. We found that our alloys
exhibited a linear relation between Pd composition and
45064
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hydrogen-loading amount, in agreement with previous reports.
However, we measured a much smaller slope with respect to
Pd composition than previously observed, with higher loadings
obtained in alloys with lower atomic percent Pd. We postulate
that this diﬀerence is caused by diﬀerent thin ﬁlm stresses
present in our system. We characterized these stresses and
found that the PdxAu1−x alloys have a 0.9 GPa higher relative
stress than measured for pure Pd, which must be accounted for
in device design. Surprisingly, even with these high stress
amounts, there was no observed roughness (morphology)
change in the alloys when hydrogenated. Using our measured
optical properties, we showed the applicability of these alloys
as grating devices, where the reﬂectivity can either be increased
or decreased upon hydrogenation, depending on the
periodicity of the grating. Furthermore, we demonstrate their
potential for use in a physical encryption scheme with no need
for submicron nanostructuring.
Our results will further inform future sensor design, which
must consider diﬀerences in fabrication methodology and the
subsequent inherent stresses in the devices in order to
accurately describe the sorption/optical response. We have
shown that diﬀerent fabrication conditions and substrate
choice can alter the stress of the system, which can be used to
increase the response of new devices and allow for alloys with
lower Pd composition than previously expected to be utilized
in the proper sensor design. We have also shown that moving
to infrared sensing schemes could increase the sensitivity of
these alloyed sensors when compared to the visible measurements. Future work will entail investigating new combinations
of metals for potential improvements in sensing ability while
maintaining chemical durability, potentially by moving from
binary to ternary alloys.
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Takahashi, H.; Balčytis, A.; Seniutinas, G.; Okazaki, S.; Juodkazyte, J.;
Iwasa, T.; Taketsugu, T.; Tominaga, Y.; Juodkazis, S. Optical Readout
of Hydrogen Storage in Films of Au and Pd. Opt. Express 2017, 25
(20), 24081−24092.
(26) Zhang, L.; Chang, Q.; Chen, H.; Shao, M. Recent Advances in
Palladium-Based Electrocatalysts for Fuel Cell Reactions and
Hydrogen Evolution Reaction. Nano Energy 2016, 29, 198−219.
(27) Coq, B.; Figueras, F. Bimetallic Palladium Catalysts: Influence
of the Co-Metal on the Catalyst Performance. J. Mol. Catal. A: Chem.
2001, 173 (1), 117−134.
(28) Sarina, S.; Zhu, H.; Jaatinen, E.; Xiao, Q.; Liu, H.; Jia, J.; Chen,
C.; Zhao, J. Enhancing Catalytic Performance of Palladium in Gold
and Palladium Alloy Nanoparticles for Organic Synthesis Reactions
through Visible Light Irradiation at Ambient Temperatures. J. Am.
Chem. Soc. 2013, 135 (15), 5793−5801.
(29) Coulter, K. E.; Way, J. D.; Gade, S. K.; Chaudhari, S.; Alptekin,
G. O.; DeVoss, S. J.; Paglieri, S. N.; Pledger, B. Sulfur Tolerant PdAu
and PdAuPt Alloy Hydrogen Separation Membranes. J. Membr. Sci.
2012, 405−406, 11−19.
(30) Knapton, A. Palladium Alloys for Hydrogen Diffusion
Membranes: A Review of High Permeability Materials. Platinum
Metals Rev. 1977, 21, 44−50.
(31) Palm, K. J.; Murray, J. B.; Narayan, T. C.; Munday, J. N.
Dynamic Optical Properties of Metal Hydrides. ACS Photonics 2018,
5 (11), 4677−4686.
45066

DOI: 10.1021/acsami.9b14244
ACS Appl. Mater. Interfaces 2019, 11, 45057−45067

Research Article

ACS Applied Materials & Interfaces
(52) Chung, C.-J.; Lee, S.-C.; Groves, J. R.; Brower, E. N.; Sinclair,
R.; Clemens, B. M. Interfacial Alloy Hydride Destabilization in Mg/
Pd Thin Films. Phys. Rev. Lett. 2012, 108 (10), 106102.
(53) Dornheim, M.; Pundt, A.; Kirchheim, R.; Molen, S. J. v. d.;
Kooij, E. S.; Kerssemakers, J.; Griessen, R.; Harms, H.; Geyer, U.
Stress Development in Thin Yttrium Films on Hard Substrates during
Hydrogen Loading. J. Appl. Phys. 2003, 93 (11), 8958−8965.
(54) Wagner, S.; Klose, P.; Burlaka, V.; Nörthemann, K.; Hamm, M.;
Pundt, A. Structural Phase Transitions in Niobium Hydrogen Thin
Films: Mechanical Stress, Phase Equilibria and Critical Temperatures.
ChemPhysChem 2019, 20, 1890−1904.
(55) Li, J.; Kamin, S.; Zheng, G.; Neubrech, F.; Zhang, S.; Liu, N.
Addressable Metasurfaces for Dynamic Holography and Optical
Information Encryption. Sci. Adv. 2018, 4 (6), eaar6768.
(56) Farinha, T. G.; Gong, C.; Benson, Z. A.; Leite, M. S.
Magnesium for Transient Photonics. ACS Photonics 2019, 6 (2),
272−278.

45067

DOI: 10.1021/acsami.9b14244
ACS Appl. Mater. Interfaces 2019, 11, 45057−45067

