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ABSTRACT

In this thesis, we have proposed 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 (PdHy), 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
changes in the plasmon resonance wavelength as well as 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). These sensors



being proposed by us displayed greater sensitivity and higher differential reflectance than most
of the currently available plasmonic hydrogen sensors.

Moreover in this thesis, we have demonstrated plasmonic sensing of hydrogen based on 2-D
palladium-gold nanoshell cylinders. These nanostructures consist of gold nanocylinders as the
core and an over-coating of a palladium shell layer that acts as a sensing layer for the detection
of hydrogen. The optical simulations were performed using Rigorous coupled wave analysis
(RCWA). The changes in the dielectric permittivity of palladium upon adsorbing different
concentrations of hydrogen changes the reflectance spectra from these plasmonic nanostructures.
We also optimized the geometrical parameters of the nanoshell cylinders such as gap and height
of the nanoshell to maximize the sensitivity of these sensors.

Finally, we have proposed novel hydrogen sensors based on gold-yttrium nanogratings, with
the yttrium nanogratings being capped with platinum. The gold-yttrium based nanogratings act
as plasmonic waveguides that allow normal incident radiation coupled into the plasmonic
waveguide modes. To understand the sensing behaviour of the gold-yttrium nanogratings to
hydrogen uptake we have performed the simulations of the nanostructures using Rigorous
Coupled Wave Analysis (RCWA) numerical method. As the yttrium layer absorbs hydrogen gas
upon exposure, its optical properties — mainly the dielectric permittivity — changes upon
absorption of the hydrogen gases. A thin layer of metallic yttrium (Y) on absorbing hydrogen gas
makes a nonreversible phase transition from to yttrium dihydride (YH2) which has a metallic
phase and a higher conductivity than yttrium. On further absorption of hydrogen, yttrium
dihydride (YH2) undergoes a reversible phase transition from the metallic state to the
semiconducting state (yttrium trihydride, i.e. YHs). The changes in the optical properties

influence the reflectivity characteristics of thin yttrium in the absence and presence of hydrogen,



which thereby is exploited for sensing different atomic ratios of hydrogen (H/Y). In this work,
the sensing of various atomic ratios of hydrogen are based on spectral interrogation method of
the nanostructure. The nanostructures employed for hydrogen sensing demonstrated high
detection sensitivity which is measured as a large shift in the resonance wavelength (AL) and

high differential reflectance amplitude (AR).
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all the cases above groove gap, G = 3 nm, periodicity, P = 100 nm and thickness, t = 2 nm were taken.................... 76

Fig. 4.9. Effect of periodicity, P, of the narrow groove plasmonic grating 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 = 10 nm,
height, H = 250 nm and thickness, t = 4 NM WETE taKEN. .........coeiiiiie et 77

Chapter 5

Fig. 5.1. (a) Schematic showing a 2D array of nanoshells having a gold core coated with thin palladium layer (shell)
present on a gold substrate. Normally incident light is coupled into plasmonic modes in this nanostructure. The
geometrical parameters indicated in the schematic are: gap, ‘g’, height of the nanoshell,”H’, periodicity, ‘P’, and
thickness,’t’ of the palladium shell. Palladium (a transition metal) changes to semiconducting palladium hydride

(PdHy) upon adsorbing hydrogen, where x is the atomic ratio of hydrogen in PdHy and lies between 0.125 to 0.65. 83

Fig. 5.2. Plot showing the effect of gap ‘g’ of the 2D grating on the plasmon resonance dips in the reflectance

spectra before and after exposure to varying concentrations of hydrogen. These reflectance spectra show a single ..84

Fig. 5.3. (a) Schematic illustrating a 2D array of Pd-Au nanoshell cylinders, (b) Hydrogen-induced shift in

resonance wavelength (A)L) versus hydrogen atomic ratio ‘x’, for different gaps between the nanoshell cylinders. (c)-
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(f) Differential reflectance versus wavelength curves for the Pd nanoshells — with 100 nm periodicity, 250 nm
height and 4 nm thickness — exposed to varying concentrations of hydrogen (i.e. having different hydrogen atomic

ratios ‘x’). Effect of gap between the nanoshell cylinders on the amplitudes of differential reflectance (AR) is shown
for different values of ‘g’: (¢) 3 nm, (d) 5 nm, (€) 8 NM, () L0 NM. .ooiviiiiiiii e 85

Fig. 5.4. (a) Schematic illustrating a 2D array of Pd-Au nanoshell cylinders employed for hydrogen sensing, (b)
Hydrogen-induced shift in resonance wavelength (AL) versus hydrogen atomic ratio ‘x’, for different heights 'H' of
the nanoshell cylinders. (c)-(f) Differential reflectance versus wavelength curves for the Pd nanoshells — with 100
nm periodicity 'P', 3 nm gap 'g' and 2 nm thickness 't' — exposed to varying concentration of hydrogen (i.e. having
different hydrogen atomic ratios ‘x’). Effect of height of the nanoshell cylinders on the amplitudes of differential
reflectance (AR) is shown for different values of ‘H’: (c) 50 nm, (d) 250 NML.....coeiiiriiiiiineiieee e 87

Fig. 5.5. (a) Schematic illustrating a 2D array of Pd-Au nanoshell cylinders employed for hydrogen sensing, (b)
Hydrogen-induced shift in resonance wavelength (A)L) versus hydrogen atomic ratio ‘x’, for different thicknesses of
the Pd layer in the nanoshell cylinders. (c)-(f) Differential reflectance versus wavelength curves for the Pd
nanoshells — with 100 nm periodicity 'P', 10 nm gap 'g' and 100 nm height 'H' — exposed to varying concentration
of hydrogen (i.e. having different hydrogen atomic ratios ‘x’). Effect of thickness of the Pd layer on the amplitudes

of differential reflectance (AR) is shown for different values of ‘t’: (¢) 2 nm, (d) 3 nm, (¢) 4 nm, (f) 6 nm. .............. 88

Fig. 5.6. (a) Schematic illustrating a 2D array of Pd-Au nanoshell cylinders employed for hydrogen sensing, (b)
Reflectance spectra showing on-resonance and off-resonance wavelengths, (c-d) Spatial Electric-field enhancement
amplitudes (x-z) maps at on-resonance wavlengths and at (e-f) off-resonance wavelengths, for hydrogen atomic
ratios x = 0.65 and x = 0. The optimized parameters of gap ‘g’ of 10 nm, height ‘H’ of 250 nm, periodicity, P’ of

100 nm and thickness ‘t” of the palladium shell of 4 nm were taken for the simulation. ............ccooeeevviiviiiiinninnnnns 89

Fig. 5.7. Differential reflectance spectra of the palladium gold nanoshell cylinders for different values of the
diameters of the gold cylinders. The RCWA simulations are performed by varying the diameters of the gold
nanoshell cylinders, while taking a constant gap ‘g’ of 10 nm, height ‘H’ of 250 nm, and thickness of the palladium
layer ‘t” of 10 nm of the palladium gold nanoshell CYlNAErs. ..........ccooiiiiiiiiiiiiei e 90

Fig. 5.8. Results of RCWA simulations showing the effect of varying the heights 'H' of the nanoshell cylinders. The
simulations are carried out for different heights ‘H’ (25 nm, 50 nm, 100 nm and 250 nm) by keeping the gap ‘g =10

nm’, periodicity ‘P = 100 nm’ and thickness of palladium ‘t =4 nm’ to be constant............c.ccoeeerrverreiriirninieneens 92

Chapter 6

Fig. 6.1. Schematic diagram of a plasmonic waveguide nanostructure (having yttrium capped with platinum)
employed for plasmon based hydrogen sensing. Yttrium on absorbing hydrogen becomes yttrium hydride. Yttrium
dihydride (YH2) being a metallic state is embedded between gold and air and also has a thin layer of platinum (~ 5
nm to 8 nm) capped on top of YH,, that serves as catalyst for diffusing hydrogen in to YH,. YHy is exposed to

different concentrations of hydrogen gas (X = H/Y = 1.810 2.9)....cviiiiiiiiiiiierere e 94
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Fig. 6.2. Effect of gap ‘Gair” & width of YH on the plasmon resonance dips in the reflectance spectra for plasmon
waveguide before and after exposure to varying concentration of hydrogen (x = H/Y = 1.8 to 2.9). Effect of gap on
the reflectance spectra is shown for the following values of ‘Gair’: 0 nm (a-b), 10 nm (c-d), dy = 3 & 12 nm having

the following height, H of 50 nm, width of Au,’day= 50 nm and 5 nm thickness of platinum capped on top of YH. 96

Fig. 6.3. Effect of gap ‘GAir’ & width of YH on the plasmon resonance dips in the reflectance spectra for plasmon
waveguide before and after exposure to varying concentration of hydrogen (x = H/Y = 1.8 to 2.9). Effect of gap on
the reflectance spectra is shown for the following values of ‘GAir’: 0 nm (a-b), 10 nm (c-d) dy = 3 & 12 nm having

the following height, H of 200 nm, width of Au,’dAu = 50 nm and 5 nm thickness of platinum capped on top of YH.

Fig. 6.4. (a) Schematic illustrating the YH-Au waveguide for the effect of changing air gap ‘GAir’ (b) Hydrogen-
induced shift in resonance wavelength (44) versus hydrogen concentration ‘x’ for plasmon mode for the effect of
varying air gap and width of YH. Differential reflectance versus wavelength curves for the waveguide 50 nm height
and 50 nm width of Au exposed to varying concentration of hydrogen. Effect of gap on the amplitudes ofdifferential
reflectance spectra is shown for the following values of ‘GAir’ & dy (¢) 10 nm, 3nm (d) 10 nm,12 nm and 5 nm

thickness of platinum capped 0N 0P OF YH .. .o e sre e e e st e nreens 98

Fig. 6.5. (@) Schematic illustrating the YH-Au waveguide for the effect of changing air gap ‘GAir’ (b) Hydrogen-
induced shift in resonance wavelength (44) versus hydrogen concentration ‘x’ for plasmon mode for the effect of
varying air gap and width of YH. Differential reflectance versus wavelength curves for the waveguide 200 nm
height and 50 nm width of Au exposed to varying concentration of hydrogen. Effect of gap on the amplitudes of
differential reflectance spectra is shown for the following values of ‘GAir’ & dy (¢) 10 nm, 3nm (d) 10 nm,12 nm
and 5 nm thickness of platinum capped ontOP OF YH. ... 98

Fig. 6.6. (a) shows the schematic of YH-gold nanograting (b) Simulation results of RCWA showing reflectance
spectra of on and off-resonance (c-d) spatial electric field amplitudes (x-z) maps of on-resonance and (e-f) off-
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nanostructure. The optimized parameters of air gap ‘g’ of 10 nm, height ‘H’ of 250 nm, and thickness ‘dy” of the
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Fig. 6.7. Shows the plot of refractive index (n) and extinction coefficient (k) against wavelength ranging from 0.25
to 1.03 (in micron) for yttrium hydride with varied concentration of hydrogen (x = H/Y = 1.8 to 2.9). n and k values
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