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ABSTRACT: We employ laser interference lithography as a
reliable and low-cost fabrication method to create nanowire
and nanosquare arrays in photopolymers for manufacturing
plasmonic perfect absorber sensors over homogeneous areas as
large as 5.7 cm2. Subsequently, we transfer the fabricated
patterns into a palladium layer by using argon ion beam
etching. Geometry and periodicity of our large-area metallic
nanostructures are precisely controlled by adjusting the
interference conditions during single- and double-exposure
processes, resulting in active nanostructures over large areas
with spectrally selective perfect absorption of light from the
visible to the near-infrared wavelength range. In addition, we
demonstrate the method’s applicability for hydrogen detection schemes by measuring the hydrogen sensing performance of our
polarization independent palladium-based perfect absorbers. Since palladium changes its optical and structural properties
reversibly upon hydrogenation, exposure of the sample to hydrogen causes distinct and reversible changes within seconds in the
absorption of light, which are easily measured by standard microscopic tools. The fabricated large-area perfect absorber sensors
provide nearly perfect absorption of light at 730 and 950 nm, respectively, and absolute reﬂectance changes from below 1% to
above 4% in the presence of hydrogen. This translates to a relative signal change of almost 400%. The large-area and fast
manufacturing process makes our approach highly attractive for simple and low-cost sensor fabrication, and therefore, suitable for
industrial production of plasmonic devices in the near future.
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T

hydrogenation leads to a shift of the plasmonic resonance,
yttrium and magnesium undergo a complete phase transition
from a metallic into a dielectric state. However, their lack of
catalytic properties requires the addition of catalytic palladium
or platinum elements to facilitate hydrogen dissociation,
increasing the complexity of the nanostructures.
The concept of plasmonic perfect absorption is based on the
eﬃcient coupling of incident light into the structure through
matching of its optical impedance to the impedance of the
surrounding medium, leading to a near-complete suppression
of reﬂection (R) for a certain design wavelength.19 By
simultaneously suppressing the transmission (T) through the
structure, near-perfect absorption can be obtained. In the visible
wavelength range, this can be achieved by utilizing a perfect
absorber consisting of palladium nanowires, separated from a
gold covered substrate by a magnesium ﬂuoride spacer layer.20

he interaction of light with metallic nanostructures reveals
unique optical properties originating from the excitation
of localized surface plasmon resonances.1−4 Among the
intriguing optical eﬀects found in such systems, high or perfect
absorption of light at a speciﬁc wavelength is used for a wide
range of applications such as photovoltaic eﬃciency enhancement,5,6 color printing,7,8 spectroscopy,9,10 and sensing.11,12
Tuning of the perfect absorption wavelength, which is highly
desirable especially for sensing applications, can be realized by
adjusting the size and shape of the constituent nanostructures.13,14 Perfect-absorber-based plasmonic sensors have
attracted signiﬁcant interest in recent years, owing to their
ability to detect minute changes in the optical properties of the
involved materials. This is highly important in the context of
hydrogen (H2) sensing, where small amounts of hydrogen gas
in the air can already lead to highly dangerous and explosive gas
mixtures.15 There are several materials that change their optical
or mechanical properties upon hydrogen exposure and can,
therefore, be used in optical sensing schemes, such as
palladium,16 yttrium,17 and magnesium.18 Other than palladium, where the change of the dielectric properties due to
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two-dimensional structures, the sample is rotated 90° followed by a
second exposure process. Subsequently, the sample is immersed into
the development solution (AZ 826) for 30 s. The areas covered with
the developed photoresist are then transferred into the Pd layer via an
argon ion beam etching process (Technics Plasma model R.I.B.-Etch
160, beam current range from 90 to 100 mA, typical etching times
between 70 and 100 s). Finally, the remaining photoresist is removed
using isopropanol followed by O2 plasma treatment (Diener Electronic
Plasma-Surface-Technology, 90 min, 1.4 mbar, 160 W).
Reﬂection Measurements. The angle-resolved reﬂectance
measurements are performed via a free-space, goniometer-based
angular-resolved reﬂectivity setup. The light intensity from a xenon
lamp, coupled to a monochromator and polarized using input
polarizer, is detected via a silicon detector with output analyzer. The
light beam is highly collimated (angular divergence smaller than 0.15°)
and has a diameter of about 1 mm. The incident angle was varied
between 20° and 50° in steps of 10°. The reﬂectance level of a Herasil
sample, compared to its ideal value, is used as a reference to
compensate for small setup deviations.
The gas concentration-dependent and independent reﬂection
measurements under normal incidence are performed using a
commercial Fourier transform infrared spectroscopy system (Bruker
FTIR), allowing for laterally resolved measurements on the micrometer scale. For the hydrogen-dependent measurements, the sample is
mounted in a custom-made vacuum-tight gas cell connected to
Bronkhorst mass ﬂow controllers that regulate and monitor the
hydrogen and nitrogen gas ﬂows during the measurement with very
high accuracy (0.5% Rd).
Photograph and Scanning Electron Micrographs. The
photograph was taken with a Canon EOS 60D camera with a
Canon EF 100 mm f/2.8 Macro USM (f/8, 1/4 s, ISO 100). The
sample was illuminated with a large diﬀuse light source (daylight color
temperature). The scanning electron micrographs were acquired with
an S-4800 scanning electron microscope (Hitachi Company).

As mentioned already, the reﬂection can then be tuned to
nearly zero by carefully adjusting the geometrical parameters of
the system to provide perfect impedance matching of the
vacuum impedance and consequently maximizing the absorbance A = 1 − T − R to almost 1. This measurement scheme is
highly interesting for many sensing applications since it
provides a high contrast ratio, going from (almost) no signal
to a signiﬁcantly higher signal at the position of minimum
reﬂectance. Even if imperfect absorption (for example, a value
over 90% but not over 99%) is achieved, the enhanced relative
signal change is advantageous for any kind of sensor.
Precisely deﬁned and tailored nanostructures are essential for
realizing such nanoplasmonic sensor schemes. Electron-beam
lithography is a commonly used method to create well-deﬁned
masks for the fabrication of plasmonic perfect absorbers over
small areas. However, a fabrication method for producing
perfect absorbers in a low-cost and high-throughput manner
over large areas is crucial to advance plasmonic sensors toward
technological applications. Other methods such as selfassembly,21 chemical synthesis,22 metal nanoparticle deposition,23,24 colloidal etching lithography,25 and nanoimprint
lithography26,27 have been proposed for the fabrication of
plasmonic structures over large areas, but often suﬀer from
large-scale inhomogeneity. Compared to other promising largearea fabrication methods, laser interference lithography (LIL)28
shares many of the advantages of other lithographic techniques
while alleviating a majority of concerns such as cost and
complexity. It also provides well-deﬁned, defect-free, and
homogeneous arrays of nanostructures over large areas,
enabling high-performance perfect absorbers on the wafer
scale. Through wafer-scale production, standardized and robust
measurement schemes with macroscopic cm2-sized samples are
possible, providing carefree user-friendly devices.
In this work, we employ laser interference lithography and
subsequent argon ion beam etching to fabricate large-area
plasmonic perfect absorbers. We ﬁrst fabricate a perfect
absorber sensor geometry based on palladium nanowire arrays
and demonstrate its hydrogen sensing performance. This
geometry provides highly sensitive hydrogen detection but
requires the incident light to be polarized perpendicular to the
wires. Therefore, we subsequently extend this concept toward
the fabrication of large-area palladium based perfect absorber
sensors with rectangular nanoantennas, which provide perfect
absorption of light independent of the incident polarization.
Extensive numerical simulations are carried out to ﬁnd an
optimal design, and the hydrogen sensing performance of a
fabricated polarization-independent sensor is investigated. Our
high-throughput and low-cost fabrication method combined
with the simple concept of a plasmonic device that provides
pronounced signal changes in response to external stimuli
makes our sensor well suited for real-world applications.

■

■

RESULTS AND DISCUSSION
Laser interference lithography is a low-cost fabrication method
to prepare homogeneous nanostructures over large areas. It
relies on the interference of two coherent laser beams, which
produces a standing wave grating pattern that can be
transferred to a light sensitive photoresist for the preparation
of one-dimensional wire structures.30 Furthermore, the addition
of a second exposure process enables the fabrication of
geometrically tunable 2D-nanostructures.28,31 Such nanostructures are transferable to metal via a subsequent etching
process.28,32,33 Here, we utilize single- and double-exposure
processes to fabricate homogeneous palladium nanowire and
rectangle arrays for plasmonic perfect absorbers.
A photograph and a scanning electron microscope (SEM)
image of a typical perfect absorber fabricated using laser
interference lithography (sample size of 2.4 × 2.4 cm2) are
shown in Figure 1a and b, respectively, demonstrating the largearea nature and homogeneity of the sample. The periodicity of
the depicted grating is 450 nm, the wire width is 120 nm, the
spacer height is 65 nm, and the Pd structures have a thickness
of 20 nm. The homogeneity is additionally conﬁrmed by
reﬂectivity measurements of ﬁve diﬀerent areas of the sample
(indicated as colored points in the inset of Figure 1c). The
measurements show less than 5% deviation in spectral location
and modulation depth (Figure 1c) and a typical reﬂectance
measurement for polarization perpendicular to the wires shows
a minimum reﬂectance of about 1% (in the optimal case) and
thus nearly perfect absorption of light at the resonance
wavelength of λ = 740 nm (blue curve).
The optical properties of the Pd nanowires are modiﬁed in
the presence of H2 through the phase transition from palladium

EXPERIMENTAL SECTION

Sample Fabrication. In preparation for the fabrication process,
fused silica substrates are cleaned with acetone and isopropanol for
10 min in an ultrasonic bath. After that, 2 nm of chromium (Cr,
adhesion layer) followed by 150 nm gold (Au, mirror), magnesium
ﬂuoride (MgF2, spacer), and palladium (Pd, hydrogen sensitive
material) are evaporated onto the substrate (Pfeiﬀer vacuum model
PLS-500, 10−7 mbar). Afterward, a 90-nm-thick photoresist ﬁlm (maN 405) is spin-coated on top of the Pd layer. For the subsequent
exposure process, we use an expanded light beam of a He−Cd laser (λ
= 325 nm) and a Lloyd’s mirror setup.29 Typical UV exposure doses
are about 1 mJ/cm2 with typical exposure times of 30 s. To achieve
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Figure 1. Large-area palladium-based one-dimensional perfect
absorber sensor fabricated by laser interference lithography. (a)
Photograph and (b) scanning electron microscope (SEM) image of a
typical sample showing the homogeneity of the plasmonic structures
over large areas. (c) Homogeneity is also conﬁrmed by reﬂection
measurements of ﬁve diﬀerent areas of the sample. (d) Reﬂectivity of
the sample (blue line, about 1% minimum reﬂectance) undergoes a
pronounced increase after exposure to 5 vol % hydrogen in nitrogen
carrier gas (red line, about 4% minimum reﬂectance). The typical
sample size is 2.4 × 2.4 cm2.

to palladium hydride (PdH).34 The signiﬁcant change in the
real and imaginary parts of the palladium dielectric function
destroys the optimized impedance matching condition of the
perfect absorber and consequently changes the reﬂectivity
proﬁle of the system. This can be observed in the spectra as a
spectral red-shift of about 10 nm and an increase of the
minimum reﬂectance from 1% to 4% when exposing the sample
to 5.0 vol % hydrogen in nitrogen (N2) carrier gas (Figure 1d).
However, to bring this approach to technological and lifescience applications, a polarization independent system with
two-dimensional symmetric nanostructures is required. This is
easily achievable using laser interference lithography in a
double-exposure process. The schematic side view of such a
perfect absorber is depicted in Figure 2a, where square
palladium nanoantennas are stacked above a gold mirror
separated by a MgF2 spacer layer. To estimate the optical
properties of our structure, we perform simulations using a
scattering matrix method35 to calculate the reﬂectance spectra
of square nanoantenna arrays (periodicity 560 nm, Pd thickness
30 nm) for diﬀerent square widths and spacer heights.
Afterward, we extract the lowest reﬂectance (Figure 2b) and
the corresponding spectral location of the minimum (Figure
2c). The ﬁgures indicate that square widths between 160 and
250 nm and spacer heights between 70 and 75 nm are expected
to provide the best results. A target point with the square width
of about 190 nm and spacer height of about 71 nm is indicated
by the white circle and dashed lines in the color plots. The
reﬂectance is shown in a logarithmic color scale for better
visibility.
According to the simulations, the working range of our largearea perfect absorber can be tuned from 800 to 1300 nm by
changing the rectangle size from 150 to 250 nm. The main
experimental constraint for tunability is given by the fact that
the laser interference method only allows nanostructure sizes
between 20% and 75% of the periodicity (560 nm in our case).

Figure 2. (a) Schematic view of the large-area perfect absorber sensor.
(b) Simulated minimum reﬂectance for diﬀerent square widths and
spacer heights. The suitable parameters for a perfect absorber are
located in the dark red area. The reﬂectance is shown in a logarithmic
color scale for better visibility. (c) Spectral locations of the minimum
reﬂectance (i.e., perfect absorption) for corresponding square widths
and spacer heights. The target square width and spacer height for
fabrication are indicated by the white circle.

Nevertheless, our Lloyd’s mirror setup enables full control of
the periodicity from the UV up to about 900 nm and therefore
full tunability of the square widths. Even higher periodicities are
accessible using other laser interference lithography setups.28,30
To achieve polarization-independent perfect absorption of
light over large areas, we fabricate palladium square arrays
(periodicity 560 nm, square width 190 nm). An SEM image of
the sample is shown in Figure 3a, demonstrating high
homogeneity over large areas. The angular behavior of the
structure is studied by angle-resolved reﬂectance measurement
for both p- and s-polarization (Figure 3b and c, respectively).
In both polarizations, the minimum reﬂectance remains
below 7% for incident angles up to 50°. This means that our
device is able to maintain near-perfect absorption even at high
angles, making it a good candidate for technological
applications. The small observed changes in reﬂectance at
higher angles are expected for arrayed elements due to the
onset of evanescent grating modes, and can only be avoided by
using plasmonic perfect absorbers with disordered structures.36
The reﬂectance spectrum of the fabricated perfect absorber at
normal incidence and excitation by unpolarized light shows
nearly perfect absorption (i.e., R = 1%) at the target wavelength
of 950 nm (Figure 4a, blue line). This is in excellent agreement
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Figure 4. (a) Reﬂection measurement of the large-area perfect
absorber for diﬀerent H2 concentrations in the N2 carrier gas. The
initial reﬂectance of the sample (blue line) increases after hydrogen
exposure (green line, 2%; red line, 4% hydrogen in nitrogen). (b)
Relative reﬂectance change (ΔRrel) between 0% and 4% hydrogen
concentrations over wavelength, indicating signal changes of almost
400%.

reﬂectance of the system returns to its initial state of almost
perfect absorption after removing H2 from the atmosphere.
To investigate this sensitivity of our perfect absorber to
hydrogen gas in detail, we fabricated a second sample with the
reﬂectance minimum at about 900 nm. We expose it to various
hydrogen concentrations and continuously monitor changes in
reﬂectance over time, during both the loading and unloading
processes (Figure 5a). After a pure N2 atmosphere, the
concentration sequence starts with 600 s of 0.5 vol % H2 in N2,
followed by 2000 s of pure nitrogen, then 600 s at 1 vol % H2
and so on, until a maximum H2 concentration of 10 vol % is
reached.
The temporal and spectral response of the perfect absorber
sensor during hydrogen exposure is shown as a color-coded
plot in Figure 5a, indicating the wavelength shift as well as the
reﬂectance (R) change for each spectrum on a logarithmic color
scale. To quantify the spectral shift of the perfect absorber
resonance during the concentration sequence, the centroid
wavelength (CWL) is calculated from the FTIR reﬂectance
measurements, which enables the detection of small resonance
shifts independent of the shape and noise characteristics of the
spectral features.37 The initial reﬂectance minimum (at
897 nm) undergoes a 3 nm shift to higher wavelengths when
applying a hydrogen concentration of 0.5 vol % H2 in N2 and
further red-shifts when higher hydrogen concentrations are
applied (see Figure S1 and the video ﬁle in Supporting
Information).
The time traces of the reﬂection at diﬀerent wavelengths are
shown in the Supporting Information (Figure S2) which
indicates that the changes in reﬂection become smoother with
increasing wavelength. In Figure 5b, the time trace of the
reﬂection at 1150 nm for H2 concentrations up to 10% is

Figure 3. (a) SEM image of square palladium nanoantenna arrays
utilized in a large-area plasmonic perfect absorber sensor fabricated by
laser interference lithography. (b,c) Angle-resolved reﬂection measurements for p- and s-polarization show a residual reﬂectance below 7%
for incident angles up to 50°. In p-polarization, the reﬂectance spectra
shift to lower wavelengths for higher incident angles, whereas the
spectral location of lowest reﬂectance in s-polarization remains
constant.

with our simulations (see Figure 2b,c). Small diﬀerences are
expected since the nanostructuring process, including evaporation, photoresist patterning, and etching, can introduce
impurities and defects into the system.
Exposing the sample to low hydrogen concentrations (e.g.,
2 vol % H2 in N2 or less) causes only small changes in the
minimum reﬂectance of the perfect absorber. However, a
distinct wavelength shift to higher wavelengths (about 9 nm)
and a slight decrease of the absorbance (Figure 4a, green line)
can be seen. Using higher hydrogen partial pressures (4 vol %
H2 in N2 and more) causes a pronounced change of the
reﬂectance spectrum. In addition to a wavelength red-shift of
about 13 nm, a dramatic spectral broadening of the reﬂection
proﬁle as well as a reﬂectivity increase from 1% to about 5%
(Figure 4a, red line) is visible. The strong relative intensity
changes of about 400% at the minimum reﬂectance wavelength,
induced by relatively small changes in environmental hydrogen
concentration, demonstrate the performance advantages of the
perfect absorber sensing scheme (Figure 4b). Since the
palladium/hydrogen interaction is reversible, the minimum
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resulting in a quasi-saturation of the sensor.39,40 The same
measurement is carried out for the sample in Figure 4, showing
a similar behavior (Figure S3 in the Supporting Information).
The stability of the sensor device over multiple gas exposure
cycles is conﬁrmed by carrying out a second measurement on
the same sample (see also Figure S3 in the Supporting
Information).
Full reﬂectance spectra illustrating the evolution of the
optical response during this hydrogen loading cycle are
displayed in Figure 5c. When the H2 loading starts, the Pd is
ﬁrst transformed into PdHx in the α-phase with x > 0.2. This
phase has diﬀerent optical properties than pure Pd but almost
no eﬀect on the lattice spacing between the palladium atoms,41
resulting in a small modiﬁcation of the perfect absorber’s
optical response (red-shift of the minimum reﬂectance).
Exposure to higher H2 partial pressures leads to a phase
change into the PdHx β-phase (x ≅ 0.7), which is accompanied
by a drastic change in nanoantenna volume of up to 12%42 in
addition to a change in the electronic and, therefore, dielectric
properties. The expansion seems to be dominated by a growth
in the direction perpendicular to the surface due the excellent
adhesion of Pd to the MgF2 spacer layer. This thickness
increase of the nanoantennas leads to an overall blue-shift of
the resonance.38
Figure 5d shows the equilibrium intensity changes of our
perfect absorber device at 1150 nm for diﬀerent H 2
concentrations. The minimum reﬂectance was extracted at
each H2 concentration step right before the subsequent
unloading process. At H2 concentrations below 3.5 vol %, we
observe a near-linear relation between the relative intensity
changes and the applied hydrogen concentration. Therefore, in
this concentration range, the system can be operated as a
quantitative sensor for hydrogen in the environment (blue
area). At higher concentrations, the amplitude stays mostly
constant and the system can still be utilized as a threshold
warning device (red area).
The fabricated plasmonic perfect absorber sensor can be
optimized for special applications where the fast response or
maximum wavelength shift to H2 exposure is required by using
other novel material such as yttrium,17 magnesium,18 and
titanium dioxide43 or by using direct contact palladium−gold
nanostructures.44,45

Figure 5. Time-resolved spectral response of the palladium based
plasmonic perfect absorber sensor during exposure to hydrogen gas.
(a) Color-coded plot of time-dependent reﬂectance spectra for
diﬀerent hydrogen concentrations (white colored bars). The sample
is exposed to diﬀerent hydrogen concentrations for 600 s and to pure
nitrogen for 2000 s after each hydrogen step. The time-step for the
recorded spectra is 15 s. (b) Time trace of the reﬂection of the largearea perfect absorber sensor at 1150 nm for diﬀerent hydrogen
concentrations. (c) Evolution of the reﬂectance spectra of the
plasmonic perfect absorber during 4 vol % H2 loading. The minimum
reﬂectance initially red-shifts (Pd in α-phase) and then shifts into the
blue with strongly increasing reﬂectance and broadening of the spectra,
when Pd transforms into the β-phase. (d) Relative intensity change of
the perfect absorber at diﬀerent hydrogen concentrations splitting the
functionality of the sample into a quantitative sensor region (blue area,
Pd in α-phase) and a threshold warning region for hydrogen
concentrations of 3% or more (red area, Pd in β-phase).

■

CONCLUSION

In summary, we have utilized laser interference lithography to
fabricate large-area palladium wire and square nanoantenna
arrays with excellent homogeneity, to realize plasmonic perfect
absorber sensors in the visible and near-infrared spectral
wavelength ranges. The fabricated perfect absorbers provide
near-zero reﬂection at speciﬁc design wavelengths, which
translates to almost 100% absorption of light. The working
wavelength of our perfect absorber can be tuned over a wide
range, as demonstrated by diﬀerent fabricated samples as well
as extensive scattering matrix simulations. Additionally, we
measured the optical response of our large-area sensor in the
presence of hydrogen and observed relative intensity changes of
up to 400% at hydrogen concentrations of above 3 vol % in N2.
The simplicity and versatility of our large-area and low-cost
fabrication process will enable the further development of
perfect absorber sensors into a fascinating tool for the optical
detection of small amounts of hydrogen or other trace gases in
a multitude of industrial applications.

depicted. The initial reﬂectance (at 37%) undergoes a 1%
decrease when applying a hydrogen concentration of 0.5 vol %
H2 in N2 and is further reduced when higher hydrogen
concentrations are applied. When exposing the sensor to
2 vol % of H2, a pronounced and slow change of the reﬂectance
is observed, which can be understood by considering the
hydrogen-induced phase-transition in palladium. In the case of
palladium nanoparticles, this transition between α- and β-phase
starts to occur at hydrogen partial pressures of about 20 mbar
(2 vol % H2 at atmospheric pressure) at room temperature.34,38
Through exposure to higher hydrogen partial pressures, the
palladium patches are fully transformed into the β-phase,
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