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Abstract 

 

This integrated article thesis presents the full design, fabrication, characterization and 

testing of a long-range surface plasmon polariton (LRSPP) cladded membrane waveguide 

hydrogen gas (H2) sensor with integrated grating couplers.  

 The sensor, which is the first of its kind to be demonstrated in the literature, 

features a thin gold (Au) stripe embedded in an ultra-thin free standing Cytop membrane 

with palladium (Pd) transducer. The design is performed through finite element method 

(FEM) optical modeling of the LRSPP waveguide and gratings. The non-trivial 

fabrication process utilizes facilities at Carleton University and the University of Ottawa 

and is presented in detail. The process involves multi-layer dielectric deposition, blind 

double-sided wafer alignment, multiple metal depositions using photolithography and e-

beam lithography as well as a through-wafer silicon wet etch step. 

 The devices are passively characterized using an optical cutback technique 

comparing the observed waveguide attenuation to that of simulated values showing good 

agreement. Sensing tests are performed with hydrogen concentrations up to 3%. A best 

detection limit of 290 ppm is observed with a response time of 7 s to 0.6% H2 (99.4% 

N2). The sensor has the capability of a higher dynamic range than other thin film sensors 

while other simple adjustments are discussed that can be applied to improve overall 

performance. 
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1    Chapter: Introduction 

1.1 Objective and Motivation 

Plasmonics is the study of quantized plasma oscillations in metals due to 

electromagnetic interactions. This effect was first observed in 1902 by Wood [1] as an 

unexplained optical reflection in a metal grating. These effects were further studied and 

ultimately explained as the collective oscillations of free electrons coupled to optical 

waves [2, 3] with the first theoretical description of surface plasmons in 1957 by Ritchie 

[4]. The field has since seen massive growth as surface plasmons provide an extremely 

enticing potential for nanoscale optical confinement which can have intriguing 

applications as will be discussed in Chapter 2. This growth has been spurred by recent 

advancements in micro- and nano-fabrication along with increasing computational power 

allowing for the creation of increasingly complex structures. 

The most common application field for plasmonic devices is sensors. The 

properties of plasmons allow for extremely sensitive sensors that can potentially supplant 

existing technologies, specifically in the fields of biosensing and gas sensing. However, 

few commercial plasmonic based sensors currently exist. The main drawback is that the 

devices end up having large losses (high optical attenuation) which limits their 

applications. Another drawback is that many common implementations require either 

bulky or inconvenient apparatus to use the sensors or to couple signals. 

 Hydrogen gas (H2) is reactive and easily combustible in air, and thus poses a 

significant safety concern.  The hydrogen economy is rapidly growing with the 

commercialization and miniaturization of fuel cells for clean energy production in 

addition to incumbent industrial chemical and processing applications. The National 
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Renewable Energy Laboratory (NREL) and U.S. Department of Energy (DOE) have 

established an ideal set of standards [5] for hydrogen sensors (discussed in Section 

2.2.3).To date, no sensor has been demonstrated to meet all of these strict requirements. 

This thesis presents a hydrogen sensor based on the long-range surface plasmon 

polariton (LRSPP) cladded membrane waveguide architecture which attempts to address 

these sensing requirements.  

 

1.2 Thesis outline 

The dissertation material is presented in an integrated article format with each chapter 

being an as-published or in-review scientific journal article with self-contained 

background/theory, discussion, references and page numbering.  As a result some of the 

material may be repeated among the articles, particularly introductory matter. The 

references for non-article materials can be found in the References section at the end of 

this document. 

Chapter 2 presents background material and a literature review on plasmonics, 

hydrogen sensors and microfabrication. Chapter 3 begins the presentation of the thesis 

content with the design of the first generation hydrogen sensor. Although this structure 

was not ultimately used, it provides a foundation for the final device. Chapter 4 presents 

the design details of the final structure. The fabrication methods are described in Chapter 

5. Chapters 6 and 7 present the optical characterization and sensing results respectively.  
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1.3 Copyright Permissions 
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The article in this chapter is presented in full and is reprinted with the permission of 

Elsevier Limited.  
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2    Chapter: Background & Literature Review 

2.1  Plasmonics 

2.1.1 Electromagnetics of Metals 

The interactions of electromagnetic (EM) waves with metals at frequencies up to the 

visible spectrum are described by classical theory based on Maxwell’s equations. 

Traditionally, metals were used in circuitry and guiding of EM waves in the microwave 

or far-infra red spectral regions. In these applications metals can be considered perfect 

electric conductors (PEC) in which the restoring force of the conduction electrons cancel 

the field from an external charge, effectively preventing propagation of waves through 

the metal and completely reflecting them. As frequencies increase towards the near-

infrared and visible part of the spectrum, field penetration increases, which results in 

increasing absorption and dissipation. Within this part of the spectrum, metals behave as 

lossy dielectrics with a complex, frequency dependent dielectric function ( ). There are 

various models which can be used to describe the permittivity of metals. 

2.1.2 The plasma model 

 The description of the permittivity of metals can be extremely complex. A first 

order approximation models metals as plasma (free electron gas). EM waves induce 

electron oscillations with respect to a fixed lattice of positive ions. The oscillations can be 

characterized by their collision frequency ( ) which is inversely proportional to the 

relaxation time of the free electrons ( ). This model is referred to as the 

model and ultimately leads to the following expression for the dielectric function of a free 

electron gas [6]: ( ) = 1                                                       (1) 
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where p is the plasma frequency. The plasma frequency denotes the natural frequency of 

oscillations of the electrons when they are displaced which is a function of the restoring 

force of the ion cores. The plasma frequency is given by 

=                                                                  (2) 

where ne is electron density, e is the electron charge, m* is the effective electronic mass 

and 0 is the permittivity of free space. The plasma permittivity will have real and 

imaginary components 

{ ( )} = 1                                                       (3) 

{ ( }) = ( )                                                        (4) 

For  < p the free electron gas behaves as a metal. For frequencies close to p the 

permittivity is mostly real and the medium behaves as undamped free electron plasma.  

2.1.3 Drude-Lortentz Model 

The free electron gas model does not match the observed permittivity behavior at 

and above p. Although the conduction electrons can be modeled as a free electron gas, 

the metals still have bound electrons. Noble metals (copper, gold and silver) have filled 

d-bands within their band structure which in conjunction with the background lattice of 

positive ion cores results in a strong polarization effect. The free-electron model does not 

account for inter-band electron transitions which drastically increase the imaginary 

component of the permittivity [6]. The Drude-Lorentz model is a more accurate 

representation of the permittivity accounting for these polarization effects resulting in a 

modification of  to [7,8]: ( ) = + ( )                                        (5) 
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in which  is a material specific polarization correction factor referred to as the DC 

optical dielectric constant and int( ) is a fitted permittivity which corrects for the inter-

band transitions, and requires a complicated quantum mechanical derivation.  Due to the 

highly complicated nature of the permittivity models, optical permittivities of metals are 

typically retrieved from collected experimentally determined values such as in  [8, 9]. 

  

2.1.4 Surface Plasmon Polaritons 

For most metals the plasma frequency occurs in the visible. Around this frequency, EM 

waves have appropriate energy to be absorbed by the electrons near the surface and 

induce a quantized oscillation which is referred to as a plasmon. Plasmons on the surface 

of a metal are referred to as s plasmons [10]. These can exist on the surface of a 

structure such as nanoparticle and are referred to as a . This 

thesis will focus on surface plasmons that exist on semi-infinite planar surfaces between 

metals and dielectrics which are referred to as s p polaritons or SPPs. SPPs 

exist as a coupled excitation between the electron oscillations (plasmon) on the metal 

surface with the electric field propagating on the dielectric side.  

The coupled excitation is depicted in figure 1. The dielectric has permittivity d 

while the metal has permittivity m. Incident EM waves will induce a coherent oscillation 

of the surface charges indicated by the “+” and “-” signs which in turn will have 

associated electric fields indicated by curved the arrows. This wave will propagate along 

the interface with the propagation constant SPP until it dissipates from resistive losses. 



 8 

 

Figure 1 Diagram of coupled excitation between an EM wave (curved lines) and electron surface 

density waves (+ and -) 

 

The boundary conditions for this situation require that the normal component of the 

electric displacement field (Dy) needs to be continuous across the boundary such that Dy= 

mEy,m = dEy,d. Since m d, this means that there is a discontinuity of the electric fields 

at the surface which results in surface charges at the interface. Plasmonic metals at these 

frequencies have a negative permittivity while dielectrics have positive permittivity 

resulting in a change of direction of the electric field across the interface, which will 

allow for the propagation of an optical wave coupled to electron oscillations as 

diagrammed. The field portion in the dielectric is referred to as a polariton and hence this 

is a surface plasmon polariton. TE polarized waves (s-polarized, E field perpendicular to 

the plane) have no E field component perpendicular to the surface, thus cannot induce 

significant polarization, so only TM (p-polarized, E field parallel to the plane of 

incidence) modes can propagate.  

This situation can be described classically by solving the wave equations for a 

three layer slab waveguide in which the substrate is a metal, the superstrate is a dielectric 
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and the waveguide layer has a thickness of 0. The resulting E field is an exponential 

decay on each side of the interface with a dispersion relation obtained as [11]: 

= =                                             (6) 

where  is the propagation constant of the SPP,  d and m are the complex permittivities 

of the dielectric and metal respectively and k is the free space wavenumber.  

Figure 2 shows various structural implementations of SPP waveguides with 

overlaid plots of the magnitude of the electric field as a function of y. Figure 2 (a) is the 

simplest situation and is referred to as the single-interface SPP (semi-infinite metal with 

permittivity m and dielectric ). The y-component of electric field peaks at the interface 

and exponentially decays on each side. In this situation the SPP will propagate along the 

surface until its energy is dissipated via absorption in the metal (resistive loss) or 

scattering. This ultimately will result in propagation lengths on the order of 10 to 100 m. 

 

Figure 2 1-D electric field profiles for (a) Single-interface SPP (b) 2-interface SPPs with large metal 

thickness (c) coupled SPP modes with thin metal layer 

  

Figure 2 (b) illustrates a finite thickness metal slab with dielectrics on both surfaces. In 

this case, the metal is significantly thicker than the penetration depth of the field so two 
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independent surface modes can be supported. As the thickness of the metal is decreased 

to figure 2 (c), the two surface modes become bound coupled modes (sometimes referred 

to as mixed modes or supermodes) and are described by symmetric or asymmetric 

transverse electric field profiles, and denoted by the nomenclature sb and ab respectively 

[12].  

If the permittivities of the surrounding dielectrics are equal ( = d2) and both are 

lossless, the symmetric mode will have decreasing attenuation with decreasing metal 

thickness as the electric field within the metal will be further expelled, whereas the 

asymmetric mode will have increasing confinement in the metal with decreasing 

thickness and hence increasing attenuation. The symmetric mode is referred to as a long-

range surface plasmon polariton (LRSPP). LRSPP modes have one to two orders of 

magnitude lower attenuation than their single interface and asymmetric counterparts. The 

lowered attenuation allows for longer propagation lengths and in terms of sensors, much 

longer interaction lengths. 
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2.1.5 2-D Plasmon Waveguides  

The situations described so far generally depict 1-dimensional structures (infinite in x and 

z directions, finite in y) such as in figure 3a with a slab of thickness t surrounded by 

dielectrics  and d2. The metal stripe is formed by also limiting the width of the 

waveguide to a finite value w as in figure 3b. This allows for the routing and 

manipulation of SPPs at the cost of reduced confinement. This structure is referred to as 

the metal stripe. 

 

Figure 3 (a) Metal slab waveguide cross-section (infinite in x , propagation in z) (b) Metal stripe of 

finite width. The substrate and cladding are not necessarily the same, but d1 d2 is required for 

LRSPP propagation. 
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The width limitation leads to additional lateral confinement which drastically changes the 

modal solutions. The modal calculations require numerical methods such as the method 

of lines (MoL), finite element method (FEM) [13] or finite difference method (FDM) 

[14]. As with the slab case, if the permittivity of the substrate is equal to that of the 

cladding, then a long range mode can be supported. Another benefit of having a stripe 

waveguide is that the mode shape can be designed to allow end-fire coupling from a 

focused TM polarized optical beam. High coupling efficiency can be achieved if the 

beam profile overlaps the symmetric LRSPP profile.  

 The previously examined slab waveguide (figure 3a) has two fundamental modes 

(ab and sb) which were either asymmetric or symmetric across the x-axis. Assuming 

d2, the addition of horizontal confinement added in figure 3b adds modes which can now 

be symmetric or asymmetric over the y-axis. This results in 4 fundamental modes, of 

which the mode that is symmetric along both x and y (referred to as the ssb
0 mode) has 

the lowest attenuation and is referred to as the LRSPP mode of the stripe waveguide [15]. 

This architecture allows for the fabrication of passive integrated optical structures such as 

straight waveguides, bends, splitters, Mach-Zehnder interferometers, etc.… [16] which 

can be structured for functional sensing purposes. 

 Another structure that can support a LRSPP is diagrammed in figure 4 (a) and is 

referred to as the membrane-  or simply

and has been investigated thoroughly [17-20].  In this situation the metal 

stripe sits on an ultra-thin dielectric membrane. The surrounding environment can be any 

dielectric, liquid or gas and self-satisfies the LRSPP requirement of refractive index 
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symmetry if the membrane thickness d  0. A perturbed LRSPP mode can still be 

propagated with the membrane waveguide as long as the membrane remains thin such 

that it is optically non-invasive.  As the membrane thickness increases the system 

becomes increasingly asymmetric with increasing losses.  

  

 

Figure 4 Cross sections for (a) LRSPP membrane waveguide (b) Cladded membrane waveguide  

Figure 4 (b) depicts the modified version of the membrane waveguide where the stripe is 

embedded symmetrically into the membrane. This situation is referred to as the 

me  and its design, fabrication and testing is the primary focus of this 

thesis. This structure has increased symmetry over the membrane waveguide and hence 

improved propagation lengths, along with greater mechanical strength. 

 

2.1.6 Modal Studies of Plasmon Interfaces 

The propagation of SPPs can be investigated by solving Maxwell’s equations. The 

simplest situations involve the 1-D structures depicted in figure 2. Assuming no external 

charges or current densities and homogenous permittivities, the solution can be 

determined by solving the wave equation in each region and matching fields using the 

appropriate boundary conditions. For 2-D structures as described in the previous section, 

the permittivity becomes a function of x and y and is represented by the complex function 



 14 

(x,y). Assuming a time harmonic propagating solution, the vector wave equation for the 

electric field E and magnetic field H are expressed as [15]: × × ( , ) = 0                                             (7) × ( , ) × = 0                                            (8) 

where the magnetic permeability 0. It 

is assumed that the waveguides are invariant along the direction of propagation (z) such 

that the z dependence is  where the propagation constant is defined as = +  

and  is the attenuation constant and  is the phase constant. The solutions to the above 

equations represent the supported modes of the structure. 

 The modal solutions for 2-D cross sections require numerical approaches. For this 

thesis a large series of designs needed to be explored with various geometries, thus 

commercial FEM software (Comsol Multiphysics) was used for the design as discussed 

in Chapter 3 and Chapter 4. 

 

2.1.7 Excitation Techniques 

The excitation of SPPs requires the phase matching of the propagation constants 

of the input light (k) to that of the SPP ( ). Considering the single interface SPP, equation 

6 shows that  will always be larger than k and therefore direct excitation of the SPP is 

not possible. Figure 5 plots the dispersion relation [6] of a single interface SPP with the 

solid line representing k0 and the dashed red line showing SPP,air. Excitation is often 

achieved using a configuration referred to as the Kreschmann geometry diagrammed in 

Figure 5 where a thin metal film is evaporated onto a SiO2 prism of refractive index np as 

diagrammed. If the input light is propagating in a high refractive index medium as 
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represented by the solid blue line, with the propagation constant kp and at an angle  

greater than the critical angle, evanescent coupling to the SPP along the air/metal 

interface is possible. Although a SPP could also propagate along the metal/prism 

interface, it cannot be excited in this geometry. The prism coupling structure can be 

modified by placing an additional dielectric between the metal and the prism and or using 

a different dielectric on top of the metal. 

 

Figure 5  Dispersion relation for a single interface SPP   

 

 Although prism coupling is fairly simple, it can be somewhat bulky and often 

impractical. Another method of exciting SPPs and LRSPPs is grating couplers. A 

periodic grating (either bumps or trenches) with a separation of 

Figure 6. Although this diagram shows the periodicity in the metal, it could also be 
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patterned in the dielectric portion or made from another material. These couplers work by 

scattering incoming light with propagation constant k0 at incident angle . The 

component of the scattered light which matches the propagation constant of the SPP will 

couple that energy into the waveguide. 

 

Figure 6 Example of a grating coupled SPP shown as a step-in-height of the metal 

 

Phase matching can occur if : = sin ±                                                    (9) 

where m is any integer. The benefit of grating couplers is that they can be tuned to the 

propagation constant of a specific mode (i.e. the LRSPP mode if supported), however due 

to the scattering nature of these structures, the coupling efficiency is limited. The 

scattering mechanism works in reverse such that a grating can also be used to out-couple 

light from a propagating SPP. 

 

2.1.8 Plasmon Sensors 

The electric fields of SPPs peak at the surface of the metal. This property means that 

changes along the metal surface will produce changes in the field which will result in 

significant changes in the propagation constant. This property is the main reason for the 
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application of SPPs to sensing. Generally, these sensors use a structure such as one of 

those previously discussed, with the addition of a transduction medium on the surface 

which can be exposed to a particular analyte that will induce a shift in the plasmon 

behavior. 

 Biosensing is one of the primary applications in this field. Typically gold is used 

as the metal due to the fact that it has been well characterized and can also be easily 

functionalized through known surface chemistries. A Kreschmann configuration can be 

used where the metal surface is functionalized with immobilized molecules such as 

antibodies. Exposure of this surface to a medium which contains the corresponding 

antigen would form a concentration dependent adlayer due to binding which would in 

turn cause a change in the effective permittivity of the metal resulting in a shift of the 

plasmon resonance angle. The LRSPP stripe waveguide biosensor has been demonstrated 

[21] in which a stripe waveguide is embedded in a low refractive index polymer (Cytop). 

A microfluidic flow channel is used with index matched carrier fluid. Many other 

implementations have been presented for biosensing [22].  

 Although biosensing is a major application, gas sensing is also of particular 

interest and benefits from the same strengths as biosensors in that they can be highly 

sensitive and compact and in many cases simpler to implement since less surface 

preparation is required. This dissertation will focus on the development of a hydrogen 

(H2) gas sensor based on the LRSPP cladded membrane waveguide structure introduced 

previously. 
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2.2 Hydrogen Sensors Review 

2.2.1 Hydrogen Gas  

Hydrogen (H) is the simplest and most abundant element in the universe. At 

standard temperature and pressure it exists as a combustible diatomic gas (H2). However, 

it is highly reactive and readily forms covalent bonds with most non-metallic elements 

and molecules and hence pure H2 occurs very rarely under natural planetary conditions. 

The H2 content of the atmosphere (air) is ~0.55 ppm [23].  H2 is used in chemical 

processing such as petroleum refinement as well as for various other industrial purposes. 

Hydrogen is also an energy carrier with the capability of being an efficient emissions-free 

fuel source in the form of fuel cells. Although commercial hydrogen sensors currently 

exist, the growing hydrogen economy has resulted in the need for more efficient, faster, 

safer and more reliable sensors. 

2.2.2 Palladium 

Palladium (Pd) is element 46 of the periodic table and is a fairly rare transitional 

metal. It has been observed that Pd (as well as other transition metals) has a strong ability 

to proportionally absorb hydrogen, forming palladium hydride PdHx where x is the 

atomic ratio of hydrogen to palladium. This has led to significant research into Pd for 

uses in hydrogen storage and hydrogen purification [24]. H2 adsorbs onto the Pd surface 

which disassociates the molecule into two H atoms which then diffuse into the Pd lattice 

[25]. The process is generally reversible which makes Pd a one of the best materials to 

use in H2 sensors. Pd has a face-centered cubic (FCC) crystal structure which allows 

hydrogen to rapidly diffuse through the lattice. The H atoms will occupy random 
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octahedral interstitial positions within the FCC lattice. PdHx up to PdH0.02 is referred to as 

the -hydride phase as diagrammed in figure 7. 

 

Figure 7 Diagram of hydrogen atom distribution with in the Pd lattice for the various hydride 

phases. Reprinted (adapted) with permission from [26]. Copyright 2014 American Chemical Society. 

 

At high concentrations of H, Pd will saturate and H-H attraction will result in an ordered 

and uniform distribution referred to as the -hydride phase. For concentrations in 

between there is a transitional region where both phases exist, referred to as the  

phase. The addition of H atoms in the  phase induces a mild and often inconsequential 

lattice expansion from 3.887Å for Pd to 3.895Å for PdH0.02. However the  phase 

produces a significant expansion to 4.025Å [27] with a corresponding volume expansion 

of the metal. 

 The kinetics of the hydride phase formation are temperature dependent and 

commonly represented by a plot known as the pressure-composition-temperature (p-c-T) 

plot also referred to as pressure-composition isotherms. Figure 8 (a) shows a diagram of 

the PdHx isotherms. 
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Figure 8 (a) Pressure-composition-isotherms for Pd and (b) magnified view of the operating range of 

interest. Modified with permission from [28]. Copyright 2007 IOP Institute of Physics.  

 

The isotherms plot hydrogen pressure (equivalent to concentration) as a function of the 

atomic H/Pd ratio for various temperatures. It is seen that above ~300 °C the mixed phase 

disappears. As the temperature is lowered the mixed phase widens and ultimately 

saturates at lower concentrations. The importance of this plot is that absorption and 

desorption from the mixed region causes significant lattice strain which can lead to 

hysteresis and irreversible mechanical damage to the Pd.  

 Most hydrogen sensors tend to operate in the lower concentration ranges and in 

general, at lower temperatures as highlighted in figure 8 (b). Under these conditions 

transition into the mixed region, even for reasonably low concentrations needs to be 

considered. 

 Absorption of H into the Pd lattice directly affects the permittivity as defined in 

equations 2-4. The addition of the hydrogen atoms increase the electron density as well as 

the collision frequency which would result in an expected increase in the plasma 
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frequency and thus increase of the imaginary component of the permittivity (increased 

attenuation). However, the absorption also causes a lattice expansion which, depending 

on other conditions, can result in a decrease of the electron density despite the addition of 

the corresponding electron, which would thus lead to a decrease in attenuation. This 

behavior is observed when comparing optical H2 sensors as some experience increases in 

attenuations why others experience decreases.  

 

2.2.3 Sensor and detection overview 

The United States Department of Energy has outlined target specifications for ideal 

hydrogen sensors [29]. The specifications are: a measurement range of 0.1% -10% H2 

concentration, operating temperature between -30 °C to 80 °C, less than 1 second 

response time, 5% full scale accuracy, operation in ambient air, and over humidity ranges 

from 10% - 98%, a 10-year lifetime and no cross-sensitivity. To date no sensor has been 

able to meet all of these requirements. This largest challenge to date is to meet the desired 

sub-second response time. Although some sensors have demonstrated extremely quick 

responses, they do so at the cost of a reduced measurement range. 

There are many techniques that have been used each having specific strengths and 

drawbacks. Catalytic sensors utilize the high reactivity of hydrogen and oxygen on a 

sensor surface to detect hydrogen levels. This technique has been used to detect many 

types of combustible gases. A simple pellistor-type sensor uses a heated coil coated with 

a catalyst (i.e. Pd) which detects shifts in resistance. These types of sensors are quite 

commonly available in the market including modernized structures [30]. The major 

benefit of catalytic sensors is that they can have very low detection limits and good 
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sensitivity and response times. These sensors typically have problems with selectivity, 

specifically to other hydrocarbons. They also rely on the presence of oxygen. 

Additionally, sensors that contain heating elements have larger power consumption and 

can be inherently dangerous (i.e., they can ignite H2). 

Semiconductor-based sensors have also been studied [31] and are commercially 

available. Pd film-based structures such as Schottky diodes, MOSFETs and MOS 

capacitors translate changes in work function, resistivity, and conductivity into 

corresponding voltage/current/capacitance signals. Temperature has a large influence on 

the response of semiconductor sensors, so the sensor temperature needs to be controlled 

carefully. Additionally, electronic devices typically operate with moderate currents or 

voltages which pose an ignition risk.  

An interesting alternative to the aforementioned sensors is to use optical 

techniques. The primary benefit is the removal of any heating or electrical elements from 

the environment. These sensors depend on changes to the optical properties of palladium 

instead of a temperature/resistance change due to an oxygen reaction, which means 

optical sensors do not require oxygen to operate. Additionally, optical sensors are less 

temperature sensitive since they only have to account for thermal expansion whereas 

semiconductor sensors have strong conductivity changes with temperature.  

One of the first optical based sensors was presented by Butler [32] and utilized a 

simple implementation consisting of a palladium coated tip (micromirror) on the end of a 

cleaved optical fiber and measuring the change in reflectivity upon hydrogen uptake. 

Other sensors have also expanded on this concept [33,34]. Fiber Bragg gratings (FBGs) 

are periodic refractive index modulations in the core of an optical fiber core which 
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produce sharp wavelength peaks in the reflection/transmission spectrum. There are 

various demonstrated implementations of Pd with FBGs [35-38], as well as coated optical 

fibers [39, 40], tapered fibers [41, 42] and fiber lasers [43]. Other waveguide structures 

have also been demonstrated such as a planar silicon on insulator (SOI) waveguide based 

sensor [44]. Fiber sensors and planar waveguide sensors can be useful for sensing, 

especially over longer propagation ranges however since the electric fields are confined 

within the waveguide, the sensitivity may not be as high as other methods of detection. 

Plasmonic based sensors based on Pd confine the E-field directly on the Pd surface which 

can greatly increase sensitivity. Localized surface plasmon resonance (LSPR) has been 

demonstrated in various implementations, particularly in the form of Pd nanoantennas or 

nanodisks [45]. SPR-based optical sensors fit nicely into this regime as they provide the 

benefits of optical detection while also having strong surface sensitivity from the 

plasmonic response of Pd under H absorption. 

 

2.2.4 Plasmonic Hydrogen Sensors Review 

The strong optical response of Pd to H implies that plasmonic sensors may be ideally 

suitable for this task. Figure 9 shows a summary of previously demonstrated SPP-based 

hydrogen sensors. The Kreschmann geometry is one of the simplest methods of exciting 

SPPs and hence it was used first by Chadwick et al. [46] using a Pd coated prism. This 

method was further refined by Konopsky [47] by adding in a 1D photonic crystal (1DPC) 

between the Pd film and prism to create an effective symmetry to propagate LRSPPs. 

Evanescent SPR coupling of coated optical fibers have been demonstrated by Bevenot 

[48] with a Pd coated core of a multimode fiber while Perrotton [49] used a Pd/SiO2/Au 
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coating. Tobiska [50] demonstrated a Pd coated single mode planar channel waveguide 

made of glass. 

 

Figure 9 Various SPR hydrogen sensors (a) Kreschmann geometry [46]  (b) LRSPP Kreschmann 

with 1D PC [47] (c)-(d) Pd coated fibers [48,49]  (e) Pd coated channel waveguide [50] 

 

The Kreschmann structures are inherently bulky which makes them difficult to 

implement in practice. Fiber-based sensors provide easy optical coupling but can be 

challenging to fabricate since most fabrication tools and techniques are designed for 

planar structures. Planar optical waveguides provide the ability to fairly easily couple 

light through end-fire coupling, grating couplers or prism couplers, and can be fabricated 
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using standard microfabrication techniques. Although planar devices may require more 

fabrication steps compared to fibers or prisms, the cost per device of is greatly decreased 

since a single wafer can yield hundreds of devices whereas non-planar structures cannot 

be easily mass produced.  

 

2.3 Materials and Microfabrication  

One of the most influential factors involved with the proliferation of plasmonic 

technologies is improvements in nanofabrication materials and technologies. By taking 

advantage of traditional planar fabrication techniques, plasmonic devices, and 

specifically plasmonic waveguides, can be manufactured at the wafer level, which 

ultimately can allow for mass production. The evolution of semiconductor fabrication is 

primarily motivated by increasing miniaturization of integrated circuits for 

complementary metal-oxide-semiconductor (CMOS) devices. Many of the techniques 

that have been developed can be modified for fabricating integrated optical devices. This 

section overviews the relevant background related to the fabrication of the membrane 

waveguides. 

2.3.1 Spin-coated polymers 

Polymers play multiple important roles in microfabrication and micromachining. 

They are typically flexible, easily molded and chemically selective materials which allow 

them to be used in building microstructures. Some commonly used polymers are 

Polydimethylsiloxane (PDMS), Poly(methyl methacrylate) (PMMA) and Polyimide 

which have been used for microfluidics [51]. Similarly, most resists (photoresists, e-beam 

resists) are also amorphous polymers. Different polymers each have various mechanical 
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and optical properties which allow them to serve distinct purposes. In most applications a 

thin film polymer (2 m or less) layer is required and the most common method of 

application is through spin coating [52]. Most polymers used in microfabrication are 

diluted in a solvent to facilitate spin coating where the liquid state polymer is applied to a 

flat surface which is rotated about its center axis. The angular speed of the rotation along 

with the viscosity of the polymer will determine the thickness of the film.  

Most amorphous polymer films require a curing stage, which refers to a hardening 

of the polymer via evaporation of the solvent. This is typically done by heating the 

material at temperatures above the material’s glass transition temperature (Tg). Above Tg 

the molecular chains have large thermal energy and minimal resistance to movement and 

hence this is referred to as the rubbery region. Below Tg, polymers solidify and become 

rigid and are referred to as glassy. Certain polymers exhibit the ability to cross-link 

chains when they are first brought above Tg and then returned to the glassy state. This can 

result in the new glassy polymer being solvent resistant. 

2.3.2 Cytop 

Cytop is an amorphous (non-crystalline) fluoropolymer developed by AGC 

Chemicals and has been used extensively as the primary dielectric for planar LRSPP 

devices [53-55]. The polymer formula is described in Fig 10 [56]. 

 

Figure 10 Molecular formula for Cytop polymer  
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The fluoropolymer nomenclature refers to the multiple Carbon-Fluorine bonds which 

result in high chemical resistance, specifically to acids and bases. Cytop shares similar 

chemical resistance to Polytetrafluoroethylene (PTFE – Teflon) however its amorphous, 

non-crosslinking nature compared to the crystalline structure of PTFE gives Cytop 

extremely high optical transmission over a broad spectrum and a low (~1.34) refractive 

index. This property combined with high chemical resistance makes Cytop highly 

desirable for optical sensors. In this project Cytop is used as the dielectric for the 

membrane waveguide. The low refractive index allows for thicker and more 

mechanically robust membranes. For hydrogen sensing, a Cytop substrate provides a 

non-rigid surface that limits clamping of Pd films which is discussed further in Chapter 7. 

 There are several grades of Cytop (Type A, M and S) each with different polymer 

end-groups which provide different properties. A-grade has high transparency in the 

visible spectrum, M-grade contains an amino-silane coupling agent which promotes good 

adhesion to metals and glass without an additional adhesion promoter. S-grade is referred 

to as the optical grade and has the largest transparency spectrum from deep UV through 

near infra-red.  

Cytop can be applied most easily through spin-coating. It has a proprietary 

solvent (CT-Solv) and a Tg of 108°C. However, as Cytop does not cross-link when it is in 

its glassy phase, it is not as physically rigid as other materials can be. Similarly if it is 

brought back above Tg after solvent evaporation, significant reflow can occur. Some of 

the mechanical properties of Cytop thin films have been explored in [57].  
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2.3.3 Metallization of LRSPP waveguides 

To form a LRSPP waveguide, a method to deposit and pattern the metal on a 

substrate is required. From traditional microfabrication techniques there are two primary 

methods: direct etching and lift-off. With direct etching a blanket metal layer is deposited 

on a surface and then it is masked (typically with a photoresist) and selectively etched via 

either wet or dry methods. However direct etching requires material specific etch 

techniques and is less commonly used when fine features are required. 

Lift-off, or bi-layer lift-off is a process more commonly used when features with 

sharply defined edges are required. This process is outlined in Figure 11. 

 

Figure 11: Overview of bi-layer lift off metallization 

In this technique a non-photo-sensitive lift-off resist (LOR) is applied on the 

substrate followed by a normal photoresist (PR) as in Figure 11b. The features are 

patterned through optical lithography (Figure 11c) and developed. When developed, the 

exposed area of the photoresist is selectively removed while the LOR is isotopically 

removed forming an undercut (Figure 11d). A blanket metal can be deposited (Figure 

11e). Finally the LOR layer is dissolved with a wet etch which subsequently removes the 

remaining PR and unwanted metal leaving only the desired pattern. Metallization on 

silicon or silicon dioxide is fairly comment and straightforward however metallization on 
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Cytop is a more complicated process that has been developed and refined in [58-60] as 

well as in Chapter 5 of this thesis.  

 

2.3.4 Electron-beam Lithography 

Photolithography systems have practical limitations to the smallest resolvable 

dimension. This is caused by the diffraction limit of the exposure feature size on the 

photomask and the wavelength of the exposure light. There are techniques to work 

around these limits such as using progressively shorter wavelength exposure sources or 

diffraction masks, however they can be quite costly and ultimately less effective than 

simply moving away from optical lithography. 

One technique that has been used to accurately define extremely small (<10 nm) 

and precise features has been electron-beam lithography (EBL) [61]. In this technique 

high energy electrons (10-100 keV) are focused onto electron sensitive resists which can 

then be used to define precise features. For example, grating couplers are highly 

dimensionally sensitive so e-beam definition is often a necessity. However e-beam 

lithography has drawbacks such as slow exposure speeds and high system cost. Also, 

exposure on insulating substrates can cause resolution issues due to charge buildup. In the 

case of insulating substrates, a charge dissipation layer can be applied as either a metal 

over-layer or conductive polymer layer. 

 

2.3.5 Silicon wet etching 

Microstructures such as membranes are often created by depositing or growing a 

thin film on a substrate and then selectively removing that substrate. In the case of the 
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membrane waveguide, the film is Cytop which can be spin-coated. The substrate material 

is arbitrary, however silicon is often used as it has been studied extensively with well-

known masking and etching techniques. Dry etching includes techniques such as reactive 

ion etching (RIE) and deep reactive ion etching (DRIE) which can anisotropically remove 

silicon. These techniques can be used to create large aspect ratio trenches in silicon but 

can be somewhat aggressive. Wet techniques have the benefit of being chemically 

selective with the two most common chemicals for etching silicon being potassium 

hydroxide (KOH) and tetramethylammonium hydroxide (TMAH). These two chemistries 

are preferred as they can be easily masked by SiO2 or Si3N4 masks. Both chemistries are 

equally viable and well-studied [62,63]. KOH can produce faster etch rates however if 

potassium contamination is an issue, then TMAH is preferable. 

 

2.4 Project development history 

The history and development of LRSPP waveguides in Cytop is diagrammed in figure 11. 

The original LRSPP membrane waveguide was introduced in [17-20] as a Au stripe 

suspended on a silicon nitride (Si3N4) membrane of thickness d ~ 1nm. In concept, the 

device in figure 11 (a) could be used in any environment (gaseous or liquid) due to 

inherent near-symmetry around the membrane.  Realistically, only higher index mediums 

(i.e. water) can be used due to the strong perturbation caused by the nitride (n ~2.0). This 

architecture was studied primarily in the context of biosensing as the typical medium for 

this would be water or carrier fluids closely matched to water. 

 There were several impracticalities with this setup. Firstly, the high refractive 

index of nitride meant that the membrane would need to be excessively thin. Nitride films 
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on silicon exhibit strong tensile stress which results in membranes being highly fragile. In 

addition, adhesion of Au to nitride is poor and a chrome (Cr) adhesion layer was required 

which increased losses.  The search for an alternate membrane material led to Cytop, 

which has a refractive index that is closely matched to water (~1.34), and allows for the 

fabrication [58] of significantly thicker membranes which were more mechanically robust 

[57]. Au can also be applied directly to Cytop without additional adhesion materials. As a 

biosensor, the matched refractive index of Cytop to water logically leads to the 

conclusion that a membrane is not necessary to maintain refractive index symmetry as an 

optically infinite Cytop substrate can be used instead as in figure 11 (c).  A large family 

of LRSPP devices of Au stripes on thick Cytop substrates have been explored [50]. 

Further practical implementation was achieved with the fabrication of microfluidic 

channels as in figure 11 (d) [60] which has resulted in fully operational  biosensor chips 

[21]. 
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Figure 12 LRSPP waveguide history (a) original membrane waveguide on nitride [20]  (b) membrane 

waveguide on Cytop [58] (c) Uncladded LRSPP biosensor waveguide [59]. (d) LRSPP biosensor 

waveguide with microfluidic channels [60] (e) First generation membrane waveguide hydrogen 

sensor – CH4 (f) Second generation (g) Cladded membrane waveguide hydrogen sensor CH5 

 The membrane waveguide with Cytop however allows for feasible operation as 

gas sensor operating in air. Hydrogen gas sensing was chosen in particular due to the 

relative material simplicity of using Pd as a transducer. The first generation hydrogen 

sensor is diagrammed in figure 12 (e) a simple membrane waveguide consisting of a Pd 

stripe on Cytop membrane. The design of this implementation is covered in Chapter 3. A 

Pd-only waveguide resulted in extremely high optical losses. It was decided to instead 

utilize a lower loss Au/Cytop membrane waveguide with small functionalized regions 

with Pd overlays as diagrammed figure 12 (f). The overlay was designed to be wider than 

the Au stripe to simplify the alignment during fabrication. Although this structure 
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presented significantly lower losses than the Pd stripe, the membrane thickness was still 

limited due to the need for refractive index symmetry. It was finally concluded that the 

optimal design would be the cladded membrane waveguide in figure 12 (g) and discussed 

in detail in Chapter 4.  Figure 13(a) shows the computed electric field profile through a 

cross section of a Pd covered membrane waveguide (as in Figure 12g). Figure 13 (b) 

shows the magnitude of the electric field as a function of y-direction through the center of 

the structure. It is shown that the electric field will favor the palladium patch and thus 

more field is confined to the Pd surface than the Au, which is desirable for increased 

sensitivity to hydrogen. This structure has drastically improved symmetry which results 

in lower losses, while simultaneously allow for a thicker and stronger membrane. 

 

 

Figure 13 (a) Electric field (y-component) distribution over the cladded membrane waveguide 

hydrogen sensor cross section (b) Electric field distribution through the structure center showing 

maximum electric fields along the Pd/air interface 
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The thick Cytop substrate structures can be excited via end-fire coupling from cleaved 

optical fibers as the mode profiles can be overlapped. This coupling requires precisely 

flat optical end facets which can be achieved through wafer dicing. Although 

theoretically possible with a membrane structure, obtaining a sharp end facet either via 

dicing or cleaving of a membrane is very difficult. For Cytop membranes, cleaving a flat 

edge is difficult since the membrane will tend to stretch and deform before breaking. In 

addition, removing an edge of a membrane will induce non-uniform stress and lead to 

mechanical instability. It was decided to use grating couplers to excite the LRSPPs. This 

method allows for perpendicular excitation while also maintaining the structural integrity 

of the membrane.  
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3    Chapter: Modeling of Plasmonic Hydrogen Gas Sensors 

The following article entitled “Modeling and design of hydrogen gas sensors 

based on a membrane-supported surface plasmon waveguide” was published in Sensors 

and Actuators B: Chemical volume 161 in January 2012 and is presented in full.  

The article represents work performed solely by the primary author under the 

supervision and guidance of the co-authors. It covers the modeling and design theory of 

the first generation LRSPP membrane waveguide hydrogen sensor. In this 

implementation a Pd waveguide is proposed and two architectures (straight waveguides 

and MZIs) are compared. This design was ultimately not used, however the principles 

presented lead to the final device as presented in Chapter 4. 



Sensors and Actuators B  161 (2012) 285– 291

Contents lists available at SciVerse ScienceDirect

Sensors  and  Actuators  B:  Chemical

journa l  h o mepage: www.elsev ier .com/ locate /snb

Modeling  and  design  of  hydrogen  gas  sensors  based  on  a  membrane-supported

surface  plasmon  waveguide

Norman  R. Fonga,∗,  Pierre Berinib,c,  R.  Niall Taita

a Department of Electronics, Carleton University, 1125 Colonel By Drive, Ottawa, ON, Canada K1S 5B6
b School of Electrical Engineering and Computer Science, University of  Ottawa, 161  Louis Pasteur, Ottawa, Ontario, Canada K1N 6N5
c Department of Physics, University of Ottawa, 161 Louis Pasteur, Ottawa, Ontario, Canada K1N 6N5

a  r  t  i c  l  e i n  f  o

Article history:

Received 15 June 2011

Received  in revised form

21 September 2011

Accepted  15 October 2011

Available online 20 October 2011

Keywords:

Hydrogen

Sensor

Long-range

Surface

Plasmon

Waveguide

Cytop

a  b s t  r  a c t

The modeling  and  design  of membrane-supported surface  plasmon polariton  (SPP)  waveguide devices

is  described  for application  as hydrogen (H2)  gas sensors for  leak detection.  The proposed  structures

employ  thin palladium (Pd)  stripes  on  a free-standing  Cytop  membrane.  Various  sensing architectures

and  design considerations  are  explored  in  detail  using  two-dimensional  finite  element  method  (FEM)

analysis.  A straight  waveguide would produce a  very good  sensor,  as a simple,  compact  and integrated

design.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Historically, liquid and gaseous hydrogen (H2)  has been  used

for applications such as  rocket propellants, metallurgy and vari-

ous other industrial processes. The modern global trend towards

cleaner and more efficient energy sources has forged signif-

icant interest in  hydrogen for fuel cells. The primary safety

concern regarding the use of hydrogen is with its storage

and operation. Gaseous hydrogen can be explosive at certain

concentrations in air. At room temperature and atmospheric pres-

sure this range is  approximately 4% (lower explosive limit) to

74.5% (upper explosive limit). Thus, the detection of leaks in

hydrogen systems within this range becomes extremely perti-

nent.

Over the past decade, much advancement has  occurred involv-

ing various techniques for hydrogen leak detection [1–3]. Many

sensors use optical effects for detection. Optical sensors are  inher-

ently safe because electronic and optoelectronic components can

be placed in a remote location from the sensor head and the lat-

ter interrogated using optical fibres which eliminates potential

∗ Corresponding author. Tel.: +1 613 520 2600.

E-mail addresses: nofong@doe.carleton.ca (N.R. Fong), berini@eecs.uottawa.ca
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ignition via electrical sparking. Optical methods also provide high

sensitivities, large dynamic ranges and immunity to electromag-

netic interference [4,5]. There are several optical phenomena that

can be exploited for  gas sensing; the most prominent method

is to monitor an optical change in a transduction material that

selectively absorbs the analyte of interest. For hydrogen sensing,

palladium (Pd) is the most prevalent material. Several sensors have

been demonstrated using palladium layers and optical fibres [6,7]

and fibre Bragg gratings [8,9]. Some of the challenges that any

hydrogen sensor design must address are: sensitivity, selectivity,

response time and safety.

Surface plasmon resonance (SPR) based sensors have become

extremely popular in  the field of chemical and  biological sensing

due to  the high surface sensitivity of surface plasmon polaritons

(SPPs). SPR is of significant interest since a small change in  the

refractive index of palladium upon hydrogenation can result in sig-

nificant change in the propagation characteristics of the SPP. Fibre

based SPR hydrogen sensors have been demonstrated previously

[10,11] and a  sensor based on SPPs on a  palladium film in  the

Kretschmann–Raether configuration was demonstrated long ago

[12]. More recently, a modified configuration was  used to obtain

long-range propagation in a Pd film bounded by  air on top  and  a

finite 1D photonic crystal on a prism on  the underside [13,14]. The

assembly and interrogation set-up of prism-based structures such

as these can be somewhat bulky. Other interesting structures such

0925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2011.10.033
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Fig. 1. (a) Example of a sensor chip featuring a  Pd stripe on Cytop membrane on a

silicon substrate. (b) Cut-away view showing the membrane cavity. (c)  Cross sec-

tional diagram of a membrane-supported metal stripe with labeled dimensions and

permittivities.

as Pd hole arrays [15], nanoantennas [16] and nanodisks [17] have

also been studied.

Long  range surface plasmon polariton (LRSPP) waveguides have

been demonstrated in numerous applications [18]. This integrated

optic approach allows for the design of sensor chips consisting of

architectures based on Mach–Zehnder interferometers and direc-

tional couplers [19,20]. In this paper a LRSPP palladium waveguide

supported on an ultrathin, free-standing Cytop membrane is pre-

sented, with the potential to be effective as a  compact, integrated

hydrogen sensor. The proposed structure is sketched in  Fig. 1a,  with

cut-away and cross-sectional views shown in Fig. 1b and c.  The

optical properties, sensor theory and design considerations of such

structures are explored in detail in this paper.

2. Hydrogen gas sensing with palladium

Hydrogen is soluble in many transition metals but  its solubility

is particularly high in palladium which also shows high selectiv-

ity to this gas. Hydrogen absorption by  such a  metal proceeds as

follows: H2 is first adsorbed to the Pd surface where the reaction

H2 → 2H readily occurs disassociating the gas molecules into atoms

[21]. The hydrogen atoms then diffuse into the palladium form-

ing palladium hydride (PdHx where x represents the atomic ratio

H/Pd). This is a reversible process [22]. The absorption of hydrogen

into palladium causes several physical and optical changes in  the

newly formed palladium hydride such as significant permittivity

change. Free electron movement in a metal can be described using

the Drude model which results in  the following expression for the

relative permittivity:

εr = ε′ − jε′′ = 1 −
(

ωp�
)2

(ω�)2 + 1
−  j

ω2
p�

ω
[
(ω�)2 + 1

] (1)

where  ωp is the plasma frequency and �  is the relaxation time given

by:

ωp =
√

Ne2

ε0m∗
e

(2)

�  = m∗
e

�Ne2
(3)

ε0 is the permittivity of free-space, e  is the electronic charge,

N is the free electron volume density, m∗
e is the effective electron

mass and � is the resistivity. From the free electron  perspective,

the  permittivity of PdHx changes with x due to the expansion of the

lattice as  x increases. A lattice increase results in  a  decrease in  the

free electron volume density (N)  which decreases the plasma fre-

quency. The relaxation time will also decrease due to the increased

density of scattering centers. These permittivity changes result in

an expected net decrease in |ε′|  and |ε′′|  as  x increases. The permit-

tivity of PdHx as a function of exposure to a  concentration (c) of  H2

gas was modeled empirically [23] as:

εr,PdHx (c) = h(c)εr,Pd (4)

where  h(c) is a  nonlinear, wavelength dependent scaling factor that

is less than or equal to  1. Eq. (4) is  a  first order approximation for

the scaling upon hydrogenation through the volumetric change to

the free electron contribution in the Drude model. As the measure-

ments in [24,25] show, h(c) does not scale both real and imaginary

components of the permittivity equally (as Eq. (4) implies). But

data from other experimentally determined permittivities for PdHx

[26,27] show differences of approximately 0.01–0.05 in the values

scaling the real and imaginary parts, suggesting that Eq. (4)  can be

used a  reasonable approximation.

The  composition of palladium hydride as a function of hydrogen

exposure and temperature can be described using pressure-

composition isotherms [28]. For PdHx there are two distinct phases:

� phase (low concentration) and �-phase  (high concentration). An

� to �-phase transition may  result in  an abrupt lattice expansion

[21] which can lead to increased roughness and eventual delami-

nation of the film. This transition occurs roughly at  2% H2 at room

temperature which is just below the lower explosive limit. Alloying

nickel (Ni) with palladium reduces the solubility of hydrogen com-

pared to pure palladium. Although this will effectively reduce the

sensitivity of the Pd film, it should also lead to longer-term reliabil-

ity and a  larger dynamic range [29]. An 8% nickel alloy (Pd0.92Ni0.08)

film exhibits no  phase transition when exposed to 100% H2 at 1  atm

and 300 K, and so would be a  suitable sensing film. Pd0.44Ni0.56

exhibits no response to hydrogen [30] and hence could be  used

as a  reference material.

3.  Sensing architecture

3.1.  The membrane waveguide

The membrane waveguide design shown in Fig. 1 has been

previously examined in the context of biochemical sensing [31].

Gold waveguides have been successfully fabricated on thin mem-

branes made from silicon nitride [19] as well as Cytop [32]. The

membrane waveguide can be completely immersed in the sensing

environment (e.g. H2 in  air) allowing the regions above and  below

the membrane to have matched permittivities (ε1). This symmetry

around the waveguide is required in  order to sustain LRSPP propa-

gation [31]. The membrane must be thin and of low index such that

it is not too optically invasive to prevent significant perturbations to

the propagating LRSPP. For the structure under investigation here,

the membrane is assumed to be made of  the amorphous fluoropoly-

mer Cytop (n = 1.3335) and supported by  a micromachined silicon

substrate. The waveguides are assumed made of Pd and coupled to

optical fibres allowing for  the corresponding optoelectronics to be

placed remotely if desired.

3.2. Waveguide attenuation sensing

A change in the imaginary part of  the permittivity (ε′′) of  the

metal upon hydrogen uptake (Eqs. (1)–(4)) can be detected directly

as a change in the waveguide’s insertion loss. Some examples of

possible optical transducer architectures for detecting changes in

attenuation are shown in Fig. 2. Fig. 2a shows the simplest imple-

mentation using a  straight palladium waveguide sensor. Fig. 2b
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Fig. 2. Waveguide attenuation sensing architectures. (a) Straight waveguide sensor,

(b) coupler sensor, (c) splitter sensor with Pd0.44Ni0.56 reference arm.

shows a directional coupler made with gold waveguides and a pal-

ladium sensing waveguide on one arm. The gold reference could be

used to remove source fluctuations and common amplitude noise

by forming the ratio of the output powers. Fig. 3c is based  on a

splitter and uses a reference arm. This structure can be used to

remove the same noise sources, but additionally can remove ther-

mal fluctuations assuming similar thermal dependences for both

arms. However the temperature must still be measured or  con-

trolled since the solubility is  temperature dependent. The output

power of a straight waveguide is given by:

Pout = Pine−2˛L (5)

where  L is the sensing length and  ̨ is the mode field attenuation

coefficient in m−1.  The waveguide’s output power sensitivity with

respect to changes in palladium hydride composition x, is given by:

∂Pout

∂x
= −2Pin

U(L)︷  ︸︸ ︷
e−2˛LL

∂˛

∂x
(6)

Fig. 3. Phase shift detection sensor architecture: (a) Single output  MZI;  (b) dual

output  MZI.

The sensitivity is directly proportional to the input power (Pin).

Choosing a  length L  = Le = 1/2˛0,  where ˛0 is the attenuation coeffi-

cient of the non-hydrogenated waveguide, maximizes the term U(L)

[33]. Assuming that the change in  ̨ is very small, which should be

the case for low level leak detection, Eq. (6) becomes:

∂Pout

∂x
(L  = Le) = −e−1Pin

(
∂˛

∂x
/˛0

)
(7)

The  power sensitivity is dependent on the ratio of attenua-

tion sensitivity to nominal attenuation: (∂˛/∂x)/˛0;  maximizing

this ratio  maximizes the power sensitivity. The attenuation may

also be  expressed as  the mode power attenuation (MPA) where

MPA = ˛20log10e  in  dB/m.

3.3. Waveguide phase-shift sensing

A change in the real part of the metal permittivity (ε′)  upon

hydrogen uptake causes a phase change in the LRSPP which can be

monitored as  a change in output power if it occurs along one  arm

of a  Mach–Zehnder interferometer (MZI). For example, the output

power of a single output MZI  such as that sketched in Fig. 3a will

vary as ε′ of the sensing arm varies with respect to the reference

arm. A  dual output MZI  as sketched in Fig. 3b, incorporating a 3 dB

(50:50) coupler as the output combiner, is  also envisaged, where

the two  (complementary) outputs can be used to remove source

fluctuations and common mode noise. The output power of an  equal

arm single output MZI  is given by:

Pout = Pin

2
e−2(˛AuLAu+˛L) [1 + cos (ϕD)] (8)

where L  is  the length of the Pd sensing arm, LAu is the optical path

length of the Au splitters, coupler and access lines,  ̨ and ˛Au are

the respective mode field attenuation coefficients, and ϕD is the

difference between the insertion phase of the sensing and reference

arms, expressed as:

ϕD = 2�

	0
L
(

neff,s − neff,r

)
(9)

In  the above neff,s and  neff,r are the real components of the

effective indices of the modes of the sensing and reference arms

respectively. For a small change in  ˛, the output power sensitivity

to x  can be expressed as [33]:

∂Pout

∂x
= ∂Pout

∂ϕD
× ∂ϕD

∂x
= −Pin

2
e−2(˛AuLAu+˛L) sin (ϕD)

2�

	0
L

∂neff,s

∂x
(10)

We note from this expression that the sensitivity depends on

the sensing length L linearly and exponentially (i.e., same U(L) as in

Eq. (6)).  Setting L  = Le = 1/2  ̨ yields:

∂Pout

∂x (L  = Le)
= −Pin

4
e−(1+2˛AuLAu) sin (ϕD)

(
∂neff,s

∂x
/keff

)
(11)

where keff = ˛/ˇ0 is the normalized attenuation. From the above

we note that maximizing the sensitivity requires maximizing the

effective index sensitivity normalized to the normalized attenua-

tion (a result consistent with [33]):

∂neff

∂x
/keff (12)

4. Waveguide design space

The geometric parameters of  the waveguide are the metal width

(w) and  thickness (t),  and the membrane thickness (d). These must

all be optimized for either maximum attenuation (˛) sensitivity

or maximum effective index (neff) sensitivity to x.  The relationship

between the permittivity of PdHx and its composition (x) is not
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Fig. 4. Mode field plots for the Ey component of the ss0
b

mode for a 5 �m wide Pd stripe of thickness t on a Cytop membrane of thickness d.

clearly understood so the sensitivities to  h(c) will be determined

instead.

One dimensional mode analysis of SPPs can generally be han-

dled analytically yielding dispersion equations that can be solved

numerically. Two dimensional SPP waveguides (finite width metal

as in Fig. 1c) are significantly more complex to analyze because of

the lack of analytic solutions. Localization of the mode fields near

the sharp metal corners results in field divergence. The finite ele-

ment method (FEM) has been demonstrated to produce results  of

good accuracy for these structures [34]. A waveguide cross section

was  defined in  COMSOL Multiphysics to determine the modal solu-

tions at a  free-space operating wavelength of 1550 nm.  The model

consisted of a pure Pd waveguide (εr = −60.6764 − j49.1799) [35]

on a  Cytop (εr = 1.33352)  membrane in  vacuum (εr = 1).

Fig. 4  plots the y-component of  the electric field for the LRSPP

(ss0
b
) mode [36] for various membrane thicknesses (d) and metal

thicknesses (t).  Each structure maintains a  fixed metal width of

5 �m.  In Fig. 4a  we  see that for a  very thin metal (t = 20 nm)

and membrane (d = 10 nm), the mode is quite symmetric. As  the

membrane thickness increases the mode becomes more and more
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Fig. 5. Contour plot of the effective index (neff) of the ss0
b

mode for  a 5 �m wide  Pd

stripe  on a Cytop membrane for ranges of d = 10–120 nm and  t =  10–55 nm.

perturbed by the presence of the membrane (Fig.  4b). This is due

to the progression from a nearly symmetric surrounding [36] to

an increasingly asymmetric one [37]. Fig. 4c and  d show a similar

situation but with a thicker metal (t = 35 nm). In this situation, the

combination of the thicker metal along with a  thicker membrane

results in a mode that is even more localized to the  metal. Fig. 4d

and f show that for a  relatively thick membrane and  metal the  once

symmetric mode profile loses symmetry about the  horizontal axis.

Ideally the mode should be as  symmetric as possible to reduce its

attenuation and improve its end-fire coupling efficiency to  opti-

cal fibres. This effectively limits the suitable materials available for

membranes as they need to have very low refractive indices and/or

be extremely thin. Cytop was chosen for the membrane material

due to its reasonably low refractive index and  the fact that  thin

films can be fabricated.

To  examine the waveguide sensitivities over  a large design

space, a large number of modal solutions were computed. The

intention was  to observe trends for  the waveguide effective index

and attenuation as  the membrane and  metal thicknesses were

varied. Figs. 5 and  6  show contours for  the effective index and  atten-

uation, respectively, for t and d  varying over the ranges t = 10–55 nm

and d = 10–120 nm. On both plots we see there are  regions of local

maxima for various designs. For thinner metals, the top (metal/air)

and bottom (metal/Cytop) interfaces are coupled due  to field tun-

neling [37]. As the waveguide and membrane become thicker

these interfaces decouple and for metal thicknesses beyond about

Fig. 6. Contour plot of the attenuation coefficient  ̨ (mm−1) of the ss0
b

mode for

a  5 �m wide Pd stripe on a Cytop membrane for  ranges of d =  10–120 nm and

t  = 10–55 nm.

Fig. 7. Normalized sensitivity of neff to h(c) as a function of d for specific values of t.

t = 55 nm the ss0
b

mode evolves into the asymmetric profile shown

in Fig. 4f.  Further increasing t results in a more significantly decou-

pled mode. At this point both the effective index and attenuation

values increase rapidly.

The  sensitivities (derivatives) of neff and  ˛  were approximated

using a central difference formula:

∂f

∂h
≈ f (h + 
h) −  f (h − �h)

2
h
(13)

In order to determine the derivative at any point, two  additional

computations are needed. In order to reduce the computational

effort, the sensitivities were calculated over the same range of d

but for specific values of t.  The step size in  Eq. (13) was taken as


h = 0.01. The normalized effective index and attenuation sensi-

tivities are  plotted in  Figs. 7  and 8. From both of these plots we

see that the largest normalized sensitivities occur for the thick-

est films. We  also see that the normalized sensitivities peak at

specific membrane thicknesses and then drop off. As the metal

thickness increases, the proportion of the electric field exposed to

the metal also increases, and  thus the mode becomes more affected

to changes in the metal permittivity. We  also see  from Fig. 4 that as

the membrane thickness increases, the mode profile becomes more

and more asymmetric. At certain values of d  the mode is localized

mostly to the top  surface of the structure. The membrane thick-

ness that maximizes the exposure of the mode to the metal also

maximizes the normalized sensitivity. There is however a tradeoff

between sensitivity and attenuation. As  more of the field is  confined

to the metal (by  varying d  and/or t)  the attenuation also increases

due to increased absorption in the metal.

Fig. 8. Normalized sensitivity of  ̨ to h(c) as a function of d for specific values of t.
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Comparing Fig. 7  to Fig. 8  we note that the largest

normalized sensitivities are comparable in  magnitude

(max{|(∂neff/∂h(c))/keff|} ∼ 2.5 and max{|(∂˛/∂h(c))/˛|} ∼  2).

Thus, from Eqs. (7) and (11), we deduce that a straight waveguide

would provide superior sensitivity compared to a MZI  design. The

MZI design would also be vulnerable to  changes in   ̨ that would

ultimately affect the visibility of the output.

These calculations show initial low-level detection sensitivities

(i.e. pure Pd being exposed to a  low concentration of hydrogen).

Another point of interest is to simulate exposure to 4% hydro-

gen (lower explosive limit). This exposure would result in a 3.54%

increase in the Pd lattice constant and a reduction of 20% in

its complex refractive index [38]. Konopsky et al. observed that

their structure actually showed significantly more sensitivity to

a thickness increase than to a  refractive index decrease [38]. Our

computations for the membrane waveguide reveal a  0.04% change

in neff and a 33% change in ˛  for a  20% change in  the complex

refractive index of Pd,  compared to a  0.006% change in  neff and 9.6%

change in  ̨ for a 3.54% change in Pd thickness; thus  the  membrane

waveguide is more sensitive to a  change in the refractive index  of

Pd than a to a commensurate change in  its thickness.

The fabrication of a  membrane waveguide on Cytop has  previ-

ously been demonstrated [32] and such a  process could be adapted

to produces palladium based membrane waveguides. An integrated

optical chip sensor could be excited using various methods to cou-

ple light into the waveguide. One approach would be end-fire

coupling to an optical fibre but this requires trenches etched into

the front surface of the wafer to accommodate the fibres  and mis-

alignments can lead to unwanted coupling into the slab  waveguide

formed by the air-cytop-air regions on either side of  the palladium

stripe. Broadside excitation could be achieved using tapered fibres

[39] or integrated grating couplers [40].

Our proposed sensor may  suffer similar drawbacks as  any  pure

Pd based sensor such as  cross sensitivity humidity or carbon

monoxide (which could be addressed by using a  Pd/Au alloy [41]).

Under room temperature conditions the response time of a thin

film Pd sensor is believed to be limited by surface processes [38]

occurring on the order of  tens of seconds.

5. Conclusion

The design of a LRSPP hydrogen sensor was  described which  has

good theoretical sensitivity while providing options for  compact

optical integration. The devices consist of palladium stripes on ultra

thin micromachined Cytop membranes. The design space was char-

acterized and discussed with two sensor architectures presented:

straight waveguides and  MZIs. The structures were  investigated

using the 2-D finite element method. The sensor architectures

envisaged depend on either maximizing the normalized sensitiv-

ity of neff or maximizing the normalized sensitivity of  ̨ of the

LRSPP with the straight waveguide designs (maximized  ̨ sensitiv-

ity) showing the most promising results. The modeling and design

data presented provides valuable insight into the performance of

the sensors proposed and highlights the principal sensor design

parameters.
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4    Chapter: Design of the LRSPP Membrane Waveguide Sensor 

The following article entitled “Modeling of long range surface plasmon polariton 

cladded membrane waveguides with integrated grating couplers as hydrogen sensors” 

was published in the Journal of Applied Physics volume 117 in May 2015 and is 

presented in full. The article represents work performed solely by the primary author 

under the supervision and guidance of the co-authors. 

The sensor presented in Chapter 3 suffered from extremely large losses due to the 

Pd waveguide. Instead, it was proposed to use a gold waveguide with Pd over-layer as 

depicted figure 12(f). This implementation allowed for the Pd sensor dimensions to be 

independently tuned. However, this modification resulted in added asymmetry to the 

structure and ultimately resulted in the development of the cladded membrane waveguide 

from figure 12 (g) which is the topic of this chapter. Additionally, the design of broadside 

grating couplers is presented in order to facilitate input and output coupling.  
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The design of a long range surface plasmon polariton cladded membrane waveguide with grating

couplers is proposed. The device consists of a gold stripe embedded in a thin Cytop membrane

with a palladium over-layer and can be used as a hydrogen sensor. Input and output light coupling

is achieved through integrated gold grating couplers directly on the waveguides. The design is

approached through finite element method modeling. Waveguide and sensor designs are compared

and discussed via a 2D modal analysis. The design and optimization of input and output grating

couplers are also presented.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919758]

I. INTRODUCTION

Hydrogen gas (H2) as a fuel source has garnered signifi-

cant interest due to its ability to produce emissions-free

power through implementation as fuel cells.1 The recent

proliferation of commercial fuel cells by the automotive

industry has produced increased interest in smaller scale

applications. However, hydrogen gas is inherently dangerous

as it is combustible for concentrations in the range of 4%

(lower explosive limit) to 74.5% (upper explosive limit) in

air. Therefore, the need for compact, fast, safe, and accurate

detection of leaks in a hydrogen system is a safety necessity.

Numerous techniques have been implemented for hydro-

gen sensing;2 however, optical devices generally provide the

safest options due to the lack of any heating or electrical

components which could potentially ignite the atmosphere.

There are several implementations that can be used for opti-

cal hydrogen sensing such as optical fibers,3,4 fiber Bragg

gratings,5,6 and surface plasmon resonance (SPR) struc-

tures.7–9 This report builds upon the previous work exploring

the use of Long Range Surface Plasmon Polaritons

(LRSPPs)10 which have the potential for very accurate and

sensitive detection due to their inherently high surface

sensitivity and their long optical interaction length with the

sensing medium.

SPPs are TM-polarized charge-density surface waves that

propagate along the interface between a semi-infinite metal

and a semi-infinite dielectric at optical wavelengths.11,12 In

this situation, the wave is referred to as a single-interface SPP

and is highly lossy due to strong confinement to the metal.

Losses can be reduced by having a thin metal film or stripe

symmetrically bounded by a uniform dielectric. Such a struc-

ture can propagate a low-loss LRSPP mode.13

This article reports the optical modeling and design of a

LRSPP waveguide that can be used as a hydrogen sensor.

The structure is based on an thin Au stripe embedded in a

thin dielectric free-standing membrane with a Pd patch as

the H2 sensing medium and grating couplers to in- and

out-couple incident TM-polarized light. Designs are ana-

lyzed through finite element method (FEM) modeling.

II. STRUCTURE AND OPERATION

A. Device structure

The sensor structure diagrammed in Fig. 1 is referred to

as the cladded membrane waveguide and consists of a gold

(Au) stripe embedded in a free-standing dielectric mem-

brane. Light coupling is achieved by integrating grating cou-

plers directly on the waveguides. The devices are designed

to work at an operating wavelength of 1550 nm. Most hydro-

gen sensors utilize palladium (Pd) as it readily forms palla-

dium hydride proportional to hydrogen exposure levels. Our

device uses a thin palladium over-layer for transduction.

B. Cladded membrane waveguide operation

LRSPPs have previously been explored in detail.13–15 A

main requirement for LRSPP propagation is that the metal

FIG. 1. (a) 3D sketch of a cladded membrane waveguide sensor with embed-

ded grating couplers (dimensions not to scale). (b) Front cross-section

through the sensor and (c) side cross-section through the sensor.

a)Author to whom correspondence should be addressed. Electronic mail:

nofong@doe.carleton.ca
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stripe be surrounded symmetrically by dielectric. For any

sensing application, the waveguide mode fields need to inter-

act with the sensing environment and thus full encasement is

impractical. It has been shown that a thin, optically non-

intrusive membrane can be used to suspend the stripe while

allowing the environment to symmetrically form the clad-

ding. This is referred to as the membrane waveguide.10,16

The cladded membrane waveguide takes a similar but modi-

fied approach by embedding the stripe into the membrane,

resulting in increased symmetry over those previous designs.

The stripe is symmetrically surrounded above and below

by a finite thickness dielectric (Cytop) with thickness d, per-
mittivity e2, and placed in a gaseous environment of permit-

tivity e1 as depicted in Fig. 1(b). The environment and thin

membrane form the refractive index symmetry required to

sustain the LRSPP. A region of this structure can be func-

tionalized to be hydrogen sensitive by depositing a thin layer

of palladium over the waveguide as depicted.

A polarization maintaining single mode fiber is assumed

to excite the LRSPP mode via the input grating. The LRSPP

will then propagate along the waveguide and sensor to scat-

ter into output light from the output grating as depicted in

Fig. 1(c). The output light could be captured using, for exam-

ple, a multimode optical fiber. Exposure to hydrogen will

change the permittivity of the Pd patch resulting in a meas-

ureable change of the output power from the output grating.

C. Device materials

The membrane dielectric is Cytop, which is a chemi-

cally resistant amorphous fluoropolymer with low refractive

index (�1.335) that has previously been demonstrated in

other LRSPP devices and sensors.17–19 This low refractive

index allows for a fairly thick and mechanically stable struc-

ture while still being optically non-invasive. Gold is used as

the waveguide material due to its relatively long propagation

lengths at the desired wavelength. Although other hydrogen

absorbing material options are available (i.e., palladium/

nickel alloy,20 palladium/gold alloy,21 and palladium/silver

alloy22), pure Pd was used for simplicity. Palladium is very

lossy at optical wavelengths and therefore the patches need

to be kept relatively small to ensure a detectable output

signal level.

The substrate consists of a silicon wafer with silicon

dioxide layers which are used as the back mask and etch

stop. The substrate is for structural purposes and is far away

from the optical path such that it does not interact. The struc-

ture and fabrication steps have been previously presented.23

D. Grating couplers

Of the various methods for exciting surface plasmons in

planar waveguides, the simplest is end-fire excitation, which

can provide near 100% efficiency.24–26 This method requires

a precisely flat end facet which may be difficult to achieve,

especially for the case of a free-standing membrane. Tapered

fibers27 have also been demonstrated, but they require

extremely delicate alignment. Directly integrated grating

couplers allow for broadside (perpendicular to the wave-

guide) single mode excitation and optical output with flat

optical fibers. Although coupling efficiency will be sacrificed

compared to other methods, broadside coupling allows for

relatively simpler alignment and has fewer mechanical

limitations.

III. DEVICE MODELING

A. Hydrogen sensing

Hydrogen readily absorbs into various transition metals

but has a particularly high solubility, selectivity, and partial

reversibility with palladium.28 H2 uptake in Pd forms palla-

dium hydride (PdHx, where x is the atomic ratio of H to Pd)

proportional the atmospheric H2 concentration (c). The com-

plex permittivity of the palladium hydride has been previ-

ously modeled as

er;PdHx
¼ hðcÞ � er;Pd; (1)

where h(c) is a non-linear concentration-dependent scaling

factor.10,29,30 This direct scaling of the permittivity is known

to be a fairly crude model of PdHx formation but the simplic-

ity of this model allows for the ability to examine sensitivity

as a function of design parameters.

B. Waveguide modal analysis

The waveguide and sensing properties can generally be

determined through 2D modal analyses of the structure

cross-sections using the finite element method (e.g.,

COMSOL Multiphysics). The metals were treated as lossy

dielectrics with relative permittivity of er,Pd¼�60.6764

� 49.1799i and er,Au¼�131.9475� 12.857i at the operating

wavelength31 of 1550 nm. The membrane was modeled as an

ideal dielectric using er,Cytop¼ 1.78 for Cytop and the sens-

ing environment was taken as air (er,1¼ 1).

There are several design parameters that can be inde-

pendently explored in this structure. The most influential

dimensions are the membrane/cladding thickness (d) and the

thickness of each metal layer (tAu and tPd). The width of the

Au stripe (wAu) and the palladium patch (wPd) generally have

a less significant effect so a typical Au stripe width of 5 lm
was used while the palladium patch was made 10 lm wide to

simplify alignment during fabrication.

A practical parameter for analysis is the mode power

attenuation (MPA)32 which represents the loss per length of

the waveguide and is defined as

MPA ¼ a � 20 � log ðeÞ; (2)

where a is the field attenuation coefficient of the mode. Fig.

2 shows the computed mode profiles (y-component of the

electric field) and calculated MPA for a sample waveguide

without palladium contrasted with the same structure with a

thin Pd film (tPd¼ 5 nm). The waveguide portion has a sym-

metric mode profile along with a relatively low MPA, but

the addition of a thin palladium layer dramatically increases

the MPA by multiple orders of magnitude and induces a

slightly asymmetric profile.

Precise fabrication control is required in order to obtain

the expected performance. As an example, a 10% increase in
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the thicknesses of the Au-only waveguide would result in an

order of magnitude increase in the MPA. Although such an

increase is undesirable, it is not critical.

C. Membrane thickness analysis

A practical limitation is that the membrane needs to be

thick enough such that it can be realistically fabricated and

mechanically stable. Fig. 3 shows the mode profile for vari-

ous membrane thicknesses with fixed tAu¼ 20 nm and

tPd¼ 5 nm. As the membrane thickness is increased, the sep-

aration between the two metals also increases which results

in an increasingly asymmetric structure. As this separation

increases the electric field confinement begins to favor the

Pd/Cytop interface over the Au stripe which results in an

increased mode attenuation. Recall that the parameter d is

the thickness of the membrane halves about the Au stripe, so

the thickness of the total membrane stack is 2dþ tAu as

depicted in Fig. 1(b).

Previous work examined the mechanical properties of

Cytop33 and the fabrication of Cytop membranes.23,34 From

the perspective of minimizing losses, the thinnest possible

membranes would be desirable. However, it was very diffi-

cult to fabricate membranes with d� 30 nm with any con-

sistent yield.23 Therefore, a design thickness of d¼ 70 nm

was chosen as a reasonable compromise between mecha-

nical stability and loss. With this design, a 100 lm long Pd

patch could be used such that a sensor with an overall

FIG. 2. Computed mode field contour

plots (normalized jEyj) and MPA for

(a) cladded membrane waveguides

without Pd and (b) cladded membrane

waveguide mode with palladium

(sensor).

FIG. 3. Mode profiles and computed

MPA for various membrane thick-

nesses (d¼ 10 nm to 90 nm) with

tAu¼ 20 nm and tPd¼ 5 nm.
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acceptable propagation loss of about 5.5 dB would be

achieved.

One potential drawback of using relatively thick mem-

branes is that there may be leakage through the slab modes

supported by the air/Cytop/air slab waveguides on either side

of the metal stripe. Fig. 4 shows a comparison of the com-

puted mode effective index (neff) for the cladded Au stripe

waveguide compared to the effective index of the TM0 mode

supported by the air/Cytop/air slab waveguide of equal thick-

ness. It is shown that for all membrane designs in question,

the effective index of the Au stripe membrane waveguide is

higher than that of the air/Cytop/air slab waveguide and thus

leakage to the slab will not occur.

D. Hydrogen sensitivity

The design space over gold and palladium thicknesses

was computed under the established limitation of d¼ 70 nm.

Fig. 5(a) shows a plot of the normalized sensitivity of a to

h(c) which is computed using a central-difference formula

approximation10 with a step size of Dh(c)¼ 0.01. Fig. 5(b)

shows a plot of the MPA for each of the designs.

There is a tradeoff between attenuation and sensitivity,

however, there is no particular need to minimize passive

attenuation as the MPA is within acceptable limits. Similarly,

there is no necessity to maximize sensitivity as even the non-

optimal designs still have very high computed relative sensi-

tivities. Therefore, a moderate compromise design was cho-

sen with d¼ 70 nm, tAu¼ 20 nm, and tPd¼ 5 nm.

The behavior of h(c) is not particularly well-known so

any estimate of a detection limit or sensitivity is highly

approximate. However, a rough estimate can be approached

by making a few assumptions. We assume a conservative

detection resolution limit of 0.01 dB (factoring in detector

precision, background noise and stability, etc.) and a 100 lm
long Pd sensor patch. The design sensitivity derived in

Fig. 5(a) would correspond to an approximate h(c) change of
4.4� 10�5 for the defined resolution. It has been previously

modeled that upon exposure to 4% hydrogen, a 20%

reduction in the refractive index of palladium was

observed.35 Using a crude linear estimate, this would result

in a resolution of approximately 2.8� 10�4% or �2.8 ppm.

This rough approximation is significantly lower than the

minimum required limit of 0.1% as defined by the National

Renewable Energy Laboratory (NREL) and Department of

Energy (DOE).36 Ultimately, the sensitivity will depend on

the resolution and stability of the experimental setup.

IV. GRATING COUPLER DESIGN

A. Grating coupler parameters

For simplicity, the grating couplers of Fig. 1(a) are mod-

elled in 2D following the cross-section sketched in Fig. 1(c).

An input grating coupler is diagrammed in Fig. 6 with the

three important design parameters being: bump height (H),

bump width (w), and pitch (K). The coupling will also be

strongly depending on the input beam height (s) and input

beam position (p). The leftmost grating edge is defined at

position z¼ 0 with the intention to maximize power propaga-

tion in the �z direction. The domain boundaries are treated

as perfectly matched layers (PMLs) to eliminate reflections.

The input is a z-axis polarized 1D Gaussian beam with a

mode field diameter (1/e2 intensity) approximated as 8 lm.

Fig. 7 shows a truncated portion of the computed Ey field for

a large simulation domain used to compute the steady state

solution. The grating also excites several higher order and

radiative modes. These will quickly attenuate or radiate

FIG. 4. Plot comparing the effective index of the Au stripe cladded mem-

brane waveguide to that of the TM0 mode supported by the air/Cytop/air

slab waveguide.

FIG. 5. Design space plots of varying gold and palladium thicknesses com-

puted through FEM. (a) Normalized mode attenuation coefficient sensitivity

and (b) mode power attenuation.
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away and only the LRSPP mode will persist. The insets in

Fig. 7 show Ey cross sections at various z locations from the

grating. At approximately z¼�100 lm, the mode has stabi-

lized to the expected symmetric profile.

The overall performance depends on both the grating

design and the input fiber position which are independently

explored in Secs. IVB and IVC. Although they are presented

in a linear fashion, the design is actually an iterative process

where an arbitrary input position was used to determine a

temporary grating design, which is then used to re-optimize

the input position, which is then used to re-optimize the

grating design again. For simplicity, these sections show only

the final iterations.

B. Input grating dimensions

Competing grating designs are evaluated by comparing

the total power coupled to the LRSPP mode P(z) at a posi-

tion z, far from the grating. This was determined by integrat-

ing the z-directed time-averaged power flow (Poynting

vector) across a vertical section at z¼�100 lm. Initially, an

approximate value for the grating period (K) was obtained

from the phase matching condition37 given by the following

equation:

K � k0=neff;LRSPP; (3)

where neff,LRSPP is the effective index of LRSPP mode. The

cladded membrane waveguide without palladium has an

effective mode index of neff,LRSPP� 1.013; therefore, for

k0¼ 1550 nm, a starting value of K¼ 1530 nm was chosen

and a design domain of various bump widths and heights

was simulated with the input position defined as described in

Sec. IVC. From these results, a good design was selected

and used to refine the value of the pitch. Fig. 8 shows the

simulated P(�100) as a function of the grating pitch using

the temporary bump height and width. The largest power

coupling is achieved at K¼ 1380 nm. This is noticeably dif-

ferent than the initial guess, however. Equation (3) is gener-

ally only accurate for weakly perturbed gratings, which is

not the case with this design.

Using this new pitch, the bump design space was recom-

puted with the P(�100) results shown in Fig. 9. A clear

maximum appears at H¼ 225 nm and w¼ 740 nm for

K¼ 1380 nm.

C. Input beam position

For simplicity, only perpendicular incidence was consid-

ered, thus the position of the input beam can be defined by

the height from the grating (s) and the beam center position

(p). The input height was fixed to s¼ 2 lm. Fig. 10 shows

the LRSPP mode power propagating along 6z at �100 lm
from each side of the grating as a function of various input

positions p. As expected, when the input is centered on the

grating, equal power is coupled along both 6z directions.

Offsetting the input towards the desired propagation direc-

tion will result in �5� larger coupling with the maximum

position for the �z direction at z¼þ1lm.

D. Coupling efficiency

The previous analysis used the absolute mode power at

a distance far from the grating to determine an optimal

FIG. 6. Cross section of the input grating coupler with design dimensions

labelled. Dimensions are not depicted to scale.

FIG. 7. A portion of the long simula-

tion domain used to model the input

grating coupler with LRSPP propagat-

ing in the –z direction. Mode profile

cross sections are presented at various

distances from the grating.

FIG. 8. Plot of the propagated power far from the grating as a function of

grating pitch using a temporary design.
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design. To isolate and calculate the grating coupling effi-

ciency, additional analysis is required. The total power prop-

agating along the �z direction can be expressed as38

PðzÞ ¼ P0e
2az þ PradðzÞ; (4)

where P0 is the power carried by the LRSPP mode directly at

the grating edge (z¼ 0), a is the attenuation constant of the

LRSPP, and Prad(z) is the power carried by all other modes,

which will decay rapidly. At positions far from the grating,

Eq. (4) can be approximated by the first term only. If P0 is

normalized by the input beam power, then as z ! �1, P0

will directly represent the input coupling efficiency.

A long computational domain using the optimum gra-

ting design and beam position was used and P(z) extracted at

various positions z from which the normalized P0 was calcu-

lated. Fig. 11 shows a plot of the normalized P0 versus j1/zj.
Using a smoothing spline numerical curve fit, the coupling

efficiency was extrapolated as the y-intercept and determined

to be 0.1901 corresponding to a coupling loss of 7.2 dB.

E. Output coupling

For simplicity, the output grating design is the same as

the input grating. This allows the devices to be used in either

direction, although the output coupling efficiency may not

necessarily be optimal in this case. Output coupling can be

analyzed in a similar manner as the input, but by comparing

the þy-directed power flow as shown in Fig. 12(a) to the �z
directed flow at the edge of the grating as in Fig. 12(b), when

the LRSPP is launched along the waveguide toward the gra-

ting. The total output power is integrated over a 50 lm wide

window to represent the core diameter of a multimode fiber.

The output grating edge will reflect some power and

excite other modes. To remove any back-reflected power, the

mode power is measured at various distances away from the

grating and extrapolated forward again using Eq. (4).

FIG. 9. Plot of optimized grating design (bump widths and heights) using

for K¼ 1380 nm.

FIG. 10. Plot of the propagated power far from each side of the grating as a

function of input position p; p¼ 0 represents the left edge of the grating.

FIG. 11. Computed values for the cou-

pling efficiency P0 (normalized). The

most accurate value is obtained by

extrapolating the curve fit to j1/zj ¼ 0.
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From Fig. 12, it is clear that the output power will also

be dependent on the vertical position of the output window

(s). Fig. 13 shows the computed coupling efficiency as a

function of output height calculated using the extrapolated

grating edge power. With the output very close to the grating

(2lm), a coupling efficiency of �0.41 (coupling loss of

�3.9 dB) can be achieved. As the output position is moved

further away, it steadies to �0.28 or (coupling loss of

5.5 dB) at 20 lm.

V. MODE OVERLAP COUPLING EFFICIENCY

Another important point of analysis is the coupling

between the waveguide and sensor LRSPP modes at the

palladium patch input and output. The LRSPP will propagate

along a gold-only waveguide section prior to interacting with

the palladium covered sensor portion. This discontinuity will

result in a coupling loss which can be determined by the

overlap integral of the two mode field profiles.26 An example

of the mode discontinuity was previously shown in Fig. 2.

The overlap is calculated as

C ¼

ð ð
A

Ey1 � E�
y2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið ð

A

Ey1 � E�
y1

� � ð ð
A

Ey2 � E�
y2

� �s ; (5)

FIG. 12. (a) Output grating scattered

power flow (y-component) and (b) z-

direction power flow at the output

grating.

FIG. 13. Plot of the output coupling ef-

ficiency computed at various heights

(y) from the output grating.
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where Ey1 and Ey2 are the complex electric field distributions

of the two modes. The overlap integral was calculated

numerically in MATLAB using exported data from our FEM

analysis and determined to be 0.318 dB. Each Pd sensor

patch will have one input and one output resulting in double

the overlap loss of 0.636 dB.

VI. OPTICAL CAVITY EFFECTS

The device geometry forms a Fabry–P�erot optical cavity
with the input and output gratings behaving as plane-parallel

partial reflectors. Thus, a wavelength dependent power oscil-

lation is expected. This effect can be modeled and analyzed

by a wavelength sweep of the full device in 2D using a simi-

lar technique as previously shown in Sec. IV, but now insert-

ing a Pd patch. Fig. 14 (solid) shows the computed insertion

loss measured just before the output grating as a function of

wavelength. The material permittivities are approximated as

constant over this small wavelength window. In this figure, it

is observed that there is less loss with increasing wavelength

(due to the reducing attenuation of the waveguide with

increasing wavelength). More importantly, there is a noticea-

ble oscillation caused by the optical cavity.

The discontinuities of the Pd/Au and Au-only overlaps

may also induce reflections forming a Fabry-P�erot cavity.
But this cavity effect is very weak because the reflections are

very low, as has been verified by isolating the Pd cavity in

the simulation by removing the output grating, thus eliminat-

ing the longer cavity. The plot in Fig. 14 (dashed) shows a

significant reduction in the oscillation. It can therefore be

concluded that the oscillations are caused by the optical cav-

ity formed by the grating couplers.

VII. CONCLUDING REMARKS

The design space for the LRSPP cladded membrane

waveguide was determined along with designs for input and

output grating couplers. The waveguide sections have a

fairly low MPA of 0.0097 dB/10 lm while the sensor

sections have 0.55 dB/10 lm. From the computations involv-

ing the gratings, it was shown that the LRSPP mode stabil-

izes �100 lm from the grating edge. By designing the

sensor such that there is a 100 lm section of gold-only wave-

guide next to each grating and a 100 lm long sensor patch,

the total insertion loss from mode attenuation would be

�5.7 dB. Adding in the mode overlap and best case input

and output coupling efficiency the total insertion loss of the

device would be �17.4 dB, which is well within manageable

limits using a low power laser diode and a good quality

power sensor.

In summary, the full design for a LRSPP cladded

membrane waveguide hydrogen sensor operating at

k0¼ 1550 nm is presented. Broadside grating couplers can

provide convenient input and output coupling to the

sensor.
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5    Chapter: Fabrication Methods 

The following article entitled “Fabrication of long-range surface plasmon 

hydrogen sensors on Cytop membranes integrating grating couplers” was published in 

Journal of Vacuum Science and Technology B (JVSTB) volume 33 in February 2015 and 

is presented in full. It was selected as an “Editor’s Pick” for the JVSTB website and was 

a featured article in the American Vacuum Society (AVS) “Beneath the AVS Surface” 

newsletter. 

The article represents work performed solely by the primary author under the 

supervision and guidance of the co-authors. It details the fabrication methods used to 

produce the final structures as presented in Chapter 4. 

The device was fabricated entirely at Carleton University’s microfabrication lab 

with the exception of the e-beam lithography exposure which was performed at the Berini 

Lab at the University of Ottawa. 
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The fabrication process for a long-range surface plasmon polariton hydrogen sensor is presented.

The device, referred to as the cladded membrane waveguide, features a 5 lm wide and 20 nm thick

gold stripe embedded in a 160 nm free standing Cytop membrane. Broadside excitation and output

are achieved with integrated grating couplers. Hydrogen sensitivity is provided by an overlaid 5 nm

thick palladium patch, which acts as a transduction medium. The device is fabricated by integrating

several process techniques including blind through-wafer alignment, optical photolithography,

overlaid electron beam lithography, metal lift-off, and through-substrate silicon wet etching.

Fabricated results are presented along with a detailed discussion. The devices are characterized

optically via a cutback measurement with the measured waveguide attenuation being consistent

with simulated values.VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4906827]

I. INTRODUCTION

Devices based on surface plasmon resonance (SPR) have

become predominant for optical biological, chemical, and

gas sensing.1,2 This is due to the inherently high surface sen-

sitivity of SPR structures which can produce strong changes

in optical intensity in response to analyte interacting with

surface chemistry. Hydrogen (H2) gas is of particular interest

to detect as it is present in many industrial applications such

as: chemical plants, nuclear power plants, coal mines, semi-

conductor manufacturing, and more recently, fuel cells. It is

flammable in air at concentrations between 4% and 75% and

hence the ability to quickly and reliably detect it is a signifi-

cant safety concern. Optical detection methods provide

advantages over electrical or electrochemical hydrogen sens-

ing in that they do not require electrical signals, and hence,

there is no risk of ignition within the explosive atmosphere.3

A variety of SPR-based hydrogen sensors have been

implemented with structures such as the Kretschmann

configuration,4 planar waveguides,5 diffraction gratings,6

nanoantennas,7 nanoparticles on photonic crystal arrays,8

and optical fibers.9–11 All of these hydrogen sensors incorpo-

rate palladium (Pd) as it selectively and proportionally reacts

with hydrogen.

Surface plasmon polaritons (SPPs) are transverse mag-

netic polarized optical surface waves that propagate along

the interface between a semi-infinite dielectric and a metal.

The long-range surface plasmon polariton (LRSPP) is a low

attenuation mode which can be obtained with a finite thick-

ness and width metal film, symmetrically cladded by a

uniform dielectric.12 For sensing, benefits to LRSPP wave-

guides over single-interface SPPs are the increased propaga-

tion length, leading to longer optical interaction lengths and

thus higher sensitivity and the structures can be integrated

and mass-manufactured.

Our proposed sensor, diagrammed in Fig. 1, is a

membrane-supported LRSPP waveguide. The sensor fea-

tures a palladium patch on top of a free-standing Cytop

(dielectric) membrane with an embedded gold (Au) stripe.

Input and output light coupling is achieved through diffrac-

tion gratings, which allow broadside excitation and capture

directly from optical fibers or focused beams. This article

describes and discusses the detailed fabrication process to re-

alize such a device.

II. DEVICE DESCRIPTION

A. Structure and materials

The device builds on a structure referred to as the LRSPP

membrane waveguide, which features a metal stripe sus-

pended on a dielectric membrane.13,14 By embedding the

stripe into the membrane, there is an improved refractive

index symmetry, which reduces attenuation. This new struc-

ture is referred to as the cladded membrane waveguide.

Figure 2 shows a multiperspective schematic of the device.

Gold is used for the waveguide as it has relatively long

propagation lengths at the desired operating wavelength

(1550 nm). Cytop is a chemically resistant amorphous fluo-

ropolymer, which is used for the membrane as it has a low

refractive index (�1.34) and has been demonstrated to work

well in other LRSPP devices.15 Grating couplers are fabri-

cated directly onto the waveguide and will protrude out-

wards as diagrammed in Fig. 2(b). The arrows indicate the

direction of input, propagated and output light. The devices

a)Author to whom correspondence should be addressed; electronic mail:

nofong@doe.carleton.ca
b)Electronic mail: berini@eecs.uottawa.ca
c)Electronic mail: niall@doe.carleton.ca
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are symmetrical and the input and output gratings can be

reversed.

B. Sensor operation

Input light is coupled perpendicularly via the input gra-

ting, which is designed to excite the LRSPP mode along the

membrane waveguide. The waveguide has a relatively low

confinement, which allows the electric field to interact with

a section of overlying palladium. Upon hydrogen exposure,

this will induce a shift in the mode attenuation, which is

measured via scattered light from the output grating. The

attenuation sensitivity has been previously explored for a

comparable structure,14 and this device is predicted to be

capable of very low concentration detection.

III. FABRICATION DETAILS

A. General process considerations

The process is founded upon previous knowledge with sen-

sors using Cytop.16–18 The membranes for this structure are

�2.5� thinner than previous Cytop membrane devices,16

making them significantly more fragile and thus requiring

new process steps for their fabrication. There are two primary

restrictions that dictated the evolution of the process flow.

The first is that Cytop has a glass transition temperature (Tg)

of 107 �C and will reflow above this temperature. This is a

concern since it can cause irreversible deformation of metal

features that are deposited on Cytop.17 Reflow is more

pronounced as the wafer temperature increases above Tg.

High temperature process steps are ultimately unavoidable but

kept to a minimum. The second consideration is that the mem-

brane will be released with a timed Tetramethylammonium

hydroxide (TMAH) silicon wet etch, and therefore, any

material used must be chemically compatible with TMAH.

The final process steps are diagramed in Fig. 3.

B. Wafer layout and design

Although all the devices could be fabricated on one large

membrane, such a structure would be unnecessarily fragile.

Instead, smaller individual membranes (�100lm� 1500lm)

were designed with multiple devices per membrane. The full

wafer mask layout is shown in Fig. 4(a) with a single cell

shown in Fig. 4(b). From this layout, three photomasks were

made: one for the front-side gold, one for the front-side palla-

dium, and one for the back-side membranes. Since h100i sili-
con wafers are used, the membrane mask must be larger than

the desired membrane dimensions due to the angled sidewalls

formed by the TMAH etch.

FIG. 2. (Color online) Multiperspective depiction of the cladded membrane

waveguide hydrogen sensor. Typical dimensions are identified but exagger-

ated in the depiction. (a) and (b) Cross sections through cut lines a and b
diagrammed in (c).

FIG. 3. (Color online) Fabrication flow (a) SiO2 etch stop and mask layers,

(b) membrane mask pattern and etch, (c) cytop film coating, (d) Au stripe

pattern and deposition, (e) gratings lithography, (f) gratings deposition and

lift-off, (g) Cytop top cladding, (h) Pd patch pattern and deposition, (i) wafer

passivation and TMAH etch, and (j) removal of sacrificial layers.

FIG. 1. (Color online) Diagram of the cladded membrane waveguide LRSPP

hydrogen sensor. Dimensions are not diagrammed to scale.
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In order to fabricate this structure, there needs to be accu-

rate through-wafer alignment between the backside mem-

brane cavity mask and the front waveguide masks. This can

be accomplished with a double-sided wafer alignment

and exposure system but such a system was not available.

Therefore, a blind through-wafer alignment technique was

developed. To accomplish this, both backside and front side

masks were designed with identical alignment lines along

the outer edges. The primary wafer flat can be aligned to the

same primary alignment line on each mask while the perpen-

dicular wafer edge is aligned to a secondary edge alignment

line on the back mask and then aligned to the corresponding

but opposite mark on the front mask. In order for this tech-

nique to work the layout needs to be center-symmetric.

C. Wafer selection and preparation

The starting wafers are 2 in. h100i single-side polished n-

type silicon. The wafer is used solely as physical substrate

and does not contribute either optically or electrically and

hence its type (n or p) and resistivity are irrelevant. However

h100i p-type wafers with secondary flats can help with align-

ment. A RCA clean is applied and then 55 nm of dry thermal

silicon dioxide is grown [Fig. 3(a)]. This oxide serves two

purposes: on the back side it is patterned into the etch mask

for the cavity while on the front side also behaving as an

etch stop layer. The etch stop is critical in order to avoid

undercutting and potentially delaminating the membrane, as

occurred in previous structures.16

D. Backside patterning and etch mask

Before processing the wafer back side, a protective layer

of photoresist is required on the front as this face will even-

tually be placed down during the preceding processing steps

and its preservation is a high priority. First, an adhesion

promoter, hexamethyldisilazane (HMDS), is spin coated on

the front surface. The spin is applied at 1000 rpm for 10 s

and the wafer is baked at 100 �C for 1min on a hot

plate. Next, the protective photoresist (Shipley S1811) is

spin-coated (1000 rpm for 10 s and then 4000 rpm for 30 s

resulting in in 1.1 lm layer) and hard baked at 115 �C for

5min. The steps are repeated on the back side of the wafer

and it is soft baked at (100 �C for 1min). The wafer back

side is aligned and exposed using the membrane mask. The

photoresist is developed with a TMAH based developer

(Shipley MF-321) and hard baked (115 �C for 3min). The

backside oxide is etched with a reactive ion etch using

CF4/O2 plasma (200W for 140 s in a March Jupiter II RIE

system). The remaining photoresist is removed with acetone

and isopropyl alcohol (IPA) with the wafer in the state dia-

grammed by Fig. 3(b).

E. Front side waveguide lithography

A thorough surface clean is performed in O2 plasma using

a Plasma-Preen microwave plasma cleaning system. Five

percentage concentration Cytop M-grade is spun onto the

front surface (1000 rpm for 10 s then 5000 rpm for 30 s). It is

baked on a hot plate at 50 �C for 30min and then ramped to

200 �C over an hour and held for at least 1 h. This will result

in a postcure film thickness of approximately 150 nm with

about 1 nm of variation across the wafer [Fig. 3(c)].

The film thickness is measured via ellipsometry and then

it is etched down to the desired thickness of approximately

70 nm in O2 plasma using a Technics PEII Planar Plasma

Etcher. This thinning step also acts as an ashing step and is

necessary for the subsequent photoresist layers to have suffi-

cient adhesion to the Cytop. The plasma etch is not uniform

and introduces approximately 5 nm of long-range thickness

variation in the film. The wafers are immediately coated

with HMDS using a HMDS vacuum vapor prime oven. Lift-

off resist (LOR 1A) is spin coated (1000 rpm for 10 s then

4000 rpm for 30 s) and baked at 180 �C for 3min resulting in

a �100 nm film. The photoresist layer (S1805) is spin coated

using the same spin speeds and baked at 115 �C for 2min

which form a �450 nm layer. The wafers are aligned to the

waveguide level mask, exposed, and developed.

Gold (20 nm) is deposited via thermal evaporation. After

deposition, metal lift-off is performed with two static

Microposit remover 1165 baths at 80 �C with a 10 s ultra-

sonic agitation in between. The wafers are rinsed with IPA

and water. At this point, the structure resembles that

sketched in Fig. 3(d).

F. Gratings lithography

The input and output grating couplers are formed directly

onto the gold waveguides with dimensions as diagrammed in

Fig. 5. The precision of these dimensions is very strict, so a

bilayer electron beam lithography process is used. The

bilayer is formed by using two layers of polymethyl methac-

rylate (PMMA) with different molecular weights, which

FIG. 4. (Color online) (a) Full wafer mask layout. Edge alignment marks

appear on all masks to allow for front-to-back alignment. (b) Expanded sin-

gle cell layout showing two stripes and multiple sensors per membrane.

FIG. 5. (Color online) Enlarged side view diagram of the required dimen-

sions for the gratings.
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dissolve at different rates after e-beam exposure and can pro-

duce a sufficient undercut for lift-off.

The wafers are coated with HMDS with the vacuum

vapor prime and PMMA 495K A6 is spin coated onto the

surface by ramping up to 1000 rpm over 15 s, spinning at

3000 rpm for 45 s, and then ramping down to a stop over

10 s. This will result in a postcure thickness of approximately

350 nm. PMMA is normally cured at 180 �C for at least 90 s;

however, this will cause severe deformation of the gold

waveguides, and hence, it is instead baked at 100 �C for a

minimum of 24 h to drive out as much solvent as possible.

Afterward it is flash baked at 125 �C for 30 s and then 180 �C
for 30 s. Using this technique, very mild waveguide deforma-

tion is observed. A second layer of PMMA 950K A2 is spin

coated using a 15 s ramp to 1000 rpm, 30 s spin at 1600 rpm,

and 10 s ramp down, which will produce a postcure thickness

of approximately 100 nm. The second layer is cured in the

same manner as the first. The gratings are then exposed

using e-beam (accelerating voltage of 10 kV and dose of

277 lC/cm2). Despite the fact that there are two insulating

substrates (oxide and Cytop), no additional charge dissipa-

tion techniques were required in order to obtain the desired

resolution; however, several iterations were required in order

to obtain optimal results. Excessive energy or voltage would

cause damage to the underlying Cytop and cause local

delamination of the waveguide and grating. After exposure,

the wafer is developed in a 1:3 solution of methyl isobutyl

ketone to IPA for 120 s at room temperature. Figure 6 shows

a microscope image of a pair of gratings after development.

It can be seen that the bottom bump on each set is slightly

underdeveloped and there is remaining PMMA residue in

the channel. To clear the residue, a 20 s descum is performed

with an O2 RIE at 100W.

Afterward, 225 nm of gold is deposited with e-beam evap-

oration. The gratings lift-off must be done gently to avoid

delamination. The wafer is angled vertically in a beaker

filled with acetone at room temperature and left for at least

24 h. The beaker needs to be tightly covered to prevent the

acetone from evaporating. Lift-off is induced by gently agi-

tating the edges of the wafer with a foam-tipped swab. The

wafer is then cleaned with Microposit 1165 followed by

IPA. After lift-off, the dimensions can be measured to ensure

accuracy and consistency. A SEM image of a grating after

lift-off is shown in Fig. 7, which corresponds to Fig. 3(f) in

the overall process flow.

G. Top cladding and palladium lithography

The top Cytop cladding is spin-coated using the same

parameters as the lower portion. However, the cladding can-

not be cured in the same manner (previously at 180 �C) since
that process would now result in significant deformation of

the waveguides and gratings due to reflow. Instead, a modi-

fied hard bake is performed by placing the wafer on a hot

plate at 50 �C for 30min and then ramping up to 100 �C at

5 �C/h. The wafer is held at this lower baking temperature

for a minimum of four days. This increased duration some-

what compensates for the lowered bake temperature but

ultimately will not remove as much solvent as the previously

applied hard bake. Qualitatively, enough solvent is removed

for the film to be solid.

The palladium patches are formed using a similar bilayer

lithography process as for the gold waveguides but with

some minor modifications. The Cytop stack is etched down

to the desired total thickness (160 nm). HMDS is again

applied using the vacuum vapor prime oven. The previous

lift-off resist (LOR1A) required a 180 �C bake for 3min.

Instead, the lift-off resist Polymethylglutarimide (PMGI

SFG 2 S) is used. PMGI has a slower dissolution rate and

therefore can be baked at lower temperatures while still

forming an appropriate undercut for the bilayer. The PMGI

is spread at 1000 rpm for 10 s and spun at 4000 rpm spin for

30 s, which results in a 40 nm thick film. The wafer is baked

at 150 �C for 1min. This bake causes mild but acceptable de-

formation in the waveguides. S1805 is used as the photore-

sist and spin and cured the same way as previously

described. The palladium mask is aligned, exposed, and

developed. Palladium (5 nm) is deposited with thermal evap-

oration and lifted off using the same conditions as the gold

lift off described previously. The structure is currently at the

state diagrammed in Fig. 3(h). Figure 8 shows microscope

images of a pair of waveguides along with two closer views

of the gratings and palladium patches. At these thicknesses,

FIG. 6. (Color online) Microscope image of the developed PMMA bi-layer

lithography for gratings deposition.

FIG. 7. SEM image of a cleaved section of Au grating on Au waveguide on

Cytop with appropriate dimensions.
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the gold appears red while the palladium over Cytop over

gold produces a dark blue shade.

H. Membrane release

The membrane is released with a 25% TMAH silicon wet

etch. Although the Cytop film is chemically resistant to

TMAH, the wafer cannot be directly exposed to in its current

state. TMAH is a strong base and direct exposure to palla-

dium will form palladium hydroxide Pd(OH)2 which not

only changes the optical performance of the sensor but also

critically deforms its structure. PMMA is resistant to

TMAH; therefore, a passivation layer is utilized on the front

surface. PMMA 495K A6 is spin coated at 1000 rpm for 10 s

then 6000 rpm for 30 s. It is baked at 100 �C for a minimum

of 2 h and followed with a flash bake at 180 �C for 30 s. This

forms an approximately 300 nm thick protective film over

the surface. It is important to note that this protective film

will also induce a stress on the membrane once it has been

released and therefore it is generally kept within the thick-

ness range of the membrane.

As previously mentioned, silicon dioxide is used as the

cavity etch mask and is known to be resistant to TMAH.

It has a slow but nonzero etch rate, which can result in

delamination of the Cytop film if the wafer edges are not

passivated. This is addressed by using 1=4 in. Teflon (polytet-

rafluoroethylene) thread tape to wrap the wafer circumfer-

ence. To ensure that only one face of the wafer is exposed to

TMAH, an additional passivation wafer is needed. The passi-

vation wafer is silicon wafer with thick (�1 lm) field oxide

and a �2 lm thick hard baked Cytop layer as diagrammed in

Fig. 3(i). The passivation and membrane wafer are placed

face-to-face and edge wrapped again with Teflon thread

tape. They are clamped together with Teflon nuts and bolts

as shown in Fig. 9. Due to the amount of processing that has

occurred on the wafer, the open silicon channels on the back

have regrown a native oxide; therefore, a 10% hydrofluoric

acid (HF) swab is applied to the back until the exposed sili-

con becomes hydrophobic. This needs to be carefully moni-

tored to avoid over exposing the wafer to HF, which can

compromise the oxide mask.

This apparatus is placed into 25% TMAH at 65 �C and

can take approximately 24 h to complete depending on the

thickness of the silicon wafer. The etch time can be reduced

by increasing the temperature; however, the temperature is

intentionally kept low to stay safely within the thermal

budget. Upon completion, the wafer is rinsed in two static

baths of IPA and allowed to air dry. Figure 10 shows a

microscope image at this stage with the PMMA protective

layer and oxide etch stop still in place. The oxide causes the

visual distortions seen through the now-transparent

membrane.

The PMMA protective layer is removed with a static bath

of Microposit 1165 at 50 �C for 5min followed by a static

IPA bath, IPA spray, and air dry. The final step is to remove

the oxide etch stop; this will in turn remove the remaining

masking oxide. The wafer is dipped in 10% HF for approxi-

mately 2min. It is then immediately immersed in three con-

secutive IPA baths and allowed to air dry. Figure 11 shows a

microscope image of some of the completed structures. It is

important to remove the PMMA sacrificial layer first, as the

FIG. 8. (Color online) (a) Microscope images showing two full sensors after

all lithography has been completed. (b) Expanded view of the palladium

overlap. (c) Expanded view of the gratings. Mild but acceptable deformation

can be observed.

FIG. 9. (Color online) Photograph a single-sided wafer etching setup, before

the wet etch. Teflon nuts and bolts are used to clamp the wafer to be etched

with another protective wafer. The stack is edge wrapped with Teflon thread

tape.

FIG. 10. (Color online) Microscope image of a membrane section after

TMAH etching but before the removal of the sacrificial PMMA and oxide

etch stop.
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removal chemistry is more aggressive than that needed for

the oxide removal, which will result in significantly poorer

yield if the steps are reversed.

IV. RESULTS AND DISCUSSION

A. Fabrication results

The membranes should be perfectly rectangular but can

occasionally be deformed as shown in Fig. 11(a). Deviations

from the rectangular shape can be attributed to misalign-

ments with the backside mask and damage to the backside

oxide during processing. Deformed membranes are at higher

risk of fracture but should not otherwise negatively impact

performance. It can also be observed that the fabricated

membrane in Fig. 11(b) is noticeably larger than the

expected outline as depicted in Fig. 4(b). This is due to the

fact that layout mask was designed for a 300lm thick wafer

while the depicted wafer was thinner, which will scale the

membrane geometry. Also, since this is a timed wet etch,

there can be over etching of the sidewalls, which will also

increase the size of the window.

The inclusion of an etch stop layer was critical in obtain-

ing consistent results. Without an etch stop, undercutting and

delamination of the membrane will quickly occur once the

silicon in the membrane cavity is etched. Compounding this

problem is the fact that the silicon thickness can vary across

the wafer and the etch rate within the TMAH bath can also

vary slightly.

Even with an etch stop, there is still a high risk of fracture

during the final wafer separation and sacrificial layer re-

moval steps. It was observed that using water to rinse the

wafer at any stage after the membranes were released would

cause a large number of them to fracture. This is due to the

high surface tension of water, which can overly stress a

membrane while sheeting off and drying. Instead, IPA is

used to rinse as it does not sheet off quickly but rather evap-

orates slowly leaving the membranes intact. An overall yield

of approximately 75%–90% of the membranes per wafer

was observed. After drying the membranes were able to be

handled easily, without risk of fracture.

B. Optical characterization

Optical characterization of the structures is performed

using a setup as shown in Fig. 12. The wafer is placed on a

ring that is attached to a cantilever and mounted to a two-

axis positioner. The input fiber (single mode polarization

maintaining) and output fiber (multimode) are mounted onto

custom-machined curved supports, which are attached to

individual micropositioners for fine alignment.

The wafer layout includes test devices with gold-only

waveguides (no palladium) and gratings placed at varying

separations, all on one membrane. Figure 13 shows the

results of a cutback measurement performed on such a test

structure.

From this, the attenuation is determined to be 3.4 dB/mm,

which is about 3.5� larger than the expected value. This can

be attributed to the fact that the fabricated device has a thin-

ner (�140 nm instead of 160 nm) and more asymmetric

membrane than desired. The discrepancy can be addressed

FIG. 11. (Color online) Microscope images of completed membranes. (a)

Deformed membrane. (b) Properly released membrane. (c) Expanded view

of the palladium patch. (d) Expanded view of gratings.

FIG. 12. (Color online) Membrane waveguide optical testing setup. Input

and output fibers are mounted onto custom-machined curved arms, which

are attached to micropositioners.

FIG. 13. (Color online) Cutback measurement for characterizing the gold

waveguide. (Inset) Microscope image of the cutback structure with the gra-

tings highlighted.

021201-6 Fong, Berini, and Tait: Fabrication of LRSP hydrogen sensors 021201-6

J. Vac. Sci. Technol. B, Vol. 33, No. 2, Mar/Apr 2015



by increased process control during the Cytop ashing stages.

The simulations were redone for the case of the realized

structure dimensions, and the predicted attenuation was

3.1 dB/mm, which is in excellent agreement with the meas-

ured value. The mild deformation to the waveguides during

the cladding stage will also contribute some additional loss

however this has yet to be quantified. The coupling effi-

ciency (�35.4 dB) from Fig. 13 was not optimized and thus

the coupling loss is large compared to expected values from

simulation (�10 dB). This can generally be improved

through more controlled alignment of the fibers, particularly

the input fiber height. However, the waveguide attenuation

can still be independently extracted from the data.

The effect of the Pd film was characterized by comparing

the insertion loss of a gold-only waveguide to that of an

equal length waveguide but with a 130 lm long Pd overlay

as shown in Fig. 14. The difference in insertion loss was

measured to be 6.68 dB, which is consistent with the

expected excess loss due to the higher attenuation of the

Pd/Au section and the coupling loss generated at the Au to

Pd/Au waveguide junctions.

V. CONCLUSION

A full fabrication process was presented for a cladded

membrane waveguide hydrogen sensor with broadside gra-

ting couplers. The process includes a blind front-to-back

alignment along with several optical and e-beam lithography

and lift-off steps on Cytop. Membranes are released with a

TMAH silicon wet etch. Key factors that improved the

overall device yield were the inclusion of a silicon dioxide

etch stop layer as well as the use of IPA for rinse steps

instead of water. The process has yielded a consistently large

number of intact devices which can be used as hydrogen sen-

sors. A cutback measurement of the waveguides shows that

the gold sections and palladium/gold sections perform as

expected based on comparisons with computations.
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6    Chapter: Optical Characterization of LRSPP Waveguides 

The following article entitled “Characterization of Grating-Coupled Long Range 

Surface Plasmon Polariton Membrane Waveguides” was published as an open access 

research article in Optics Express volume 23 in June 2015 and is presented in full.  

The article represents work performed solely by the primary author under the 

supervision and guidance of the co-authors. It details the methodology and results of the 

passive optical testing and characterization of the fabricated waveguides. The 

characterization was performed entirely at the Berini Lab at the University of Ottawa. 



Characterization of grating-coupled long range 
surface plasmon polariton membrane 

waveguides 
Norman R. Fong,1,* Pierre Berini,2, 3,4 and R. Niall Tait1 

1Department of Electronics, Carleton University, Ottawa, Ontario, K1S 5B6, Canada 
2School of Electrical Engineering and Computer Science and Department of Physics, University of Ottawa, Ottawa, 

Ontario, K1N 6N5, Canada 
3Department of Physics, University of Ottawa, Ottawa, Ontario, K1N 6N5, Canada 

4Centre for Research in Photonics, University of Ottawa, Ottawa, Ontario, K1N 6N5, Canada 
*nofong@doe.carleton.ca 

Abstract: The first demonstration of grating-coupled long range surface 
plasmon polaritons in cladded free-standing membrane waveguides is 
presented. Two different waveguide structures are explored: the first is a 
gold (Au) stripe embedded in a thin Cytop free-standing membrane, the 
other being the same structure but with a thin palladium (Pd) over-layer. 
The waveguides are excited with integrated grating couplers designed for a 
working wavelength of 1550 nm. The waveguides are characterized by 
applying a cutback technique with the Au waveguide loss measured as 3.4 
dB/mm and the Pd/Au waveguide loss as 57 dB/mm. The wavelength 
dependency of the weakly reflecting optical cavity is also observed with a 
free spectral range of ~3.6 nm and a finesse of 2.1. 
©2015 Optical Society of America 
OCIS codes: (050.1950) Diffraction gratings; (240.6680) Surface plasmons; (130.3120) 
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1. Introduction 

Surface Plasmon Polaritons (SPPs) are electromagnetic modes that can propagate along the 
interface between a dielectric medium and a metal. They exist as a coupled excitation 
comprised of a TM-polarized electromagnetic wave and a charge density wave in the 
conductor. A plane interface between a metal and dielectric can allow for guiding of these 
modes although high attenuation is observed. SPP propagation is strongly sensitive to surface 
conditions which can be exploited to make highly sensitive sensors. However, large 
attenuation ultimately limits practical application [1]. The attenuation can be reduced by 
multiple orders of magnitude by implementing a structure where a thin metal film is 
symmetrically bounded on both sides by semi-infinite uniform dielectrics [2]. This structure 
supports what is referred to as a Long Range Surface Plasmon Polariton (LRSPP) which can 
be used to implement devices having a longer optical interaction with the sensing medium. 
The structure can be further modified by introducing lateral confinement by limiting the 
width of the metal film (forming a stripe) [3] thus allowing for the fabrication of integrated 
optical plasmonic components that can be structured for various applications [4]. 

The main constraint for LRSPP-based devices is the requirement to ensure refractive 
index symmetry. For any functional implementation, the propagating electric field needs to be 
able to interact with the analyte of interest so full encasement in the dielectric is impractical. 
It has been shown that LRSPPs can propagate on a metal stripe supported by an ultrathin free-
standing dielectric membrane [5]. This structure, referred to as the membrane waveguide, 
allows for sensing environment to bound the structure thus ensuring approximate refractive 
index symmetry. By functionalizing the metal surface the waveguide can be adapted for 
biological or gas sensing applications [6,7]. The membrane waveguide can be further 
improved by embedding the metal directly into the thin membrane and functionalizing a 
portion of the overlying cladding. This structure is referred to as the cladded free-standing 
membrane waveguide [8] whose operation and experimental characterization forms the 
objective of this paper. 

2. Device structure 

2.1 Cladded membrane waveguide 

Figure 1 shows a depiction of the cladded membrane waveguide along with cross sectional 
views and the desired dimensions labelled. The waveguide is formed by embedding a gold 
(Au) stripe in a thin, free-standing Cytop membrane. Cytop is chemically resistant amorphous 
fluoropolymer with low refractive index (~1.335) and has been previously demonstrated with 
other LRSPP devices [8–12]. Input and output light coupling is achieved through the use of 
grating couplers which allow for broadside (perpendicular) excitation from focused beams or 
optical fibers. The device in air can operate as a gas sensor by functionalizing a region on top 
of the waveguide. 

For example, a thin patch of palladium (Pd) can be used, which allows this structure to 
function as a hydrogen sensor, as Pd absorbs hydrogen selectively. However, the device can 
be modified to sense other gaseous analytes by replacing the Pd patch with another 
transduction medium. The device was designed for operation at an operating wavelength of 
1550 nm. It was fabricated by first spin-coating and curing the lower portion of the Cytop 
membrane which is then plasma etched down to the desired thickness. The Au waveguide 
was formed with a bi-layer lift-off lithography process. 
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Fig. 1. (a) A cross sectional depiction through the x-y plane with typical dimensions identified 
(not drawn to scale). (b) y-z plane cross section showing the gratings geometry (c) 3-D 
depiction of a single waveguide with Pd patch 

Afterwards the upper Cytop layer was spin coated over the Au and cured. It is then etched 
to the desired thickness and the Pd deposited, again via lift-off lithography. All devices were 
fabricated on a 2 inch <100> silicon wafer and a through-wafer wet etch was used to release 
the membranes using silicon dioxide (SiO2) as a mask. The substrate is entirely for structural 
purposes and does not contribute to the optical operation. Additional fabrication details can be 
found in [13]. 

2.2 Grating couplers 

Input and output light coupling is usually achieved through end-fire excitation from optical 
fibers. This can allow nearly 100% coupling efficiency [14–16], however this requires 
precisely cleaved or diced end facets which would be extremely difficult to achieve without 
compromising the structural integrity of the membrane. This structure therefore uses grating 
couplers integrated directly onto the waveguides as depicted. Broadside coupling allows for 
simpler alignment with flat optical fibers with the tradeoff being lower coupling efficiency. 
The gratings are formed via electron beam lithography and deposited before the Cytop top 
cladding is applied [13]. 

2.3 Cell layout 

Figure 2(a) shows a photograph of a fabricated wafer. Figure 2(b) shows a microscope image 
of a single membrane cell (~100 1500 m2) with two parallel Au stripes separated by 30 

m. All gratings are identical (such that the input and output positions can be interchanged) 
and are fabricated in the positions indicated, defining 4 individual devices. One section is a 
Au-only reference waveguide while the remaining three devices have identical Pd patches 
along their paths. The devices with the Pd are considered to have three distinct regions: a 
Pd/Au waveguide and two surrounding Au-only waveguide sections, which will be 
individually characterized in Section 4. 
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Fig. 2. (a) Photograph of a finished 2 inch wafer. (b) Cell view under microscope. The lighter 
shaded surface is Cytop over silicon while the dark area is the free-standing membrane. Each 
cell contains four devices, three of which have Pd patches. 

3. Experimental setup 

The setup for optical characterization of a single device is simple although unconventional. A 
curved aluminum arm was machined and mounted onto a precision six-axis micro-positioner 
as shown in Fig. 3(a). A laser diode source at ~1550 nm is connected to a polarization 
maintaining (PM) single mode fiber that is mounted with the polarization axis orientated 
along the waveguide direction as indicated in Fig. 2(b). The output fiber is a multimode fiber, 
which is mounted on another curved arm, and is connected to an optical power meter (EXFO 
PM-1600). To ensure minimal back reflection, the wafer is not placed on an opaque surface; 
rather it is mounted on a ring which is attached to a cantilever mounted to a large range of 
motion positioner as shown in Fig. 3(b). 

 

Fig. 3. (a) Curved beam support attached to a micro-positioner with mounted input PM optical 
fiber. (b) Large range of motion cantilever with ring chuck. (c) Testing assembly with wafer in 
place. 

The fibers are roughly aligned over the gratings under microscope before the laser source 
is enabled and the fiber positions are finely aligned to obtain maximum output signal power. 
A dark board was placed underneath the sample to prevent back-reflections from the optical 
table. 
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4. Optical characterization 

4.1 Au waveguides 

There are two distinct waveguide structures to be characterized. The first being the Au stripe 
in Cytop without a Pd patch (which will be referred to as the Au waveguide) and the second 
being the region where the Pd overlay is present (referred to as the Pd/Au waveguide). Each 
of these regions supports different LRSPP modes, having significantly different attenuation 
that needs to be independently quantified. The Au waveguides are characterized via a cutback 
technique using a cell as shown in Fig. 4(a) where identical gratings are placed at varying 
separations. Figures 4(b)-4(d) shows the results of measurements taken from three different 
cutback cells all from the same wafer. A linear fit is applied to the data and the R2 coefficient 
of determination is computed showing strong agreement. 

 

Fig. 4. (a) Microscope image of a cutback cell with varying lengths of Au between gratings. 
(b)-(d) Cutback measurements from three different samples from different portions of the 
wafer for determining the mode attenuation of the Au-only membrane waveguide. 

The input and output coupling is strongly dependent on distance of the input/output fibers 
from the wafer. For these experiments the fibers were held relatively far away (~30 m) to 
ensure consistent, although non optimized coupling. Thus, all of the cutback measurements 
show large coupling losses (y-intercept), however the slope which represents the mode power 
attenuation (MPA) can still be independently extracted. From the experimental data the MPA 
of the Au-only cladded membrane waveguide is 3.4 dB/mm. This measured attenuation is 
~3.5  larger than that expected from modelling (0.97 dB/mm) [8]. 
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4.2 Fabricated waveguide dimensions 

The waveguide properties are highly sensitive to the physical dimensions of the metal and 
membrane and thus the observed discrepancies are likely attributed to geometrical differences 
between the fabricated devices and the modeled ones. Ideally, the thickness of Cytop above 
the stripe should be equal to that of the Cytop film beneath (dupper = dlower = 70 nm). 
Fabrication errors ultimately resulted in a slightly asymmetrical waveguide. The actual 
thickness of each layer was measured away from the membrane via ellipsometry during the 
fabrication. For the wafer tested in the previous section they were measured as dupper = 50 nm 
dlower = 81 nm. However, there may still be small variations in the Cytop thickness across the 
wafer due to uneven coating and etching. 

This thickness asymmetry alone does not fully account for the discrepancy. The devices 
were examined under atomic force microscope (AFM) to better determine the realized 
dimensions. Figure 5(a) shows the AFM results for a Au waveguide before the top cladding 
was applied and Fig. 5(b) shows a scan over the Pd patch of a final device. 

 

Fig. 5. AFM scans of (a) an uncladded Au waveguide and (b) a Pd patch section showing 
significant topography underneath. 

From Fig. 5(a) the Au stripe has a thickness of 23.5 nm (20 nm expected), a width of 5.3 
m (5 m expected) and a root mean squared (RMS) surface roughness of Rq = 1.51 nm. 

Figure 5(b) shows that the surface profile of the Pd patch is rounded over a bump of height 
~44 nm. The Pd film was only intended to be about 5 nm thick which implies that the Cytop 
upper cladding layer must be causing the topography. Topography is not unexpected since the 
top layer is applied via spin coating over the Au waveguide without planarization. 

Due to the large deviation of the realized dimensions from the intended ones, the original 
design predictions [8] need to be updated. Figure 6 shows a comparison of the finite element 
method (FEM) computed mode profile (y-component of the electric field) between an ideally 
symmetric Au waveguide structure with exact dimensions and the realized Au waveguide 
with the previously measured stripe and membrane dimensions. The bump over the 
waveguide was approximated as a trapezoid. 
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The computed MPA of the realized structure (2.4 dB/mm) is noticeably higher than that of 
the ideal device (0.97 dB/mm) and reasonably consistent with the measured value of 3.4 
dB/mm. The additional discrepancy can likely be attributed to slight variations in the 
dimensions from device-to-device. In addition, the surface roughness of the Au, although 
small, may induce some additional scattering loss. 

 

Fig. 6. Au membrane waveguide mode profiles (Ey) computed via FEM for (a) the intended 
structure with exact dimensions, and (b) a fabricated structure with asymmetric cladding and 
topography. 

4.3 Pd/Au waveguides 

The Pd/Au waveguides can also be characterized with a cutback technique but a simple 
cutback structure is not available. Instead, each cell was fabricated with different Pd patch 
lengths, and individually measured with the results combined into a cutback. 

This cutback is less straightforward than in the previous case because the loss of a Pd/Au 
section needs to be de-embedded from the Au waveguide sections at the input and output. The 
cutback is performed by measuring the difference in insertion loss between a total waveguide 
section with Pd (ILtotal) and the reference waveguide (ILREF) as depicted in inset to Fig. 7. The 
insertion loss of the reference waveguide is expressed in dB as: 

 ( ) 1( )REF IN OUT AuIL CPL CPL MPA L= + +  (1) 

where CPLIN and CPLOUT are the coupling losses of the input and output gratings, while 
MPAAu is the mode power attenuation of the Au waveguide and L1 is its length. 

The insertion loss of the device with Pd (ILtotal), is expressed as: 

 ( ) 1( ) ( ) 2total IN OUT Au Pd Pd Pd PdIL CPL CPL MPA L L MPA L CPL= + + − + +  (2) 

where MPAPd is the MPA of the Pd/Au section and CPLPd is the coupling loss that occurs at 
the discontinuities between the Au waveguide and the Pd/Au section. The difference in 
insertion loss is obtained by subtracting Eq. (1) from Eq. (2) resulting in: 

 ( ) 2 ( )total REF Pd Pd Pd Au PdIL IL MPA L CPL MPA L− = + −  (3) 
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This difference represents the insertion loss effect from the Pd overlay only. To compute the 
MPA, we need to calculate the insertion loss of the Pd/Au waveguide section (ILPd). This can 
be achieved by adding in the term MPAAu(LPd) which in the loss of the Au waveguide under 
the length of Pd, where MPAAu was determined in Subsection 4.1. Figure 7 gives the cutback 
plot using the computed values of ILPd for various Pd lengths. The slope is the isolated MPA 
of the Pd/Au waveguide, which works out to MPAPd = 57 dB/mm while the intercept 
represents the total coupling losses, 2CPLPd = 0.4875 dB. 

 

Fig. 7. Plot of the cutback measurements for the Pd/Au waveguide. Measurements are taken as 
the difference in insertion loss between the Pd/Au structure and Au-only waveguide, as 
depicted in the inset. 

As discussed in Section 4.2, the actual topography of the realized waveguide is rounded. 
The deposited Pd film was intended to be ~5 nm but with the large underlying topography 
(~44 nm) it is difficult to accurately isolate the Pd film thickness within the AFM scans. An 
estimate can be made by simulating various Pd thicknesses on the known membrane 
topography to attempt to match the measured value. A Pd film of ~3.5 nm would correspond 
with the measured result but this is not very conclusive as the permittivity in the infra-red of 
sub-20 nm metal films can deviate substantially from bulk values used in the model [16]. 

4.4 Coupling loss 

From Eq. (3), the y-intercept in Fig. 7 is the loss contribution due to mode mismatch (2CPLPd) 
occurring at the input and output of the Pd/Au section. The theoretical coupling loss can be 
calculated using an overlap integral as described in [8,16]. Using the fabricated dimensions, 
the total coupling loss has been calculated to be 2CPLPd = 0.35 dB (or 0.175 dB per 
interface), which is slightly less than the observed ~0.4875 dB. The slight discrepancy can be 
explained by the previously discussed issues with modeling thin Pd layers as well as the 
aforementioned device-to-device variations. Although it is quantifiable, the coupling loss 
contributes an insignificant amount to the total loss 
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5. Gratings characterization 

5.1 Coupling efficiency 

The input and output grating coupling efficiency cannot be easily or independently 
characterized since they cannot be isolated for testing. However, if carefully aligned insertion 
loss measurements are performed on a Au-only waveguide, the combined input and output 
coupling efficiency can be estimated by subtracting out the known waveguide loss. 

The gratings have been previously modeled [8] yielding an expected input coupling loss 
of 5.7 dB and an output coupling loss of 3.8 dB for a total coupling loss of 9.5 dB. Several 
insertion loss measurements of Au-only waveguides of known length were taken, and the 
total coupling loss was extracted, resulting in an average measured total coupling loss of 18.4 
dB, which is significantly higher than predicted. 

However, the design modeling [8] was performed in 2-D (infinite x-direction) and over-
estimates the coupling efficiency. The typical 1/e mode field diameter for a single-mode 
(1550 nm) PM fiber is about 10 m, which is significantly wider than the width of the 
waveguide (5 m). Therefore without beam focusing, a fair amount of beam power will not 
be incident on the grating resulting in additional uncoupled power. 

Figure 8 shows an AFM image over a section of a grating along with a profile plot along 
the indicated line. It is clear that the infilling of the space between each Au grating bump is 
not flat as sketched in Fig. 1(b), but rather forms a rounded valley. For this wafer, the Au 
bumps should protrude by ~175 nm from the Cytop, whereas the measured peak-to-valley 
height is 161 nm. These factors explain the deviations between the measured and modelled 
results. 

 

Fig. 8. AFM scan over a sample region of a grating showing a curved Cytop infill between the 
grating bumps along with residue along the Au edges. 

The AFM scan also clearly shows significant residue along the edges of the protruding Au 
bumps. This residue did not appear prior to the application of the upper cladding and it is 
presumed to be residual Cytop. This residue likely contributes to additional coupling loss due 
to scattering. Despite the increased coupling loss over the predicted, the power is still well 
within detectable levels, even when using low power input laser sources. 

5.2 Wavelength response 

The grating wavelength response can be characterized by utilizing a tunable wavelength laser 
source and a broadband optical power detector. Figure 9 shows the insertion loss of a Au 
waveguide as the wavelength is varied between 1540 to 1560 nm. An obvious wavelength 
dependent oscillation is observed. This can be explained by the Fabry-Pérot resonance formed 
in the optical cavity due to back reflections from the gratings as sketched in inset to Fig. 9. 
The free spectral range (FSR) of an optical cavity is calculated as: 
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 2
0 2 effFSR n dλ=  (4) 

where neff is the effective index of the waveguide, computed as 1.0096 at 1550 nm, and d is 
the length of the cavity, 330 m for the sample in Fig. 9. By considering the peaks at 1546.4 
and 1550 nm, a FSR of ~3.6 nm is calculated. The average peak separation between all 
observable peaks is ~3.8 nm. 

 

Fig. 9. Measured insertion loss as a function of optical wavelength for a Au only waveguide 
section. Diagram of the optical cavity formed by the gratings shown in inset. 

The finesse of the cavity is described by the equation 

 F FSR FWHM=  (5) 

where FWHM is the full-width at half-maximum of the peaks. For the peak at 1550 nm, the 
finesse is 2.1 which equates to a grating reflectance of 0.28. This compares well with the 
simulated finesse of 2.0 which would have a reflectance of 0.27. Wavelength resonance is 
unavoidable in a grating-coupled design however it is not particularly problematic. 

6. Concluding remarks 

LRSPP cladded membrane waveguides with grating couplers have been demonstrated for the 
first time. The waveguides have been characterized with a cutback technique, with the Au 
waveguides having a measured MPA of 3.4 dB/mm, while the Pd/Au waveguides having a 
measured MPA of 57 dB/mm. The total coupling losses from the gratings was measured to be 
approximately 18.4 dB. The performance is quite sensitive to the structural dimensions as 
fabrication errors resulted in deviations from the simulated behavior. The grating couplers 
induce a mild Fabry-Pérot resonance. 
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7    Chapter: Hydrogen Sensing  

The following manuscript entitled “Hydrogen sensing with Pd-coated long-range 

surface plasmon membrane waveguides” has been submitted to the journal Nanoscale 

and is currently under review.  

The article represents work performed solely by the primary author under the 

supervision and guidance of the co-authors. It details the methodology and results of 

hydrogen sensing characterization of the cladded membrane waveguide sensor. The 

experiments were performed at the Berini Lab at the University of Ottawa. 
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Hydrogen sensing with Pd-coated long-range surface plasmon 
membrane waveguides 
Norman R. Fong,a* Pierre Berinib,c and R. N. Taita 

A low power, reusable optical hydrogen sensor using long-range surface plasmon polariton (LRSPP) cladded membrane 
waveguides is demonstrated. The sensor incorporates  
free-standing Cytop membrane with a 5 nm Pd over-layer. Input and output coupling is achieved with directly 
integrated broadside grating couplers. The sensor is tested with hydrogen concentrations up to 3% and demonstrates a 
strong response with an estimated detection limit of 290 ppm, and a response time of 7 s to a 0.6% H2 step - this level of 
performance is among the best reported for optical H2 sensors. Cycling of the hydrogen exposure shows a significant 
hysteresis response, however no film deformation or delamination was observed over many cycles. The high stress that is 
induced in clamped films during hydrogenation is relaxed in due to the film being deposited on the flexible and elastic 
Cytop membrane. This could result in improved lifetimes .

1. Introduction 
Hydrogen gas (H2) is flammable at concentrations ranging from 
4%-75% in air, with a low ignition energy and high heat of 
combustion. There has been an increase in its industrial 
application as a clean energy source1,2 which has precipitated 
the need for safer, more reliable and increasingly compact 
sensors than currently available. Sensors commonly use 
palladium (Pd) as a transducer as it absorbs hydrogen 
proportional to the atmospheric concentration forming 
palladium hydride (PdHx where x is the atomic ratio of H:Pd)3. 

H2 sensors have been developed based on catalytic 
reactions4, thermoelectric responses5 -function 
response6, electrochemical effects7, resistance changes8,9 and 
chemo-mechanical responses10.  Catalytic sensors are 
common, but require oxygen to be present in order to 
operate, and also produce a non-selective response to other 
combustible hydrocarbons11. Sensors based on electrical 
effects typically require resistive/heating elements which can 

temperature sensitive. Optical sensors are less intrusive than 
their electrical counterparts because the interrogating 
optoelectronics (and electronics) can be located remotely from 
the sensing element and sensing environment using low-loss 

and renders the sensors immune to EM interference. Optical 
sensors detect shifts in the optical properties of PdHx and do 

them the safest alternative. Sensors based on optical fibres12, 
fibre Bragg gratings13,14, SOI waveguides15,16, plasmonic 
nanostructures 17,18 and hybrid-plasmon waveguides19 have 
been previously examined.  

A subset of optical sensors that is of particular interest is 
plasmonic sensors and specifically surface plasmon polariton 
(SPP) sensors. SPPs are TM-polarized electromagnetic waves 
that propagate along the interface between a metal and a 
dielectric. They have high surface confinement which has 
encouraged their use as very sensitive biosensors20. Hydrogen 
sensors based on SPP waveguides21-23 and nanowires24,25 have 
been reported with high sensitivity and low detection limits. 

large optical losses which 
limit the sensor size and applications. The long-range surface 
plasmon polariton (LRSPP) is a low-loss (and less-confined) 
SPP, that propagates along a thin slab or stripe, symmetrically 
cladded in dielectric. LRSPPs have been successfully 
demonstrated for hydrogen sensing using a modified 
Kretschmann configuration with a Pd film on a 1-D photonic 
crystal26,27, however this setup can be 
coupler. An alternative is to use an integrated optical planar 
LRSPP stripe waveguide which has been shown to be very 
competitive for biosensing applications because a long optical 
interaction length can be engineered within the sensing 
region28. These structures can be excited in an end-fire manner 
or via grating couplers and result in more compact 
implementations compared to prism-coupled LRSPPs. 
Additionally, planar devices can be mass manufactured on 
wafers to lower the unit cost compared to Krestschmann 
structures and fibre sensors.  This article presents the first 
experimental realization of an integrated optical LRSPP 
cladded membrane waveguide29 as a hydrogen sensor. The 
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sensor features a Pd transducer which produces a change in 
the measured output optical power upon hydrogen 
absorption. The sensor also uses directly-integrated grating 
couplers for input and output coupling to cleaved optical 
fibres. 

2. Materials and Methods 
2.1 Palladium-Hydrogen Interactions 

solubility 
dependent on the partial pressure and temperature of 
exposure. Hydrogen gas initially adsorbs onto the surface of Pd 
which disassociates H2 molecules, allowing H to diffuse into 

x until equilibrium is established. The 
dynamics of Pd and H interaction has been investigated 
thoroughly30,31. PdHx exists in two solid phases depending on 
the level of hydrogen content, as well as the temperature and 

- - -
phase occurs at low concentrations where disassociated 
hydrogen atoms will randomly situate themselves at interstitial 
locations within the Pd lattice. At higher concentrations the 
interaction between hydrogen atoms will result in a more 
ordered positioning resulting in added lattice strain, producing 

-phase and causing a large shift in the lattice constant32. 
At temperatures below ~310 C the metal can exist as a 

transit
the pressure-composition relation33, while no hysteresis exists 

which causes them to saturate at lower concentrations34,35.  
The permittivity (complex dielectric function) of metals can 

be represented using models such as the Drude-Lorentz model 
or the Brendel-Bormann model36. At optical and infrared 
wavelengths the permittivity of Pd is that of a lossy dielectric. 

changes the electron density and 
electron collision frequency, and causes a physical expansion 
of the metal lattice, which produces a multitude of effects on 
the optical properties of the metal37,38. The combined effect of 
these changes can be modelled crudely as a net scaling of the 
permittivity of the palladium hydride following a simple scaling 
equation39 ( ) = ( )                                 (1) 

 
where c is the hydrogen concentration and h(c) is the scaling 
factor.  
 
2.2 Sensing platform 

The LRSPP cladded membrane waveguide hydrogen sensor is 
diagrammed in Fig. 1a-

free-standing Cytop membrane in air. A section of the 
. 1c-d show 

LRSPP mode profiles (y-component of electric field) in the two 
regions computed using the finite-element method (FEM). 
Input and output optical coupling from cleaved optical fibres is 

achieved via directly integrated grating couplers. Broadside 
(perpendicular) coupling is preferred for this type of structure 
as end-fire coupling would require a precisely cleaved or diced 
end facet which cannot be easily achieved for a free-standing 
membrane without compromising the structure. The grating 

period29. The sensor was designed to be as compact as 

which allows for clearance for two perpendicularly-aligned 
cleaved optical fibres without additional focusing. 

The membrane material is Cytop, which is a low-refractive 
index (~1.34) soft and flexible amorphous fluoropolymer, 
previously demonstrated in other LRSPP devices40-45. The 
sensors are fabricated on 2” silicon wafers which are patterned 
and wet etched to form the membrane46. For simplicity, the 
silicon substrate is hidden from view in Fig. 1. The waveguide 
design29 and passive optical characterization47 have been 
previously explored. 
 
2.3 Interrogation Setup 

The device is excited by a single-mode polarization-
maintaining (PM) optical fibre perpendicularly-aligned to the 
input grating and a diode laser source emitting at 1550 nm. 
The fibre is mounted on a curved aluminium post, fitted to a 
six-axis micro positioner as diagrammed in Fig. 2a. An output 
multimode (MM) fibre is mounted on an oppositely placed 
curved post, fitted to another positioner, and connected to an 
optical power meter (EXFO-1600). The fibres are positioned 
under microscope with the input polarization direction aligned 

 

Fig. 1. (a)-(b) LRSPP cladded membrane waveguide H2 
sensor with broadside grating couplers. Dimensions 
labelled but not depicted to scale. For simplicity, the 
substrate is omitted from view. (c) Mode profile in the Au 
waveguide section. (d) Mode profile in the Pd/Au 
waveguide section. 
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along the direction of the waveguide, perpendicular to the 
grating. The source gas is a mixture of 3% H2 in nitrogen (N2). A 
pure N2 source is also used to dilute the concentration to 
intermediate values via a mass flow control system. The gas 
flow feeds a syringe needle tube that is mounted on a 
positioner and placed ~2 mm from the sensor. Fig. 2b shows a 
microscope image of a fabricated sensor which has two 
parallel waveguides and three Pd patches on a single 
membrane. Fig. 2c-d show magnified views of a Pd overlay and 
a grating respectively. The apparatus is assembled on an 

light and variations in ambient air flow. 
The 

larger than the size of the sensor, therefore a hermetic flow 
cell is not necessary as low to moderate flow rates will 
produce consistent and complete exposure of the sensor. This 
direct exposure method minimizes the exchange time (i.e., the 

h the active element of 
the sensor). Although this setup is simple, it has some 

will displace the optical fibres, 
which for experimental purposes are not permanently secured 
but rather temporarily held in place. This results in a flow-rate 
dependent signal shift caused by misalignment. For testing 

constant when cycling between hydrogen and nitrogen. 
Ideally, the fibres would be permanently mounted which 
would eliminate this issue. 
 

 

2.4 Stability and Noise 

The passive (no H2) insertion loss of the sensor is observed 
over an extended period (>60 min) such that the ambient 
noise level and stability can be determined. The stability of the 
signal refers to long term drift in the measured output power 
at a constant input. The laser diode and controller should 
provide a stable low-noise signal. Coupling is polarization 
dependent, therefore mechanical stability at the input fibre is 
critical. The input fibre micropositioner provides good 
experimental control by providing multiple degrees of 
freedom; however this results in lower stability and increased 
noise due to the larger number of mechanical components. In 
addition, fabrication defects (particulates, metal roughness) 
can result in additional noise due to optical scattering within 
the device, and this can vary between devices. 

3. Experimental Results and Discussion 
3.1 Hydrogen Response 

A 100% N2 flow rate of 500 sccm is used to establish a baseline 
signal at room temperature. The gas was switched to 3% H2 
(balance N2) at the same flow rate and allowed to stabilize. 
The gases were cycled, as shown in Fig. 3, while measuring 
output power (dBm) against time. The input laser is set to 
deliver 0 dBm with the majority of the loss in the system 
coming from grating coupling and misalignments47.  

Hydrogenation of a Pd film adds to the number of free 
electrons in the metal48 as well as increasing the scattering 
centres which increase the collision frequency. These effects 
collectively would result in an increase in the plasma 
frequency which should cause an increase in attenuation. 
However, the opposite response is observed in Fig. 3 where a 
decrease in attenuation (increased output power) occurs. It is 

nated by lattice volume 
expansion which result in a decrease in the electron density 

 

Fig. 2. (a) Diagram of fibre alignment and gas exposure 
set-up over a sensor. (b) Microscope image of a H2 sensor. 
(c) High-magnification microscope image of a Pd patch. (d) 
High-magnification microscope image of a grating. 

 

 

 

Fig. 3. Sensor response due to exposure to 3% H2 in 97% N2, 
cycled with 100% N2. The parameters of interest are the 
noise level ( P), signal step ( P), response time (tres) and 
recovery time (trec) as defined on the figure. 
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and thus cause a decrease in attenuation49. This behaviour is 
consistent with other sensors of similar film 16,39,50,51,. 

The noise levels ( P) are calculated as the standard 
deviation of the steady state signals (in nW) and have a value 
of ~ 0.25 nW. This is an insignificant variation from the 
ambient state (no gas flow) which confirms that the gas flow 
does not substantially impact the noise. The sensor signal ( P) 
is computed as step difference between the averaged steady 
state signals (in nW) and is approximately ~ 23.5 nW resulting 
in a signal-to-noise ratio ( P/ P or SNR) of  ~ 94 for these three 
cycles. The process was repeated over 20 cycles with an 
insignificant variation in the SNR over time. Returning to the 
numerical modelling of the sensor29, this observed decrease in 
corresponds to a ~10% reduction in the permittivity such that 
h(c) ~ 0.9.  
 

3.2 Response and Recovery Time 

Another important figure of merit for hydrogen sensors is the 
response time and the recovery time. The response time (tres

 

or t90), is defined as the time to reach 90% of the steady state 
signal level. Similarly, the recovery time (trec or t10) is the fall 
time to 10% of the original signal. Fig. 4a shows a sample 
output over several 3% hydrogen cycles. Fig. 4b plots the 
response and recovery times for 19 cycles of exposure. There 
is a moderate variation from cycle-to-cycle which can most 

ed to minor fluctuations in the noise level or 
stability over time. The response and recovery times are 
similar and show a slight decrease from about 50 s to 45 s with 
increasing cycles. 

Most optical sensors based on thin planar Pd films have 
shown similar response times when exposed to comparable 
concentrations of H2 (~3%). The response time is limited 
primarily by three factors: exposure concentration, surface 

The sensor response stabilizes when the 
palladium hydride reaches equilibrium with the environment, 

shows that the response time is reduced to 7 s for a 0.6% 
exposure. Larger film surface areas also improve the response. 

T  which can also 
improve response times.  

 
3.3 Detection Limit 

- x results in a non-linear 
relation between the permittivity and concentration. Fig. 5 
shows the output response in the concentration range of 0 - 
3% in steps of 0.6%. The sensor was operated at room 

-
phase occurs at around 2% H2. The first step (from 0 to 0.6%) is 
noticeably larger than the subsequent steps within the  

which would result in a larger initial response. The rate of 

responding mostly due to changes in the permittivity of the 
film. The transition into the mixed ( - ) phase is evident in 
the measured response near ~1000 s where a large step in 
signal is observed.  

The lowest controllable concentration in our set-up was 
0.6%; however, it is clear from Fig. 5 that the minimum 
detectable concentration is much lower. The theoretical 
detection limit is defined as the concentration resulting in a 
SNR of 1. Although the initial response within the  region is 
only semi-linear, it can be approximated as linear for the 
purposes of estimating the detection limit, yielding an 
estimated value of 0.029% or 290 ppm, which is comparable to 
or better than similar structures16,22,52.  
 
3.4 Hysteresis 

Pd films are well-
hydrogen exposure53-55. When a Pd film has transitioned into 
the -hydride phase, the more ordered distribution of H atoms 
in the lattice results in an increased activation energy required 
for desorption and return to the  phase53, resulting in 
lowered desorption response 
Pd films deposited on elastically rigid substrates experience 
high compressive stresses56 as they restrict in-plane expansion. 
Thus the large lattice expansion experienced with hydrogen 

 

Fig. 5. Sensor response to 0.6% hydrogen intervals 
showing a non-linear sensitivity. 

 

 

Fig. 4. (a) Several cycles of 3% hydrogen exposure with 
minimal variation in step time or noise level.  (b) Sensor 
response time and recovery time over various cycles  
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 and delamination. Hysteresis 
and deformation can be minimized by delaying or eliminating 
transition to the -hydride phase. Many Pd-based sensors 
address this issue by using very thin films (< 5 nm). These films 
experience increased tensile stiffness due to clamping to a 
rigid substrate, effectively 
thus limiting lattice expansion. Alternatively, a Pd alloy (e.g. 
Palladium- ) can be used instead of pure Pd to reduce the 
H2 and associated strain57-59. These techniques will, 
however, limit the dynamic range of the sensor by restricting 
the maximum H2 capacity of the film, which is not necessarily 
desirable.  

Fig. 6 shows a hysteresis plot of the cycled hydrogen 
response (0.6% steps). At the highest concentration tested, the 
signal has not yet saturated. Despite the observed hysteresis, 

the experiments in which devices were cycled up to 30 times. 
The LRSPP waveguide is highly sensitive to the roughness of 

ion would 
result in a significant noise increase over successive cycles, 
which was not observed. 

It has been reported that Pd clusters embedded in 
elastically soft polymers have enhanced H-solubility from 
reduced interfacial stress60. In the case of the membrane 
waveguide sensor, the Pd film is deposited on top of a soft and 
elastic Cytop membrane which should reduce substrate 
clamping and compressive stress during hydrogen absorption, 
leading to enhanced H-solubility and reusability. 

 
3.5 Performance Improvements 

The U.S. Department of Energy requirements61 for H2 sensors 
states that the target standard for sensor response time 
should be <1 s within the dynamic range of 0.1% - 10% 
operating at temperatures between -30°C to 80°C.  To date, no 
sensor has been demonstrated to fully meet these strict 
requirements, most often only satisfying one parameter 
among detection limit, sensitivity, dynamic range or response 
time. 

Our estimated detection limit of 0.029% ppm exceeds the 
target limit and is comparable to other optical sensors in the 
literature16,22,52,62,63. The detection limit can be improved by 
reducing the noise floor and/or increasing the signal step. A 
significant amount of noise is inherent in the experimental 
setup from the number of non-fixed mechanical axes, which 
are only present for experimental purposes. The signal step 
size is proportional to the length of the Pd covered section of 
the waveguide. The sensor was designed to be compact and 
thus the length of the Pd patch was limited to no more than 
190 m. However the waveguide only accounts for 
approximately 10 dB loss in the system with the majority of 
the power loss coming from the grating couplers. Thus the Pd 
patch size could easily be increased, increasing the SNR while 
still maintaining an acceptable signal level.  

The full dynamic range of our sensor was not examined as 
very few sensors are tested above 4% H2 for safety reasons. It 
is thought that the sensor should have increased hydrogen 

storage capability compared to other sensors of equal Pd film 
interfacial stresses of the Pd film 

deposited on the elastically soft Cytop membrane. 
The experiments presented were performed at room 

temperature, so further characterization is required as the 
pressure-concentration-temperature isotherms of palladium 
hydride3 reveal temperature dependence. Transition to the 
mixed ( ) hydride phase is delayed with increased 
temperature which has a significant effect on the response of 
any Pd-based sensor. Additionally, Cytop has a thermal 
expansion coefficient64 of 7.4x10-5 K-1 which is higher than that 
of Au (14x10-6) and could cause a change in the grating pitch 
with temperature which will affect the coupling efficiency. 
However, the couplers are broadband and any effect could 

ely be compensated by referencing. 
The most difficult requirement to meet is the sub 1 s 

response time. Although this sensor demonstrated a response 
time as low as 7 s to 0.6% exposure, the time increases to ~50 

rove response 
time but will further limit the storage capacity. The response 
time could be improved by nanostructuring the Pd layer such 
as implementing nanogaps65. Delaying hydride phase 
transition by using a Pd alloy has also been shown to improve 
response time51 however this also reduces sensitivity and 
capacity.  

4. Conclusion 
A low-power, compact hydrogen sensor using a LRSPP cladded 
membrane waveguide is demonstrated at H2 concentrations 
up to 3% with an estimated detection limit of 290 ppm and a 
response time of 7 s to 0.6% H2. The detection limit is 
comparable to other optical sensors and could be improved by 
increasing the length of the Pd patch. The sensors show 
hysteresis upon hydrogen cycling without any observable 
deformation of the Pd film. This is due to the reduced stress in 
the Pd film because it rests on a soft and elastic Cytop 
membrane, which should lead to a larger dynamic range 
compared to films on rigid structures while also having 
improved lifetime and reusability. 

 

Fig. 6. Sensor response to 0.6% hydrogen intervals 
showing a non-linear sensitivity. 
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8    Chapter: Conclusions and Future Work 

The preceding articles presented the entire evolution of the LRSPP cladded 

membrane waveguide hydrogen sensor which is the first device of its type to be 

demonstrated in the literature. The modeling and design of the structure showed that it 

should function appropriately as both a waveguide and a sensor. The fabrication 

consisted of a comprehensive process including: blind double-sided alignment, optical 

and e-beam lithography and through wafer wet etch while adhering to a strict thermal 

budget.  

The waveguides were passively characterized with the Pd/Au section having a 

waveguide loss of 57 dB/mm and the Au section having a loss of 3.4 dB/mm. There is 

clear potential for improvements as described in Chapter 7 where the fabricated device 

mildly but noticeably differed in optical performance from the theoretical structure. 

These results shed light on the fabrication steps which will require additional control to 

avoid future oversights, specifically noting the critical nature of the structure symmetry.  

As a hydrogen sensor, the device has an extrapolated detection limit of 290 ppm 

which is competitive to other waveguide based sensors. The detection limit could be 

improved by simply scaling the Pd patch. This would allow for a larger step height due to 

increased change in total attenuation of the waveguide. This could also add additional 

noise however the observations during the work done in Chapter 7 showed that the noise 

levels of longer Pd patches were negligibly different than shorter patches. Thus scaling 

the Pd patch could allow this device to have the best detection limit among optical 

techniques.  
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The sensor results also reveal that the Cytop elasticity allowed for less restricted 

hydrogen uptake by the Pd film compared to clamped films on rigid substrates, which can 

potentially lead to longer lifetimes and possibly a larger detection range. This result was 

somewhat unexpected prior to experimentation and can lead to further exploration and 

could potentially lead to other H2 sensors on elastic substrates.  

The DOE safety requirements suggest a range of up to 10%, however very few 

sensors have been demonstrated above 4%, primarily due to the inherent safety concerns 

of using H2 concentrations above the lower explosive limit within a laboratory 

atmosphere. Thus further experimentation is required in order to determine the maximum 

uptake. The requirements also state an operating temperature range of -30°C to 80°C. All 

experiments were performed at room temperature. It is not expected that these devices 

would critically fail at either of these extremes however temperature effects clearly play 

into the physical characteristics of both the Cytop and the Pd film which requires 

additional exploration. 

Additional experimentation can be done to optimize the grating couplers. 

Perpendicular excitation was chosen for simplicity but it is the most efficient. Much 

higher couple efficiency could be achieved with angled excitation. Additionally the 

grating area could be designed to be wider and taper down to the desired waveguide 

width which would help with alignment issues. 

The technology developed in this thesis is not exclusively purposed for hydrogen 

sensing. The Pd layer could be replaced with any other functionalization to allow for 

sensing of other gases such as methane, carbon monoxide, carbon dioxide, etc. The 

grating couplers did not play a direct role in the actual sensing but are the first of their 
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kind to be demonstrated and additionally can be integrated into other LRSPP waveguide 

type structures where end-fire excitation is impractical or otherwise inconvenient. 
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