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d narrow groove plasmonic
nanogratings for highly sensitive hydrogen sensing

Senthil Subramanian,† Kamal Kumar† and Anuj Dhawan *

In this paper, we propose novel plasmonic hydrogen sensors based on palladium coated narrow-groove

plasmonic nanogratings for sensing of hydrogen gas at visible and near-infrared wavelengths. These

narrow-groove plasmonic nanogratings allow the incident light to be coupled directly into plasmonic

waveguide modes thereby alleviating the need for bulky coupling methods to be employed. We carried

out numerical simulations of the palladium coated narrow-groove plasmonic nanogratings using

rigorous coupled wave analysis (RCWA). When palladium is exposed to varying concentrations of

hydrogen gas, palladium undergoes phase transition to palladium hydride (PdHx), such that there are

different atomic ratios ‘x’ (H/Pd) of hydrogen present in the palladium hydride (PdHx) depending on the

concentration of the hydrogen gas. RCWA simulations were performed to obtain the reflectance spectral

response of the Pd coated nanogratings in both the absence and presence of hydrogen, for various

atomic ratios ‘x’ (x � 0.125 to 0.65) in palladium hydride (PdHx). The results of the RCWA simulations

showed that as the dielectric permittivity of the palladium (Pd) thin film layers in between the adjacent

walls of the plasmonic nanogratings changes upon exposure to hydrogen, significant shifts in the

plasmon resonance wavelength (maximum Dl being �80 nm for an increase in the value of the atomic

ratio ‘x’ from 0 to 0.65) as well as changes in the differential reflection spectra are observed. The

structural parameters of these Pd coated narrow groove nanogratings—such as the nanograting height,

gap between the nanograting walls, thickness of the palladium layer, periodicity of the nanogratings—

were varied to maximize the shift in the plasmon resonance wavelength as well as the differential

reflectance when these nanostructures are exposed to different concentrations of hydrogen (i.e. for

different atomic ratios ‘x’ in PdHx).
Introduction

Over the last decade, hydrogen has emerged as a promising
clean and sustainable alternative to fossil fuels. One of the risks
in employing hydrogen in fuel cells and energy-storage systems
is that it is explosive at concentrations above 4%. Hence, the
development of highly sensitive and specic sensors for detec-
tion of hydrogen is imperative. Conventional hydrogen sensing
is primarily carried out by employing electrochemical sensors.1,2

On the other hand, optical sensing of hydrogen is intrinsically
safer and has immunity to electromagnetic interference.

In contrast to traditional optical technologies,3,4 hydrogen
sensors that employ plasmonic properties of metallic nano-
structures (such as surface plasmon resonance (SPR) and local-
ized surface plasmon resonance (LSPR)5–17) have recently gained
a lot of attention. In the past few years, several plasmonic sensors
for detection of hydrogen have been proposed such as SPR
sensors based on prism coupling and grating coupling as well as
Institute of Technology Delhi, Hauz Khas,
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optical bre based SPR sensors.9,11,12,15,18–21 Several LSPR based
hydrogen sensors8,10,16—based on plasmonic nanostructures
such as nanoantennas, nanoshells, nanodisks, nanocylinders
dimer etc.—have also recently been proposed. Sensors based on
plasmonic nanostructures and thin lms are characterized by
highly sensitivity to minute changes of dielectric permittivity of
the surrounding medium and very small sensing volumes.
Additionally, strong enhancement of the electromagnetic elds
at the metallic surface enables sensitive detection.

Palladium has been employed as an active sensing element
in hydrogen sensing due to its attractive features such as ability
to selectively adsorb hydrogen22,23 and to reversibly form palla-
dium hydride. Plasmonic sensors based on LSPR of only
palladium nanoparticles or nanostructures suffer from broad
plasmon resonance spectra. On the other hand, plasmonic
sensors based on a combination of palladium and gold nano-
structures have recently gained importance, and high sensitiv-
ities have been demonstrated in these sensors.8,10,14,16,24,25

In this work, we present numerical modelling and analysis of
plasmonic sensors based on palladium coated narrow groove
plasmonic nanogratings for sensing of hydrogen gas at visible and
near-infrared wavelengths. As narrow groove plasmonic
RSC Adv., 2020, 10, 4137–4147 | 4137
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Fig. 1 (a) Schematic of a palladium (Pd) coated narrow groove gold
nanogratings employed for hydrogen sensing. The schematic illus-
trates the important structural parameters of these nanogratings. ‘P’,
‘H’ and ‘t’ indicate the nanograting periodicity, the nanograting height,
and the thickness of the Pd layer, respectively, while ‘G’ indicates the
gap between the nanogratings. The incident and reflected radiations
are indicated by symbols ‘I’ and ‘R’, respectively. When Pd is exposed to
varying concentrations of hydrogen gas, it undergoes phase transition
to palladium hydride (PdHx), such that there are different atomic ratios
‘x’ (H/Pd) of hydrogen present in PdHx depending on the concentra-
tion of the hydrogen gas. (b) Reflectance (R) spectra from the nano-
gratings calculated before any hydrogen exposure (i.e. for PdHx¼0) and
after exposure to varying concentrations of hydrogen, i.e. for different
atomic ratios ‘x’ in PdHx (x varying from 0.125 to 0.65). (c) Differential
reflectance (DR) spectra from the nanogratings for different atomic
ratios ‘x’ present in PdHx (x varying from 0.125 to 0.65). In (b) and (c),
periodicity, P ¼ 100 nm, groove height, H ¼ 250 nm, groove gap G ¼
5 nm, and thickness, t ¼ 4 nm were taken.
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nanogratings allow the incident light to be coupled directly into
plasmonic waveguide modes (in the gaps between the adjacent
walls of the plasmonic nanogratings), there is no need for bulky
coupling methods (such as prism coupling) to be employed.
Moreover, for certain dimensions of the narrow groove plasmonic
nanogratings, multiple plasmonic waveguide modes can be excited
in these nanogratings for both normal and angular incidence of
light, leading to multiple plasmon resonance related dips in the
reection spectra. The excellent plasmonic properties of narrow
groove plasmonic nanogratings have attracted immense research
interest in the last few years. Narrow groove plasmonic nano-
gratings have been employed for the highly sensitive detection of
the dielectric permittivity of the medium surrounding the plas-
monic lms.26

The plasmonic waveguide modes of narrow groove plasmonic
nanogratings lead to high connement of EM elds inside the gap
between the nanogratings. As the dielectric permittivity of the
region in between the adjacent walls of the plasmonic nanogratings
is varied, signicant changes in the plasmon resonance wavelength
as well as in the differential reection spectra are observed. Placing
a thin lm layer of an active sensing element such as palladium on
the surface of the plasmonic nanogratings is expected to lead to
a signicant shi in the plasmon resonance wavelength spectra (as
well as higher values of differential reectance) when palladium
hydride is reversibly formed upon exposure to hydrogen gas. This
results from the changes in the dielectric permittivity of the palla-
dium thin lm layer (when it reversibly changes to palladium
hydride) occurring in the region of high EM elds conned inside
the narrow grooves of the nanograting. Moreover, varying the
structural parameters of the narrow groove plasmonic nanogratings
allows tuning of the plasmonic modes, such that these plasmonic
sensors could be employed for hydrogen detection at multiple
spectral regions (visible and infrared).

The sensitivity of our sensors was calculated by determining the
shi in the plasmon resonance wavelength (Dl) for a 4 vol%
increase in the concentration of H2 gas around the sensor, which
has been used traditionally for comparing sensitivities of plasmonic
hydrogen sensors.8,10,14 In this paper, the maximum value of the
plasmon resonance wavelength shi (Dl) of �80 nm was obtained
for a change of the atomic ratio ‘x’ (in PdHx) from x¼ 0 to x¼ 0.65
(x ¼ 0.65 corresponds to a concentration of 4 vol% H2 gas). The
values of Dl (for change of x from 0 to 0.65) reported in this paper
are higher than those reported thus far for plasmonic hydrogen
sensors and illustrate that the plasmonic sensors being proposed by
us are highly sensitive.8,10,14–16 The narrow groove plasmonic nano-
gratings being proposed by us allow normally incident light (or light
at angled incidence) to be coupled directly into plasmonic wave-
guidemodes. Therefore, there is no need for employing bulky prism
coupling mechanisms to couple light into surface plasmon polar-
itons (such as those used in Kretschmann or Otto congurations).
Moreover, the stringent requirements for coupling of the light into
surface plasmon polaritons in the Kretschmann or Otto congura-
tions are relaxed as both normally incident light and light incidence
at an angle to the normal (for a large range of angles) can couple to
surface plasmonmodes in the narrow groove nano-gratings. Hence,
the hydrogen sensors based palladium coated narrow-groove plas-
monic nanogratings are expected to be highly sensitive and robust.
4138 | RSC Adv., 2020, 10, 4137–4147
Methods

Fig. 1(a) shows the schematic of the nanoplasmonic hydrogen
sensors being proposed in this paper, with a thin layer of
palladium (Pd) coated on narrow-groove Au nanogratings (with
the gap or groove size lying between 2 nm and 20 nm). The thin
Pd layer adsorbs and desorbs gas upon exposure to hydrogen,
and undergoes phase change to palladium hydride (PdHx),
where x is the atomic ratio (H/Pd) in PdHx and depends on the
concentration of the hydrogen gas. Consequently, its optical
properties like the dielectric permittivity also change upon
phase change to PdHx. It has to be noted that normally or
angularly incident light couples directly to multiple plasmonic
waveguide modes inside the plasmonic nanograting structure.
As can be seen from Fig. 1, light can be directly coupled to
plasmonic waveguide modes inside the narrow grooves, thereby
enhancing the electric eld intensity inside the grooves. These
waveguide-modes are highly localized inside the gaps between
the walls of the plasmonic nanogratings. Hence, one can
observe a signicant shi in the reection spectra and an
This journal is © The Royal Society of Chemistry 2020
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increase in the differential reectance spectra, when the Pd thin
lm layer undergoes a phase change to form a PdHx layer.

1-D rigorous coupled wave analysis (RCWA), a semi-classical
numerical modelling approach, was employed for modelling of
the narrow-groove plasmonic nanogratings being proposed in
this paper. In our simulations, TM polarized light (for different
wavelengths of interest) was incident normally on the top surface
of the narrow groove nanogratings. Simulations using RCWA
were performed to obtain the reectance spectral response of the
nanostructures in both the absence and presence of hydrogen,
for various atomic ratios ‘x’ (x� 0.125 to 0.65). The total reected
power—reectance (diffraction efficiency)—of pure palladium
exposed to varying concentrations of hydrogen were computed
for the narrow-groove nanogratings. Hydrogen detection in the
nanograting is primarily based on the measure of changes in
reectance signal in the presence and absence of hydrogen. In
this work the different dimensions of the nanogratings—such as
gap, height, thickness and periodicity—were varied, to study the
effect of these parameters on the coupling of the incident light
into plasmonic waveguide modes.

The narrow-groove plasmonic nanogratings being proposed in
this paper consist of groove gaps ‘G’ lying between 3 nm and
10 nm. The thicknesses of thin palladium layers were taken to be
‘t’¼ 2 nm, 3 nm, 4 nm, and 6 nm. Similarly, the groove height ‘H’
was taken to be 25 nm, 50 nm, 100 nm, and 250 nm. The number
of harmonics in the simulations was taken to be 5. Moreover, we
accounted for the material dispersion for the metallic materials
(gold and palladium) employed in our nanogratings. In our
simulations, a broad band polychromatic light source (l ¼
380 nm to 1699 nm, with a resolution of 0.1 nm) was incident
normally on the nanogratings and the intensity spectrum of the
reected light is investigated in the presence and absence of
hydrogen on palladium. The tunability of the nanogratings allows
the usage of different light sources such as light emitting diodes
Fig. 2 Optical constants of Pd in the unhydrided and hydrided states. Sp
coefficient (k) of the unhydrided state of Pd (PdHx¼0) and hydrided states
phase) and PdHx¼0.65 (b phase) are taken from ref. 29. The values of n an
from Bruggeman's effective medium approximation.

This journal is © The Royal Society of Chemistry 2020
(LEDs) and lasers. Through the output of the simulations (i.e.
through reectance spectra), certain parameters such as plasmon
resonance wavelength shi (Dl) and differential reectance (DR)
as a function of the wavelength were computed for varying
concentrations of hydrogen as these parameters provide
a measure of sensitivity of the plasmonic hydrogen sensors.
Results and discussion

It can be observed from Fig. 2(a) that the real part of the refractive
index (n) of palladium hydride is larger than that of palladium for
short wavelengths (in the range from 400 nm to 650 nm) and
smaller for long wavelengths (650 nm to 1600 nm). Moreover, it
can be observed from Fig. 2(b) that the imaginary part of the
refractive index (k) of palladium decreases upon hydrogenation.
Therefore, palladium hydride has a higher real part of the
permittivity (31 ¼ n2 � k2) as compared to palladium and a lower
imaginary part of the permittivity (32 ¼ 2nk). This can be
explained on the basis of the fact that the adsorption of hydrogen
in palladium, resulting in the formation of palladium hydride,
leads to an increase in its volume and an ensuing decrease in the
free electron density.27 The formation of palladium hydride also
leads to a decrease in the plasma frequency and an increase in
the Fermi energy.28 The free electron density decreases as the
concentration of hydrogen in palladium hydride increases.
Hence, the formation of palladium hydride leads to an increase
in the real part and a decrease in the imaginary part of the
permittivity.18 We can observe from Fig. 3 that the plasmon
resonance related dips in the reectance spectra shi to longer
wavelengths upon hydrogenation of palladium. It can be seen
that the dips in the reectance spectra red-shi as the atomic
ratio of hydrogen to palladium (x) in palladium hydride (PdHx)
increases from x ¼ 0 to x ¼ 0.65. The red-shi in position of the
plasmon resonance related dips in the reection spectra can be
ectral dependence of: (a) the refractive index (n) and (b) the extinction
of Pd (x varying from 0.125 to 0.65). The values of n and k of pure Pd (a
d k for other concentrations of palladium hydride (PdHx) are calculated

RSC Adv., 2020, 10, 4137–4147 | 4139
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Fig. 3 Effect of groove gap ‘G’ on the plasmon resonance dips in the reflectance spectra for narrow groove nanogratings before and after
exposure to varying concentrations of hydrogen. These reflectance spectra show different plasmon waveguide modes (M1 and M2) that are
coupled into the nanogratings. Effect of nanograting groove gap on the reflectance spectra is shown for the following values of ‘G’: (a) 3 nm, (b)
5 nm, (c) 8 nm, (d) 10 nm. In all the cases above periodicity, P ¼ 100 nm, groove height, H ¼ 250 nm and thickness, t ¼ 4 nm were taken.
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attributed to a change in the dielectric permittivity of the palla-
dium layer upon adsorption of hydrogen.14,18 Moreover, we can
observe from Fig. 3 that the plasmon resonance related dips in
the reectance spectra red-shi as the gaps between the adjacent
walls of the narrow groove nanogratings decrease.

As the gap between the nanogratings is decreased, the
distance between the adjacent plasmonic nanograting walls
also decreases, thereby leading to a decrease in the restoring
force acting on the conduction band electrons of the plasmonic
materials. This result in a decrease in plasma frequency, which
in turn leads to an increase in the plasmon resonance wave-
length associated with the nanogratings. We also observe from
Fig. 3(a)–(d) that the number of plasmon resonance related dips
in the reectance spectra increase as the gaps between the
adjacent walls of the narrow groove nanograting are decreased.
As the gaps between the plasmonic nanogratings is decreased,
the incident light can effectively get coupled into a greater
number of plasmonic waveguide (MIM)modes in the plasmonic
waveguides formed by palladium-coated gold nanogratings.
Hence, hydrogen sensing using the narrow-groove plasmonic
nanogratings can be carried out in the near-infrared and visible
wavelengths. Moreover, hydrogen sensing can be carried out at
multiple wavelengths, which allows the use of multiple lasers
(or LEDs) and photodetectors to be employed for carrying out
sensing without the use of spectrometer.
4140 | RSC Adv., 2020, 10, 4137–4147
It can be seen from Fig. 4 and Table 1 (see Appendix A) that the
red-shis (Dl) in the plasmon resonance related dips as well as the
differential reectance (DR)—for the different plasmonic modes
as the ratio of hydrogen to palladium (x) in palladium hydride
(PdHx) increases from x¼ 0 to x¼ 0.65—increase with an increase
in the gap between the nanogratings, ‘G’ up to a certain value of G
¼ 10 nm and decrease aer that. It has to be noted that the
differential reectance (DR) can be calculated by taking a differ-
ence of the reectance spectra of Pd-coated gold nanogratings
from that of PdHx-coated gold nanogratings. As the gap increases
above 10 nm, incident light does not couple well into the plas-
monic waveguide (MIM) modes, which leads to less enhancement
of the EM elds in between the walls of the plasmonic nano-
gratings. This explains the decrease in the values of both the Dl

and the differential reectance (DR). On the other hand, there is
an optimal value of gap ‘G’ (10 nm) below which the coupling of
the incident light to the plasmonic waveguide modes is not
effective, thereby leading to a lower value of Dl and DR.

In the paper, we are also employing differential reectance
(DR) to quantify the changes in spectra aer the adsorption of
hydrogen in the palladium layer (resulting in the formation of
palladium hydride, PdHx) on the plasmonic nanogratings as
compared to calculating the shis in the plasmon resonance
wavelengths. This is because, in some practical scenarios,
measurements of shis in the plasmon resonance wavelength
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Schematic illustrating the Pd–Au nanogratings for the effect of changing groove gap ‘G’ of the nanogratings (b) hydrogen-induced shift
in resonance wavelength (Dl) versus hydrogen concentration ‘x’ for plasmonmodes (M1 andM2) for the effect of varying gap of the nanogratings.
Differential reflectance versus wavelength curves for Pd coated nanogratings – with 100 nm periodicity, 250 nm groove height and 4 nm
thickness – exposed to varying concentrations of hydrogen. Effect of nanograting groove gap on the amplitudes of differential reflectance
spectra is shown for the following values of ‘G’: (c) 3 nm, (d) 5 nm, (e) 8 nm, (f) 10 nm.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 4137–4147 | 4141
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Fig. 5 (a) Schematic of nanoplasmonic sensing of H2 for the effect of changing height ‘H’ of the nanogratings, (b) plasmon resonance wave-
length shift upon hydrogen uptake of the nanograting for the effect of varying height of the nanogratings. Differential reflectivity signal consisting
of positive and negative component (peak) against wavelength for nanogratings having the following values of groove height ‘H’: (c) 25 nm, (d)
50 nm, (e) 100 nm, (f) 250 nm – with 100 nm periodicity, 3 nm groove gap and 2 nm thickness.
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are difficult as one needs to rst accurately determine the
position of the plasmon resonance dips. The measurements of
shis in the plasmon resonance wavelengths become very
difficult when very small shis in the plasmon resonance
wavelength occur. On the other hand, calculation of the differ-
ence between the spectra for the cases aer and before the
adsorption of hydrogen in palladium is easy and the quanti-
cation of the differential reectance can be carried out either by
4142 | RSC Adv., 2020, 10, 4137–4147
calculating the peak differential reectance or by determining
the differential reectance amplitude. Moreover, calculation of
differential reectance is better for surface plasmon resonance
imaging as the differential of the images can be taken for the
cases aer and before the adsorption of hydrogen in the palla-
dium layer over-coating the narrow groove plasmonic
nanogratings.
This journal is © The Royal Society of Chemistry 2020
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We also varied the height of the nanogratings and observed that
as the height of the nanogratings is increased, more number of
plasmon modes starts appearing (as shown by Fig. 5(f) and 9(d) in
Appendix B). As the height of the plasmonic nanogratings is
increased, the incident light can effectively get coupled into
a greater number of plasmonic waveguide (MIM)modes formed by
Fig. 6 (a) Schematic of nanoplasmonic sensing of H2 for the effect of
plasmon resonance wavelength shift upon hydrogen uptake of the nanog
consisting of positive and negative component (peak) against wavelength
(d) 3 nm, (e) 4 nm, (f) 6 nm – with 100 nm periodicity, 10 nm groove ga

This journal is © The Royal Society of Chemistry 2020
the palladium-coated gold nanogratings. Hence, hydrogen sensing
using these plasmonic nanogratings can be carried out at multiple
wavelengths. We also optimized the height ‘H’ of the plasmonic
nanogratings and found that the highest shi in the plasmon
resonance wavelength as well as the highest differential reectance
occurs in the case of the nanogratings with a height of 25 nm.
changing thickness ‘t’ of the palladium layer of the nanogratings (b)
ratings for different values of thickness, ‘t’. Differential reflectivity signal
for nanogratings having the following values of thickness ‘t’: (c) 2 nm,

p and 100 nm height of the nanogratings.
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Fig. 7 The shift (Dl) in plasmon resonance dips in the reflectance spectra for narrow groove nanogratings before and after exposure to varying
concentrations of hydrogen, when the value of the thickness ‘t’ of the palladium layer over-coating the nanogratings is: (a) 8 nm and (b) 10 nm. In
these cases, the following parameters of the narrow groove nanogratings were taken: periodicity, P ¼ 100 nm, the groove height, H ¼ 100 nm,
and the nanograting groove gap, G ¼ 10 nm. (c) The effect of changing the thickness ‘t’ of the palladium layer on the shift (Dl) in plasmon
resonance wavelength.

Fig. 8 Reflectance (R) and differential reflectance (DR) plots are
provided for spectral interrogation for varying angles of incidence on
the narrow groove nanogratings. R and DR calculations are carried out
for the following values of angles of incidence ‘q’ (a and b) 0�, (c and d)
30�, (e and f) 60�. For all the above cases groove gap,G¼ 3 nm, height,
H ¼ 250 nm, periodicity, P ¼ 100 nm and thickness, t ¼ 4 nm were
taken.
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We observe from Fig. 6 and 7 that the shi in the plasmon
resonance wavelength and the differential reectance amplitude
(peak maxima) increase with an increase in the thickness ‘t’ of
the Pd layer surrounding the plasmonic nanogratings. This can
be explained on the basis that the dielectric permittivity changes
in a greater proportion of the region between the gold nano-
gratings when the thickness of the palladium layer is increased
while keeping the gap ‘G’ between the adjacent palladium side-
walls to be constant at 10 nm. We can also observe from Fig. 6
that the differential reectance shis towards longer wavelengths
when the thickness ‘t’ of the palladium layer is decreased. As the
thickness of the palladium layer is decreased, the effective gap
between the adjacent sidewalls of the gold nanogratings
decreases, thereby leading to a decrease in the restoring force
acting on the conduction band electrons of the plasmonic
materials. This results in a decrease in plasma frequency, which
in turn leads to an increase in the plasmon resonance wavelength
associated with the nanogratings.

The values of sensitivity of the sensors being described in this
paper—in terms of plasmon resonance wavelength (Dl) for
a 4 vol% increase in the concentration of H2 gas around the
sensor, i.e. for a change of the atomic ratio ‘x’ (in PdHx) from x ¼
0 to x ¼ 0.65—are higher than those reported thus far for plas-
monic hydrogen sensors. It can be seen from Fig. 7 that the
maximum value of the plasmon resonance wavelength shi (Dl)
of �80 nm can be obtained for the optimized geometry of the
narrow groove plasmonic nanogratings. Moreover, the maximum
value of differential reectance (DR) of �0.12 was obtained for
a change of the atomic ratio ‘x’ (in PdHx) from x ¼ 0 to x ¼ 0.65.

We can observe from Fig. 8 that not only normally incident
light (q ¼ 0�) couples into the plasmonic waveguide modes, but
also light incident at different non-zero angles. This can enable
easier characterization of these palladium-coated plasmonic
nanogratings. Another parameter which could be employed to
ne-tune the shi in the plasmon resonance wavelength is the
periodicity ‘P’ of the plasmonic nanogratings (as shown in
Appendix C, Fig. 10). The gold nanogratings described in our
work can be fabricated either using nanoimprint lithography,30,31

deep UV lithography, or electron beam lithography. The thin
4144 | RSC Adv., 2020, 10, 4137–4147 This journal is © The Royal Society of Chemistry 2020
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palladium layer can be deposited over the gold nanostructures in
a conformal manner using atomic layer deposition.32
Conclusions

We have proposed plasmonic sensors based on palladium
coated narrow-groove plasmonic nanogratings for sensing of
hydrogen gas at visible and near-infrared wavelengths. The
results of the RCWA simulations showed that as the dielectric
permittivity of the palladium thin lm layers in between the
plasmonic nanogratings is varied upon exposure to hydrogen
gas, signicant changes in the plasmon resonance wavelength
as well as in the differential reection spectra are observed.
Table 1 Effect of atomic ratio ‘x’ (H/Pd) in palladium hydride (PdHx)—in the palladium coated narrow groove plasmonic nanogratings—on the
shift in the plasmon resonance wavelength (Dl) for mode 1 for different values of the groove gap, G. In all the cases, nanograting periodicity, P ¼
100 nm, height, H ¼ 250 nm and thickness, t ¼ 4 nm were taken

Atomic ratio ‘x’
in PdHx G ¼ 3 nm G ¼ 5 nm G ¼ 8 nm G ¼ 10 nm G ¼ 15 nm G ¼ 20 nm G ¼ 25 nm

x ¼ 0.125 Dl ¼ 3 nm Dl ¼ 3.4 nm Dl ¼ 4.3 nm Dl ¼ 4.7 nm Dl ¼ 4.4 nm Dl ¼ 3.7 nm Dl ¼ 3.8 nm
x ¼ 0.250 Dl ¼ 6.1 nm Dl ¼ 7.2 nm Dl ¼ 7.9 nm Dl ¼ 8.5 nm Dl ¼ 8.5 nm Dl ¼ 7.2 nm Dl ¼ 7.1 nm
x ¼ 0.333 Dl ¼ 8.2 nm Dl ¼ 8.9 nm Dl ¼ 10.4 nm Dl ¼ 11.2 nm Dl ¼ 10.8 nm Dl ¼ 9.4 nm Dl ¼ 8.9 nm
x ¼ 0.500 Dl ¼ 12.6 nm Dl ¼ 13 nm Dl ¼ 14.1 nm Dl ¼ 15.5 nm Dl ¼ 14.7 nm Dl ¼ 13 nm Dl ¼ 12.8 nm
x ¼ 0.65 Dl ¼ 25.1 nm Dl ¼ 22 nm Dl ¼ 24 nm Dl ¼ 25.6 nm Dl ¼ 24.1 nm Dl ¼ 21.5 nm Dl ¼ 21 nm

Fig. 9 (a–d) Effect of varying groove height, H, on reflectance spectra
calculated from nanoline grating structure for unhydrided and hydrided
states of Pd. These spectra show different plasmon waveguide modes
(M1, M2, M3, M4) for varying heights of the nanograting. Effect of nano-
grating groove height on the reflectance versus wavelength curves
calculated for the following values of groove height ‘H’: (a) 25 nm, (b)
50 nm, (c) 100 nm, (d) 250 nm. For all the cases above groove gap, G ¼
3 nm, periodicity, P ¼ 100 nm and thickness, t ¼ 2 nm were taken.
When palladium is exposed to varying concentrations of
hydrogen gas, palladium undergoes phase transition to palla-
dium hydride (PdHx), such that there are different atomic ratios
‘x’ (H/Pd) of hydrogen present in the palladium hydride (PdHx)
depending on the concentration of the hydrogen gas. RCWA
simulations were performed to obtain the reectance spectral
response of the Pd coated nanogratings in both the absence and
presence of hydrogen, for various atomic ratios ‘x’ (x � 0.125 to
0.65) in palladium hydride (PdHx). The structural parameters of
these Pd coated narrow groove nanogratings—such as the
nanograting height, gap between the nanograting walls, thick-
ness of the palladium layer, periodicity of the nanogratings—
were varied to maximize the shi in the plasmon resonance
wavelength as well as the differential reectance when these
nanostructures are exposed to different concentrations of
hydrogen (i.e. for different atomic ratios ‘x’ in PdHx). The
maximum values of the plasmon resonance wavelength shi
(Dl) and differential reectance (DR) of �80 nm and 0.12,
respectively, were obtained for a change of the atomic ratio ‘x’
(in PdHx) from x ¼ 0 to x ¼ 0.65. The values of Dl (for change of
x from 0 to 0.65) reported in this paper are higher than those
reported thus far for plasmonic hydrogen sensors and illustrate
the high sensitivity of these plasmonic sensors.

It was also observed that the plasmon resonance related dips
in the reectance spectra red-shi as the gaps between the adja-
cent walls of the narrow groove nanogratings decrease. Moreover,
we observe that the number of plasmon resonance related dips in
the reectance spectra increase as the gaps between the adjacent
walls of the narrow groove nanograting are decreased. Moreover,
as the height of the plasmonic nanogratings is increased, the
This journal is © The Royal Society of Chemistry 2020
incident light can effectively get coupled into a greater number of
plasmonic waveguide (MIM) modes formed by the palladium-
coated gold nanogratings, leading to multiple plasmon reso-
nance related dips in the reection spectra. This allows these
plasmonic sensors to be employed for hydrogen detection at
multiple spectral regions (visible and infrared). We also observed
that not only normally incident light couples into the plasmonic
waveguide modes, but also light incident at different non-zero
angles which can enable easier characterization of these
palladium-coated plasmonic nanogratings.
Appendix A
Appendix B
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Appendix C
Fig. 10 Effect of periodicity, P, of the narrow groove plasmonic
nanogratings on the (a–e) reflectance versus wavelength curves for
the nanograting. (f) Shift in resonance wavelength as a function of
varying concentration of hydrogen. Effect of periodicity on the
reflectance spectra and shift in resonance wavelength is shown for the
following values of ‘P’: (a) 100 nm, (b) 125 nm, (c) 150 nm, (d) 200, (e)
250 nm. In all the cases above groove gap, G ¼ 10 nm, height, H ¼
250 nm and thickness, t ¼ 4 nm were taken.
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