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Metal hydrides often display dramatic changes in optical properties upon hy-

drogenation. These shifts make them prime candidates for many tunable optical

devices from optical hydrogen sensors and switchable mirrors to physical encryption

schemes. In order to design and fabricate optimized devices for any of these applica-

tions, we need to determine the optical and structural properties of these materials.

In this dissertation, we design and implement an apparatus that dynamically mea-

sures the gravimetric, stress, calorimetric, and optical properties of metal hydrides

as they are exposed to H2. We use this apparatus to measure the properties of 5 dif-

ferent pure metal hydrides (Pd, Mg, Ti, V, and Zr) and then use these properties to

design tunable color �lters and switchable perfect absorbers, among other devices.

To widen our parameter space and to combine desirable characteristics of di�erent

metal systems, we use the same apparatus to investigate the properties of di�er-

ent metal alloy hydride systems including Pd-Au, Mg-Ni, Mg-Ti, and Mg-Al. We

demonstrate many improved nanophotonic designs with these materials, including



a thin �lm physical encryption scheme with Pd-Au and a switchable solar absorber

with Mg-Ti.

Many of these photonic devices can be further enhanced by tailoring the sub-

strate of the device along with the metal hydride. In this dissertation, we also

investigate combining the switchable optical properties of metal hydrides with near-

zero-index substrates to further enhance the optical device changes. Near-zero-index

materials are ones where the refractive index is below 1 and can lead to a variety of

interesting optical e�ects, including high absorption in surrounding materials and

enhanced non-linear e�ects. By combining an ITO substrate with a near-zero-index

resonance at ∼1250 nm with a thin Pd capped Mg �lm, we demonstrate a switch-

able absorption device with >76% absorption change at 1335 nm illumination. To

further explore the possibility of large-scale fabrication of these devices, we survey

the properties of commercially available near-zero-index materials and report the

range of attainable optical properties, showing its feasibility.
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Chapter 1: Introduction

1.1 Overview of metal hydride systems

Metal hydrides have a long history of discovery and application. Pd, the most

commonly studied and used metal hydride, was discovered to absorb large amounts

of hydrogen in 1866 [1]. Since this discovery, there have been numerous applications

of these materials including membranes to extract or purify hydrogen [2, 3], hydrogen

gas sensors [4, 5], hydrogen storage devices [6, 7], and rechargeable batteries [8],

amongst many others. All of these applications take advantage of one or more

of the physical property changes of certain metals upon hydrogenation, including

changes in electrical resistivity, optical properties, lattice expansion, and thermal

conductivity. Many metal hydrides are non-stoichiometric compounds, where the

amount of hydrogen in the material is dependent on the driving force (pressure or

electrochemical voltage) of the hydrogen on the lattice [9]. Thus, these material

changes are on a dynamic spectrum and allow for a broad range of intermediate

properties between the fully metallic and hydride states. In this thesis, we will use

novel methods to more precisely characterize these dynamic properties to inform

the design of nanophotonic and plasmonic devices to further propel applications of

metal hydrides.
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First, we begin with a physical picture of the hydrogenation reaction. The two

common ways of hydrogenating metals are gas-phase loading and electrochemical

loading. The hydrogen loading value is a measure of how many H atoms are located

within the metal lattice, and is measured in the units of H/M, or the number of

hydrogen atoms per metal atom in the lattice. For gas-phase loading, as certain

metals are exposed to H2 gas, the diatomic hydrogen molecule can adhere to a sur-

face site on the metal and subsequently dissociate into individual hydrogen atoms.

These hydrogen atoms can then di�use into the bulk of the metal, occupying in-

terstitial sites within the metal lattice. In many metals, this gas-phase reaction is

not spontaneous at room temperature and reasonable H2 pressures. These metals

require a catalyst to split the diatomic hydrogen molecule, which then the atomic

hydrogen atoms can di�use through the catalytic �lm into the lattice sites of the

substrate metal. The most common catalyst is Pd, which also has the added ben-

e�t of protecting the substrate �lm from oxidation when it fully encapsulates the

substrate. Electrochemical loading occurs when the metal is placed in an aqueous

(usually acidic) medium and hydrogen is driven into the lattice with an applied

voltage. This process generally allows for higher hydrogen loadings to be achieved,

because a relatively small applied voltage in an electrochemical cell is chemically

equivalent to a very high H2 gas pressure [10]. For example, a Pd loading of H/Pd

= 0.96 has been achieved with electrochemical loading, when gas phase loadings can

generally only achieve H/Pd ≈ 0.75 even at high pressures [10, 11]. The applications

of this process are limited to devices that can operate in an aqueous cell, thus in

this thesis, we will focus solely on the gas phase loading reaction.
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As small amounts of hydrogen enter the interstitial sites of a metal lattice,

the hydrogen initially occupies the α material phase describing very low hydrogen

concentrations. As the lattice �lls with more hydrogen, the material enters a mixed-

phase (α + β), which is caused by H-H interactions becoming more dominant [4].

The β phase continues to grow in the lattice as more hydrogen is added until it be-

comes the only phase in the material. As this phase transition occurs, a signi�cant

amount of stress is introduced into the lattice as each hydrogen interstitial causes

displacements of the metal atoms from their usual lattice sites. This displacement

causes a distortion of the crystal lattice. A signi�cant volume expansion occurs

during this process, with Pd achieving a 14% expansion under 1 atm H2 [12], while

other materials have an even greater expansion, such as Mg, which has a 30% expan-

sion [13]. Taking into account these stresses, especially in constrained systems, is

very important, as they are connected with spurious phase formations. High stresses

beyond the critical yield stress of the material can also result in the formation of dis-

locations in the lattice, which further a�ect its optical and structural properties [12].

Ways to mitigate these high stress values include nanoscaling the active materials

to have fewer constraints on the system and alloying the active metals with other

transition metals in order to suppress the α to β phase transition. This mitigation

is essential for systems that desire repeatable switchable responses, as dislocations

and deformations to the lattice can signi�cantly degrade device response over many

H2 cycles.
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1.2 Tunable optical properties and applications

In this thesis, we focus most of our attention on the dynamically tunable

optical properties of metal hydrides, compared with their other dynamic proper-

ties. Metal hydrides started to draw signi�cant attention for their tunable optical

properties in 1996 when Huiberts et al. discovered that yttrium and lanthanum

demonstrate a metal-insulator transition when exposed to H2 gas [14]. This tran-

sition caused a dramatic change in the materials' optical properties as the metallic

YH2 and LaH2 transitioned to the semiconducting YH3 and LaH3. Further work

was continued investigating the optical changes in thin-�lm metal hydrides and how

these changes can be applied to di�erent devices, such as for smart windows [15],

switchable solar absorbers [16], hydrogen sensors [17], and switchable mirrors [18]

using metal hydrides including Y, Mg, Pd, and Mg-Ni alloys respectively.

Beyond thin �lm applications, as nanofabrication techniques improved and

nanostructuring metals became more commonplace, many groups began to study

nanoscaled metal hydrides. Nanoscaling allows for �ner control of the optical re-

sponse of a device by tailoring the light-matter interaction. One common way of

doing this is to create a localized surface plasmon resonance (LSPR) on the metal

structures. The LSPR occurs when the oscillating electric �eld from incident light

causes the conduction electrons in the metal to coherently oscillate. This process

allows for high absorption at the LSPR resonance wavelength. By exposing this

plasmonic metal structure to H2, you can then either shift or eliminate this reso-

nance, as has been demonstrated using Y [19] and Nb [20] nanorods and Mg [21]
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and Pd-Au [5] nanodisks.

Recently, the primary application for these optical metal hydride devices has

been for optical hydrogen sensing. H2 gas is an ideal clean energy source candidate

because when burned, it emits no greenhouse gases and can be easily transported to

regions where high-voltage power lines cannot reach. With the increase in H2 usage,

high-quality sensors are needed to regulate the �ammability risks. In particular,

optical H2 sensors are ideal due to a decreased risk of sparking in a �ammable H2

environment, as opposed to electrical sensors that utilize metal hydrides' change in

resistance upon hydrogenation. They are also much less energy and space-intensive

than combustive H2 sensors that section o� and combust a portion of the chamber

gas and analyze the resulting atomic spectra. Optical H2 sensors can be imple-

mented in many di�erent forms. The most common current design utilizes the

LSPR resonance of nanostructured metal hydrides. By �tting the peak of the LSPR

resonance, the amount of hydrogen in the atmosphere above the sensor can be de-

termined [5, 22, 23]. Another common way of implementing an optical H2 sensor

is to use a coating on an optical �ber that either uses a thin metal hydride layer

at the end of the �ber to detect changes in back-re�ected light [24] or uses a full

coating of a metal hydride that expands or contracts with the hydrogen content of

the atmosphere, changing the e�ective optical path length of the �ber [25, 26]. Sim-

pler designs for hydrogen sensors have also been proposed that utilize resonances in

thin-�lm devices by creating a cavity e�ect [17].

Beyond adjusting the optical properties of these materials by only changing

the H loading, alloying metals has the added bene�t of a wider parameter space
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for potential optical properties. Alloying allows for the tuning of the initial optical

properties of the metal, along with its response to hydrogenation. In the case of the

Mg-Ni system, alloying has been used to tune the �nal properties of the hydride to be

more clear for switchable window applications [15]. Alloying also has the potential

to solve many other issues with metal hydride devices. Many pure metal H2 sensors

su�er from intracycle hysteresis, which causes a large ambiguity in the H2 pressure

reading depending on whether the sensor is loading or unloading. These sensors can

also su�er from surface poisoning from various trace gases in the atmosphere, such as

CO. Surface poisoning occurs when a molecule binds to a H dissociation site on the

H2 sensor and blocks any further hydrogen splitting at this site. In particular, Pd-

based sensors su�er from this, where the C atom in the CO molecule chemisorbs to H

splitting sites [27, 28]. One example of an alloying system that begins to solve these

issues is Pd-Au, which has been shown to eliminate hysteresis with high enough Au

atomic fractions and has shown a signi�cant reduction of surface poisoning [5, 23].

To o�er an even higher resistance to poisoning, ternary systems like Pd-Au-Cu have

been explored and have shown a complete elimination of this poisoning e�ect [22].

Finally, some metal hydrides are too stable in their fully hydrogenated state and

must be heated in order to unload the hydrogen from the metal lattice. MgH2 in

particular su�ers from this e�ect, and much work has been done to investigate ways

to destabilize the lattice for switchable room temperature desorption for hydrogen

storage purposes [29, 30, 31]. Alloying has the potential to solve all of these issues

by retaining the large optical changes upon hydrogenation while introducing other

positive e�ects by alloying with other transition metals.
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1.3 Outline of this thesis

Before we can take advantage of the wide parameter space of tunable optical

and structural properties of metal hydrides, we �rst need to build and qualify an

apparatus that can characterize these systems. In Chapter 2, we describe the cus-

tom measurement system designed to measure the gravimetric, optical, thermal, and

stress properties of thin-�lm and nanoscaled metal hydrides. This system is based

around a Quartz Crystal Microbalance (QCM) that is used to measure the mass of

hydrogen entering the metals under investigation. The stress of thin-�lm samples

is measured using an adopted Michelson-Morely interferometer with the QCM act-

ing as one of the interferometer mirrors. By measuring the change in interference

spacing, the curvature change of the substrate can be calculated, which can then be

converted to the stress of the �lm. To measure thermal signals from reactions on

the �lm, we designed on-chip Resistance Temperature Devices (RTD) whose out-

puts are fed into a one-state nonlinear lumped element model. Finally, multi-angle

optical ports are available in the system to incorporate dynamic optical property

measurements with variable angle spectroscopic ellipsometry. This chapter is based

on the published manuscript �J. B. Murray, K. J. Palm, T. C. Narayan, D. K. Fork,

S. Sadat, J. N. Munday. �Apparatus for combined nanoscale gravimetric, stress, and

thermal measurements� Review of Scienti�c Instruments 89, 085106 (2018)�.

With the demonstrated ability to measure the properties of these metal hy-

drides, we then investigate the structural and optical properties of 5 pure metals,

Pd, Mg, V, Zr, and Ti, in Chapter 3. We �nd a range of di�erent optical responses
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upon hydrogenation from the di�erent metals, and we use these measured dynamic

optical properties to propose di�erent thin �lm and nanophotonic designs including

switchable perfect absorbers and color �lters utilizing the metal hydride transition.

This chapter is based on the published manuscript �K. J. Palm, J. B. Murray, T.

C. Narayan, J. N. Munday. �Dynamic Optical Properties of Metal Hydrides� ACS

Photonics 5, 4677-4686 (2018)�.

In Chapter 4, we take a brief detour from metal hydride systems to explore

commercially available Near-Zero-Index (NZI) materials. NZI substrates can greatly

enhance optical e�ects in the wavelength range around the NZI resonance, and we

are interested in the range of potential properties of these materials for eventual

combination with a metal hydride system. We investigate the range of properties

that can be obtained with three di�erent types of Transparent Conducting Oxides

(TCO): indium tin oxide (ITO), �uorine-doped tin oxide (FTO), and aluminum-

doped zinc oxide (AZO). We �nd positive correlations between the locations of the

NZI resonances and the strengths and bandwidths of those resonances. This chapter

is based on a manuscript currently in preparation �K. J. Palm, Calum Shelden, L.

J. Krayer, J. N. Munday. �Investigation of Physical Properties of Commercial Near-

Zero-Index Materials� In Preparation (2021)�.

Utilizing the unique properties of these NZI materials, in Chapter 5 we use

an NZI substrate under a Pd/Mg stack to create a switchable thin-�lm absorber.

The device can be switched from a high re�ectivity to a high absorption state by

exposure to H2 gas. We show that the NZI substrate is essential to obtaining the

extremely high absorption change and that the high absorption is created by a
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destructive interference e�ect with the light re�ecting o� the Mg/NZI boundary.

We experimentally demonstrate this device with a 350 nm ITO �lm coated with 25

nm Mg and 3 nm Pd, which shows an absorption change >76%. This chapter is

based on a recently submitted manuscript �K. J. Palm, L. J. Krayer, M. S. Leite,

J. N. Munday. �Highly switchable absorption in a metal hydride device using a

near-zero-index substrate� Submitted (2021)�.

Although pure metals have a wide range of uses in optical metal hydride de-

vices, there are a limited set of materials to choose from, and many of these metals

su�er from deleterious e�ects such as intracycle hysteresis, degradation over multi-

ple cycles, and surface poisoning from atmospheric gases such as CO. In order to

limit these negative e�ects and exactly tune our optical properties to the desired

results, we can alloy our metal hydrides with other transition metals. In Chapter 6,

we investigate the optical and structural properties of the Pd-Au alloy system and

demonstrate their use as H2 gas sensors and physical encryption devices. By alloy-

ing Pd with Au, we reduce sensor hysteresis and increase chemical resistance, while

still maintaining a measurable optical signal. This chapter is based on the published

manuscript �K. J. Palm, J. B. Murray, J.P. McClure, M. S. Leite, J. N. Munday.

�In situ Optical and Stress Characterization of Alloyed PdxAu1-x Hydrides� ACS

Applied Materials and Interfaces 11, 45057-45067 (2019)�.

Mg alloys are another material system of interest due to their ability to in-

crease the H absorption and desorption kinetics when compared to pure Mg and

still maintain large optical changes. This increase in kinetics is caused by the hy-

dride state being destabilized when di�erent transition metals are introduced into
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the Mg lattice. In these systems, a large range of potential optical properties can

be obtained. In Chapter 7, we investigate the optical properties of three di�erent

Mg alloy systems, Mg-Ti, Mg-Ni, and Mg-Al, to determine the e�ects of di�erent

atomic percentages on the optical and loading properties of the system. We show

that the Mg-Ti system in particular works well as both a switchable mirror and

broadband switchable light absorbers. This chapter is based on a manuscript cur-

rently in preparation �K. J. Palm, M. S. Leite, J. N. Munday. �Optical tunability

characterization of Mg-Ni, Mg-Ti, and Mg-Al alloys� In Preparation (2021)�.

Finally, Chapter 8 concludes this thesis with closing remarks about the impact

of the work and future directions. In this chapter, we discuss further research areas

in di�erent optical metal hydride systems, including high entropy alloys. We also go

through future applications of metal hydrides beyond optical sensors and devices,

speci�cally for use in plasmonic beam targets for enhancing light element nuclear

reactions.
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Chapter 2: Experimental Apparatus Design and Quali�cation

In this chapter, we present the design and quali�cation of the apparatus that

will be used to characterize various metal hydride systems throughout the rest of

this thesis. This apparatus allows for the simultaneous measurement of mass change,

heat evolution, and stress of thin-�lm samples deposited on QCMs. We show device

operation at 24.85 ± 0.05 °C under 9.31 ± 0.02 bar of H2 as a reactive gas. Using

a 335 nm palladium �lm, we demonstrate that our apparatus quanti�es curvature

changes of 0.001 m−1. Using the QCM curvature to account for stress-induced

frequency changes, we demonstrate the measurement of mass changes of 13 ng/cm2

in material systems exhibiting large stress �uctuations. We use a one-state nonlinear

lumped element model to describe our system with thermal potentials measured at

discrete positions by three RTDs lithographically printed on the QCM. By inputting

known heat amounts through lithographically de�ned Cr/Al wires, we demonstrate

a 150 µW calorimetric accuracy and 20 µW minimum detectable power. We also

show that by switching out the chamber lid and coupling our environmental chamber

with a variable angle spectroscopic ellipsometer, we can combine our dynamic mass

measurement with in-situ dynamic optical property measurement. The capabilities

of this instrument allow for a more complete characterization of reactions occurring
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in nanoscale systems, such as the e�ects of hydrogenation in various metal �lms and

nanostructures, as well as for direct stress compensation in QCM measurements.

2.1 Introduction to QCM sensing

Chemistry in nanoscale systems is increasingly important in a wide variety of

�elds from energy and information storage to catalysis and sensing [32, 33, 34, 35, 36,

37, 38, 39]. The shift away from the macroscale allows for dimensional reduction and

dramatic changes in surface-to-volume ratios, which in turn present opportunities

to tailor the thermodynamics and kinetics. Despite the small amount of material

present in a nanoscale system, reactions can still produce signi�cant amounts of heat

and stress that can change the chemical and physical properties of the material. As

such, it is crucial to quantify the mechanical, optical, and thermal properties of

these systems to inform the design of devices exploiting these chemical processes.

QCMs are commonly used to observe nanoscale chemical reactions. A QCM is

a quartz wafer (typically a disc) with its crystal orientation cut to produce a shear

displacement in the presence of an electric �eld normal to its face. Applying an

oscillating electric �eld between two electrodes on opposite sides of the QCM excites

a shear wave in the quartz disc due to its piezoelectric response. The resonance

frequency of this oscillation is very sensitive to the material attached to the surface

of the resonator, which causes a change in the acoustic impedance of that interface.

This frequency changes (very nearly) linearly with added rigid mass, such as a

thin metal �lm, and can thus be used to detect changes of mass due to chemical
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or physical processes [40, 41]. This mass sensitivity lends itself to a number of

applications as far reaching as protein sensing and electrochemical degradation [42].

The QCM resonance frequency also has a pronounced dependence on a num-

ber of other parameters including pressure, density and viscosity of the medium

surrounding the QCM, temperature, and stress (e.g. from mounting or from stress

in an adhered thin �lm) [43, 44, 45]. In order to compensate for these myriad e�ects

when performing a mass measurement, it is necessary to couple multiple measure-

ment techniques to independently determine the other parameters to which the QCM

is sensitive. Doing so, however, not only results in a more accurate determination

of the mass change (e.g. by accounting for stress e�ects) but also simultaneously

provides a greater understanding of a chemical or physical process than a QCM

measurement alone could by leveraging the knowledge of sample stresses. As such,

QCM samples can be integrated into a modular experimental apparatus to not only

correctly determine mass changes, but also a range of complementary processes in

a chemical reaction.

Our system combines the QCM platform in a pressure and temperature con-

trolled environmental chamber with optical access, which allows in situ, high-speed,

stress measurements to properly characterize mass change. It also includes optical,

calorimetric, and electrical measurements for a more complete picture of chemical

reactions on nanoscale structures. Here we capitalize on the planar nature of these

devices to be used as interferometric mirrors, for measurement of stress by means

of sample curvature, as well as substrates for photolithographically de�ned RTDs

that can be used for sensing or introducing known amounts of heat for calorimetry
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modeling. All of these measurements are made in a temperature controlled, variable

pressure reaction chamber. Below, we describe the components of this system and

demonstrate the system's stability and precision. We then apply this apparatus to

a palladium hydrogenation reaction as an example of operation.

2.2 Background

Each of the disparate measurement capabilities is motivated by the need to

form a complete picture of nanoscale chemical reactions. The particular choices

of techniques are driven by constraints of integration into our system. Below we

provide background and context for these individual measurements.

2.2.1 Stress measurement

In some of the earliest work measuring �lm stress on QCMs, EerNisse showed

that quartz wafers cut along di�erent crystal axes have signi�cantly di�erent re-

lationships between resonance frequency and �lm stress [46, 47]. A measurement

of the frequency changes on di�erently-cut quartz wafers during hydrogenation of

a palladium �lm deposited on the QCM, assuming the same hydrogen absorption,

thickness, and stress level in both �lms, yielded a change in both stress and mass

associated with the reaction. However, preparing two identical �lms is complicated

by the fact that samples grown at slightly di�erent locations within an evaporator or

with slightly di�erent currents by electrochemical means could result in variations of

�lm thickness and defect density. Further, mass and stress do not necessarily scale
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linearly with the sample thickness, as thermodynamic and kinetic properties often

change at small length scales. Thus, in our system, we perform simultaneous mass,

stress, and thermal measurements on a single sample to control for sample-to-sample

variation.

Measurements of stress not only allow for corrections in QCM measurements,

but can also yield signi�cant insight into material systems beyond quanti�cation

of mass changes. For example, a combined stress and optical transmittance study

on the hydrogenation of 10 nm palladium �lms on glass slide substrates revealed

a gradual removal of a surface oxide layer that is often not evident in studies of

hydrogen content in palladium [48]. A curvature measurement of electrochemical

lithiation of silicon has shown that the chemical potential of lithium in silicon is

heavily governed by the stress present in the material [49]; the joint measurement

scheme also clearly delineates the extent to which the reaction can proceed before

the �lm undergoes plastic deformation, which can inform further engineering of the

Li/Si system.

2.2.2 Optical properties measurement

A number of studies have been conducted that combine optical measurement

techniques with a QCM to extract unique insights into a system, surpassing what

either technique could provide individually. Many of these studies focus on nanos-

tructured samples that have a plasmonic response that depends on the chemical

reactivity within the environment. For example, a study of the corrosion of copper
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and aluminum nanoparticles was able to distinguish between two primary oxidative

corrosion mechanisms [50, 51]. Taken separately, neither the optical nor the QCM

measurements could have distinguished between the di�erent processes. By allowing

optical access to the sample, our apparatus retains the ability to distinguish these

processes.

2.2.3 Calorimetry

The most sensitive QCM-based calorimetry relies on heat conduction calorime-

try [52]. This technique detects heat using a thermopile that is thermally grounded

on one side. The generated heat �ows through the thermoelectric plate creating

a voltage by the Seebeck e�ect. This calorimeter has been shown to accurately

measure heat from thin-�lm reactions. The main drawback is that heats arising

from di�erent locations on a sample are treated equally. As such, it is challeng-

ing to distinguish between local and global events. Local photochemical processes

occurring upon laser illumination can have heat conduction pathways that di�er

from those that homogeneously arise from the �lm, complicating the calorimetric

analysis. Thus in our apparatus, we chose to perform calorimetry with multiple

RTDs in order to allow for the localization heat e�ects as opposed to the global heat

conduction calorimetry. Optical calorimetry is another way to achieve this localized

measurement [53], but due to its low resolution of approximately 1 K and its depen-

dence on a multitude of environmental factors (e.g. not only the refractive index

changes but changes in size, shape, environment, etc.), we found the RTDs were a
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superior measurement scheme in this context.

2.3 Instrument design and description

Table 2.1 outlines our system speci�cations. Our instrument design allows

us to perform on-chip calorimetry with QCM substrates in order to simultaneously

resolve changes in curvature of 0.001 m−1 (corresponding to a stress of 0.006 MPa

per micron of �lm thickness), changes in mass of 13 ng/cm2, and changes in op-

tical re�ectivity of 0.3%, as well as measurement of heat with 150 µW accuracy.

This system has pressure capabilities up to 9.3 bar and a temperature range of 15

to 35 °C with stabilities of ± 0.02 bar and ± 0.05 °C, respectively. Our approach

compensates for sample to sample variation by performing gravimetric, stress, and

thermal measurements simultaneously on a single QCM. Calorimetry is achieved

by modeling the outputs of lithographically printed Cr/Al resistance temperature

devices on the sample substrate. We use sample curvature, measured by an interfer-

ometer integrated into our microscope, to measure in-plane stress. This non-contact

method allows for accurate mass measurements by accounting for frequency changes

due to stress e�ects. The optical access also allows for an external optical source

such as a laser, ellipsometer, or spectrometer to be incorporated into the system.

Figure 2.1 shows a systems overview of our apparatus. Below we describe, in turn,

each of the subsystems: environmental control, optical excitation, interferometry,

mass measurement, and calorimetry.

The reactions occur in an environmental chamber capable of achieving and
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Parameter Characteristic Values

Typical steady state 20 µW
minimum detectable poweri

Measured Power Accuracyii 150 µW
Approximate minimum detectable ∼1 mK

temperature change in �lmi

Minimum detectable ∼0.1 H/M in a 5 nm �lm
concentration of H

Operation temperature 15 °C to 35 °C
Temperature stability 50 mK over 1 hour

150 mK over 24 hours
Di�erential temperature stabilityiii ∼ 4 mK

Operating pressureiv 1 - 10 atm
Illumination wavelength range 250 nm to 26,000 nm

Minimum detectable ∆ (curvature) 0.001 m−1

Stress sensitivity 0.006 MPA per micron
of �lm thickness

Optical excitation laser wavelength 660 nm
Typical absorbed laser power 1-8 mW

Optical excitation laser repetition rate 100 Hz to 500,000 Hz
iDe�ned as the RMS noise about the mean
iiAccuracy is de�ned as the power equivalent to the typical 10 hour drift

of RTDs
iiiBased on typical temperature coe�cients. Calorimetry is performed

without reference to a temperature
ivCan reach 40 atm without optical access

Table 2.1: Apparatus Speci�cations

maintaining pressures up to 9.3 bar. The sample substrates are 25.4 mm diame-

ter, 5 MHz polished Cr/Au QCMs (Maxtek ®). The piezoelectric resonant fre-

quency of the QCM is measured by a QCM Driver (Stanford Research Systems

Model QCM200) using a 10 MHz Rb frequency standard (Stanford Research Sys-

tems SIM940). In our system, samples consist of either a 12.7 mm-diameter �lm

or a nanoparticle array of the same area deposited on the center of the QCM.

Samples are mounted on custom machined Macor stages with electrodeposited Au

contacts to make electrical connection with the QCM. A custom circular array of
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Figure 2.1: Systems overview. The samples are deposited onto a QCM substrate.
This QCM sits in an environmental chamber that controls the pressure, temperature,
and gas composition. The QCM also has RTDs deposited on its surface that are
electrically driven, and the re�ective top surface of the QCM is used as a mirror in
an adapted Michelson-Morley interferometer with a bandpass �ltered LED used as a
partially coherent source (see Figure 2.5 for further details). The created interference
pattern is used to calculate the curvature of the sample. This setup allows for the
introduction of outside optical sources, such as the 660 nm diode laser depicted here.
Note that the actual chamber incorporates an additional reference QCM, which we
have excluded in this image for clarity (see Figure 2.2).

clip springs (Ted Pella 16399) is used to clamp the sample to the stage and provide

in situ electrical contacts for devices such as RTDs. The springs are contacted to a

custom-designed �exible printed circuit board that is fed through a tube, which is

hermetically sealed with epoxy (3M Scotch-Weld DP125 Translucent). Figure 2.2

depicts the full environmental chamber. The sample under investigation is placed

on one of the stages, while a QCM without the active �lm is mounted on the sec-

ond stage. This blank QCM allows for any ambient e�ects in the chamber, such as

vibrations or environmental changes, to be calibrated out from the active sample
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data.

Figure 2.2: (a) Exploded schematic of the environmental pressure chamber. The
QCM samples are centered on a Macor stage with Te�on pins and held in place with
a circular spring array. A Buna-N O-Ring provides the gas seal for the chamber.
The glass window, serving as the optical port, is a�xed to the chamber lid with
epoxy, creating a hermetic seal. Gas, �uid, and wire feedthroughs are on the sides
of the chamber. (b) Lid on and (c) lid o� schematic images of the assembled sample
chamber.

Figure 2.3 outlines the gas �ow system of the apparatus. The gas �ows into

the system through 1/4� high pressure nylon tubing (McMaster-Carr 5173K43) with

high pressure �ttings (Swagelok Ultra-TorrTM) to minimize leaks. The chamber is

kept gas-tight with a Buna-N O-Ring. For an experiment, the �ow rate of the Ar gas

is regulated with a mass �ow controller (MFC) (Alicat MC Series) and the reactive

gases are controlled by high pressure MFCs (Bronkhorst EF-Flow Select). The

Alicat MFC can operate at pressures up to 10 bar, so we choose to run experiments

at slightly lower pressures to avoid damaging the unit. The 3 MFCs combine into a

single gas line and are run through a heat exchanger that is temperature controlled
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Figure 2.3: Instrument Gas Flow System. Black lines represent gas �ow with dashed
blue lines representing water �ow from the thermoelectric chiller.

with an Oasis Three thermoelectric chiller (Solid State Cooling Systems 10-12684-

1C). This chiller also regulates the temperature of the chamber by �owing water

through copper pipes embedded in the chamber, as shown in Figure 2.2. The heat

exchanger, shown in Figure 2.4, is necessary in order to ensure that the gas is at

the same temperature as the sample chamber when it enters the system. The main

tube of the heat exchanger is a 1� hollow copper pipe. The gas is wound through

this main pipe in a 1/8" �exible copper pipe with 3-5 turns per inch. Water from

the thermoelectric chiller enters and exits the exchanger through 1/4� copper pipes,

creating a thermal bath around the gas line. Both the water and gas lines that exit

the heat exchanger are run directly to the chamber through insulated tubing.
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Figure 2.4: Gas heat exchanger design. Before entering the chamber, the gas is
�owed through a copper pipe coiled inside a hollow copper tube �lled with the tem-
perature controlled glycol/water solution from the thermoelectric heat exchanger.
The chamber and the exiting gas tubing are all thoroughly insulated.

The pressure of the chamber is regulated with a digital pressure controller

(Bronkhorst P-702CV-21KA-AAD-22V). The temperature is monitored with a ther-

mistor (Omega ON-402-PP) embedded in the bottom of the chamber, which is read

out with a digital panel meter (Omega DP32PT-C24). In order to provide the op-

tion of resetting the system to an inert environment, a set of valves allow purging of

all reactive gases from the chamber and gas lines. During a purge, the 3-way valves

(Swagelok SS-42GXS4) are switched to the Ar input, and Ar is �own through all

MFCs at 20 sccm each. The 2-way purge valve (Swagelok SS-41GS2) is opened so

Ar can �ow directly to the chamber at ∼200 sccm, bypassing the MFCs, with the

�ow rate regulated by a precision needle valve (McMaster-Carr 45585K85).

Figure 2.5 depicts the optical setup of the apparatus. In our system, stress is

determined using the curvature of the sample, which is monitored by measuring the

distortion of the interference pattern images produced using an adapted Michelson-
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Morley interferometer. A 520 nm LED is passed through a bandpass �lter (Thorlabs,

520 ± 10 nm), fed into the microscope (Nikon Eclipse LV 100ND), and focused with

a modi�ed 5x interferometric objective (Nikon CF IC Epi Plan TI Interferometry

Objective) incorporating a 50:50 beamsplitter. Half of the light is re�ected o� the

sample with the other half directed to a �at, tiltable reference mirror. The tilt of this

mirror allows the user to compensate for sample tilt, with the acceptable amount of

tilt determined by the coherence length of the illumination (∼2 degrees for our light

source). In this case, our �ltered LED has an approximately square spectral density

that results in a fringe amplitude that is roughly a sinc function of sample height.

Thus, for ease of analysis, we typically set the tilt to ∼0.1-0.25 degrees. This setting

avoids the antinodes of the fringe amplitude and results in a monotonic change in

phase of the fringe pattern which simpli�es the analysis by including no points of

ambiguous phase change, characterized visually by rings or crosses.

Note that the di�erence in optical path length for the sample and reference

beams should be signi�cantly less than the coherence length of the illumination (∼20

µm in our system). To that end, a compensating window cut from the same wafer

used to form the window of the chamber is inserted in the path of the reference beam.

Further, the length of the reference arm is adjusted with stainless steel spacers to

account for the change in focal length introduced by the windows, ensuring that

the image focus plane coincides with the interference focus plane. The beams are

recombined at the beam splitter to form an interference pattern that is recorded

with the microscope camera (Nikon DS-Fi2).

Our setup allows for other light sources to illuminate the QCM either for mea-
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Figure 2.5: Instrument Optical System. Curvature measurements are obtained by
collecting the interference patterns from the adapted Michelson-Morley interferom-
eter setup with the sample acting as one of the mirrors. A 660 nm laser is fed
into the system with its input and output power values recorded with optical power
meters, allowing for the absorption within the sample to be calculated. The laser is
blocked from entering the interference arm of the setup with a spot of Bic Wite-Out
to prevent interference e�ects in the re�ected beam.

surements of re�ectivity, spectrometry, ellipsometry, or for other optical excitations

of the sample. In the current apparatus, a 660 nm laser diode (Vortran Stradus

660-100) is used to illuminate the sample for optical excitation or re�ectivity. The

incident and re�ected optical powers are recorded with Si power detectors (Edmund

Optics 89-309) connected to power meters (Edmund Optics 89-307) for data collec-

tion. The laser beam is re�ected onto the sample with a broadband polarizing plate

beamsplitter (Edmund Optics 48-545). The section of the glass window in the in-

terference arm intersecting the laser is blocked with a white scattering coating (Bic

Wite-Out) to eliminate any interference e�ects of the laser. A 658 nm notch re�ec-

tive �lter (Thorlabs NF658-26) is placed before the camera to prevent the laser from
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saturating the interference image. The output of the laser is controlled with a pulse

width modulation (PWM) signal from an arbitrary function generator (Tektronix

AFG1062).

To perform calorimetry, heating elements and temperature measurement de-

vices are integrated into the QCM device. For measuring temperature, three ∼300

Ω Cr/Al RTDs are lithographically printed onto the QCMs, with the patterning

shown in Figure 2.6. The central and midway RTDs have intertwined heating el-

ements that are used to add known quantities of heat to the localized points (i.e.

the location of the RTDs) on the QCM by passing current through the elements.

In addition to the RTD elements and localized heaters, the system incorporates

contact pads composed of 400 nm thick Ag with a 50 nm thick Au capping layer,

which connects to the sample �lm (see Figure 2.6d). These connections allow us

to pass known amounts of current through the �lm to simulate distributed power

sources such as chemical reactions. In the case of discontinuous samples, such as

nanoparticle arrays, a 50 nm Cr �lm is deposited below the active sample to retain

the capability of simulating distributed power. The electrically-generated localized

heat from the central heating element and the distributed heat from the �lm are

used for calibration purposes in the calorimetry model, as elaborated upon in the

Calorimetry section.

To fabricate these RTDs, each QCM sample is initially rinsed with acetone,

methanol, isopropyl alcohol, and then water to clean the initial substrate. The

substrate is then further cleaned with a 100 W plasma in 1 torr of O2 for 30 min.

Immediately following this clean, 600 nm of SiO2 is deposited using plasma enhanced
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Figure 2.6: (a) Mask design for samples' RTD pattern. The RTDs are located at
the center of the QCM, 4 mm from the center (midway RTD), and 8 mm from
the center (outer RTD). Each RTD is measured with 4-point contacts for improved
accuracy. The center and midway RTDs consist of two RTDs intertwined, with one
acting as a heater and the other as a sensor. The outlined box near the center of
the QCM is used for consistent alignment within the microscope. (b) Outer and (c)
intertwined center RTD images. (d) Sample with complete fabrication of RTDs and
Ag/Au contact tabs.

chemical vapor deposition (PECVD) (Oxford Instruments). The RTDs are then

patterned on the SiO2 using standard contact photolithography, and 50 nm Cr and

120 nm Al are deposited using electron beam evaporation (Angstrom). The excess

metal is lifted o� overnight and then sonicated the following morning for 2 min to

�nish the lift-o� process. Another 600 nm of SiO2 is PECVD deposited on the center

of the sample using a shadow mask that excludes the RTD contact tabs. Next, 400

nm Ag and 50 nm Au are e-beam deposited using a shadow mask for the �lm contact

tabs. The active �lm is then e-beam deposited on the center of the sample using a

separate shadow mask. A schematic of each step of this process is shown in Figure

2.7.
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Figure 2.7: Outline of each step of the sample fabrication process. Top row: cross-
sectional view. Bottom row: aerial view

To quantify the sensitivity of the lithographically printed RTDs to the temper-

ature of the entire system, as controlled by the thermoelectric chiller, we recorded

the measured resistances of the RTDs while sweeping the temperature of the cham-

ber from 15 to 35 °C. The actual temperature of the chamber was monitored with

the thermistor embedded in the bottom of the chamber. The resistances from all

three RTDs on a QCM without an active sample were recorded throughout the

sweep. Normalizing to the 25 °C resistance of each RTD, we �nd that the RTDs

have an average temperature coe�cient of 0.0028±0.0001 (Ω/°C)/Ω. Results of this

temperature sweep are found in Figure 2.8.

The RTD sensing system driver is an Analog Devices AD7124-8 integrated

circuit, implemented here via an AD7124-8 evaluation board. This driver was cho-

sen because it met our requirements of customizability, sensitivity, noise, speed,

and integrability into our custom measurement software. The AD7124-8 uses a

multiplexed set of input/outputs, which can be internally connected to a di�erential

ampli�er and analog to digital converter (ADC) or output to peripherals such as the

precision variable current source in use here. See Figure 2.9 for full wiring diagram.

Each of the three sensing RTDs are connected in a four-point probe con�guration.
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Figure 2.8: RTD resistances as a function of measured chamber temperature. The
average temperature coe�cient is 0.0028±0.0001 (Ω/°C)/Ω. The RTD resistances
shown correspond to the center (red), 4 mm from the center (blue), and outer (green)
RTDs.

The voltage drop across each RTD is compared to that across a reference resistor

in a ratiometric scheme, as seen in Figure 2.10. We use two 470 Ω bias resistors

to ensure that the inputs to the ADC meet the absolute voltage requirements (0.1

V from the rails of 0 and 3.3 V). The AD7124-8 incorporates several digital �lter

options, which allow the user to de�ne the tradeo� between speed and noise. We

use a sinc4 �lter with �rst zero at 60 Hz (primary source of noise), which results

in a sampling time of 62 ms per channel. Our applications use 4 channels: 3 RTD

ratiometric measurements and a voltage measurement of the reference resistor (com-

pared to the on-chip 2.5 V precision voltage source). Communication with the chip

is accomplished via the SPI interface on a Teensy 3.2 development board, which

also transmits data on-demand with a USB COM port. The data exchange between
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the controlling computer and the 4 inputs takes ∼270 ms for a single measurement.

Our typical sampling period in the custom-built Windows user application is 350

ms; this leaves su�cient time for the ∼270 ms required for acquisition and 80 ms

for other tasks such as saving data. The currents through the center intertwined

heating element and the center disk are driven by Keithley 2450 sourcemeters in

order to model known heating e�ects in the sample.

Figure 2.9: RTD and current sensing schematic. The current (path shown in red)
�ows through all of the RTDs and reference resistors. The voltage drops (blue
paths) across each of these resistors is probed and compared to the drop across the
reference resistor. Note that the voltage probes do draw non-zero current. However,
the current is typically < 1 nA resulting < 1 ppm o�set for a 1 mA excitation
current.

Lastly, in order to properly perform the calorimetry measurements, we need

to estimate the thermal conductivity of the gas and how it changes with time.

Eq. 2.8 in our calorimetry section assumes that thermal dissipation to the gas

environment can be approximated by a quadratic equation with respect to partial gas

pressure. Below we demonstrate the accuracy of this approximation. The thermal

conductivity is related to the mole fraction of argon as shown in Figure 2.11a. This
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Figure 2.10: Schematic for the RTD current source and voltage measurement system.
The RTD resistances are ∼300 Ω, the reference resistance is 500 Ω, and the Rbias

resistances are 470 Ω

plot suggests that the relationship is nearly linear, but has small deviations from

linearity. Another metric would be preferable to better capture the e�ects of heat

loss through gaseous conduction. Fortunately, the resistance of a QCM is linearly

related to the change in thermal conductivity. For a QCM in a viscous medium, the

resistance can be expressed as [54]:

R =

(
ωsLu
Nπ

)√
2ωsρLηL
c̄66ρq

(2.1)

where N is the overtone number, ωs is the resonant frequency, Lu is the in-

ductance of the QCM in vacuum, ρL is the density of the �uid, ηL is the viscosity of

the �uid, ρq is the density of quartz, and c̄66 is the piezoelectrically sti�ened quartz

elastic constant. N , Lu, ρq, and c̄66 are all constant upon a change of atmosphere,
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thus they do not factor into ∆R. The resonant frequency is constant to four signif-

icant digits during a standard hydrogenation experiment, thus can also be ignored.

Larger frequency changes result in nonlinear behavior and are outside the scope of

this correction scheme. Thus this expression can be approximately written as:

∆R ∝ √ρη (2.2)

Where the L subscripts have been dropped for clarity. Figure 2.11b shows

that the square root of the product of density and viscosity for the Ar-H2 system,

and thus the QCM resistance, scales linearly with thermal conductivity for Ar mole

fractions greater than ∼0.1 [55]. When plotted against time, with the H2 partial

pressure modeled as a decaying exponential, Figure 2.11c shows that assuming a

linear relation between mole fraction and thermal conductivity will only slightly

underestimate the thermal conductivity of the gas atmosphere. Given the small dis-

crepancy, we assume that partial pressure is proportional to thermal conductivity

which allows us to perform calorimetry while a new gas is introduced. This as-

sumption would cause for a maximum error of 1.5% to our calorimetry model (given

by the error in the conductance that this partial pressure error would create), well

below our noise level.

Fortunately, the QCM resistance is not very sensitive to changes in mass or

stress, so it serves as a good proxy for changes in thermal conductivity of the envi-

ronment [56]. Accordingly, we �t the QCM resistance in the region surrounding a

change in gas content to an exponential. Using the time constant from this �t and
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Figure 2.11: (a) Plot of thermal conductivity of an Ar-H2 mixture at 9.3 bar as a
function of the mole fraction of argon. (b) Plot of thermal conductivity of an Ar-H2

mixture at 9.3 bar as a function of the product of the square roots of the density
and viscosity. This parameter serves as a proxy for the change in resistance of the
QCM. (c) Plot of both the mole fraction of argon and change in resistance proxy as
a function of time when the H2 MFC is opened at time 0 and �owing at 20 sccm.
The initial atmosphere is assumed to be pure argon at 9.3 bar in a chamber with a
volume of 13 mL.
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the initial partial pressures (as determined by the ratios of the MFC �ow rates), we

generate approximate partial pressures.

2.4 Demonstration of operation and stability

To demonstrate the stability of the apparatus, a control experiment was per-

formed on a blank QCM sample with RTDs. The sample was pressurized in Ar

up to 9.3 bar, switched to H2 at 9.3 bar for 4 hours, switched back to Ar for 4

hours, and �nally returned to H2. During the run, the 660 nm laser was pulsed and

incident on the sample while in H2 and Ar to test how well the calorimetry model

�t the heating induced by laser absorption. The data of this run are reported in

Figure 2.12 and show the stability of the system. The partial pressure of H2 gas is

calculated using the method described in the previous section. The leak rate of the

system at 9.3 bar is measured to be 2 sccm.

2.5 Example of stress and mass change measurements

The stress in the sample is characterized by the curvature of the substrate.

The curvature is determined by converting the optical phase change measured by

the interferometric images into a sample height change, with the process depicted in

Figure 2.13. The curvature is then directly converted into a corresponding frequency

change that is linearly independent of the frequency change due to mass under the

thin-�lm approximation (i.e. the �lm mass is much smaller than the QCM mass).

First, the image is bandpass �ltered and normalized so that spatial variations in
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Figure 2.12: Apparatus stability for a control experiment including changes in gas
composition and laser excitation. Vertical dashed lines indicate a change in H2 �ow
rate set point. (a) Calculated H2 partial pressure. (b) Total �ow rate over the
course of a 10 hour experiment. (c) Pressure of the chamber for a �xed pressure
set point. (d) Normalized di�erential RTD resistances through a run. The spikes in
the resistances correspond to the temperature increases from the absorption of laser
light. (e) Temperature of the environmental chamber, as measured by the interior
thermistor.

image brightness and fringe sharpness are reduced. Greater �delity to the original

sample surface can be achieved by removing some artifacts and by utilizing the very

narrow bandwidth of the signal. The �rst artifact is simply brightness variation

in the image. This is removed by high-pass �ltering the image with the cuto�

frequency one-�fth of the fundamental frequency. The second artifact is given by the

�nite coherence length of the �ltered LED light. This results in a fringe amplitude
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variation with sinc dependence on the sample surface height. To normalize this

variation, the image is then recti�ed and low-pass �ltered. The high-pass �ltered

image is divided by this amplitude envelope. Finally, we low-pass �lter this image

to reduce noise. This �ltering process is graphically shown in Figure 2.14.

Figure 2.13: Image processing �ow to extract curvature measurements from interfer-
ence image. The image is �ltered and normalized (Figure 2.14). The instantaneous
phase is then extracted from the Hilbert transform. The phase is converted to height
and �attened to give the sample topography. The curvature is extracted from the
second derivative of a 2D polynomial �t to the sample height.

After the image is �ltered, it is Hilbert transformed and the phase angle of

the now-complex signal is extracted. The phase angle, which varies from only 0 to

2π in a sawtooth pattern, is then unwrapped by stitching together steps in a phase

of 2π to produce a smooth phase surface. This phase surface can then be converted

to sample height by dividing by the phase change per change in height, 2π/(λ/2),

where λ is the central illumination wavelength (λ = 520 ± 10 nm for our LED).

Finally, a 2D polynomial is �t to this phase surface and the curvature can be directly

extracted as the second spatial partial derivatives of the surface.

35



Figure 2.14: Image processing �ow. The process removes variation in brightness
and interference fringe amplitude. Noise is then removed with a low-pass �lter.

The hydrogen mass loading of the active sample is an important factor when

characterizing a reaction on a �lm. To determine this loading, we begin with a

precise measurement of the mass of the active material deposited on the sample.

To accomplish this goal, we fabricate an additional, sacri�cial sample that consists
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of a lithographically de�ned 1 cm x 1 cm square of the material we are character-

izing on a polished Si wafer during each sample �lm deposition. We dissolve this

�lm using 4 mL of either aqua regia or boiling hydrochloric acid and dilute to 100

mL as determined by �lm composition. We then use inductively coupled plasma

atomic emission spectroscopy (ICP-OES) to determine the metal mass per area of

the sample deposition. We assume that the areal mass density of the metal on the

sample is the same as it is on the calibration piece (note that areal mass density is

expected to be constant even if other properties such as grain size change sample

to sample), as the deposition occurs on both pieces concurrently. Knowing the area

of the active �lm on the QCM allows us to determine the exact mass of the active

material. This method is robust to multi-layer samples, where the individual layers

of each sample cannot be easily measured. If the sample is only a single layer, an

alternative method of �nding the sample thickness is to use a step height measure-

ment using Atomic Force Microscopy (AFM) over one of the lithographically de�ned

edges of the Si wafer. Once the mass is known, we determine loading in the �lm by

the QCM frequency change less the portion due to stress and environmental e�ects

(frequency compensation discussed below).

To calculate the contribution of stress to the frequency shift measured by the

QCM, we use a combined technique of numerical and analytical calculations. First,

we numerically calculate in COMSOL the amount of stress-induced in the QCM due

to curvature changes. In the simulation, we bound the system to be immobile at the

edges to match our conditions of the spring ring holding down the QCM. Using these

numerical stress values, we can calculate the relationship between frequency and
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stress analytically by calculating the propagation speed of the shear wave through

the crystal and then integrating over two times the length of the crystal to get the

frequency. The �nal output of our derivation gives

∆fσ = α∆κ (2.3)

where α is the calculated curvature to frequency conversion factor equal to -777

Hz m and ∆κ is the change in curvature. See Appendix A for a full derivation of the

stress to frequency equations. For a typical thin metal �lm (0 - 1 µm) on a QCM,

the curvature measurement has an uncertainty of 0.001 m−1 which corresponds to a

stress uncertainty of 0.006 MPa per micron of �lm thickness from this calculation.

An example of the contribution of stress to the total frequency change can be seen in

Figure 2.15. Here we use a 335 nm palladium �lm, which has a well-known hydrogen

loading fraction to con�rm the equations above. The gas pressure and composition of

the chamber also contribute to the frequency change and these e�ects are calibrated

out using the measured frequency of the QCM on the secondary control stage caused

solely by environmental e�ects. The frequency from the mass change of the sample

can be calculated from the total frequency change using the following equation:

∆fm = ∆ftot −∆fgas −∆fσ

= ∆ftot −∆fsecondary − α∆κ

(2.4)

where ∆fm is the frequency change due to a mass change, ∆ftot is the total frequency

change, ∆fgas is the frequency change due to environmental e�ects, ∆fσ is the

38



Figure 2.15: a) Plot of QCM frequency change during hydrogen loading of a 335 nm
thick Pd �lm. The blue curve is the measured frequency of the active QCM, the
yellow curve is the measured frequency of the secondary blank QCM, and the orange
curve is the frequency contribution from the stress in the active QCM, as calculated
from the curvature. By subtracting the stress and gas composition contributions
from the total measured frequency, we obtain the frequency change due to the
added mass of the hydrogen within the Pd lattice (purple curve). b) Mass loading
fraction x upon introduction of H2.

frequency change due to stress, and∆fsecondary is the measured frequency of the

blank QCM on the secondary control stage. The mass-induced frequency change

can then be converted to the hydrogen loading with the equation:
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∆x =
∆fmAM
ρM tfAHCf

(2.5)

where ∆x is the change in hydrogen atoms in the lattice per metal atom, Ai is the

atomic mass of species i (eitherM , the metal host orH, hydrogen), ρM is the density

of the unloaded metalM , tf is the �lm thickness, and Cf is the Sauerbrey coe�cient

from the literature relating a frequency change to a corresponding mass change. The

uncertainty of the mass change measurement in our system is 13 ng/cm2, which is

dominated by the uncertainty in curvature. It should be noted that the extra mass

and varied impedance associated with RTDs, insulating layers, and the �lm under

test result in a correction to the Sauerbrey coe�cient of < 2% (determined by full

transmission line simulation as per C. Steinem and A. Jansho� [41]). However,

this correction factor lies within the uncertainty for a typical gas-phase loading

experiment and can generally be ignored. The measured loading fraction of 0.7

agrees with the well-known value for palladium at this pressure (9.3 bar) [57, 58].

2.6 Calorimetry

We use a one-state nonlinear lumped element model to describe our system

(i.e. the state is described by a single variable) with thermal potentials measured

at discrete positions by our RTDs [59]. This model takes the di�erence of the

normalized resistances of the outer and center RTDs as the independent variable (i.e.

state variable of the single �oating node), τ , which is a function of the di�erential

temperature between the center and outside of the QCM. Thus, all that is needed
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is a measure of relative temperature during a system calibration, which may then

be used to infer the input power (from any source) during an experiment. The

thermal power input sources are the powers from the RTDs, PRTD, the laser or

laser-induced reactions, PLaser, the heat from running a current through the sample

thin-�lm or thin-�lm reactions, PDisk, and the heat from running current through

the central heating element, PHeater. Figure 2.16 shows a schematic of the lumped

element model with the thermal resistor and capacitor driven by the inputs and

tied to a thermal ground. While only two RTDs are utilized in the one-state model,

we have included a third RTD on the QCM. This third (midway) RTD presents

an opportunity for a two-state model (using τ and a second state variable), which

could o�er higher precision as well as additional information about heat localization,

but would require more development and an extended calibration process. Thus, a

two-state model is left as a future re�nement.

Figure 2.16: The four source, one-state lumped-element calorimetric model diagram.
The four contributing powers measured into the sample are the input powers from
the RTDs, PRTD, the laser or laser induced reactions, PLaser, the heat from running a
current through the sample thin �lm or thin �lm reactions, PDisk, and the heat from
running current through the central heating element, PHeater. The state variable,
τ , is the relative thermal gradient of the system de�ned by the di�erence between
normalized (to equilibrium resistance) center and outer RTD resistances. k and C
are the thermal conductance and thermal capacitance of the system respectively.
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This one-state system can be modeled with a �rst order di�erential equation

described by a single independent state variable τ and is given by:

PIn(t) = kτ + C
dτ

dt
(2.6)

with

τ ≡ RCenter(t)

RCenter,0

− ROuter(t)

ROuter,0

(2.7)

Here PIn is the total e�ective input power (i.e. the sum of the individual input pow-

ers weighted by power distribution scaling factors, see below), Ri(t) is the measured

resistance of RTD i at time t, and Ri,0 is the measured near-equilibrium resistance

of RTD i (i.e. the resistance when the only input power to the system is the small

RTD sensing current). The non-linear thermal conductance, k, and capacitance, C,

depend on the state variable and the partial gas pressures. These values are given

by:

k = k0 + kττ +
N∑
n=0

kρnρn + kρn,2ρ2n (2.8)

C = C0 +
N∑
n=0

Cρnρn + Cρn,2ρ2n (2.9)

where ρn is the partial pressure of gas species n. Note that when the system is

operated at a constant total pressure and with a mix of two gases, as is often the case,

the partial pressure terms can be collapsed to a single term. With all the constants
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above known, the total input power may be inferred. However, these constants must

�rst be determined during the calibration process (i.e. system identi�cation), when

known powers are input into the system and the constants are �t using Eq. 2.6.

The e�ective total input power during the system identi�cation process is given by:

PIn(t) = PRTDs(t) + PDisk(t)

(
ADisk +

N∑
n=0

ADisk,ρnρn

)
+ PLaser(t)ALaser (2.10)

where Pi and Ai are respectively the input power and the power distribution scaling

factor of power type i, with Ai,ρn being the proportion due to the change in partial

pressure n. These power distribution scaling factors are a result of the di�erences

in the spatial distribution of the heat sources and are also �t during the calibration

process. The terms that include partial pressures represent the di�erences in e�ective

power due to the spatial distributions. As noted above in the case of a constant

total pressure composed of two gases, the sum can collapse to a single term.

A complete calorimetry measurement of a sample is composed of three sec-

tions: experiment where we measure the heat of a reaction, calibration where we

�t a system model, and prediction where we con�rm the accuracy of the model.

After each experimental section, a system identi�cation cycle is run where various

known power inputs are applied at higher powers and frequencies than expected in

the experimental run. The results of these excitations are used to �t the parameters

de�ned above (A's, k's, and C's). While this system identi�cation step could theo-

retically be conducted before the experiment, it requires changing the reactive gas
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partial pressure, which in the case of irreversible gas-based reactions would cause

the sample to be fully reacted before the experimental section. While the equations

above present a comprehensive system, generally the calibration should be tailored

to the experiment, which may allow for reduced dimensionality of the �t. The �tting

process uses Matlab System Identi�cation Toolbox together with the freely avail-

able Calorimetry System Identi�cation (CSID). This Matlab toolbox takes a set of

user-de�ned di�erential equations with unidenti�ed constants (A's, k's, and C's)

and uses a calibration dataset (known inputs with measured outputs) to �t these

constants. The CSID adds additional functionality and gives examples speci�c to

the identi�cation of calorimetric systems.

In order to fully probe the dynamics of the apparatus, it is important to excite

with a wider bandwidth and with greater amplitude than the heat pulses expected

during the course of the experiment, as well as with all possible power sources. In

our experiments, we use a set of square pulses of increasing power at a constant

total pressure of 9.3 bar and 3 di�erent partial pressures of the reactive gas (see

Figure 2.17). Note that the calibration routine only calibrates for a limited range

of the system's capabilities and thus limits the scope of experiments. However, by

reducing the scope of the experiment and tailoring the calibration to the actual use

of the instrument, we can reduce the number of �t parameters in our model. Table

2.2 shows the reduced set parameters actually employed in a typical experiment.

The calibration portion is followed by a prediction section. During this phase, the

system is excited more gently in an attempt to simulate run data. The data from

this section can then be used to derive error bars and help assess over�tting during
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the calibration phase.

Figure 2.17: Modeled and measured calorimetry data for a thin Cr �lm during the
prediction portion of a run in which the accuracy of the calibration is assessed. (a)
Calculated H2 partial pressure of the system. (b) The system is excited with each
of the power sources. The red line is the state variable measured by the apparatus
and the blue line is the output of the model of this data. (c) Modeled and measured
excess powers due to pulses of the disk heating power during the �nal portion of
the prediction section. The system is thermally excited by �owing current through
the �lm. This portion corresponds to the integration region used to calculate the
accuracies of the energy pulses. Here the integration is represented by the shaded
areas with dark grey for the short 65 mJ pulses and light grey for the larger 325 mJ
pulses.

With the �t complete, we �rst check the parameter values and the accuracy

of the model. Table 2.2 shows some typical �tted calorimeter values for a standard
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experiment using one total pressure and two gases. The parameters are scrutinized

to verify that they are physical (e.g. no negative temperature coe�cients for our

quartz-based system). The �t is tested by using a prediction run with sinusoidal

excitation at two di�erent frequencies.

Parameter Valuei

k0 2.7WΩ/Ω
kτ 4.2WΩ2/Ω2

C0 0.017 JΩ/Ω
CpH2 -0.028 JΩ/Ω Bar
CpH2,2 0.012 JΩ/Ω Bar2

kpH2 -0.054 JΩ/Ω Bar
kpH2,2 -0.00056 JΩ/Ω Bar2

ADisk 0.11
ALaser 0.72
ADisk,pH2 -0.0052 1/Bar

Stress sensitivity 0.006 MPA per micron
of �lm thickness

iNote that the state variable, τ , is unitless but
the unit of τ , Ω/Ω, are shown here to make

dimensional analysis clear.

Table 2.2: Example �t parameters for a calorimetry calibration run

The quality of the �t is then tested with another set of more gentle excita-

tions of the various power sources in a prediction run that immediately follows the

calibration cycle. Data recorded from a typical prediction run is compared to the

output of the calibrated model in Figure 2.17. This run shows a normalized (by the

mean value) root mean squared (RMS) error between measured and modeled data

of 8%. We also compare the energy calculated from the disk power in a single pulse

to that of the energy modeled. This comparison gives the accuracy of the energy

inferred from a potential chemical reaction on a similar timescale and power to that
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of the pulse, assuming that PDisk is an analog to the power of the reaction. Here we

de�ne our metric as the di�erence between the integrated excess calculated power

(di�erence between quiescent power and pulse power) and integrated excess e�ective

input power (PIn) divided by the integrated modeled power over the pulse region.

In the run shown, we �nd this average error to be 4% for the short 65 mJ pulses

and 2% for the larger 325 mJ pulses in 100% H2. The improved accuracy compared

to the error for the total run arises from sensor drift. Finally, to put bounds on the

instantaneous power accuracy and resolution of our system, we consider the sensor

drift over the course of a 10-hour experiment. The typical sensor drift on this time

scale is 75 ppm which corresponds to 150 µW of apparent power drift.

There are several sources of error in our current calorimetry system. The

primary source of error in our measurements is instrument drift. The typical drift

of our state variable τ is ∼75 ppm over 12 hours, which sets our accuracy at 150 µW.

While the sources of the drift are unknown, several possibilities provide avenues for

better �ts. The range of potential causes is narrowed by the fact that our drift is both

non-monotonic and does not appear to be improved by burn-in or aging. The most

likely candidate is temperature non-uniformity, which would be evidenced by drift

in the state value (di�erential relative resistance). This is made more likely by the

di�erences in equilibration time between the outer RTD and the center and midway

RTDs patterned above the Au electrode. Note, however, that while the drift creates

apparent inferred power o�sets (representing a constant additional power sink or

source), the timescale is on the order of hours which still permits the determination

of shorter time scale events by subtracting observed background power caused by
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this drift. To potentially resolve this the chamber and gas lines could have improved

insulation and additional temperature sensors could be added to the chamber. This

would allow us to mitigate and account for non-uniformities which may be the source

of our sensor drift.

Another source of error is the use of a single state lumped element model,

which only approximates the distributed heat source produced by the disk power

or a chemical reaction of a �lm on the QCM. By modeling this heat source in the

same way as the other point sources, we neglect the larger thermal capacitance

and di�erences in temperature across the �lm which a�ect the determination of the

nonlinear terms of the above equations. However, �tting suggests the former, while

non-zero, is a minor e�ect (e.g. for the run shown in Figure 2.17 the di�erence in

normalized RMS error between when the system is excited by the heating element

vs. when the system is excited by the disk power is 4% during the high-frequency

oscillations where the �t is least accurate). As to the latter, the actual nonlinear

components are negligible in our experiments (e.g. a typical k0 is 2.7 WΩ/Ω with the

typical maximum product of kττ is 0.00005 WΩ/Ω, where the units originate from

the unitless state value τ). Lastly, our data suggest that stress results in an apparent

power source due to a combination of the piezoresistance and linear expansion of the

RTD, which can cause a stress induced change in the resistance. This is estimated

to result in a ∼50 ppm change in resistance for a typical change in curvature but

measuring this e�ect is di�cult and it is not currently incorporated in the model.

These errors suggest potential improvements. First, a two-state model may

improve the modeling accuracy by incorporating the additional data taken by the
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midway RTD. This would also allow for a better simulation of the distributed power

arising from �lm reactions or the disk heater. This approach has not yet been

pursued as it would require a more in-depth calibration. Second, we can begin to

incorporate the changes in input power due to stress into our system model.

2.7 Optical property measurement

By taking the system fully de�ned above and switching out the chamber lid

with a speci�cally designed ellipsometry lid, we can incorporate optical property

measurement into our system. We measure the optical properties via variable angle

spectroscopic ellipsometry (Woollam M-2000). Spectroscopic ellipsometry can be

used to calculate optical properties by shining linearly polarized light on the sam-

ple of interest and measuring the change in magnitude (Ψ) and phase (∆) of the

resulting elliptically polarized beam. By modeling these values at multiple angles

across a spectrum of wavelengths, the optical properties of the measured material

can be determined. This method can also be used for measurements of thin-�lm

and roughness thicknesses. In our system, in order to accommodate in situ measure-

ments, we designed a chamber lid, shown in Figure 2.18, with windows at 4 incident

angles (48°, 55°, 70°, 75°) so that light would be normally incident on the chamber

windows. It is important that the measurement beam is normal to the windows

to avoid spurious Fresnel e�ects in the measurement. By allowing for 4 separate

incident angles, a high-quality, multi-angle �t can be achieved. One requirement

in this system is to incorporate the calorimetry scheme with the optical property
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measurement, the sample measured must be optically thick so that the RTDs do

not interfere with the optical measurement.

Figure 2.18: a) Cut-through drawing of ellipsometry chamber lid. This cutout shows
two of the possible incident angles. The other two angles are in the plane of the
screen. This lid still allows for optical access through the top of the lid. b) Picture
of the manufactured chamber lid with the 4 incident angles (output ports are on the
other side of the lid).

This system setup allows for dynamic optical property measurement under

changing environmental conditions. For the most precise dynamic optical measure-

ment, the optical properties of the sample under consideration need to be measured

prior to being placed in the chamber. In our system, the spectral range of the ellip-

someter is 193 - 1690 nm and we take this ex situ measurement with angles varied
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from 50° to 75° in steps of 5°. Once these initial properties are obtained, the sample

is then mounted on the QCM stage in the environmental chamber and the chamber

is closed and brought to the desired experimental pressure in Ar. The optical prop-

erties are then recorded at the 4 separate inlet angles of the environmental chamber

(48°, 55°, 70°, 75°). These results are compared to the initial ex situ measurement to

determine the change in the phase di�erence between TE and TM polarizations as

light passes through the chamber windows (ellipsometric retardation e�ects). The

origin of this retardation is the birefringence in the glass produced by anisotropic

window stress when mounting the chamber lid. A dynamic ellipsometric measure-

ment is then taken through the 75° window (∼10 data points per minute) and the

chamber �ow rate is set to 20 sccm H2. This method could also be used with other

reactive gases other than H2, but in this thesis, we will only focus on the e�ects of H2

on metallic systems. The dynamic measurement is stopped when both the optical

properties and the measured QCM frequency have stabilized, meaning that the full

reaction has completed. While still under H2 �ow, ellipsometric measurements are

taken of the metal hydride using all 4 inlet angles.

2.7.1 Optical �tting

All ellipsometric data is �t using the Woollam CompleteEASE �tting software.

The �tted optical parameters are created using a Kramers-Kronig consistent B-spline

to minimize the di�erence between the modeled ellipsometric data and the measured

data. In order to decrease the number of �t parameters, the surface roughness of each

51



measured sample is recorded before and after a loading run using AFM. The RMS

surface roughness from these experiments is input into the optical model for that

metal. For samples that require a Pd capping layer to catalyze the hydrogenation

reaction, the capping layer thickness in the �t is constrained between 2 - 4 nm, with

the thickness value being a �t parameter. The optical data used for the Pd capping

layer is from our measurements, which we will go into further detail in Chapter 3.

To determine the ellipsometric retardation phase e�ects (given by the added

TE/TM phase di�erence) of the environmental chamber windows, the pure metal

model found above is �xed and the di�erence between the measured phase through

each window and the phase of the pure metal model is �t using the following equa-

tion:

∆(f) = f
(
C1 + C2f

2
)

(2.11)

where ∆ is the frequency-dependent retardation e�ects input to the model,

f is the optical frequency of the spectroscopic beam, and C1 and C2 are the �t

constants. Note that each set of windows has a di�erent retardation due to di�erent

stresses present in the windows, thus each set has to be calibrated separately. These

e�ects do not change during the course of an experiment, so they are held constant

at these values for the duration of the run. These values do vary from run to run

due to slight di�erences in clamping stresses of the chamber, thus they must be

calibrated individually for each run. Because these stresses have an ampli�ed e�ect

at shorter wavelengths, we generally lower bound the wavelength of our �ts to 250
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nm to eliminate extra errors introduced by these window stresses.

The �nal hydride optical properties are also �t using a Kramers-Kronig con-

sistent B-spline to the measured data of the 4 angles recorded after the dynamic

run (including the set delta o�sets found above). In some experiments, there can

be unusually high stresses in one set of windows causing a distortion in the data.

In these cases, the data from that angle is excluded from the model. The surface

roughness for the hydride is input into the model from the AFM measurement, and

the Pd thickness found in the pure metal �t is held constant. We note that there

is lattice expansion from hydrogenation that would cause the PdHx thickness to

be slightly thicker ( ∼12% for unbounded Pd) than the original Pd capping layer,

however this is within the error bars for the thickness determination [60]. The ex-

perimental PdHx data for the Pd sample run is used for the capping layer optical

properties.

The dynamic �t uses two Bruggeman e�ective medium approximations (EMA):

one for the metal under investigation and one for the Pd capping layer. The two

materials input into each EMA are the pure metal model and the hydride model

found above. The three �t parameters in the model are the EMA % of the metal

under investigation, the EMA % of the Pd capping layer, and the surface roughness,

which is bounded by the de�ned roughnesses of the metal and the hydride measured

with AFM.

One extra note with this added optical setup, with the increased height of

the ellipsometry lid, the stress compensation microscope cannot be integrated with

the optical property measurement due to the length of the interference arm. This
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requires for two samples to be deposited at the same time, close to each other in the

deposition chamber to make as identical �lms as possible. One sample is then mea-

sured in the optical setup, with the other measured in the regular apparatus de�ned

above. The QCM frequency changes in each of the chambers can be compared to

ensure that they are having identical responses to hydrogenation. Then, the loading

value obtained from the main apparatus can be used to scale the frequency data

from the optical sample QCM so that it can be converted to loading data. The

dynamic optical data can then be temporally aligned with the loading data from

the QCM to correlate the optical changes of the material with its loading at that

point.

2.8 Conclusions

In this manuscript, we have presented a novel apparatus with the combined

capability to measure stress, mass, and heat while pressurized under a reactive gas

and retaining optical access to the sample. The incorporation of stress compensation

allows for the accurate determination of mass loading. Prior studies on QCMs have

neglected this important factor, likely resulting in anomalous mass determinations.

We have demonstrated the ability of our chamber to hold pressure at 9.31 ± 0.02

bar of H2 at 24.85 ± 0.05 °C with a leak rate of 2 sccm. On a 335 nm thin-�lm palla-

dium sample, we demonstrated a measurement sensitivity of 0.001 m−1 of curvature,

corresponding to a stress sensitivity of 0.006 MPa per micron of �lm thickness, and

a mass measurement sensitivity of 13 ng/cm2. Using a one-state lumped-parameter
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heat transfer model, the heat creation of a reaction can be measured with 150 µW

accuracy. The on-chip calorimetry scheme allows for a very �exible system where

small heats can be detected in thin �lms, which might be overwhelmed by base noise

if the temperature measuring elements were located farther from the sample.

This instrument enables the study of phenomena including the ellipsometric

determination of optical properties at varied metal hydride compositions, measure-

ment of interfacial energies between metals and various substrates, spectroscopic

measurement of nanoparticle resonance frequency for optical analysis of chemical

processes or optical calorimetry, and the direct quanti�cation of heat and stress from

coupled plasmonic excitations. Many of these phenomena have not been thoroughly

explored because of the inability to collect all of the necessary data simultaneously

throughout a reaction. The combination of these measurements will lead to new

insights into nanoscale reactions. Further, the integration of optical access with the

other capabilities already described o�ers interesting possibilities for expanding the

scope of this apparatus.

Throughout the rest of this thesis, we will use this apparatus to measure the

dynamic optical and structural properties of various pure metal and metal alloy

hydride systems. The measurement of these switchable properties will allow us to

design, propose, and fabricate various nanophotonic structures for di�erent applica-

tions ranging from optical hydrogen sensors to switchable high absorption devices.
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Chapter 3: Dynamic Optical Properties of Pure Metal Hydrides

Metal hydrides often display dramatic changes in optical properties upon hy-

drogenation. These shifts make them prime candidates for many tunable optical

devices, such as optical hydrogen sensors and switchable mirrors. While some of

these metals, such as palladium, have been well studied, many other promising

materials have only been characterized over a limited optical range and lack di-

rect in situ measurements of hydrogen loading, limiting their potential applications.

Further, there have been no systematic studies that allow for a clear comparison

between these metals. In this chapter, we present such a systematic study of the

dynamically tunable optical properties of Pd, Mg, Zr, Ti, and V throughout hy-

drogenation with a wavelength range of 250 - 1690 nm. These measurements were

performed utilizing the apparatus de�ned in Chapter 2, which allows for us to cor-

relate these dynamic optical changes with the mass loading of the metal hydride. In

addition, we demonstrate a further tunability of the optical properties of Ti and its

hydride by altering annealing conditions, and we investigate the optical and gravi-

metric hysteresis that occurs during hydrogenation cycling of palladium. Finally,

we demonstrate several nanoscale optical and plasmonic structures based on these

dynamic properties. We show structures that, upon hydrogenation, demonstrate
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�ve orders of magnitude change in re�ectivity, resonance shifts of >200 nm, and

relative transmission switching of >3000%, suggesting a wide range of applications.

3.1 Introduction to metal hydride optical properties

Materials with tunable optical properties are critical to the development of

novel active nanophotonic devices ranging from plasmonic light absorbers and biosen-

sors to switchable mirrors [14, 61, 62, 63, 64, 65, 66, 67]. The ability to change the

resonances of a structure in situ allows for increased functionality and enables new

device architectures. One particular class of materials well-suited for tunable appli-

cations is metal hydrides. A number of metals have been shown to strongly absorb

hydrogen, resulting in hydrogen to metal atom ratios approaching or even exceed-

ing 1:1 [12, 57, 58, 68, 69, 70, 71]. These metals typically undergo crystalline phase

transitions, altering their crystal and electronic structures. The large changes to the

crystal structure, the additional electrons, and the additional resonances associated

with the binding energy of the hydrogen to the lattice can create dramatic shifts in

the metal's optical properties.

These metal hydrides are of great interest for switchable photonic devices, par-

ticularly for applications involving optical hydrogen sensors and switchable mirrors.

Palladium and palladium alloys have been widely used for such sensors, structured

as both thin �lms and nanoparticles [72, 73, 74, 75, 76, 77, 78, 79]. Yttrium and

lanthanum have been investigated for their use as switchable mirrors due to their

metal to dielectric transition upon hydrogenation[14, 66]. Magnesium has seen re-
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cent interest for use in reversible color �lters due to its optically dramatic shift from

metal to dielectric upon hydrogenation [80]. Hafnium has been introduced as an op-

tical hydrogen sensor that can span six orders of magnitude [81]. Niobium nanorods

were recently investigated as a new material for high-temperature plasmonics with

switchable properties upon hydrogenation [20].

While work has been done on the optical properties of metals and their hy-

drides, these previous studies have a variety of limitations (see Table 3.1 for a

summary of previous data), including: narrower wavelength ranges (250 - 1690

nm in this work), lack of any dynamic or intermediate hydride data, or temperature

ranges that prevent comparison across di�erent studies. On top of these limitations,

varied fabrication conditions and procedures alter the optical properties of a metal

in a given experiment, furthering the di�culty of comparison. No systematic work

has compared a wide range of materials (here Pd, Mg, Zr, Ti, and V) prepared and

tested under identical broadband illumination and time-dependent hydrogenation

conditions. Further, none of the referenced studies include direct in situ loading

measurements (Azofeifa et al. indirectly infer loading in situ via resistivity and

transmission spectra) [82].

By addressing all of the above issues in this work, we present a complete,

uniform set of measurements that can be used to compare the optical properties

of �ve di�erent metal thin-�lms (Pd, Mg, Zr, Ti, and V) before, during, and after

hydrogenation. We pair this data with simultaneously recorded measurements of the

hydrogen loading using a custom environmental chamber incorporating a QCM [95].

We also investigate the e�ects of annealing on the optical properties of Ti and TiHx
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Material Wvl range (nm) Temp (K) Dynamic? Reference

MgHx ∼ 80-200 293 No van Setten 2007 [83]
MgHx 190-1240 293 Noi Isidorsson 2003 [84]
ZrHx 240-1040 293 Noi Azofeifa 2017 [85]
VHx 350-950 20, 140 No Azofeifa 2013 [82]
PdHx 380-1650 293 Yes Yamada 2009 [86]
PdHx 250-1200 293 No Vargas 2014 [87]

iData is o�ered for multiple partial pressures

Table 3.1: Previously published work on the measured optical properties of metal
hydrides. Here we show only references o�ering data for the pure metals and ones
which derive optical constants. There are several manuscripts on Pd alloy hydrides
[74, 76, 88, 89] and Mg alloy hydrides [89, 90, 91]. There are also some references
which o�er transmission data only which are not shown above such as for MgH2 [92]
and for TiHx [93]. Also not shown here are measurements of Titanium deuteride
[94].

to quantify its strong dependence on preparation conditions, which o�ers another

knob for optical response tunability. We perform a cycling experiment on Pd to

study the hysteresis between hydrogenation cycles and to determine the correlation

of the loading value with cycled optical properties. Finally, we demonstrate the

applicability of the tunable optical properties of these metal hydrides in dynamically

controlled nanostructures and thin-�lm cavities. We �nd that the dramatic changes

in the optical response of these materials with the hydrogenation reaction present a

wealth of possibilities for practical devices.

3.2 Optical, loading, and stress characterization of pure metal hydrides

In this section, we use the optical apparatus setup de�ned at the end of Chapter

2 to measure the optical, loading, and stress properties of 5 di�erent pure metal

hydrides. Figure 3.1 presents the dielectric functions of the �ve metals (Pd, Mg,

Zr, Ti, and V) as they hydrogenate over the entire visible to near-infrared (NIR)
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Figure 3.1: Dynamic optical properties and loading measurements of Pd, Mg, Zr,
Ti, and V metals and their hydrides. The top panel shows schematics of the thin
metal �lms used for the measurements (note: the 3 nm Pd capping layer used in
the experiment is not shown). The middle panel displays the dielectric function of
each metal and its hydride, as well as the intermediate loading states. The dynamic
loading data is shown in the bottom panel where H/M is the number of hydrogen
atoms per metal atom in the metal lattice. The colored dots indicate the times
corresponding to the optical measurements in the graphs. ε1 is shown as solid lines
and ε2 as dashed lines. As time progresses, the shading of the lines gets lighter.

spectral range, 250 to 1690 nm. For those who prefer viewing the optical properties

in terms of the index of refraction, see Figure 3.2. The bottom panels show the

hydrogen loading (i.e. number of hydrogen atoms per metal atom in the lattice) as

a function of time, and the colored dots represent points in time where the optical

properties are recorded (bottom plots in each panel). Measurements were taken

on ∼200 nm thick metal �lms capped with 3 nm of Pd that were annealed for 2

hours at 350 °C under < 1 mtorr vacuum (with the exception of Mg, which had a

thickness of 25 nm). During Mg hydrogenation, the Mg closest to the Pd capping

layer hydrogenates, turning primarily to MgH2. This MgH2 layer is a poor proton

conductor and acts as a blocking layer for more hydrogen to penetrate into the �lm,

causing the time scale for total, bulk hydrogenation to be several days [96]. Because
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Figure 3.2: Dynamic index of refraction upon hydrogenation of Pd, Mg, Zr, Ti,
and V (a) Schematic of ellipsometric measurement on a QCM substrate through
windows in the environmental chamber at 48°, 55°, 70°, and 75°. (b-f) n and k of
each metal and its hydride, as well as the intermediate loading states. The dynamic
loading data is shown on the bottom panel where H/M is de�ned as the number of
hydrogen atoms per metal atom in the metal lattice, with the points of the optical
measurement delineated by points of the corresponding color in the graph above. n
is shown as solid lines and k as dashed lines. As time progresses, the shading of the
lines get lighter.

of this phenomenon, we performed measurements on a 25 nm Mg thin �lm (the

thickness of the formed blocking layer) in order to fully hydride the sample. The Pd

capping layer is necessary for each metal (other than Pd itself) in order to reduce

the activation energy of H2 splitting and allow for di�usion into the bulk [97]. This
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capping layer also prevents oxidation of the underlying �lm, keeping it pristine. Note

that in the case of the V/VHx data, wavelengths below 300 nm are not available due

to high stress-induced ellipsometric retardation (i.e. polarization-dependent phase

change of the transmitted light) in the windows during this measurement.

Figure 3.3 shows the dependence of the optical properties on the measured

loading values of the metals. Two main points can be drawn from this data. First,

Mg's dramatic change in optical properties is clearly evident in its dependence on

the loading values. Second, Ti has the most interesting relationship because the

real part of the dielectric function has a di�erent slope depending on the wavelength

of illumination. This feature could enable a resonance to shift to longer or shorter

wavelengths upon hydrogenation depending on the incident wavelength.

Figure 3.3: Optical properties of the metal hydrides as a function of hydrogen to
metal ratio. Ti is of particular interest because the slope of the real part of the
dielectric function with hydrogen loading depends on the wavelength investigated.
This may present a new scheme for optical detection of hydrogenation in Ti. Note
that the upper time axis is not linearly spaced.

Finally, during our loading measurement, we also recorded the total stress

change in these metals as they hydrogenated. We measured these values by mea-
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suring the curvature change in the samples interferometrically and then converting

this curvature change to stress, as outlined in Chapter 2. In Figure 3.4, we show

the total amount of stress change in each of these �lms compared to the total �-

nal loading in the �lm. In this data, we expected to see a larger stress change in

the �lms with higher loading, but we do not see any strong relationship with �nal

loading amount and total stress change across material systems.

Figure 3.4: Stress change upon hydrogenation for pure metals. Stress values plotted
are the total stress change of the thin �lms after the hydrogneation is complete
compared with the total �nal loading number of the material. We do not �nd any
strong trends between the hydrogen induced stress change and the total loading
amount.The stress values here are de�ned to be positive.

The results of all of the optical and loading measurements for the �ve di�erent

metals and their hydrides are discussed in turn below.

3.2.1 Pd/PdHx

The optical properties of both the pure Pd metal and the PdHx �lms agree well

with literature values across the measured range, which serves as a standard for this

measurement technique [86, 87]. There are no clear peaks or in�ection points in the

Pd �lm's optical properties within the wavelength range under investigation. Upon
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hydrogenation, Pd becomes distinctly less metallic at a fairly uniform rate with the

real part of the dielectric function increasing by up to 39% in the near-infrared,

and the imaginary part decreasing by similar percentages. The �lm reaches a �nal

loading value of 0.67 ± 0.12, where the loading value is de�ned as the number of

hydrogen atoms per metal atom in the lattice, in agreement with previous results

[57, 58].

3.2.2 Mg/MgHx

Of the metals investigated, Mg has the most dramatic optical changes. The

optical properties of the metal, which matches well with reported data over the

previously studied wavelength region [98, 99], is the most lossy, with the imaginary

part of the dielectric function three times greater than that of the next metal, Pd.

During hydrogenation, it can be seen that while mass loading proceeds continu-

ously, the optical properties change abruptly from a metal to an insulator, which

is consistent with previous electrical measurements [100]. When comparing the di-

electric function of MgHx with those reported in the literature, we �nd that our

measured �lm appears more metallic (characterized by a decrease in the real part

and increase in the imaginary part of the dielectric function with wavelength). One

likely cause for this discrepancy is that Mg and Pd readily form an alloying layer

[101, 102]. This alloy does not become entirely a dielectric, as we expect for MgH2,

which would cause our �lm to appear more metallic than the pure MgH2. After

accounting for apparent oxide formation (see 3.7 Experimental Methods), the Mg
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demonstrated loading of 1.3 ± 0.5, which is lower than the expected 2.0 loading

value. The alloying layer discussed above could account for this lower measured

value. Another potential cause could be that the bottom few nm of the �lm did not

fully hydrogenate due to the blocking layer.

3.2.3 Zr/ZrHx

Zirconium has the smallest change in optical properties of the metals being

investigated. The real part of the dielectric function exhibits very small changes

during the loading process, but the imaginary part increases signi�cantly. The Zr

�lm also exhibited the lowest amount of loading amongst the �lms, only reaching

a value of 0.47 ± 0.05. The Zr and ZrHx optical data shown here di�er from the

values reported by Azofeifa et al. [85] (note that those values also greatly deviate

from previous data for Zr [103]). Thus, there appears to be an important factor

in sample preparation yet to be fully described. However, the magnitude of our

measured shift in the dielectric function upon hydrogenation agrees very well with

the data presented by Azofeifa et al. over the wavelength range they explored

[85]. The di�erence in initial properties could be attributed to metal preparation

conditions, as the grain size of the metal has an e�ect on the optical properties of

the hydrides [87]. We also observe that at 640 nm, our data shows that there is zero

change in the real dielectric function upon hydrogenation. Points like these may be

useful as reference points in a di�erential measurement scheme.
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3.2.4 Ti/TiHx

The derived optical properties of the initial, pristine Ti metal are in good

agreement with previously reported data over the same wavelength range measured

here [104]. The local maxima in the real part of the dielectric function at ∼400 nm

and ∼800 nm, typically ascribed to d-band transitions [105, 106], are also clearly

visible. After hydrogenation, these undulations disappear and the TiHx appears to

become more metallic, characterized by a decrease in the real part and an increase

in the imaginary parts of the dielectric function with wavelength. However, the pre-

vious studies have not observed an increase in Ti conductivity upon hydrogenation,

which would have explained this behavior [107]. This phenomenon may simply be

due to the elimination of the above mentioned d-band oscillations. Also, a small,

broad peak at ∼250 nm is visible in the data, which is characteristic of the metal-

hydrogen bond [108]. Ti loads to the highest value of any metal measured in this

experiment, achieving a value of 2.04 ± 0.12.

3.2.5 V/VHx

Over the visible wavelength range previously reported, our V metal data ex-

hibits similar trends [82]. Band structure theory predicts that there should be two

absorption peaks in the data centered at 406 and 708 nm [109]. In the literature,

it has been observed that thermal broadening merges these peaks into one broad

peak. Azofeifa et al found this peak to be at 520 nm, and we �nd this peak at

a similar location of 510 nm. The broadening of this peak is attributed to large
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electron lifetimes in the excited states [110]. Upon hydrogenation, we �nd that V

has a small change in the real part of the dielectric function with a much more

signi�cant change to the imaginary part, which increases by more than 38% in the

near-infrared region. Further, we �nd that at 750 nm, there is no change in the real

part of the dielectric function even though the imaginary part changes signi�cantly

upon hydrogenation, showing that the imaginary part of the dielectric function can

be controlled independently from the real part through hydrogenation over this

bandwidth. This phenomenon was also observed previously, but near 500 nm. We

attribute this di�erence to sample preparation and the resulting di�erence in the

grain size of the metal. The V �lm achieves a loading of 0.56 ± 0.03.

3.3 E�ect of annealing Ti on TiHx hydrogenation

We found that the Ti and TiHx optical properties were quite sensitive to

preparation conditions. To further explore this phenomenon, we varied the anneal-

ing conditions. Ti samples were either not annealed, annealed at 200 °C for 2 hours,

or annealed at 350 °C for 2 hours, with each anneal occurring in under <1 mtorr

vacuum. These samples were then characterized using the same process described

above. Figure 3.5 shows the measured dielectric functions. This experiment revealed

two interesting characteristics of Ti. When not annealed, the oscillations associated

with d-band transitions mentioned above are clearly visible and become less promi-

nent with increased annealing temperature. The hydrogen loading generally reduces

the impact of annealing, as the hydrides exhibit a smaller optical property change
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from annealing than the pure metals. There are a few possible explanations for

this e�ect. First, the very large stresses involved in creating the hydride may be

producing enough dislocations that it is partially undoing the impact of annealing.

Second, it is known that the e�ect of defects on resistivity is reduced with higher hy-

drogen concentration and perhaps this is the e�ect we observe; however, additional

studies are needed to understand the root cause [107]. Nevertheless, it is clear that

annealing o�ers an additional opportunity for modifying how hydrogenation a�ects

the optical properties of Ti.

Figure 3.5: E�ects of annealing on the optical properties of Ti and TiHx. (a)
Dielectric function of Ti with di�erent levels of annealing. (b) Dielectric function of
TiHx measured on the same samples.

3.4 Characterization of Pd hysteresis

Some devices, such as hydrogen sensors, require the ability to cycle the metal

between a hydrogenated and unhydrogenated state. Palladium is unique compared

to the other metals because it unloads at room temperature with easily realizable,

low hydrogen partial pressures, allowing cycling by simply varying the H2 gas content
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in the chamber. We use this process to measure the optical properties and the

loading of the Pd through three consecutive loading cycles, shown in Figure 3.6.

The red shaded regions in Figure 3.6a indicate when H2 is �owing into the chamber

at 20 sccm and hydrogen is loading the metal �lm. The blue shaded regions indicate

unloading phases where Ar �lls the chamber, displacing the H2, and the metal �lm

desorbs.

We can see in Figure 3.6b that there is a clear hysteresis in the optical prop-

erties of the Pd metal between the �rst loading cycle and the subsequent measure-

ments. However, after the Pd had been loaded once, there is no discernible di�erence

in optical properties between the Pd after the �rst and the second unload, elimi-

nating further hysteresis. Note that there is no discernible hysteresis in the optical

response of the hydride, as demonstrated in Figure 3.6c. More data would be needed

to determine performance over a longer timescale (or number of cycles), but the data

imply the optical hysteresis of Pd can be greatly reduced with an initial treatment

of the metal with H2. Note that the above refers only to the inter-cycle hysteresis.

The well-known intra-cycle hysteresis where the α to β phase transition happens at

a di�erent hydrogen partial pressure than the β to α phase transition would still

be present [12]. This inter-cycle phenomenon is most likely attributed to deforma-

tions formed in the Pd lattice upon the �rst hydrogen loading. We observe that the

loading value for each PdHx state remains consistent throughout all three cycles,

although we observed an increase in unloading time between the �rst and the second

cycles.
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Figure 3.6: The optical and loading response of Pd during hydrogen cycling. (a)
Dynamic loading data (black) and the real dielectric permittivity (red) at 632 nm
plotted over three loading cycles of a 200 nm Pd �lm. The red shaded areas indicate
periods of loading during which H2 is �owing into the chamber, while the blue shaded
sections depict times during which Ar is �owing to �ush out the H2. The stars on
the plot indicate the times at which the ellipsometric measurements shown in (b)
and (c) were made. (b) shows the Pd metal data and (c) shows the PdHx data. Note
for the second two Pd measurements (iii and v) and all three PdHx measurements
(ii, iv, vi) that the measured dielectric functions are indistinguishable and, thus,
overlap each other in these plots.

3.5 Tunable nanophotonics with metal hydrides

There are many potential applications presented by the tunable optical prop-

erties of the metal hydrides investigated in this work. In this section, we detail four

examples of the potential uses of these materials: nanoparticles with variable scat-

tering cross-sections, nanorod arrays with tunable transmission, thin-�lm resonators
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with adjustable color �ltering, and hydrogen switchable perfect absorbers.

We begin with the simplest of these examples, showing the ability to tune

the cross-section of nanoparticles in free space by hydrogenating the sample. The

top panels in Figure 3.7 show a schematic of the con�guration with the plane wave

source being scattered by the metal and its hydride, depicting whether they primarily

increase or decrease in total scattering upon hydrogenation. The bottom panels show

the di�erence in the simulated �nite-di�erence time-domain (FDTD) scattering cross

sections between the metal and its hydride. Figure 3.8 shows the total scattering

cross sections for both the metal and the hydride. First, a clear distinction can

be made between two types of the metals: Pd and Mg particles primarily decrease

total scattering upon hydrogenation, while Zr, Ti, and V particles show mostly

increased scattering. This e�ect is caused by opposite responses of the metal's index

of refraction, with Pd and Mg decreasing and Zr, Ti, and V increasing. Mg clearly

has the largest di�erential response to hydrogenation, having an order of magnitude

larger change than the other metals. This was expected due to its dramatic metal to

insulator transition. The Pd nanoparticles have the next largest di�erential response

and behave similarly to Mg, having a large change in response in the visible to

ultraviolet range.

Ti demonstrates wavelength-dependent regions of both increased and decreased

scattering cross-section � increasing near-ultraviolet scattering while decreasing NIR

scattering. It also is the only metal under investigation that has its largest scat-

tering change in the NIR range (400 nm particle diameter), presenting applications

that the other metals could not provide. However, Ti did exhibit a fairly small
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Figure 3.7: Di�erential scattering cross sections for nanoparticles in free space com-
posed of di�erent metals. The top panels show schematics illustrating the heuristic
change in the nanoparticle cross section resulting from the change in the dielectric
response. The bottom panels show the di�erences in the scattering cross sections of
metals and their hydrides for multiple particle diameters ranging from 50 - 400 nm.
For Pd and Mg, hydrogenation causes decreased scattering, as opposed to Zr, Ti,
and V where the scattering increases.

Figure 3.8: Relative scattering cross sections (Mie e�ciency) of metal nanoparticles
and their hydrides in free space. Solid lines indicate metal scattering cross sections
and dashed lines indicate metal hydrides. Line shading indicates particle diameter.

di�erential scattering response compared to the other metals. V primarily has its

largest scattering changes in the ultraviolet. The exact magnitude and location of
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many of these peaks cannot be determined because the simulation was limited to the

experimentally measured wavelength range (> 250 nm), which cut o� these peaks.

As expected, Zr has the smallest di�erential response because of its small change

in optical properties upon hydrogenation. The response is on the same order as Ti,

with its maximum responses spanning a wider range of wavelengths than the other

materials, beginning in the ultraviolet and continuing to the NIR.

Next, we simulate periodic arrays of nanorods on a glass substrate, showing

large resonance shifts and changes in transmission upon hydrogenation. The relative

change in transmission upon hydrogenation for these metals is shown in Figure 3.9.

The arrays have a 500 nm period in both the parallel and perpendicular directions,

a rod width of 100 nm, and a length that varies from 150 to 400 nm (the electric

�eld is parallel to the length of the rods). The total transmission spectra can be seen

in Figure 3.10. Once again, Mg and Pd behave di�erently than the other metals in

terms of responses upon hydrogenation: Mg and Pd have an increase in transmission

upon hydrogenation, while Zr, Ti, and V exhibit a decrease in transmission.

Mg has the strongest relative response, exhibiting a full 3800% relative trans-

mission increase for the 400 nm rods. Pd shows the next highest response, with

a 190% relative increase in transmission at the 400 nm length. Mg and Pd have

the narrowest peaks, causing for a more spectrally localized response upon hydro-

genation. Zr and V have very similar resonant response locations in the visible and

NIR, with V exhibiting stronger changes in transmission. These materials have their

peak changes in the visible and NIR. Ti has transmission magnitude shifts similar

to Zr, but with its responses spanning further in the IR, allowing for a wider usable
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Figure 3.9: Relative change in transmission upon hydrogenation of periodic nanorod
arrays. The top panels show schematics of a nanorod array on a glass substrate.
The rods are spaced 500 nm apart in both the parallel and perpendicular directions
and are 100 nm wide. The rod length is varied from 150 to 400 nm. The polarization
of the electric �eld is parallel to the length of the rods. The bottom panels show the
relative di�erence of the transmission spectra between the metals and their hydrides.
The transmission for Mg and Pd nanorods increases upon hydrogenation for most
of the spectrum, while those made of Zr, V, and Ti decrease.

Figure 3.10: Full transmission spectrum of periodic nanorod array. Solid lines indi-
cate metal scattering cross sections and dashed lines indicate metal hydrides. Line
shading indicates length of individual nanorod.

bandwidth. These transmission di�erences allow for in situ tunability of optical re-

sponses for various wavelength ranges without having to physically move any piece
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of the structure or electrically activate any part of it.

The dynamic optical properties demonstrated above suggest themselves to

two potential thin-�lm applications: tunable color �lters and switchable perfect

absorbers. Figure 3.11 and Figure 3.12 depict two embodiments of these devices: a

Fabry-Perot cavity with the metals acting as both the top (partial) mirror and the

bottom mirror separated by a dielectric and a thin �lm Si absorber with the metals

acting as a lossy bottom mirror. For each metal, several representative thicknesses

of the Si or SiO2 layers are shown. Note that tunable color �lters and switchable

perfect absorbers are not mutually exclusive and di�er only in their �gure of merit,

allowing a single structure to act as both. In all respects, the Fabry-Perot cavity has

better performance. However, the Si systems are of interest due to their simplicity

and because a Si-based perfect absorber is useful for several applications, such as in a

Si/metal photodetector [111]. In Figure 3.11, we present the materials that function

well as both tunable �lters and switchable perfect absorbers in either structure: Mg,

Pd, and Ti.

Tunable color �ltering is characterized by shifts in the wavelength of the res-

onance [80]. In each case shown, hydrogenation of the metal produces an easily

measurable and generally visible change in the resonant wavelength. The largest

shifts in the Fabry Perot modes shown are 360 nm (or 1 eV), 100 nm (or 0.4 eV),

and 50 nm (or 0.1 eV), for the Mg, Pd, and Ti, respectively. The largest shift in

the resonances of Si on metal are 40 nm (or 0.24 eV), 50 nm (or 0.17 eV), and 70

nm (0.04 eV) for the Mg, Pd, and Ti, respectively. These values compare well with

Duan et al. which demonstrated wavelength shifts of ∼150 nm in a Mg nanoparticle
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Figure 3.11: Switchable perfect absorbers and tunable color �lters using thin-�lm
structures containing the three metals that o�er the largest optical response to
hydrogenation: Mg, Pd, and Ti. The thickness of either the Si or SiO2 layers are
labeled on the charts for each colored curve, and the bottom metal is considered
bulk. The pure metal is denoted with a single solid line and the metal hydride with
dashed lines. (a-c) Fabry-Perot cavities comprised of Mg, Pd, and Ti, respectively,
for top and bottom mirrors separated by SiO2. (d-f) Si thin-�lm structures on Mg,
Pd, and Ti, respectively, undergoing hydrogenation. All of these structures perform
well as either switchable perfect absorbers (>100x changes in re�ectivity) or tunable
color �lters (a minimum of 40 nm resonant wavelength shift).

system or wavelength shifts of ∼150 nm for Pd nanorings presented by Zori¢ et al.

[80, 112].

On the other hand, the �gure of merit for the switchable perfect absorbers is

the di�erence in maximum absorption or re�ection [113, 114, 115]. The six structures

shown here also demonstrate excellent performance as switchable perfect absorbers.

In fact, all of the systems in Figure 3.11 have resonances that have more than
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Figure 3.12: Switchable perfect absorbers and tunable color �lters using Zr and V.
The thickness of either the Si or SiO2 layers are labeled on the subplot for each
colored curve. The pure metal is denoted with a single solid line and the hydride
with a dashed line. (a,b) Fabry-Perot cavities comprised of Zr and V respectively for
top and bottom mirrors and SiO2 centers. (c,d) Less complex Si on metal structures
for Zr and V respectively.

2 order of magnitude of switchability, including extreme cases like the Pd Fabry-

Perot structure with 121 nm of SiO2, which changes absorption by more than �ve

orders of magnitude, or the Mg Fabry-Perot structure with 204 nm of SiO2, which

switches by more than four orders of magnitude. This o�ers signi�cantly improved

performance compared to Walter et al. who presented re�ection changes in Pd

nanodiscs or Tittl et al. who demonstrated perfect absorbers in Pd gratings, who

both reported re�ection ratios of <1000 [114, 115]. As above, it is interesting to

note that the structures involving Ti exhibit unique behavior amongst the materials
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we investigated. The resonances in the Ti devices shift to shorter wavelengths after

the hydrogenation reaction due to the increase in refractive index, in contrast to

the redshifts demonstrated with the other two metals. Using this e�ect, it may be

possible to combine layers of, for example, Pd and Ti to exaggerate resonant shifts.

These types of simple resonant structures show the great promise for these materials

as a part of tunable optical systems.

In Figure 3.12, we show the same structures with Zr and V. In these sys-

tems, the Fabry-Perot cavity structure can still obtain large re�ection changes for

switchable perfect absorbers, but have much smaller resonance shift, making them

poor tunable color �lters. The Si devices show poor absorption and resonance shifts

for these metals as well, thus for future device design, we will focus our attention

primarily on Mg, Pd, and Ti.

3.6 Conclusions

In summary, we have mapped the dynamic optical properties of the hydro-

genation reaction of �ve di�erent metal �lms and have simultaneously recorded the

real-time hydrogen loading data. We have shown that the optical properties can

be tuned for the di�erent metals, with the largest changes exhibited in Mg and

the smallest changes in Zr. We demonstrated further potential tunability for Ti

structures by determining the e�ect of annealing on optical property changes in the

metal and its hydride. Pd was shown to have a large hysteretic optical response on

the �rst cycle, and then very consistent optical properties between the second and
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third cycles, while having no hysteresis in the hydride state. Four di�erent nanos-

tructured geometries were studied based on the measured optical properties, which

demonstrated several potential applications for the tunability of these metals. Mg

was shown to have the largest response for all structures due to its extreme change

in optical properties upon hydrogenation. Mg and Pd structures exhibited a redshift

in their resonances, while Zr, V, and Ti systems are characterized by blue shifts. Ti,

Mg, and Pd were all found to be excellent candidates for perfect absorbing devices,

making them widely applicable for such designs. This work acts both as a point of

comparison between these materials and to demonstrate their usefulness as tunable

optical materials for novel dynamically switchable photonic devices.

3.7 Experimental methods

3.7.1 Sample fabrication

The substrate for each of the samples is a 5 MHz In�con QCM. Before sample

deposition, each QCM is cleaned with acetone, methanol, isopropyl alcohol, and

water to remove any particles or organics on the surface of the Au electrode. The

12.7 mm diameter thin-�lm disks are de�ned by a machined Al shadow mask. Each

metal is deposited as part of a stack using electron beam evaporation (Angstrom

NEXDEP). First, a 3 nm Cr adhesion layer is deposited, followed by 200 nm of

the metal under test (25 nm for Mg), and �nished with a 3 nm Pd capping layer.

This �nal layer acts as a semi-transparent and permeable surface to split the H2

molecules. For each deposition, at least two QCMs are included: the �rst for the
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optical and in situ loading measurement and the second for a more precise and com-

plete loading measurement in a separate environmental chamber which incorporates

stress compensation (see Chapter 2 for details) [95]. Having the samples deposited

in the same run ensures the similarity of the metals on each QCM for comparison

of loading. With each deposition, a lithographically de�ned 1 cm x 1 cm square is

included for determining the sample height via AFM (Cypher, Asylum Research).

Immediately after sample deposition, the samples are annealed in < 1 mtorr vacuum

at 350 °C for 2 hours with the exception of the Ti samples used in the annealing

study.

3.7.2 Optical measurement

The optical properties for each of the materials are measured via in situ spec-

troscopic ellipsometry as outlined in Chapter 2. Each sample is measured imme-

diately after annealing in order to avoid contamination of the sample or excessive

oxidation. Before an optical measurement, the sample chamber is purged with Ar

at ∼200 sccms for a minimum of 1 hour to remove any trace hydrogen left in the

system. Assuming complete mixing, this brings the H2 partial pressure in the 45 cm
3

chamber to <10−5 bar. Dynamic optical measurement and window compensation

are then performed as outlined in Chapter 2. During the Pd cycling measurements,

the H2 is �ushed from the chamber by �owing 60 sccm of Ar during the unloading

steps. The metal and �nal metal hydride are �t using and Kramers-Kronig con-

sistent B-spline and the dynamic data is �t using two Bruggeman EMAs: one for
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the metal under investigation and one for the Pd capping layer. The two materials

input into each EMA are the pure metal model and the hydride model. For full

modeling details see Chapter 2.

3.7.3 Loading measurement

In a separate environmental chamber, the second QCM sample from the depo-

sition is run under identical environmental conditions to the original sample. The

loading is calculated as outlined in Chapter 2, where the stress of the QCM amongst

other extraneous e�ects are corrected for in the loading calculation [95]. To obtain

the loading data of the optically measured sample, we �rst subtract away the fre-

quency change due to the changes of gas partial pressures in the chamber. We then

o�set and normalize the recorded frequency change. The baseline frequency before

H2 is introduced to the chamber is de�ned to be zero (o�set), and the stabilized

frequency after the hydrogen loading is complete is de�ned to be the calculated

loading value from the duplicate sample (normalize). During the Pd hysteresis

study, a concurrent hysteresis in stress required that each cycle be normalized in-

dependently. The loading cannot be directly calculated in the optical measurement

chamber because the stress cannot be properly characterized interferometrically due

to the geometry of the setup when taking ellipsometric data.

There were two cases where we had to add extra processing to the loading

calculations of the metals: Mg and Pd. For Mg, the loading data was normalized in

a slightly di�erent process due to the possibility of a thin MgO layer existing at the
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beginning of the experimental runs. Once hydrogen was introduced to the chamber,

the QCM frequency sharply increased, indicating mass loss from the system, before

the usual reduction in frequency due to loading. We expect that this e�ect is due to

a MgO layer that is being reduced upon the introduction of the H2. To account for

this e�ect, we normalized the frequency to the top of this peak, de�ning it as the

baseline value. For Pd, the duplicate sample was run in a D2 environment instead

of H2. We added the known conversion factor of 0.07 to the �nal loading value to

convert to the proper H2 loading [12].
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Chapter 4: Investigation of Physical Properties of Commercial Near-

Zero-Index Materials

In this chapter, we take a brief detour from metal hydrides and investigate

commercial NZI materials to potentially be incorporated into our metal hydride

designs. TCO materials have been found to be ideal NZI materials, with strong NZI

resonances with low losses in the NIR. In this chapter, we investigate the optical

properties of 51 TCO materials and report the strength and bandwidth of their NZI

resonances. We �nd positive correlations between |n| and the NZI bandwidth, as

well as between the resistivity of the �lm and |n|.

4.1 Background of NZI materials

Near-Zero-Index materials are becoming essential in nanophotonic designs and

optical manipulation. As the name suggests, NZI occurs when the index of refrac-

tion of a material approaches zero over a certain wavelength range. This is achieved

when a conductive material has the real part of its permittivity cross zero com-

bined with low Drude damping in the material (low loss). These properties allow

for many extreme optical e�ects that stem from the phase velocity and wavelength

approaching in�nity as the index approaches zero, along with massive electric �eld

83



enhancements within the material. Since the original seminal works on NZI materials

[116, 117, 118], there have been countless applications utilizing these novel proper-

ties. These applications range from creating various near-perfect absorption or trans-

mission devices [119, 120, 121, 122, 123, 124, 125], supercoupling light into narrow

waveguides [126, 127, 128], enhancing of optical nonlinearities [129, 130, 131, 132],

and increasing plasmonic control [133, 134], among many others.

Transparent conducting oxides have become the most common NZI materials

due to their broad NZI region located in the telecom wavelength range, low losses at

the dielectric cross-over-point (where the real part of the dielectric function crosses

zero), and tunability of the NZI wavelength based on deposition conditions. In

particular, indium-tin-oxide [129, 132, 133, 135, 136, 137, 138], aluminum-doped

zinc oxide [119, 123, 134, 136, 139], and �uorine-doped tin oxide [140, 141] have

been well-studied for their NZI properties and applications. While being a bene�t

in some cases, the large dependence of the optical properties of these materials on

their deposition parameters can introduce di�culty in experimental replication, due

to materials being deposited using di�erent fabrication tools and methods across

di�erent institutions. As an example, the NZI resonance of ITO varies from 1260

to 1920 nm depending on the carrier concentration in the material [142]. The dif-

ference in properties between the two ends of this region could completely change

the performance of a device.

Recently, there have been many commercial companies that sell TCO materials

on substrates that can be used for NZI applications. By being able to purchase

from one of these suppliers, the fabrication issues from batch to batch along with
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comparisons across di�erent tools are eliminated. In this chapter, we investigate

the optical properties of various commercial TCO samples and report the existence,

strength, and width of their NZI resonances. We focus on three di�erent types

of commercially available TCO samples, ITO, FTO, and AZO, from a total of 12

di�erent suppliers. Beyond their optical properties, we also report the thickness and

resistivity for all of the measured samples. Using these measured properties, we �nd

general correlations relating the optical and electrical properties of the materials. We

�nd that both the strength and the bandwidth of an NZI resonance are correlated

with the location of the resonance and that the strength of the resonance is loosely

correlated with the resistivity of the TCO �lm. We hope that these results provide

a resource for future fabrications of repeatable and comparable NZI devices.

4.2 Measurement and optical modeling scheme

To measure the optical properties of these samples, we use variable-angle spec-

troscopic ellipsometry (Woollam M-2000). We take measurements of each sample

at 65°, 70°, and 75°, and we use the same tool to take transmission intensity mea-

surements. The raw optical data is �t using a general oscillator model with one

Drude oscillator [143] and up to three Tauc-Lorentz oscillators [144]. The number

of Tauc-Lorentz oscillators is determined by only adding a further oscillator to the

model if this addition causes a >10% decrease in the mean-squared-error (MSE)

of the �t. This method was used to avoid over-�tting the data with spurious reso-

nances. For each sample where the company provided a bare substrate without the
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TCO deposited, the optical properties of the substrate were measured separately,

and these properties were input into the model �tting the TCO data. For companies

that did not provide a substrate, we used the material properties from the Woollam

database for the substrates (soda-lime glass, �oat glass, or glass slide dependent on

what substrate the company stated they used) as the substrates in our �ts. Our

�ts also accounted for re�ections from the backside of the substrate. The thickness

of the TCO �lms was determined from the optical �tting, with the transmission

intensity data allowing us to unambiguously determine the value.

Many of the FTO samples had to have a slightly adjusted �tting model. In-

stead of having a single layer of TCO, many of the FTO samples provided were

multi-layer structures. On top of the glass substrates, a thin layer of SnO2 was

deposited, followed by a thin SiO2 layer, and then �nally the active FTO layer. In

this chapter, we only report the optical properties of the top active FTO layer. In

our optical model, we de�ne the optical properties of the SnO2 with a Cauchy model

and de�ne the properties of the SiO2 layer with experimental found data from sput-

tered SiO2. In the model �t, we �t the thicknesses of these two intermediary layers

and the thickness of the top FTO layer, along with the oscillator values de�ning

the properties of the FTO. These two added �t parameters add extra variance to

our �ts, causing a larger error in the reporting of these FTO properties. Two of the

FTO samples, sourced from Biotain Crystal and MSE Supplies, were both single-

layer samples and were �t using the same process as the ITO and AZO samples

detailed above.
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4.3 Properties of TCO �lms

Typical results for the optical properties of ITO, FTO, and AZO are shown in

Figure 4.1. Although there can be a fairly large variation from sample to sample,

data from each material generally follows the same general shape and trends. ITO

normally displays a strong NZI resonance in the NIR with a higher index of refraction

in the visible and higher attenuation further into the infrared (IR). FTO usually

shows a much weaker resonance than ITO, and this NZI resonance is located further

into the IR. This same trend holds with AZO. In the short wavelength range, AZO

also exhibits a peak in attenuation. For the individual optical properties, company

names, and nominal resistances for each of the 51 samples reported in this chapter,

see Appendix B.

Figure 4.1: Characteristic optical properties of a) ITO, b) FTO, and c) AZO. These
properties are representative of the general trends in optical properties for each of
the materials. ITO samples exhibit a strong NZI resonance between 1100 -1400 nm,
while FTO and AZO have resonances beyond our experimental measurement range.

With the measured properties of this multitude of samples, we explored var-

ious correlations in the NZI resonance data. In Figure 4.2, we plot the minimum

magnitude of the refractive index, |n| =
√
n2 + k2, versus the wavelength where that

minimum is found. In the plot, the grey shaded region denotes extrapolated data
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as the range of our optical measurement ends at 1690 nm. For data in this region,

we extrapolate the optical properties using the oscillators de�ned from �tting the

ellipsometric data. We note that if there are additional phononic resonances or ad-

ditional bound electron resonances in this region, it could further a�ect the optical

properties in unaccounted for ways, adding a higher error for values in this region.

The further away the resonance is from the measurement wavelength maximum of

1690 nm, the higher the uncertainty in the resonance strength and location. For

two ITO samples that we measured, we did not include the data in the plots in this

chapter because the extrapolated NZI resonances were too far in the IR to conclude

anything about their properties in that region. Their measured optical data are

reported with the other samples in Appendix B.

We see two general trends in the NZI resonances from our measurements. The

�rst is that for these samples, the location of the NZI resonances is segmented by

material. The center wavelength for the ITO NZI resonance occurs in the ∼1100

� 1400 nm range, with one outlier. As we traverse further into the IR, we �nd

the region containing the FTO resonances ∼1500 � 1900 nm, and �nally the region

where the AZO can be found ∼1950 � 2100 nm. The second trend that we �nd is

that the stronger (lower |n|) NZI resonances occur at shorter wavelengths. As the

wavelengths extend further into IR, the resonances become slightly weaker. We �t

a linear trendline to this plot as a guide to the eye to show this relationship (R2 =

0.68).

The magnitude of an NZI resonance is not the only important characteristic

of the material. The bandwidth of the resonance (hereby de�ned as the width
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Figure 4.2: Strength of NZI resonance vs the wavelength at which the reso-
nance occurs. For each TCO sample, the magnitude of the index of refraction,
|n| =

√
n2 + k2, is plotted against the wavelength where this minimum occurs. Our

experimental measurement only goes up to 1690 nm, thus the grey shaded region
beyond this wavelength shows extrapolated data of the oscillator �ts in the exper-
imental region. Added Lorentz resonances in this region could a�ect these values.
ITO samples are shown as purple circles, AZO as green squares, and FTO as red
triangles. The dashed grey line is a linear �t to the data to guide the eye.

of the spectral region where |n| < 1) is also of vital importance for broadband

devices required to perform at many wavelengths. In Figure 4.3, we plot the

bandwidth of the NZI resonance for each of our measured materials versus the

location of the center wavelength of the NZI resonance (location of the minimal |n|

value). We �nd that as the location of the resonance moves further into the IR,

the bandwidth increases. The grey shaded region in this �gure depicts the region

where the center wavelength of the NZI resonance is found by extrapolation. We

also note that in this �gure, the two FTO samples whose center wavelengths are

located in the measured region also involve some extrapolation, as the region where

|n| < 1 extends beyond our measurement maximum of 1690 nm. For the materials
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that do involve extrapolation, we �nd a much wider range in results deviating from

our linear trendline. In this study, we cannot determine whether this high variance

e�ect is caused by additional error from the extrapolation, di�erence in material

responses (as most of these materials are FTO and AZO), or if materials with NZI

resonances in this regime behave di�erently. In all likelihood, it is some combination

of these three factors. Figure 4.3b shows the same plot with only the data with

no extrapolation, which happens to entirely consist of ITO samples. This trend is

positive with a few outliers (R2 = 0.58), with most of the data points supporting the

conclusion that materials with NZI resonances at longer wavelengths have a broader

bandwidth of this resonance.

Figure 4.3: Bandwidth of NZI resonance vs the center wavelength of the resonance.
We �nd that as the NZI minimum wavelength moves further into the IR, the band-
width of the NZI region increases. Bandwidth is de�ned as the size of the spectral
regime where the |n| < 1. They grey shaded region depicts extrapolated data. ITO
samples are shown as purple circles, AZO as green squares, and FTO as red trian-
gles. The grey dashed line is a linear �t to the data to guide the eye of the reader.
b) A plot of the samples that involved no extrapolation in the bandwidth.

This positive correlation between the location and the bandwidth of the NZI

combined with the correlation between the strength and location creates a trade-o�
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in device design. By choosing a sample with a resonance closer to the visible regime,

you can achieve a stronger resonance, but at the cost of a smaller bandwidth. Thus

for some applications, the ideal material might occur further into the IR where a

strong resonance can still be achieved and a more broadband e�ect is possible.

For each sample, we also took 4-point probe resistivity measurements to char-

acterize the electrical properties of the TCO �lms. We used a Signatone 4-point

probe device readout with a Keithley 2400 sourcemeter. The dimensions of each

sample measured were large enough that no size compensation had to be applied to

the sample measurement. Each sample was measured in 3 di�erent orientations near

the center of the sample and the results reported are the averages of these measure-

ments. In Figure 4.4, we report the resistivity of each TCO �lm vs |n|min. We �nd

that as the resistivity of the �lms increase, |n|min also increases. This correlation is

in agreement with the literature, where it has been found that higher carrier con-

centrations in ITO samples lead to stronger NZI resonances with these resonances

located at shorter wavelengths [142]. We �nd that FTO and AZO �lms have higher

resistivities than the ITO �lms, requiring their �lms to be much thicker to obtain

similar sheet resistance values. For samples where a thin coating is required with

a high conductivity, ITO seems to be the only available commercial option of the

three materials we investigated. In Figure 4.4b, we isolate the unextrapolated ITO

samples and �nd a similar correlation over a smaller scale, with all of the resistivities

of these samples located between 1.2 and 2 Ω− µm.

We summarize the complete �ndings of our optical and electrical measurements

in Appendix B for reference. These include the minimum |n| achieved, the location
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Figure 4.4: Strength of NZI resonance vs the resistivity of the �lm. We �nd that
generally as the resistivity of the �lm increases, so does the minimum magnitude
of the index of refraction. ITO samples are shown as purple circles, AZO as green
squares, and FTO as red triangles. The grey dashed line is a linear �t to the data to
guide the eye of the reader. b) A plot of the samples that require to extrapolation
in the optical properties.

of the minimum, the NZI bandwidth, the measured thickness t of the TCO, and the

measured resistance R.

In conclusion, we have surveyed the optical and electrical properties of 51 dif-

ferent TCO samples and found a wide range of potential NZI properties. We �nd

that ITO is the most readily available NZI material, with many di�erent samples

having a |n| < 0.6. We also �nd a correlation between the location of the NZI reso-

nance and the strength and bandwidth of that resonance, with shorter wavelengths

leading to stronger resonances with a smaller bandwidth and longer wavelengths

leading to weaker resonances with a wider bandwidth. We also �nd a loose corre-

lation between the strength of the NZI and the resistivity of the TCO �lms, with

a lower resistivity leading to a slightly stronger NZI. We hope that these results

inform the consistent device design of future NZI materials, showing the breadth

and availability of di�erent TCO materials.
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Chapter 5: Highly Switchable Absorption in a Metal Hydride Device

Using a Near-Zero-Index Substrate

Optical switchability is an important functionality for photonic devices, which

allows them to accommodate a wide range of applications. In this chapter, we

propose a switchable absorption device consisting of a Pd-capped Mg thin �lm de-

posited onto a near-zero-index substrate. By utilizing Mg's extreme optical changes

upon hydrogenation and combining it with the high optical contrast of the NZI sub-

strate, we can create a device that is fully switchable from a highly re�ective state

to a broadband absorbing state. When modeling the substrate as a Drude material

with a plasma wavelength of 600 nm, we calculate an absorption change of >70%

from 650 � 1230 nm, with a peak total absorption of 78% at 905 nm. We experi-

mentally demonstrate this e�ect using 25 nm of Mg with a 3 nm Pd capping layer

deposited onto an ITO-coated glass substrate. This device achieves an absorption

change of 76% at 1335 nm illumination, with a maximum absorption of 93% in the

hydride state, utilizing ITO's NZI region in the NIR. By tuning the NZI region of

the substrate, this e�ect can be extended from the visible through the infrared.
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5.1 Background and introduction

Switchable absorption across the electromagnetic spectrum is a highly desir-

able functionality for applications from thermography to solar absorbers and color

displays [80, 145, 146, 147]. Di�erent absorption bandwidths are necessary for these

di�erent applications, with solar applications requiring high functionality in the vis-

ible, while telecom sensors require the sensitivity to be in the near-infrared. Specif-

ically, absorption in thin metal �lms has found wide application in hot carrier pho-

todetection and solar cells, where hot carriers created in the metallic thin �lm can be

harnessed [111, 148, 149, 150, 151, 152, 153]. By adding a switchable functionality

to this e�ect, devices can be turned on and o� with an external stimulus, allowing a

wider range of applications, such as switchable solar windows or solar cells [16, 154].

There are multiple ways to achieve switchable absorption for these various

applications. One common method is to electrically trigger the optical change,

whether by applying a voltage across a diode structure [155, 156], by electronically

aligning a liquid crystal array [157], by actuating a micro-electro-mechanical system

[158], or by electrostatically doping an active optical material, such as graphene

[159]. Another method is to thermally activate a phase change in the device, such

as with VO2, which goes through a phase transition at 68°C [160, 161, 162, 163].

Alternatively, these optical changes can be triggered by atmospheric changes, such

as H2 gas exposure. Metal hydrides have recently been utilized for their switchable

optical properties in the visible and NIR for various purposes including H2 sensing

and physical encryption [20, 23, 80, 115, 164, 165, 166]. Mg in particular exhibits
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a dramatic optical change upon H2 exposure, transitioning from a lossy metal to

a dielectric MgH2 [13, 165, 167]. This change upon hydrogenation can be utilized

to switch a device from a highly re�ective metallic state to an absorbing state.

Many other switchable absorption designs are based on metamaterials that require

complex fabrication procedures. In contrast, devices based on thin-�lm Mg only

require a thin �lm deposition and no lithographical processing.

To further increase the functionality of thin-�lm devices, the optical properties

of the substrate can be tuned to create a Fabry-Perot-like resonance within the active

layer [111, 120, 168, 169]. By optimizing the re�ection at the thin �lm/substrate

interface, strong destructive interference can be engineered, causing high absorption

in the �lm. For many thin metal �lms, this e�ect can be strongly enhanced in the

presence of a NZI substrate where the real part of the index of refraction approaches

zero [119, 120, 123]. Unlike traditional Fabry-Perot resonances that require the

thickness of the thin �lm to be a quarter of the wavelength of the incident light,

utilizing this e�ect allows for interference e�ects in �lms 10-100x thinner. Recently,

NZI materials have been utilized for a wide range of applications, from light funneling

to perfect absorbers, amongst many others [124, 128, 170].

In this chapter, we propose a thin �lm device structure for switchable absorp-

tion that can be tuned across the visible into the NIR spectrum by adjusting the

NZI resonance of the substrate, achieving >90% absorption experimentally. The

structure consists of a 25 nm Mg layer capped with 3 nm of Pd on an NZI coated

glass. By utilizing the extreme optical properties change of Mg upon hydrogenation,

we can switch the device from a highly re�ective metallic state to a light-absorbing
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hydride state. Simulations show this e�ect can create a > 70% change in absorption

over a range of 650 -1230 nm when the substrate is modeled as a Drude material

with a plasma resonance λp = 600 nm and a damping factor γ = 1013 Hz, with

a peak absorption change of 78% at 905 nm. We experimentally demonstrate this

structure on an ITO substrate with an NZI resonance in the NIR and �nd a peak

absorption change of 76% at 1335 nm, where the absorption in the hydride state is

93%.

5.2 Concept and design

Our switchable absorption structure is depicted in Figure 5.1. It consists

of a SiO2 base coated with 350 nm of NZI (labeled substrate), 25 nm Mg, and 3

nm of Pd. The Pd capping layer is necessary for this design to catalyze the H2

dissociation reaction on the top of the structure [97, 167]. The Pd also acts as a

protective layer above the Mg, preventing oxidation into MgO [171, 172]. Exposure

to H2 gas switches the device from a re�ective metallic state into an absorbing

hydrogenated state. The H2 dissociates into H atoms at the Pd surface and di�uses

through the thin Pd layer into the Mg to form MgH2. As Pd hydrogenates into

PdHx, it becomes less conductive, but remains in a metallic state. Meanwhile, Mg

transforms entirely into a dielectric upon hydrogenation. In this dielectric state,

the light is now able to pass through the MgH2 and interact with the substrate,

as opposed to being almost entirely re�ected by the Mg layer in the metallic state.

Figure 5.2 shows the simulated re�ection and transmission plots for each state.
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Figure 5.1: Device design and simulated absorption spectra for various substrates.
a) Device architecture in the inert, metallic state, and b) when exposed to H2.
For each substrate (SiO2, Au, or NZI), the thicknesses of the Mg and Pd layers
were optimized between 3 - 50 nm for maximum absorption change. For the NZI
substrate, the thicknesses used were tPd = 3 nm and tMg = 25 nm. For both
the Au and SiO2 substrates, the thicknesses were tPd = 3 nm and tMg = 50 nm.
The substrate for each case was kept constant at 350 nm. c) Absorption spectra
of the metallic layers (Pd + Mg) with SiO2 (red), Au (green), and NZI (blue)
substrates. The solid (dashed) lines are the spectra in the metallic (hydride) state.
The absorption curves for SiO2 and Au substrates are almost completely overlapping
in the metallic state. The NZI substrate is de�ned to have an index of ñ = 0.01 +
1i across the spectrum. These simulations account for the 30% volume expansion
of Mg upon hydrogenation (e.g. 25 nm metallic Mg becomes 32.5 nm MgH2).

In Figure 5.1c, we compare our proposed structure to other physical substrates

by simulating the absorption spectra using the transfer-matrix method (TMM)

found in the literature [173]. Optical properties for the Mg, Pd, and their hydrides

are taken from Palm et al. [164], Au from Johnson and Christy [174], and SiO2

from Gao et al. [175]. The index of the NZI material was de�ned to be ñ = 0.01

+ 1i (e�ects of dispersion are discussed and modeled below). In the simulations,
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Figure 5.2: Simulated a) re�ection and b) transmission plots for device with 350 nm
NZI substrate. Solid lines indicate response in the metallic state and the dashed
lines indicate response in the hydrogenated state. In the metallic state most of the
light is re�ected, as opposed to little re�ection in the hydride state. In neither case
is there appreciable transmission through the NZI layer.

the SiO2 base was considered to be semi-in�nite and each substrate was de�ned to

be 350 nm. For the Au substrate, 350 nm is optically thick, so that the device can

be practically thought of as an in�nite Au substrate, and because the SiO2 sub-

strate layer is on a SiO2 base, the de�ned thickness does not a�ect the results as

the substrate is continuous with the base layer. For the NZI material, we �nd that

as the substrate thickness increases, we achieve a greater absorption change in the

material. Once the substrate becomes greater than ∼300 nm, this e�ect begins to

level o�. We chose 350 nm to achieve this high absorption change, while still having

a thin enough layer that is reasonably achieved in common NZI materials, such as

TCOs [134, 139]. Figure 5.3 shows the complete spectral dependence of the NZI

substrate thickness on the absorption change.

For each di�erent substrate, we optimized the Mg and Pd thicknesses that

would create the largest absorption change upon hydrogenation. We de�ne the total
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Figure 5.3: Thickness optimization of NZI substrate. Change in absorption de�ned
as absorption of the Mg and Pd in the metallic state subtracted from their absorption
in the hydride state. We can see that the absorption change is greater for thicker
�lms of the NZI, but with diminishing returns as the �lm gets larger than ∼300 nm.
For this optimization the Mg layer thickness was set to 25 nm and the Pd thickness
to 3 nm. The NZI optical properties refractive index was de�ned to be ñ = 0.01 +
1i.

absorption as the combined absorptions in the Pd and Mg layers (note: absorption in

the substrate and SiO2 are negligible, see for example Figure 5.5). In our thickness

optimization, we applied the maximum thickness of Mg as 50 nm. The full Mg �lm

would not hydrogenate if it were greater than 50 nm due to the formation of a well-

documented MgH2 hydrogen blocking layer [13, 176]. We applied a lower thickness

bound of 3 nm on the Pd layer to ensure a uniform �lm and complete coverage of

the Mg. Expansion of the metal hydrides also needs to be taken into account, as

the lattice expands as hydrogen enters the material. The Mg lattice is found to

expand by 30% upon hydrogenation [13] (e.g. 25 nm metallic Mg becomes 32.5 nm

MgH2), and this e�ect was included in all simulations. Pd has a much smaller lattice

expansion, about 12% [60], which ended up being negligible in our simulations since
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the optimized Pd thicknesses were very small. We found the optimized thicknesses

for each layer were tPd = 3 nm and tMg = 25 nm for the NZI substrate and tPd =

3 nm and tMg = 50 nm for both the Au and SiO2 substrates. Figure 5.4 shows

the full absorption change as a function of the Mg and Pd thicknesses at 6 di�erent

wavelengths.

Figure 5.4: Thickness optimization for Mg and Pd thin �lm layers. For most wave-
lengths, the absorption change is maximized for thinner Pd. In order to get the
catalytic and sealing e�ect of the Pd in the device, at least a 3 nm coating is neces-
sary, so it was set as our lower bound for the optimization. For 400 nm illumination,
the maximum falls at 5 nm, but still has strong absorption at 3 nm. The Mg is max-
imized between 20 and 30 nm depending on the illumination wavelength. We found
that a Mg thickness of 25 nm caused for the best maximization across all of the
shown wavelengths to create the most broadband e�ect. The thicknesses of these
plots are the thickness of the metal layers and the simulations take into account the
30% Mg expansion upon hydrogenation.

In the metallic state, Mg is optically opaque at a thickness of 50 nm, so

the absorption curves for the SiO2 and Au substrates almost entirely overlap. In

the NZI material case, the light slightly penetrates the Mg layer at 25 nm but is

still mostly re�ected with little measured absorption, under 20% for most of the
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spectrum. Upon hydrogenation, we see a dramatic increase in absorption for each

substrate. The extremely re�ective Mg becomes a partially transmitting MgH2. We

see that the choice of substrate greatly a�ects the absorption in the metal hydrides,

as the light now interacts at the MgH2/substrate interface. For the SiO2 substrate,

we see the smallest increase in absorption, mostly due to the increase in path length

of the light in the metal hydrides as the light transmits through it, with little added

bene�t from the re�ection o� the substrate interface. The Au substrate shows a

much higher absorption increase by creating a cavity e�ect within the MgH2, with

light re�ecting between the Au substrate and PdHx capping layer. The largest

attainable absorption change is found for the NZI substrate. In this case, a strong

Fabry-Perot-like cavity is created within the MgH2, creating high absorption due to

the destructive interference e�ects. With these de�ned optical properties, we can

achieve an absorption of >80% from 400 � 1650 nm and >90% from 625 � 1300

nm in the hydride state. We note that the large broadband result depicted by the

NZI substrate in Figure 5.1c is not possible with a realistic substrate, because a

constant complex index of refraction over this entire wavelength region does not obey

Kramers-Kronig consistency. Instead, this result shows the potential for this high

switchable absorption response across the visible spectrum and into the infrared if

the substrate's index of refraction has a low real part with the imaginary part close

to 1 for any span of these wavelengths. We also note that there will be some alloying

between the Pd and Mg layers upon deposition [167]. To avoid this alloying in thin-

�lm stacks, it is common to use a Ti interlayer between the Mg and Pd layers. The

optical properties being used for these simulations were taken on a thin �lm stack
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without this Ti interfacial layer, thus the properties being used are accurate for

these simulations and account for this interfacial layer.

The absorption of the light in the hydride layers is split between the PdHx

and MgH2. The PdHx layer is responsible for the majority of the short-wavelength

absorption up to∼500 nm. At this point, the MgH2 begins to absorb more light, with

the absorption in the Pd tapering o�. The reason for this delineation is that PdHx

still behaves optically like a metal with higher attenuation for shorter wavelengths.

It gets a large increase in absorption from the cavity e�ect, with the path length

of light traveling through it increasing dramatically from the multiple re�ections

within the MgH2. The MgH2 has higher attenuation beginning in the upper visible

region, which is where it begins to dominate the absorption. The combination of

the absorption in these two layers allows for the near-constant absorption change

observed in Figure 5.1c. Figure 5.5 shows the full breakdown of absorption between

each layer in the stack across the spectrum for both the metallic and hydrogenated

states.

Having found this strong absorption e�ect for the structure with a tailored

index of refraction ñ = 0.01 + 1i, we now explore in-depth how the optical properties

of this substrate layer a�ect the total absorption change in the metal �lms and

how robust this e�ect is. Figure 5.6 shows the relationship of the complex index

of refraction of the substrate, ñ = n + ik, with the change in absorption of the

metal �lms. ∆Absorption is de�ned as the absorption of the metal layers (Pd and

Mg) subtracted from the absorption in the metal hydrides after hydrogen exposure

(PdHx and MgH2). The �rst trend that is evident with these plots is that the
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Figure 5.5: Simulated absorption by layer in the device stack in the a) metallic state
and b) hydride state. In the metallic state, neither Mg (red) or Pd (blue) have very
high absorption, with Mg absorbing more from the mid-visible through the IR. In
the hydride state, both Mg and Pd begin absorbing signi�cantly more. Pd has a
high sharp absorption peak at ∼450 nm with Mg having a peak at ∼600 nm that
broadly tails o� into the IR. The combination of the absorption in these two layers
allows for the high broadband absorption seen in the combined structure. In neither
the metal nor the hydride state does the NZI (green) substrate have any signi�cant
absorption.

absorption change increases with decreasing n for each wavelength, showing the

necessity of using an NZI substrate. A more interesting trend occurs with the

imaginary part of the index. Upon �rst consideration, we would expect that the

absorption in the metal hydrides would be maximized with a maximum re�ectivity

at the MgH2/substrate interface. We �nd through our simulations that this is not

the case, because the re�ectivity R is maximized when k = 0 for the substrate for

all investigated wavelengths (see Figure 5.7) and that the absorption is maximized

for k ≈ 1 for incident wavelengths λ = 800, 1200, and 1600 nm and k ≈ 2 for λ =

400 nm. This analysis shows that the absorption increase in the metals is not solely

from an increased path length from a perfect re�ection o� the NZI substrate, but

from creating an additive destructive interference condition within the metals. We

can see that the value of the imaginary part of the index has the largest e�ect on
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the absorption change when the real part of the index is < 0.25. If the real part of

the index is > 0.25, the absorption change becomes comparatively fairly constant

for longer visible and NIR wavelengths. The 400 nm result tells a di�erent story,

where a higher k is necessary for high absorption change regardless of the value of

the real part of the index.

Figure 5.6: E�ect of the substrate's optical properties, ñ = n + ik, on device ab-
sorption change. Absorption change is de�ned as the absorption of the device in
the metallic state subtracted from the absorption in the hydrogenated state. λ rep-
resents di�erent incident wavelengths of illumination, here showing a) λ = 400 nm,
b) λ = 800 nm, c) λ = 1200 nm, d) λ = 1600 nm.

5.2.1 Modeling substrate as Drude material

So far our consideration for this structure has used speci�cally chosen refractive

indices, but a real material has to obey causality across the spectrum. To apply a
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Figure 5.7: Fresnel re�ectance R versus the imaginary part of the index of refraction
of the NZI substrate kNZI at the MgH2/NZI interface for an illumination wavelength
of a) 400 nm, b) 800 nm, c) 1200 nm, and d) 1600 nm. The real part of the index
has been set to 0.01. We can see that the re�ectance is maximized at kNZI = 0. In
our simulations, we �nd that the absorption change in the device is maximized at
kNZI ≈ 1, which combined with this �nding shows that the increase in absorption
is from destructive interference e�ects and not from pure re�ection intensity.

model that obeys Kramers-Kronig consistency, we modeled our substrate as a Drude

material with properties:

ñ =
√
ε(ω) =

√
ε∞ −

ω2
p

−ω2 + iγω
(5.1)

where ñ is the complex index of refraction, ε is the dielectric function, ε∞ is the

permittivity as ω →∞, ωp is the plasma frequency, and γ is the damping constant.

This equation models the free-electron response of a metal without any interband
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transitions, but provides for a realistic, yet simple, model of an NZI material.

Figure 5.8 shows the results of modeling the properties of the substrate layer

with a Drude model. For these simulations, we have set ε∞ to 1 (for e�ects of ε∞

on the absorption change, see Figures 5.9 and 5.10). We immediately see that

with this physical model, we can still achieve very high absorption changes, >75%

for some incident wavelengths. The absorption is maximized for smaller γ, although

this e�ect begins to plateau for γ < 1014 Hz. This e�ect is what we would expect, as

a higher damping term in the substrate causes an increased real part to the index of

refraction. The increased damping eliminates the cavity e�ect in the MgH2 exploited

by the device structure. The γ < 1014 Hz range is easily achievable, as many TCOs

have been found to have a damping coe�cient between 1013 and 1014 Hz [136].

The Drude simulations also show a very strong dependence on the plasma

wavelength λp = 2πc/ωp where c is the speed of light. The resonance e�ect occurs

for plasma wavelengths slightly lower than the illumination wavelength. This occurs

because, as we saw in Figure 5.6, the absorption e�ect is maximized for k ≈ 1. In

the Drude model, k increases for wavelengths below the plasma frequency, and the

e�ect is greatest when k is large enough to create the phase matching in the MgH2

and n remains low enough to harness the NZI e�ect. For 400 nm illumination, we

can achieve >70% absorption change for a Drude material with λp ≈ 150 nm and γ

< 3*1014 Hz. A real material that could ful�ll these values would be Pt with λp =

144 nm and γ = 1.088*1013 Hz [177]. For longer wavelengths in the spectrum, we

see the continued potential for strong e�ects, with regions > 75% absorption change

for λ = 800 nm and λ = 1200 nm. As we continue into the infrared, we �nd that
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Figure 5.8: Change in absorption upon hydrogenation using a Drude model for the
NZI material. λp is the plasma wavelength of the Drude substrate (λp = 2πc/ωp) and
γ the damping term in the Drude model. λ represents di�erent incident illumination
wavelengths, here with a) λ = 400 nm, b) λ = 800 nm, c) λ = 1200 nm, d) λ =
1600 nm. e) Absorption change vs illumination wavelength for 6 di�erent λp with
γ = 1013 Hz, showing how broadband the switchable e�ect can be with a physical
model.
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the high absorption change e�ect begins to taper o�.

In Figure 5.8e, we �nd that even when using a Drude model for the NZI

material, we still can get a broadband result. In these simulations, we de�ned γ =

1013 Hz. For λp in the long-wavelength portion of the visible regime, we can see the

bandwidth of the response is the greatest. We �nd that for λp = 600 nm and λp

= 800 nm, we can achieve a region of > 70% absorption change for over a 580 nm

range (650 � 1230 nm for λp = 600 nm and 825 � 1405 nm for λp = 800 nm). If we

lower our absorption change threshold to 60%, then our bandwidth widens to 835

nm. Both of these cases reach a peak absorption change of 78%, at 905 nm for λp

= 600 nm and at 1145 nm for λp = 800 nm. If we further increase λp, we still see

a broadband result, but the magnitude of the peak of the absorption change begins

to decrease. Conversely, if we lower λp, we can still achieve a high peak absorption

switchability, but begin to lose the large broadband e�ect as the resonance narrows.

5.2.2 Angular dependence of device

To test the robustness of this e�ect to non-normal incidence illumination,

we simulated the same structures depicted in Figure 5.1 for illumination angles

varying from 0° - 85°, with the angle θ being de�ned from the normal. Figure

5.11 shows the dependence of the absorption change of the metals on the incident

angle. We immediately notice that the NZI substrate remains the best choice for

maximum absorption change as the angle increases when compared to the Au and

SiO2 substrates. The only exception to this is at very high incident angles in the
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Figure 5.9: E�ect of ε∞ parameter in Drude model on absorption change when
compared with the damping. Illumination wavelength λ is varied from 400 � 1600
nm from a) � f). The plasma wavelength λp was set to 700 nm. For this λp, we
do not see any singi�cant absorption change until λ = 800 nm, where this change
is maximized for ε∞ = 1. As we increase the illumination wavlength beyond this
point, the maximum abosprtion change is achieved for increasingly high ε∞.

long-wavelength visible and the NIR regions, where for TM polarization the Au

begins to slightly outperform the NZI. In all other cases, the NZI remains strongly

superior.

With the exception of 400 nm illumination, we �nd that the absorption change

stays fairly robust (constant) for TM polarization from a 0° incident angle all the way

to 60° (for 800 nm and 1200 nm illumination the absorption change remains above

70% in this entire region). For infrared illumination, we �nd that the absorption

change for TM polarization actually slightly increases for larger angles, until 35°

for 1200 nm illumination, maxing out at ∆Abs = 80%, and until 39° for 1600

nm illumination, maxing at ∆Abs = 71%. For TE polarization, we �nd that the

absorption change drops o� quicker with increasing illumination angle, where ∆Abs
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Figure 5.10: E�ect of ε∞ parameter in Drude model on absorption change when
compared with the plasma wavelength. Illumination wavelength λ is varied from
400 � 1600 nm from a) � f). The damping term γ was set to 1013 Hz. For this γ, we
begin to see a large absorption change for λ= 600 nm for low plasma wavelengths. As
we increase the illumination wavelength, we get broader regions of high absorption
that extend from ε∞ = 1 to ε∞ = 5. The high absorption change region is broadest
for lower ε∞ and blue shifts and narrows as ε∞ increases.

drops below 60% at 58°, 60°, and 43° incident angles for 800 nm, 1200 nm, and 1600

nm, respectively. Again, the exception is when we look at 400 nm illumination where

we actually see a dramatic increase in the absorption change, with a peak of ∆Abs

= 88% at 59°. The 400 nm behaves di�erently than the other wavelengths shown

here because, for this wavelength, the absorption mainly occurs in the PdHx as

opposed to the MgH2. This di�erence causes di�erent conditions for the destructive

interference in the device, causing very di�erent responses to di�erent polarizations.

We also note that with these increasing angles, the pure absorption in the

hydride state can reach almost perfect absorption. Figure 5.12 shows the absorption

for the hydrogenated state for the device structure at di�erent angles of illumination.
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For TE illumination at 400 nm, the hydride absorption reaches 99.2% at 53°. For

TM illumination at 800 nm and 1200 nm, the hydride absorption peaks at 99.3% at

56°and 98.1% at 49°respectively. These perfect absorption e�ects begin to trail o�

as we continue further into the IR.

Figure 5.11: Angular dependence of incident light on absorption change. a) Diagram
of the device. θ de�ned as angle incident light makes with the normal. b-e) Plots
showing the change in absorption of the structure with increasing θ for four di�erent
incident wavelengths b) 400 nm, c) 800 nm, d) 1200 nm, e) 1600 nm. Blue lines
represent NZI substrates, green lines represent Au substrates, and red lines represent
SiO2 substrates. Solid (dashed) lines are TE (TM) illumination.

5.3 Experimental demonstration

To demonstrate this e�ect in practice, we used a �lm of ITO deposited on a

soda-lime glass substrate as our NZI substrate (MSE Supplies). The optical prop-

erties of the ITO were measured with spectroscopic ellipsometry (J.A. Woollam
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Figure 5.12: Angular dependence of absorption of device in the hydride state for
di�erent illumination wavelengths a) 400 nm, b) 800 nm, c) 1200 nm, and d) 1600
nm. Blue lines represent NZI substrates, green lines represent Au substrates, and
red lines represent SiO2 substrates. Solid (dashed) lines are TE (TM) illumination.

M-2000) and �t with a Drude-Lorentz oscillator model. Figure 5.13 shows the

experimentally measured ITO optical properties. The Pd/Mg metal stack was de-

posited using electron-beam evaporation with a vacuum pressure of < 3*10−6 torr

(Denton Vacuum). 25 nm of Mg was deposited followed by a 3 nm Pd cap with-

out breaking chamber vacuum. Immediately after deposition, we measured the

transmission and re�ection intensities of the device. Re�ection measurements were
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taken at 20° incident angle and transmission measurements were taken with normal

illumination. Using a custom-designed environmental chamber, we then exposed

the device to 1 bar of H2 gas while dynamically measuring the transmission inten-

sity. Once the sample had completely loaded, determined by the stabilization of

the transmission intensity, we removed the sample from the transmission chamber

and measured the re�ection intensity. After this measurement, we remeasured the

transmission intensity. This intensity spectrum exactly matched that of the in-situ

measurement, showing that the sample had not had any appreciable unloading of

hydrogen during the brief time outside of the environmental chamber. We repeated

this process with the Pd/Mg deposited on a plain glass slide as a control sample.

Figure 5.13: Measured optical properties of ITO used in experiments. Optical
properties were determined using spectroscopic ellipsometry and �t using a Drude-
Lorentz model.

The experimental absorption changes are shown in Figure 5.14 and are in good

agreement with simulations. Absorption changes are calculated by using A = 1 −
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Figure 5.14: Experimental demonstration of device performance. Solid lines are
experimental data, while dashed lines are simulation data. Blue lines represent the
device on an ITO substrate (Top Right), while red lines are on a plain glass substrate
(Bottom Right). The experimental data shows good agreement with that expected
from simulations. The ITO device reaches a max absorption change of 76% at 1335
nm illumination, while the plain glass device never has an absorption change higher
than 21%.

R−T , where A is the absorption, R the re�ection intensity, and T the transmission

intensity. In this formula, scattering is disregarded. This is a reasonable assumption

in our experiments because the RMS roughness of our samples is < 3 nm, thus there

will be negligible scattering o� the surface. We compare this experimental data to

transfer matrix method simulations and see strong agreement for both the ITO

and glass substrates. The simulated data uses an incident angle of 20° to match

the angle the re�ection intensity data was taken. The experimental transmission

intensity measurements were taken with normal illumination, but the di�erence in

simulated transmission intensity of this device between normal and 20° illumination

is < 2% over the reported wavelength range, so we can assume that this di�erence
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is negligible on the scale of the e�ect shown. Figure 5.15 shows this simulated

transmission di�erence.

Figure 5.15: Simulated transmission intensity di�erence between normal and 20°
illumination for the experimental device. Di�erence is de�ned as simulated trans-
mission intensity of 20° incidence subtracted from normal incidence. At no point is
this di�erence above 2% in the investigated wavelength range.

The ITO device resonance is maximized in the NIR at 1335 nm, near ITO's NZI

resonance at 1250 nm. The device resonance is red-shifted from the NZI resonance

as expected from the simulations because of the necessity of a higher k for the full

absorption e�ect. The maximum experimental absorption change was found to be

76%, with a maximum total absorption in the hydrogenated state of 93%. This

slightly outperforms the simulated maxima of 74% and 87% respectively. Reasons

for this discrepancy can be attributed to the slight di�erences in optical properties

of thin �lms when deposited on di�erent substrates, or small amounts of scattering

that were included in the absorption. The e�ect is relatively broadband, with an
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absorption change > 60% from 1140 nm to 1595 nm for a bandwidth of 455 nm for

this criteria. The time of loading of the sample, as determined from the dynamic

transmission intensity data, was found to be 27 min (see Figure 5.16). This

experimental demonstration shows the promise of this device architecture with a

relative ease of fabrication.

Figure 5.16: Dynamic transmission data for Mg/ITO device. Transmission intensity
for Pd/Mg/ITO device taken through the device loading. Hydrogen gas was intro-
duced to the chamber at 8 min. Transmission intensity levels o� for all wavelength
at 35 min, for a total loading time of 27 min.

As expected, when the metal stack is deposited on a plain glass substrate, there

are no resonance e�ects, because the glass does not have an NZI region. There is

still an absorption change in the material due to the hydrogenation of the Pd/Mg

stack, but experimentally we �nd that it is fairly small and constant across the
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near-infrared at 21%.

Figure 5.17: Reversibility of the Mg/ITO device switchable absorption. Solid lines
are the device in the metallic state and dashed lines represent the device in the
hydride state. The blue lines are the data from the original load, while the red lines
indicated the second load. The data shows that the absorption change is reversible,
but with a slight decrease in the magnitude of the e�ect on the second cycle.

Lastly, we demonstrate the reversibility of this device. To unload the MgH2,

we place the device on a hot plate at 85°C in the ambient atmosphere for 30 min.

During this unloading, the device visibly turns back into a metallic state. After

the unload, we retake the optical measurements and repeat the loading procedure

outlined above. Figure 5.17 shows the results of this second cycle compared to the

original loading. We can see that the e�ect is mostly reversible on the second cycle,

but that the magnitude of the e�ect is slightly diminished. The metallic state after

the unload has slightly higher absorption than the pristine metallic state, which can

be attributed to dislocations formed in the Mg lattice upon the original loading.
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The second loaded state still reaches a high total absorption of 91%, compared to

93% on the initial run, demonstrating that the process is reversible.

5.4 Conclusions

In summary, we have proposed and experimentally demonstrated a thin �lm

stack of Pd/Mg can achieve switchable high absorption changes by exposure to H2

gas. By utilizing ITO's NZI resonance in the near-infrared, our device achieves a

maximum absorption change of 76%, with a maximum total absorption of 93% at

1335 nm illumination. This device has an absorbing change > 60% over a 455 nm

bandwidth. This is a signi�cant improvement when compared to a control sam-

ple consisting of a plain glass slide without the ITO layer, which only achieves an

absorption change of 21% over this spectral region. We show that this process is

reversible, with only a slight deprecation in total absorption change upon a second

cycle. Our simulations varying the optical properties of the substrate show the po-

tential of expanding this device to other wavelength regimes by using materials with

NZI resonances in those frequency bands. We showed that this e�ect can create a

> 70% change in absorption over a range of 650 -1230 nm incident wavelengths

when being modeled as a Drude material with a plasma resonance λp = 600 nm and

damping γ < 1014 Hz, showing that this e�ect has the potential to be very broad-

band. This work shows the potential for switchable high absorption devices across

di�erent wavelength regions that exploit the NZI behavior of the substrate without

a�ecting other aspects of the device's design. Future work will involve investigating
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new substrates in these di�erent spectral regions, as well as the potential of alloying

Mg with other metals to retain this high absorption change while speeding up the

dynamics and cyclability of the loading/unloading cycles.
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Chapter 6: In situ Optical and Stress Characterization of Alloyed

PdxAu1−x Hydrides

In the next two chapters, we move beyond pure metal hydrides and explore

improving the optical and hydrogenation properties by alloying a metal hydride with

a secondary transition metal. The �rst of these that we investigate in this chapter is

the PdxAu1−x system. PdxAu1−x alloys have recently shown great promise for next-

generation optical hydrogen sensors due to their increased chemical durability while

maintaining optical sensitivity to small amounts of H2 gas. However, the correlation

between chemical composition and the dynamic optical behavior upon hydrogena-

tion/dehydrogenation is currently not well understood. A complete understanding

of this relationship is necessary to optimize future sensors and nanophotonic de-

vices. Here, we quantify the dynamic optical, chemical, and mechanical properties

of thin-�lm PdxAu1−x alloys as they are exposed to H2 by combining in situ ellip-

sometry with gravimetric and stress measurements. We demonstrate the dynamic

optical property dependence of the �lm upon hydrogenation and directly correlate

it with the hydrogen content up to a maximum of 7 bar H2. With this measure-

ment, we �nd that the thin �lms exhibit their strongest optical sensitivity to H2 in

the near-infrared. We also discover higher hydrogen loading amounts as compared
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to previous measurements for alloys with low atomic percent Pd. Speci�cally, a

measurable optical and gravimetric hydrogen response in alloys as low as 34% Pd

is found, when previous works have suggested a disappearance of this response near

55% Pd. This result suggests that di�erences in �lm stress and microstructuring

play a crucial role in the sorption behavior. We directly measure the thin �lm stress

and morphology upon hydrogenation and show that the alloys have a substantially

higher relative stress change than pure Pd, with the pure Pd data point falling 0.9

GPa below the expected trend line. Finally, we use the measured optical properties

to illustrate the applicability of these alloys as grating structures and as a planar

physical encryption scheme, where we show signi�cant and variable changes in re-

�ectivity upon hydrogenation. These results lay the foundation for the composition

and design of next-generation hydrogen sensors and tunable photonic devices.

6.1 Background of Pd-Au alloys

The alloying of di�erent metals to �nely tune optical and material properties

has allowed for great advancements in a wide variety of applications from plas-

monic sensors to catalysts [22, 23, 74, 113, 178, 179, 180, 181]. Alloying creates

opportunities to improve the material characteristics beyond that of the pure metal

components. Furthermore, one can combine the desirable optical and structural

properties from di�erent metals into a single alloy. This process is particularly ad-

vantageous when applied to metal hydrides where the optical properties, electric

properties, and response to H2 gas are all of interest.
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Metal hydrides are useful for a wide range of applications including color dis-

plays, switchable mirrors and tunable plasmonics [14, 20, 21, 80, 115, 182, 183, 184].

Moreover, metal hydrides possess the capability to store and detect hydrogen. The

opportunity to use hydrogen for energy storage and distribution is becoming more

attractive, and with a push for a future hydrogen economy, more high-quality sen-

sors are needed to mitigate the dangers of H2 leaks. All-optical hydrogen sensors

are the preferred method of detection due to the decreased risk of ignition. This is

in contrast to more traditional electrical sensors, which have the potential to spark

upon a device malfunction. These optical sensors are required to have fast response

times, resistance to surface poisoning, limited intracycle hysteresis between hydro-

gen absorption and desorption cycles, and a large enough signal to be reliably read

[185].

Pd has been the standard metal investigated for hydrogen sensing and storage

because it is the only pure metal that can absorb and desorb hydrogen from its

lattice at room temperature without an activation layer [186]. However, pure Pd

su�ers from slow response times, surface poisoning, and a large hysteresis [166,

187]. Alloying Pd with other metals has been shown as a solution to mitigate

these problems, particularly alloying with Au [23, 74, 76, 188, 189, 190, 191]. In

addition to these improved hydrogen sensing properties, PdxAu1−x alloys have been

of particular interest in improving catalysis reactions [178, 180, 192, 193, 194] as

well as being used as a hydrogen separation membrane [195, 196]. A more complete

characterization is essential to facilitate further use of these alloys.

In this chapter, we quantify the changes in the optical, mechanical, and chemi-
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cal properties of seven di�erent PdxAu1−x thin �lms as a function of hydrogenation.

These alloys are fabricated by physical vapor deposition co-sputtering at room tem-

perature, a versatile process that allows for a wider variety of substrates for sensors

that are not possible with fabrication methods that require high temperature an-

nealing steps. We simultaneously investigate the dynamic optical properties and

hydrogen loading amounts upon exposure to H2 gas. We directly measure the opti-

cal responses with spectroscopic ellipsometry with wavelengths spanning from 225

to 1690 nm, and we identify changes in the complex refractive index upon hydro-

genation. We use QCM measurements to determine the hydrogen sorption in the

material and �nd higher loading quantities than previously reported for gas-phase

loading experiments. For each hydrogen exposure, we also simultaneously measure

the stress change and discover that the relative change in stress of the PdxAu1−x

alloys is 0.9 GPa higher than the change of the pure Pd. Upon investigating the

correlation between this stress and the change in the surface roughness of the mate-

rial, we �nd that despite the large amount of thin-�lm stress present in the alloys,

there are no observed roughness changes for any of the �lms after loading. Finally,

we computationally demonstrate the applicability of these alloys for enhancing light

re�ection in grating structures as well as demonstrate a scheme for physical encryp-

tion. Our research elucidates important material properties in PdxAu1−x alloys that

will further inform hydrogen sensor design and implementation.
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6.2 Experimental methods

6.2.1 Fabrication and characterization of PdxAu1−x thin �lms

The thin �lm PdxAu1−x alloys are fabricated by room temperature physical

vapor deposition cosputtering with Pd (99.95%) and Au (99.99%) sputtering targets.

A Si chip with a lithographically de�ned 1 x 1 cm2 area and two separate AT-cut 5

MHz QCMs were included as substrates for each deposition run. The �lm geometry

on the QCMs was de�ned by a 12.5 mm diameter circular shadow mask centered

on the top QCM electrode. The substrates were cleaned with acetone, methanol,

and isopropyl alcohol rinses prior to deposition (the lithographic de�ning of the Si

piece was performed after the solvent clean). Prior to PdxAu1−x deposition, the

base pressure in the main chamber was maintained at less than 1.8 Ö 10−8 Torr.

The thin-�lm alloys were deposited at room temperature, with Ar gas introduced

and adjusted to a 10 mTorr pressure. During deposition, a constant rotation of

20 rpm, a z-height of 100 mm, and a gun tilt of 7.5 mm were applied to ensure

uniform chemical composition across each sample. Direct current powers ranging

from 75 to 300 W were applied to alter the PdxAu1−x composition. Two sets of

samples were produced for these experiments. The �rst set was ∼100 nm thick

and was deposited directly onto the substrates. The second set was ∼400 nm thick

with a 10 nm Cr adhesion layer that was sputtered onto the substrates before the

alloy deposition without breaking vacuum. The Cr was deposited with a 150 W RF

source instead of a standard DC source because the only DC sources available in
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the system were connected to the Au and Pd targets. The composition of each alloy

was measured with energy-dispersive X-ray spectroscopy (EDX). For each sample

on a Si substrate, EDX measurements were taken on four separate points to ensure

uniformity. The raw EDX data is shown in Figure 6.1. The �rst set of depositions

had the compositional fractions (PdxAu1−x) of x = 0, 0.14, 0.34, 0.42, 0.52, 0.73, 1.

For the second batch (∼400 nm thick with the Cr adhesion layer), we focused on

higher Pd content samples, having the compositions x = 0.41, 0.59, 0.73, 0.77, 0.83,

0.88, 1.

Figure 6.1: Measured EDX spectra of fabricated PdxAu1−x alloys. a) Spectra for
the 100 nm samples with x = 1, 0.73, 0.52, 0.42, 0.34, 0.14, 0 and b) for the 400
nm samples with x = 1, 0.88, 0.83, 0.77, 0.73, 0.59, 0.41. Known emission lines for
Pd and Au marked with vertical dashed lines.

Film thickness and roughness measurements were taken with an AFM in an

unpressurized dry air atmosphere. The roughness measurement was taken on three
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distinct 2 x 2 µm2 patches on each of the alloys. The reported roughnesses in this

article are all RMS roughnesses and are calculated by taking the RMS value of each

line of the AFM image and taking the median of these values. The �lm thickness

measurements were taken on the lithographically de�ned Si samples. 20 x 20 µm2

scans were taken centered on the de�ned edge of the metal square. The step results

in a bi-modal Gaussian distribution for the histogram of the topography data. The

sample height was taken as the di�erence in the mean of the two Gaussians. ICP-

OES was used to con�rm both the sample thicknesses and the chemical composition

for each of the alloys. The Si squares were dissolved in boiling aqua regia and

subsequently diluted to 50 mL. ICP-OES was then used to �nd the Pd and Au

concentrations of this solution. Using the known surface area of the alloy on the Si

sample, the atomic masses, and the densities of these materials, the thickness and

atomic percentage of the alloys can be calculated. These calculated values agreed

within the error of the results of the EDX and AFM measurements.

6.2.2 Optical property measurements

Optical property measurements were taken with a spectroscopic ellipsometer

in a custom environmental chamber described in Chapter 2 and demonstrated in

Chapter 3. The QCM frequency is simultaneously recorded with the optical data

to correlate the hydrogen content of the sample with the optical property changes.

Measurements for each alloy are made at four di�erent angles (48°, 55°, 70°, 75°) for

the pristine metal alloy before hydrogenation. The dynamic optical properties of
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the alloys were then taken at 75° as the environmental chamber was switched from

7 bar Ar to 7 bar of H2. The 75°orientation is chosen for the dynamic measurements

due to steeper incident angles having a higher sensitivity to optical changes. The

measurements in the hydrogenated state were then retaken at all four angles at

the end of this process. The chamber was then purged with Ar with the dynamic

data being recorded again at 75°. This process was repeated for a total of four

hydrogen absorption steps and three desorption steps for each alloy. See Chapter

2 for further details of the ellipsometric measurement, window compensation of the

environmental chamber, and the dynamic optical �tting method [164].

6.2.3 Hydrogen loading and stress measurements

The hydrogen loading and stress measurements were taken in a separate envi-

ronmental chamber equipped with an interferometer using the metal alloy �lms on

the QCM as one of the mirrors. The loading value for each alloy is calculated with

the method outlined in Chapter 2 [95], which compensates the total QCM frequency

change with e�ects from stress along with environmental e�ects, such as changes in

gas composition.

Because the QCM substrates used in our experiments are anisotropic, the

standard way of determining thin-�lm stress using the Stoney equation is not appli-

cable [197]. The stress values reported in this article use an adapted method from

EerNisse's double resonator model [46]. Instead of using two separate cuts of QCMs,

we measure the curvature of the sample and use the curvature to frequency relation
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detailed in Chapter 2 [95] to �nd the change in QCM frequency due to stress in the

sample. The change in stress of the thin �lm upon hydrogenation is then

∆σ =
∆fsτq
KAT τff0

(6.1)

where ∆fs is the change of QCM frequency due to stress, τq and τf are the

thicknesses of the quartz of the QCM and the metal �lm respectively, f0 is the

measured QCM frequency before hydrogenation, and KAT is a constant de�ned by

EerNisse to be -2.75 x 10−12 cm2/dyn for a 5 MHz AT-cut QCM [46]. Using this

method, we assume that the stress is isotropic through the thickness of the �lm.

All stresses reported in this article are compressive stresses and are de�ned to be

positive.

6.3 Dynamic optical property measurements of PdxAu1−x alloys

Figure 6.2 shows the optical properties for the seven di�erent 100 nm alloys

investigated in this study as well as their property change upon hydrogenation in 7

bar H2 for the wavelength range of 225 � 1690 nm. Because metal hydrides typically

have signi�cant dislocation formation with initial loading, the data shown here are

for the second hydrogenation of the alloys. Thus, the plots describe a typical loading

cycle. We show the data of the initial loading of the pristine alloys Figure 6.3, and

show the dielectric functions for both the �rst and second loads in Figure 6.4. To

verify our optical �tting model for these materials, we compare our measurements to

the Johnson and Christy values reported for Au and Pd, which can be found in Fig-
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ure 6.5, [104, 174] and found agreement. The non-hydrogenated optical properties

of PdxAu1−x alloys have previously been inferred with modeled electron energy loss

spectroscopy (EELS) data acquired on individual nanoparticles in the range of 248

- 827 nm [198] as well as with re�ection and transmission measurements for a single

Pd50Au50 thin �lm alloy in the range of 350 - 1050 nm [199]. However, the optical

properties have not been directly measured with spectroscopic ellipsometry and have

not been measured deeply into the NIR region. Furthermore, the optical property

dependence of these alloys upon hydrogenation has not yet been investigated, which

we present here.

Figure 6.2: Measured optical properties of seven di�erent PdxAu1−x alloys. (a)
Optical properties of each alloy without any hydrogen in the lattice (unloaded).
(b) Optical properties of the hydrogenated alloys under an atmosphere of 7 bar
of H2. (c) Change in the optical properties for each alloy upon hydrogenation.
Change is de�ned by the optical properties of the hydride subtracted from the
optical properties of the unloaded metal.

We observe a wide range of refractive indices (ñ = n+ ik) for the alloys as we

adjust the chemical composition from pure Au to pure Pd. For the imaginary part
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Figure 6.3: Measured optical properties of seven di�erent PdxAu1−x alloys for the
�rst load of the material. The initial loading of the metals generally causes for
singi�cant dislocation formation in the metal lattice, causing for these changes to
not describe a typical loadig cycle. (a) Optical properties of each alloy without
any hydrogen in the lattice (unloaded). (b) Optical properties of the hydrogenated
alloys under an atmosphere of 7 bar of H2. (c) Change in the optical properties for
each alloy upon hydrogenation. Change is de�ned by the optical properties of the
hydride subtracted from the optical properties of the unloaded metal.

of the index (k), we �nd that that the �ve alloys with the highest atomic percent

Pd have similar values and trends, with the pure Au and Pd0.14Au0.86 exhibiting

higher values. This is consistent with visual observation, where the �ve highest Pd

content alloys all appear to have the same re�ective grey color, with the Pd0.14Au0.86

being the only alloy with a yellow hue approaching the appearance of the Au. An

interesting trend is observed in the real part of the index (n), where one may expect

the intermediate alloys to monotonically increase in n from the lower Au values

to the higher Pd values as the Pd composition is increased. Instead, both the

Pd0.52Au0.48 and the Pd0.73Au0.27 alloys have a higher n than that of pure Pd across

the entire wavelength range investigated. The nonlinearity of the optical properties
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Figure 6.4: Change in dielectric functions upon hydrogenation. a-c) Dielectric func-
tions and dielectric function change for the initial hydrogen exposure. d-f) Dielectric
functions and dielectric function change for the second load of the alloys. Dielectric
function change de�ned as the dielectric function of the hydride subtracted from the
dielectric function of the metal.

with composition is not unique to the PdxAu1−x system, but is also present in the

properties of other noble metal alloys [181]. The addition of Pd to Pd-Au results

in a nonmonotonic and dramatic increase of the valence band at the Γ point [178].

The additional electronic states below the Fermi level resulting from the break in

degeneracy of the band structure are likely responsible for extra interband transitions
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Figure 6.5: Comparison of modeled Pd and Au optical data with literature. Johnson
and Christy data [104, 174] for pure Au and pure Pd plotted in dashed lines show
good agreement with our measured values of Au and Pd recorded in our experiment,
showing the validity of our model.

in these alloys and, ultimately, to the higher values of n observed.

Upon hydrogenation, pure Pd has the largest optical change in both n and k,

as expected. The magnitude of the change decreases as the Pd content in the alloys

is decreased. The x = 0.34 sample is the smallest atomic percent Pd in an alloy that

we observe a measurable optical change, showing a slight decrease in n, but very little

change in k. For both the Au and Pd0.14Au0.86 we observe no measurable response

when H2 is introduced to the system. For the pure Pd, the addition of H2 causes

a decrease in k across all wavelengths investigated, a decrease in n for wavelengths

above 565 nm and an increase below 565 nm, which agrees with literature [86, 164].

These trends are all observed in the next three highest Pd content alloys. The zero

change intercepts in the real part of the index occur between 550 � 580 nm for Pd
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and the next three highest Pd composition alloys. The results also demonstrate

that for all alloys (and the pure Pd �lm), the largest response to hydrogenation

occurs in the NIR region of the electromagnetic spectrum. This higher response at

longer wavelengths has been observed with other nanostructures and metal hydrides

[23, 164, 189]. By shifting to longer detection wavelengths, PdxAu1−x alloys with

lower x become more detectable because of their increase in responsivity. This

allows for the use of higher Au concentration alloys as sensors with their increase

in anti-hysteresis and anti-poisoning bene�ts. For the full time-dynamic changes of

the optical properties, see Figure 6.6.

Figure 6.6: Dynamic optical properties of PdxAu1−x alloys upon hydrogenation.
a) Image depicting ellipsometry apparatus setup. b-h) Dynamic optical properties
of the seven 100 nm alloys upon exposure to H2. Line color gets lighter as time
increases (and partial pressure of H2 rises in the chamber. n plotted in solid lines
and k plotted in dashed lines.

In addition to the optical properties, the amount of hydrogen in the metal

lattice was simultaneously monitored. Figure 6.7 shows the dynamic behavior of
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the refractive index versus hydrogen loading. We specify the amount of hydrogen by

H/M, which is the number of hydrogen atoms per metal atom in the lattice (including

both Pd and Au). Figure 6.7 excludes the pure Au and Pd0.14Au0.86 alloy because

they have no measurable reaction with H2 either optically or gravimetrically. All

other alloys share similar dynamic relationships. Each alloy has a monotonic change

in optical properties with respect to loading, with the largest changes occurring

in the near-infrared. For the relationship of n and k at 1500 nm with the Pd

composition of the alloy and the �nal H/M ratio, see Figure 6.8. The change in

optical response is nearly linear with loading for each of the alloys, with the Pd �lm

appearing to have an in�ection point around H/M ≈ 0.25. This behavior could be

attributed to the α to β phase transition in the Pd that does not occur in the lower

Pd content alloys [200].

Figure 6.7: Optical response versus hydrogen loading. (a-e) Relationship of the
optical properties (n and k) with the hydrogen content for each of the �ve alloys
that have an interaction with H2. Note that the top time axis has nonlinear spacing
with each top tick corresponding to the time that the alloy reached the stated H/M
amount. Time = 0 min is de�ned as the time that hydrogen is �rst introduced into
the system.

We next consider the repeatability of the optical and gravimetric responses
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Figure 6.8: Relationship of n and k at 1500 nm illumination with (a) the atomic
percent Pd of the alloy and (b) with the �nal hydrogen to metal atom ratio in the
lattice at 7 bar H2. The grey dashed line directly connects the points and is meant
as visual guide to the reader.

upon hydrogen cycling, which is essential for any practical device. Figure 6.9a-e de-

picts the changes in n and k for the �ve 100 nm-thick alloys that react with H2 for

their second through fourth H2 exposures. As stated above, the �rst hydrogenation

causes a slightly di�erent optical response than the subsequent loads due to lat-

tice defects and dislocations as it �rst expands [12]. After this initial disturbance,

the subsequent loads cause much less degradation of the lattice, allowing for more

consistent results. For subsequent exposures (after the �rst), the response is very

consistent for Pd as well as the alloys. Figure 6.9f shows the maximum hydrogen

content at 7 bar H2, where the amount of hydrogen in the lattice is also very con-

sistent from load to load after the initial exposure. As expected, these results imply

that any device based on PdxAu1−x should still be pretreated with H2 before any at-

tempted operation. Overall, the alloys provide more consistent optical changes than

the pure Pd because less hydrogen enters the lattice, causing fewer dislocations.
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Figure 6.9: Hydrogen cycling properties of alloys. (a-e) Comparison of the change
in optical properties for each of the �ve alloys that interact with hydrogen. n and k
are plotted for the second through fourth loads with the �rst load excluded. n and
k are de�ned by the optical properties of the current hydride state subtracted from
the values of the previously unloaded state. (f) Calculated hydrogen loading values
for the second through fourth loads. Dashed lines are linear �ts for each alloy. Alloy
colors match those shown in a-e with the highest (lowest) H/M ratio corresponding
to Pd (Pd0.34Au0.66).

6.4 Material property measurements

To determine the exact amount of hydrogen absorbed into the metal lattice,

we used a separate QCM sample in an environmental chamber that accounts for

extraneous e�ects from stress and environmental (gas composition, pressure, tem-
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perature, etc.) changes. Figure 6.10 shows the relationship of the hydrogen content

of the alloys at 7 bar H2 with the atomic percent Pd in the alloy. We can see

from these measurements that the relationship follows a linear �t, as previously de-

scribed in the literature [188, 189]. We recorded the H/M ratio versus concentration

for both the 100 nm thin �lms without any adhesion layer between the alloy and

the Au QCM substrate and the 400 nm �lms with a 10 nm Cr layer between the

substrate and the alloy. Both of these sets of samples follow similar linear relations

within error bars. At 7 bar, our pure Pd samples had a hydrogen content of H/M =

0.72 ± 0.03 and H/M = 0.69 ± 0.03 for the 100 nm and 400 nm samples respectively,

which are in good agreement with previous values found in literature [11, 57, 58].

Compared to previous gas-phase measurements on thin �lms, we have found higher

hydrogen loading values for the alloys, especially for the lower Pd content alloys

[188]. While previous measurements suggested no hydrogen reaction below x ≈ 0.55

in PdxAu1−x, we record measurable amounts of hydrogen entering the lattice down

to x = 0.34 with a H/M value of 0.02 ± 0.01. Reasons for this higher measured

loading could be contributed to di�erent fabrication conditions of the alloys or dif-

ferent amounts of initial thin �lm stresses due to the �lm thickness, substrate, or

the circular geometry of the �lm. These di�erent intrinsic stresses can have a large

e�ect on the material properties of the thin �lm system and should be characterized

for each new experimental procedure.

We also performed the experiments at 0.25 bar H2 at 1 bar of total pressure

to test the e�ects of driving potential on the total loading amount, shown in Figure

6.11. These values are slightly lower than those taken at 7 bar, as expected due to
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Figure 6.10: Total sorption data. The grey circles correspond to the 100 nm
PdxAu1−x alloy data. The grey dashed line is a linear �t of the �ve alloys that
react with hydrogen. The solid orange squares correspond to 400 nm �lms that
have a 10 nm Cr adhesion layer, and the orange dashed line refers to the linear
�t. The measured values are compared to prior experiments from Bannenberg et
al.[188] on 40 nm thick thin �lms at 10 bar H2 partial pressure (green triangles and
�t with green dashed line). The black dashed line is to guide the eye to the zero
loading point.

the smaller driving potential of hydrogen in the lattice, but the same higher than

previously observed loading trend with a shallower slope when compared to atomic

Pd percent is still clearly present at these lower pressures. In the literature, gas-

phase loading experiments have also been performed on PdxAu1−x nanoparticles,

which exhibit a loading curve with a similar slope but lower overall values than the

thin �lms [188, 189]. Electrochemical loading experiments have also been performed

on these alloys in the bulk with di�ering results, suggesting a range of potential

mechanisms may be at play for these di�erent samples [201, 202].

With these unexpectedly higher loading values, we suspect that di�erences
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Figure 6.11: Comparison of total hydrogen content per metal atom at di�erent
hydrogen partial pressures. The ratio at 7 bar (orange squares) is slightly higher
than that recorded at 0.25 bar (red diamonds). Even at lower pressures we have
measurable loading down to alloys with 40 atomic percent Pd.

in �lm stress and microstructuring could be the cause. When thin metal �lms

are hydrogenated, they undergo a compressive strain as the metal lattice expands

to incorporate the hydrogen [12, 203, 204, 205]. This strain can a�ect how much

hydrogen can be absorbed into the lattice and can have a signi�cant impact on the

sorption kinetics [57, 167, 206, 207, 208, 209]. Because of this e�ect, we investigated

the amount of stress change upon hydrogenation for each of our �lms.

To determine the stress in our �lms, we measure the change in the curvature

of the substrate (due to �lm stress) and then convert this curvature to stress using

Equation 7.1 with inputs from the simultaneous QCM data. Figure 6.12a shows

the raw curvature changes of the 100 nm and 400 nm alloy samples. The 400 nm

samples clearly have a much higher curvature change than the 100 nm samples, as
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we would expect due to there being a larger a�ected �lm mass to distribute the

stress to the QCM. Once we convert this change in curvature into a change in stress

(Figure 6.12b), we �nd that both the 100 nm and 400 nm samples have a similar

relation between stress and hydrogen content.

Figure 6.12: Stress characterization of PdxAu1−x alloys. (a) Raw data of curvature
change and (b) calculated stress values upon hydrogenation of each alloy versus the
calculated �nal hydrogen per metal value under 7 bar H2. For each plot, the grey
dashed line is a linear �t of the 100 nm data (grey circles) and the orange dashed
line is a linear �t of the 400 nm data (orange squares), with each linear �t excluding
the pure Pd data points. The vertical error bars for the curvature in (a) are smaller
than the marker size.

An interesting observation from this stress relation is that neither the 100 nm

nor the 400 nm pure Pd samples fall upon the trend of the alloys (the Pd data points

are excluded in the linear �ts of each plot). The Pd values fall a full 0.9 GPa below

the expected trend line of the stress of the alloys. An explanation for this di�erence

could be attributed to the alloys having higher initial stresses than the pure Pd due

to the intrinsic strain of alloying. By starting at a higher amount of initial stress,
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the increase of stress per hydrogen atom is enhanced. This would cause the alloys

to have a di�erent response to hydrogen due to the di�erent strains in the structure.

This e�ect is an important factor in the design of future devices using PdxAu1−x

because unaccounted for stress could have deleterious e�ects on device performance.

It is important to fully characterize the stress system down to the exact substrate

and deposition temperatures, otherwise there may be di�erent material responses

in the system, such as the higher than expected loading observed in this work. See

Figure 6.13 for the relationship of stress and Pd alloy composition.

Figure 6.13: Stress dependence on atomic Pd %. The orange squares are 400 nm
thick samples with a 10 nm Cr adhesion layer with the orange dashed line a linear
�t of the data. The grey circles are 100 nm samples with no adhesion layer with
the grey dashed line a linear �t of the data. In each plot, the pure Pd data points
are excluded from the linear �ts. a) Raw curvature data for each of the alloys
upon hydrogenation. b) Calculated change in stress of the alloy thin �lms upon
hydrogenation.

With these high �lm stresses present in the materials upon hydrogenation, we

expect to see measurable changes in the surface morphology. We performed AFM
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scans on the alloys immediately after fabrication (i.e. before H2 introduction), after

an initial H2 exposure, and again after a second exposure. We expect an initial

increase in the surface roughness of the �lms after the initial hydrogenation due

to the hydrogen forming dislocations and vacancies in the lattice followed by lesser

changes in roughness on subsequent cycles. Instead, we found that the H2 exposures

had no measurable e�ect on the surface roughness of any of the �lms, as seen in

Figure 6.14. We measured Pd and Pd0.73Au0.27 �lms for the 100 nm samples without

a Cr adhesion layer and for 400 nm samples with a 10 nm Cr layer. Both sets of

samples were measured on the Au QCM electrode (initial electrode RMS roughness

was 1.8 nm). We also evaporated, in contrast to the sputtered samples above, a

100 nm Pd �lm with a 5 nm Cr adhesion layer (required to prevent delamination)

to test if the roughness change was dependent on the fabrication conditions for the

thin �lms.

Both the distribution and RMS values of the roughness remain very consistent

for all sample variations (sputtering vs. e-beam evaporation, 100 nm vs. 400 nm

�lms, Cr adhesion layer vs. no adhesion layer). Figure 6.14a-e shows histograms of

the topography data for all three scans of each material. The results are so consis-

tent that it is di�cult to distinguish between each histogram. Figure 6.14f-j shows

the measured RMS roughnesses and Figure 6.14k-o shows the pristine metal topog-

raphy image before the �lm was exposed to H2. Figure 6.15 shows each separate

histogram and the corresponding topography scan. The consistency of these rough-

ness measurements is surprising due to pure Pd having a 12% volume increase upon

hydrogenation, and Pd0.73Au0.27 having an expected 9% volume increase [12]. Note
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Figure 6.14: PdxAu1−x thin �lm morphology characterization. (a-e) Histograms for
each material before hydrogenation (yellow), after the �rst hydrogen load (red), and
after the second hydrogen load (blue). Note: histograms for �rst and second loadings
are barely visible due to similarities with the values obtained before loading. (f-j)
Calculated RMS roughness values for each load. Dashed lines are a linear �t to the
data showing no signi�cant change upon each loading cycle. (k-o) Representative
AFM topography scans of the alloys before any H2 has been introduced.

that these measurements are not able to detect any vertical thickness changes, as

the height set point is reset before each measurement. We do not see any di�erence

in roughness change between the materials that are adhered directly to the QCM

versus with the Cr adhesion layer, showing that in this case, the strength of the ad-

hesion does not contribute to any roughness modi�cation in this setup. A complete

list of the measured RMS roughnesses for each of the other alloys can be found in

Table 6.1. The data also suggest that the surface roughness of the �lm has no e�ect

on the �nal loading amount in �lms of these thicknesses, as is expected. The 400 nm

sputtered samples have signi�cantly higher roughnesses than the others, yet all three

Pd samples have the same total loading numbers within error bars. Similarly, the
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Figure 6.15: Roughness scans upon hydrogenation for �ve PdxAu1−x samples pre-
pared under di�erent conditions. a-o) Topography images before H2 exposure, after
one H2 exposure, and after a second H2 exposure. a2-o2) Corresponding histograms
for each topography image.

two Pd0.73Au0.27 samples also load to similar values despite di�ering roughnesses.

6.5 Simulations of optical switching

To apply these measured properties to an applicable optical switching system,

we simulate (using FDTD) several grating structures to demonstrate the opportu-

nity of using these alloys as devices. The measured optical properties for both the

metals and hydrides presented in Figure 6.2 are used as inputs to the simulations.

Figure 6.16 shows the results for two separate grating structures. Both structures

consist of a grating with 100 nm width and height and a 65 nm SiO2 spacer layer

on a Au substrate. This spacer layer creates a cavity e�ect from the re�ection o�
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Composition Deposition t Pristine 1st Load 2nd Load
type (nm) (nm) (nm) (nm)

Pd Sputtered 100 2.6 2.8 2.6
Pd0.73Au0.27 Sputtered 100 2.5 2.5 2.4
Pd0.52Au0.48 Sputtered 100 2.5 2.5 2.4
Pd0.42Au0.58 Sputtered 100 - - -
Pd0.34Au0.66 Sputtered 100 2.7 2.3 2.4
Pd0.14Au0.86 Sputtered 100 2.7 2.5 2.7

Au Sputtered 100 2.4 2.2 -
Pd Sputtered 400 12.4 12.5 12.5

Pd0.88Au0.12 Sputtered 400 8.1 8.3 -
Pd0.83Au0.17 Sputtered 400 7.6 7.8 -
Pd0.77Au0.23 Sputtered 400 9.2 9.6 -
Pd0.73Au0.27 Sputtered 400 8.3 8.4 8.3
Pd0.59Au0.41 Sputtered 400 6.8 6.7 -
Pd0.41Au0.59 Sputtered 400 6.3 6.8 -

Pd Evaporated 100 2.3 2.5 2.4

Table 6.1: Compiled RMS roughnesses of PdxAu1−x upon hydrogenation. Table
entries with the symbol `-` correspond to conditions where no data were not taken.
t is thin �lm layer thickness. Pristine is the RMS roughness before H2 exposure.
1st and 2nd loads are the RMS roughnesses after the 1st and 2nd full H2 exposures
respectively.

the Au substrate and enables increased sensitivity [115]. We simulated two di�erent

periodicities to show the tunability of the structure. First, a 550 nm periodicity

is used to obtain large spikes in the relative re�ectance, where the Pd structure

shows an almost 200-fold increase. As we increase the amount of Au in the alloy,

we see the peak of the re�ectance ratio blue shift and decrease in magnitude, with

the Pd0.52Au0.48 alloys still having over a 2-fold relative increase in re�ectance. By

changing the periodicity of the structure to 300 nm, we can achieve the opposite

response to hydrogenation, where the relative re�ectance dips to well below 1 for

the same materials and exposures. This demonstrates the utility of these materials

for a wide range of potential photonic device designs. We note that while Pd has a

larger optical response than the alloys, the Pd0.73Au0.27 and Pd0.52Au0.48 both have
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Figure 6.16: Simulated re�ectance shifts upon hydrogenation. (a) Illustration of
simulated grating structure. Gratings are 100 nm high and 100 nm wide with a
spacing d between gratings. A 65 nm SiO2 spacer layer separates the grating from
a Au substrate. Light is incident normally on the grating with its polarization
orthogonal to the grating direction. Re�ection spectra for each of the alloys with
grating periodicity of (b-d) 550 nm and (e-g) 300 nm plotted with the quotient of the
metal (solid line) and hydride (dashed line) re�ections showing the relative change
in re�ection with hydrogenation (dot dashed line).

signi�cant optical responses in these structures. The tunable responses combined

with the chemical resistance of the alloys will allow for improved sensor design. To
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have an even higher sensitivity as an optical hydrogen sensor, the grating can be

tuned for the resonance to occur in the NIR instead of the visible, because the largest

optical changes upon hydrogenation occur at longer wavelengths. Figure 6.17 shows

simulations with resonances in the NIR.

Figure 6.17: NIR simulations of the re�ectivity of grating structures. (a) Schematic
of grating structure. Gratings are 100 nm high and 250 nm wide with a 750 nm
spacing between gratings. A 65 nm SiO2 spacer layer separates the grating from an
Au substrate. Light is incident normally on the grating with the polarization of the
light orthogonal to the grating direction. (b-d) Re�ection spectra for each of the
alloys plotted with the quotient of the metal (solid line) and hydride (dashed line)
re�ections showing the relative change in re�ection with hydrogenation (dot dashed
line).

Finally, we show that these materials can be used for physical encryption and

readout based on the gaseous H2 in the environment. Previously, Mg nanostructures

have been used for similar types of encryption schemes due to Mg's large optical

change to H2 [80, 210, 211]. In these works, e-beam lithography was used to create
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small and intricate encryption images. In our example, we work with thin-�lm

e�ects to make a macroscopic encryption scheme without the need for submicron

nanostructuring. We do this by taking advantage of the similarities of the optical

properties of Pd with Pd0.42Au0.58 in the non-hydrogenated state. By using the high

optical sensitivity of Fabry-Perot-like resonances, we can amplify the di�erence in

the optical responses of the two metals upon hydrogenation. Figure 6.18 outlines

the encryption scheme of this setup. For the background of the image, there is an

optically thick Pd0.42Au0.58 substrate with a 94 nm SiO2 intermediate layer and a 5

nm Pd0.42Au0.58 capping layer. The lettering (encrypted message) is generated by

using the same thickness of layers as the background structure but with Pd instead of

the Pd0.42Au0.58 alloy for both the substrate and the cap. The multilayer resonance

causes the coloring of the structure. Figure 6.18b shows the true-color image of

the structure containing both the lettering and background before hydrogenation.

These colors are found by calculating the re�ection spectra with TMM simulations

with the optical properties presented in Figure 6.2 as inputs. We then use the CIE

XYZ color space to convert the re�ection spectra to a color. See Appendix E for

more details on the CIE color space. Note that all regions have indistinguishable

colorings, hiding the message under ambient atmosphere. Once the structure is

exposed to H2, the Pd lettering has a large optical change as it hydrides, causing

a shift in the resonance corresponding to an observed color shift. The Pd0.42Au0.58

background on the other hand has a limited response to the H2 gas, causing a

minimal color change of the substrate, as seen in Figure 6.18c. This allows for the

lettering to become visible, revealing the message. Because these materials are fully
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reversible as well, all one needs to do to re-encrypt the message is to remove the

structure from the H2 atmosphere. This allows for a full encryption scheme while

only needing a small amount of H2 gas to reveal the message with no other optical

setup required. One note is that both sides of these structures would have to be

exposed to hydrogen in order to fully hydride the Pd and Pd0.42Au0.58 layers. While

the optical contrast between the two regions is relatively small, the planar nature

of the structure (without the need for nanofabrication) is advantageous.

Figure 6.18: Physical encryption scheme. a) Design for using PdxAu1−x alloys
in a physical encryption scheme. The �H2" message is created using a multilayer
stack containing Pd while the background is created from a similar stack containing
Pd0.42Au0.58. b) Simulated coloring of the design before exposure to H2 and c)
coloring of design after H2 exposure. The SiO2 thickness is t = 94 nm for these
simulations with a 5 nm metal cap for both the active area and the background.
d) Chromaticity diagram showing the change in coloring of the lettering versus the
background.
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6.6 Conclusions

In conclusion, we have directly measured the optical, sorption, and stress prop-

erties of a series of PdxAu1−x alloys with controlled chemical composition upon

hydrogenation. We implemented in situ spectroscopic ellipsometry from the mid-

ultraviolet to the near-infrared regions and showed the consistency of these proper-

ties through multiple H2 exposures after an initial hydrogenation cycle. We found

that our alloys exhibited a linear relation between Pd composition and hydrogen

loading amount, in agreement with previous reports. However, we measured a much

smaller slope with respect to Pd composition than previously observed with higher

loadings obtained in alloys with lower atomic percent Pd. We postulate that this

di�erence is caused by di�erent thin-�lm stresses present in our system. We charac-

terized these stresses and found that the PdxAu1−x alloys have a 0.9 GPa higher rel-

ative stress than measured for pure Pd which must be accounted for in device design.

Surprisingly, even with these high stress amounts, there was no observed roughness

(morphology) change in the alloys when hydrogenated. Using our measured optical

properties, we showed the applicability of these alloys as grating devices, where the

re�ectivity can either be increased or decreased upon hydrogenation depending on

the periodicity of the grating. Furthermore, we demonstrate their potential for use

in a physical encryption scheme with no need for sub-micron nanostructuring.

Our results will further inform future sensor design, which must consider di�er-

ences in fabrication methodology and the subsequent inherent stresses in the devices

in order to accurately describe the sorption/optical response. We have shown that
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di�erent fabrication conditions and substrate choice can alter the stress of the sys-

tem, which can be used to increase the response of new devices and allow for lower

Pd composition alloys than previously expected to be utilized in the proper sensor

design. We have also shown that moving to infrared sensing schemes could increase

the sensitivity of these alloyed sensors when compared to the visible measurements.

Future work will entail investigating new combinations of metals for potential im-

provements in sensing ability while maintaining chemical durability, potentially by

moving from binary to ternary alloys.
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Chapter 7: Optical Tunability Characterization of Mg-Ni, Mg-Ti, and

Mg-Al Alloy Hydrides

In this chapter, we report the dynamically measured optical, loading, and

stress properties of di�erent compositions of three Mg alloy systems: Mg-Al, Mg-Ti,

and Mg-Ni. By alloying Mg with secondary elements, it has been shown to increase

the hydrogenation kinetics and improve the thermodynamics of the system. We �nd

that these materials all have large optical changes when exposed to H2 gas, with a

wide range of potential properties in the hydride state. The magnitude and the sign

of the optical properties change for each of the alloys is similar, but the di�erences

have dramatic e�ects on device design. We �nd that Mg-Ti alloys in particular have

applications for both switchable windows and broadband switchable light absorbers

through TMM simulations.

7.1 Introduction to Mg alloys

As has been discussed previously in this dissertation in Chapter 3, Mg ab-

sorbs a large amount of hydrogen upon H2 exposure and goes through dramatic

changes in its optical properties. One issue with pure Mg is that the hydride state

is too thermodynamically stable and must be unloaded at a high temperature [212].
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The kinetics of both the absorption and the desorption are also slow, especially in

bulk Mg, due MgH2 being a poor proton conductor, which limits the di�usion of

H through the material [213]. In order to improve upon the kinetic and thermody-

namic properties of Mg, alloying has been extensively used to destabilize the hy-

dride phase and increase H di�usion. This alloying has been attempted with many

metals including Co [91, 214, 215, 216], Fe [91, 214, 217, 218], and Mn [91, 219]

among others, but the most common secondary alloying elements used in the lit-

erature are Al [220, 221, 222, 223, 224], Ti [225, 226, 227, 228, 229, 230], and Ni

[18, 183, 231, 232, 233, 234, 235, 236, 237, 238, 239]. These alloys have increased

kinetics when compared to Mg [220, 240, 241, 242], and were each found to have

interesting optical responses that are worth investigating further.

The Mg-Ni system in particular has been of interest in the optical community

due to Mg2Ni reportedly forming an intermediate optical "black state" during its

loading process [18, 235, 236]. This black state is characterized by an intermediate

loading state where the sample absorbs >75% of incident visible light when illu-

minated through a transparent substrate. The process has been investigated with

15N nuclear reaction analysis hydrogen depth pro�ling [18] to determine the H atom

vertical distribution in the sample. It was found that the black state formation is

caused by preferential loading from the Mg2Ni/substrate interface, as opposed to

the hydride being seeded near the dissociation sites at the Mg2Ni/Pd interface. A

multi-layer interference e�ect occurs, where the bottom layer is fully hydrogenated

Mg2Ni and the top layer remains metallic Mg2Ni, and this orientation creates the

observed black state. In the fully hydrogenated state, some Mg-Ni alloys have also
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been found to have good switchable window properties, switching from a re�ecting

state to a transparent state [183].

The Mg-Ti system has been investigated for switchable solar absorbers [228],

switchable mirrors [243], and hydrogen sensor applications [24]. These materials

have the advantage of having a reported high-absorbing state across the visible

region for thick �lms (> 200 nm) in their fully hydrogenated state, as opposed to

Mg2Ni which obtains this high-absorbing state only during intermediate loading

[229]. This high-absorbing state occurs for y = 0.7 - 0.8 in MgyTi1−y. This alloying

system is also of interest due to a decrease in degradation over many hydrogenation

cycles, along with faster kinetics during these cycles, when compared to pure Mg

[229]. For very thin Mg-Ti �lms (< 40 nm), the hydride state is more color-neutral

than Mg-Ni alloys (which have a yellow tint), allowing for more aesthetically pleasing

switchable windows, albeit with fairly low transmission amounts ∼20% [243].

Mg-Al alloys are of interest for their potential for high hydrogen weight per-

cent (weight of hydrogen in a material divided by the total weight of the material)

for hydrogen storage along with much faster hydrogenation kinetics at room tem-

perature when compared to Mg [224]. These materials also have been suggested as

switchable window devices, as Mg-Al alloys with ∼ 70% Mg have been demonstrated

to have color-neutral transmission [220].

So far, all optical measurements reported in the literature of these alloys con-

sist of normal incidence re�ection and transmission measurements to determine the

absorption coe�cient of Mg-Ti alloys [229] and the absorption coe�cient and op-

tical bandgap of Mg-Ni alloys [234, 244] or �tting normal incidence re�ection and
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transmission measurements with a Drude-Lorentz model to determine the dielectric

function of Mg-Ni alloys [18, 245]. As previously discussed in this thesis, this method

of obtaining thin �lm optical properties is much less sensitive than variable-angle

spectroscopic ellipsometry, especially for very thin �lms < 50 nm [246]. There have

been no reports in the literature of the optical properties of Mg-Al alloys, or of any

Mg-Ti, Mg-Ni, or Mg-Al alloys in intermediate loading states. Our system allows

for in situ ellipsometry to dynamically investigate the optical properties of thin �lms

(< 50 nm) of these materials with high sensitivity as they are hydrogenated. By

using similar deposition parameters to fabricate the di�erent alloy systems, these

measurements will also allow us to quantitatively compare the responses of these

systems.

In this chapter, we dynamically measure the optical properties of di�erent

atomic ratios of thin-�lm Mg-Al, Mg-Ti, and Mg-Ni alloys as they are exposed to

H2 gas. We also dynamically record the loading and stress values of these alloys

during the loading. We �nd large optical changes for all of the alloys investigated,

with Mg0.85Ti0.15 exhibiting the largest optical changes for any alloy. We con�rm

the optical black state in the Mg-Ni samples through TMM simulations using our

found optical properties and observe the highest absorbing state for Mg0.73Ni0.27, as

expected with that atomic composition being the closest to Mg2Ni. We �nd that

Mg-Ti alloys exhibit the best properties for both switchable windows and broad-

band switchable light absorbers. We also �nd the loadings for the Mg-Ni alloys to

be slightly lower than expected from the literature and hypothesize that di�erent

deposition parameters could a�ect the properties of the materials to cause di�erent
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loading amounts.

7.2 Experimental methods

Each of the thin-�lm samples is fabricated by room temperature physical vapor

deposition cosputtering. For each deposition, two separate AT-cut 5 MHz QCMs, a

glass slide, and a Si chip are included in the deposition chamber. Prior to deposition,

each sample is cleaned with acetone, methanol, isopropanol, and water. The alloys

were deposited through a 12.5 mm diameter shadow mask centered on the QCM

substrate. The direct current powers of the sputtering tool ranged from 50 to 450

W to attain the di�erent compositions of the di�erent alloys. These minimum and

maximum values are determined by the minimum voltage necessary to maintain a

plasma and the voltage limit of the tool respectively. Each sample was capped with

a 3 nm Pd layer without breaking vacuum to catalyze the hydrogenation reaction

and prevent surface oxidation of the sample. The composition of each alloy was

determined with EDX taken on the Si chip included in the deposition chamber,

taking an average of 5 measurements at di�erent points on the sample to ensure

uniform alloying.

The optical properties of the materials were determined with in situ spec-

troscopic ellipsometry using the system outlined in Chapter 2. To determine the

thickness of the Mg alloy �lms, the glass slide sample that was included in the de-

position chamber was measured with ellipsometry and transmission measurements.

The raw Ψ and ∆ data were then �t with an optical model with the properties of
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the Mg alloy and the thickness of that alloy as �t parameters. The optical proper-

ties of the glass substrate were taken before the metal deposition and were de�ned

in the model. The properties of the sputtered Pd were measured separately and

were de�ned in the model. The thickness of the Pd layer was set to be 3 nm for

all samples. With the transmission measurements, this �tting procedure allows for

unambiguous determination of the thickness of the Mg �lms. The thicknesses of

the �lms we investigated ranged from 19 to 42 nm. As a consistency check for our

thickness measurements, we used the same model properties and thickness on the

data taken on the Au QCM electrode substrate and found good agreement without

any re�tting.

The dynamic optical �ttings for these materials were done in a slightly dif-

ferent method than previous chapters. The volume expansion of these Mg-based

alloys becomes important in these thin-�lm �ttings. In previous measurements on

metal hydrides, we have measured materials that are optically thick within the mea-

surement regime (transmission across all measured wavelengths is zero). For these

measurements, thickness expansion does not a�ect the �tting results as the materials

are modeled as bulk. However, the Mg alloy thin �lms investigated in this chapter

have appreciable transmission and the optical e�ect of the substrate must be taken

into account. For these alloys, the volume expansion for each is found to be ∼15%

over the atomic ratio region that we are investigating in this chapter [18, 247], and

we use this value for all of our samples. To include this expansion in the model,

we use the dynamic loading data to determine how much H is in the �lm at each

optical time step and then scale the total thickness expansion by the same ratio as
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the current loading to the �nal loading value (i.e if a �lm's �nal calculated loading

value is 1 and at time step t we calculate the loading is H/M = 0.33, then we de�ne

the volume expansion at this time step to be 0.33*15% = 5%). We also de�ne the

loading amount of the Pd capping layer by this same ratio. At each time step, with

the thicknesses and Pd cap properties de�ned, we then use a B-spline model with

0.3 eV node spacing to �t the optical properties of the Mg-alloy.

The hydrogen loading for each alloy was measured on the second QCM sample

with the method outlined in Chapter 2. To convert from the QCM frequency to

H/M loading ratio, the density of each sample must be input into the calculation.

For Mg-Ti, both Mg and Ti have hexagonal close-packed lattice structures and no

known intermetallic states form. Because of this, we believe that a linear weighting

of the densities of Mg and Ti in the same ratio as their atomic percent in the alloy

is a reasonable approximation of the density. As a check of this assumption, we

compare densities calculated from linear weighting with densities calculated from

lattice constant measurements using X-ray di�raction measurements and �nd good

agreement < 6% di�erence. For the Mg-Al system, we also chose to use this linear

weighting scheme because there are no other alloy phases found for this material

when the atomic Mg percent > 60%. For the Mg-Ni system, we use a slightly

di�erent method. Mg2Ni is a known intermetallic with a density of 3.48 g/cm3 and

because this forms a separate phase within the Mg-Ni alloys, a linear combination of

pure metal densities is not applicable. From Ref [244], we know for MgyNi1−y if 0.67

< y < 0.89, the alloy forms a varying mixture of crystalline Mg2Ni and amorphous

Mg0.89Ni0.11 but the lattice constant remains constant in this region. If 0.89 < y <
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0.95 the lattice constant begins to expand and the alloy is mainly nanocrystalline

Mg2Ni and crystalline Mg. Using this knowledge of the phases, we use the following

equation to calculate the densities of the Mg-Ni alloys for 0.67 < y < 0.89:

ρ = ρMg2Ni
AMgy + ANi(1− y)

0.67 ∗ AMg + 0.33 ∗ ANi
(7.1)

where ρMg2Ni is the density of Mg2Ni, AMg is the atomic mass of Mg, and ANi is

the atomic mass of Ni. Here we calculate the density by multiplying the mass ratio

of the alloy to Mg2Ni with the known density of Mg2Ni. This is using the fact that

the volume of the lattice is not changing from the Mg2Ni size, thus allowing us to

only account for mass. For higher Mg percent with 0.89 < y < 0.95:

ρ =
1

1 + y−0.89
1−y

(
ρMg2Ni

AMgy + ANi(1− y)

0.67 ∗ AMg + 0.33 ∗ ANi

)
+

y−0.89
1−y

1 + y−0.89
1−y

ρMg (7.2)

where ρMg is the density of pure Mg. Here we linearly weight the density of

Mg0.89Ni0.11 (calculated with Eq. 7.1) with the density of Mg. This rationale

uses the fact that up to 89% Mg, there was no expansion in the lattice and with

additional Mg added above this 89% point, we are adding crystalline Mg with the

density ρMg. Using these calculated densities and the thicknesses found from the

optical �ttings, we can then calculate the loadings and stresses in the same manner

as Chapter 2.
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7.3 Optical properties of Mg alloy hydrides

In the following sections, we report and discuss the dynamic optical properties

of our fabricated Mg-Al, Mg-Ti, and Mg-Ni alloys as they are exposed to 1 atm H2

gas.

7.3.1 Mg-Al hydrides

Figure 7.1 shows the measured optical properties ñ = n+ ik of four di�erent

compositions of Mg-Al alloys and how these properties change under complete hy-

drogenation under 1 bar H2 pressure. For these materials, we observe a small spread

in the initial and �nal properties of the materials, which is as expected due to all

of the alloys being fairly close together in atomic composition. The reason for this

proximity in composition is a relative lack of sensitivity of the di�erent materials to

di�erent deposition voltages (i.e. 200 W Mg and 200 W Al powers compared to 450

W Mg and 50 W Al powers only give a 7% di�erence in atomic Mg percent). We

�nd that both the real and imaginary parts of the index of refraction increase with

longer wavelengths, as we expect from most lossy metals. Interestingly, we �nd that

metallic Mg0.77Ni0.23 exhibits the largest n and k across the spectrum, as well as the

largest optical change in k. We �nd that for all of the Mg-Al alloys, the change in

the optical properties follow the same trend. For ∆n, there is little variation from

sample to sample. Each sample exhibits an increase in n for shorter wavelengths

and a decrease for longer wavelengths, with the crossover point from positive to

negative n occurring between 1100 - 1225 nm. All samples exhibit a decrease in k
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across the measured spectrum, with the largest decreases occurring in the NIR and

the smallest decreases in the visible. Despite having the largest ∆k, fully loaded

Mg0.77Ni0.23Hx still has the largest k across the visible spectrum, although only by a

small margin, and the second highest in the NIR. In the �nal hydride state, shown

in Figure 7.1c, we �nd that each of the materials still has signi�cant attenuation

in the long-wavelength visible and into the NIR, with k > 3 after ∼1000 nm for

each alloy. This is despite the fact that the NIR optical properties saw the largest

decreases in k. For the real part of the index of refraction, we �nd a minimum in the

mid-visible spectrum, that increases to large values (> 3) in the NIR. The hydride

samples are still somewhat optically metallic, not exhibiting a complete transition

to a dielectric material.

Figure 7.1: Optical properties ñ = n+ ik of four di�erent Mg-Al alloy hydrides. a)
Optical properties in the pristine metallic state before hydrogenation. b) Change
in optical properties upon hydrogenation, de�ned here as the pure metal optical
properties subtracted from the hydride optical properties. c) Optical properties
in the fully hydrogenated hydride state. Each colored line on the plot represents
a di�erent atomic ratio of metal hydride, with darker shades representing higher
atomic Mg percent ratios.
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In Figure 7.2, we observe the intermediate states during the hydrogen loading.

These plots show a smooth transition of the optical properties from the metallic

(light colored curves) to the hydride states (darker colored curves). Note that the

chosen optical curves on this plot are not linearly spaced with time, but are instead

to show the range of properties of the intermediate states. Loading generally begins

slowly as small amounts of H2 are introduced to the chamber, then increases quickly

during the beginning of the α to β phase transition, then slows down to a long tail

for the �nal ∼10% of the load when most of the material is in the β phase. Most of

our materials showed similar time dynamics, with the total time of loading ranging

from 10 - 15 min for most samples.

Figure 7.2: Optical properties of di�erent Mg-Al alloys as they are exposed to H2

gas. The lightest colored line depicts the alloy in the pristine metallic state. As H2 is
introduced to the system, the material begins to hydrogenate, denoted by the lines
getting darker in the plot, with the darkest line indicating the full hydride state.
Each line is not linearly spaced in time and is instead chosen to aesthetically show
the range of possible intermediate states. The alloys shown here are a) Mg0.77Al0.23,
b) Mg0.81Al0.19, c) Mg0.83Al0.17, d) Mg0.84Al0.16
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Figure 7.3: Optical properties ñ = n + ik of �ve di�erent Mg-Ti alloy hydrides. a)
Optical properties in the pristine metallic state before hydrogenation. b) Change
in optical properties upon hydrogenation, de�ned here as the pure metal optical
properties subtracted from the hydride optical properties. c) Optical properties
in the fully hydrogenated hydride state. Each colored line on the plot represents
a di�erent atomic ratio of metal hydride, with darker shades representing higher
atomic Mg percent ratios.

7.3.2 Mg-Ti hydrides

Figure 7.3a shows the metallic optical properties of 5 di�erent fabricated

Mg-Ti alloys with the atomic Mg percent ranging from 82 - 91%. We �nd that

the n values in the metallic state are fairly close together, with the exception of

Mg0.89Ti0.11, which exhibits a lower n for the state. The higher Mg percent alloys

exhibit higher k values, again with the exception of Mg0.89Ti0.11 (we will discuss

the discrepancies of the Mg0.89Ti0.11 sample further down in the chapter). Higher

attenuation for samples with more Mg is not unexpected, as Mg has much higher

k values than Ti in their unalloyed form. The metallic properties of these Mg-Ti

samples also align fairly closely with the metallic Mg-Al alloys investigated in the
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previous section. As we hydrogenate these samples, we �nd similar types of changes

in the optical properties when compared to the Mg-Al samples, with n increasing in

the visible and decreasing the in the NIR, and with k decreasing for all wavelengths

with larger decreases for longer wavelengths. There is a much broader range in the

changes in properties for these alloys, and two alloys, Mg0.85Ti0.15 and Mg0.87Ti0.13,

exhibit larger changes than the Mg-Al samples. Figure 7.3c shows the properties of

the hydride states. The three lowest Mg percent samples show somewhat constant

n in the visible spectrum, with peaks in the ultraviolet and then increasing with

longer wavelengths into the NIR. The two highest Mg percent samples have smaller

n values in the visible, with sharper minima that then monotonically increase with

longer wavelengths, similar to the Mg-Al hydrides. These two samples also have

the largest k by a signi�cant margin. The lower Mg percent samples have relatively

smaller k values, with Mg0.85Ti0.15 exhibiting almost no attenuation across the visible

and NIR.

In Figure 7.4, we observe the intermediate states during the hydrogen loading.

These plots mostly show smooth optical transitions, except for Mg0.85Ti0.15 and

Mg0.87Ti0.13, which show a resonance like dip in n between 500-600 nm for high

hydrogen content states. The Mg0.82Ti0.18 sample also slightly shows this e�ect. For

the Mg0.85Ti0.15 sample, we also observe a decrease in n in the NIR until the almost

fully hydrogenated state, and then a sharp increase in n when the hydrogenation

is complete. Note that again the chosen optical curves on this plot are not linearly

spaced with time but are instead shown to depict the range of properties of the

intermediate states.
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Figure 7.4: Optical properties of di�erent Mg-Ti alloys as they are exposed to H2

gas. The lightest colored line depicts the alloy in the pristine metallic state. As H2 is
introduced to the system, the material begins to hydrogenate, denoted by the lines
getting darker in the plot, with the darkest line indicating the full hydride state.
Each line is not linearly spaced in time and is instead chosen to aesthetically show
the range of possible intermediate states. The alloys shown here are a) Mg0.82Ti0.18,
b) Mg0.85Ti0.15, c) Mg0.87Ti0.13, d) Mg0.89Ti0.11, e) Mg0.91Ti0.09

7.3.3 Mg-Ni hydrides

Finally, we investigate the properties of Mg-Ni alloys. Figure 7.5a shows the

properties in the metallic state, where we see a much larger spread in initial n values

for these materials, but n and k still follow the same trend as was found with the
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Figure 7.5: Optical properties ñ = n + ik of siz di�erent Mg-Ni alloy hydrides. a)
Optical properties in the pristine metallic state before hydrogenation. b) Change
in optical properties upon hydrogenation, de�ned here as the pure metal optical
properties subtracted from the hydride optical properties. c) Optical properties
in the fully hydrogenated hydride state. Each colored line on the plot represents
a di�erent atomic ratio of metal hydride, with darker shades representing higher
atomic Mg percent ratios.

other Mg alloys (n and k generally increase with increasing wavelength). This larger

spread in initial properties is expected, as we were able to obtain a larger range of

atomic ratios for this alloy system compared to the other two, ranging from 59% -

92% Mg. In Figure 7.5b we see the same trends of optical properties change as Mg-

Al and Mg-Ti with large decreases in k across the spectrum upon hydrogenation,

and increases in n in the visible with decreases in the NIR. In the hydride state in

Figure 7.5c, we see a large range of potential �nal properties. Generally, the lower

Mg percent hydrides have a higher n across the spectrum, with the Mg0.90Ni0.10

sample demonstrating the lowest n across most of the spectrum and Mg0.59Ni0.41

the highest. Most of the hydrides have low attenuation in the visible, with k < 2.

The higher Mg percent hydrides then have larger attenuation into the NIR, while the
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lower Mg percent samples exhibit a more constant k across the measured spectrum.

Figure 7.6: Optical properties of di�erent Mg-Ni alloys as they are exposed to H2

gas. The lightest colored line depicts the alloy in the pristine metallic state. As H2 is
introduced to the system, the material begins to hydrogenate, denoted by the lines
getting darker in the plot, with the darkest line indicating the full hydride state.
Each line is not linearly spaced in time and is instead chosen to aesthetically show
the range of possible intermediate states. The alloys shown here are a) Mg0.59Ni0.41,
b) Mg0.73Ni0.27, c) Mg0.84Ni0.16, d) Mg0.85Ni0.15, e) Mg0.90Ni0.10, f) Mg0.92Ni0.08

Figure 7.6 shows the dynamic transition state data for the Mg-Ni samples.

For each of the samples, the transitions are mostly monotonic without any exotic

features. For the intermediate loading states, here we are modeling the Mg-Ni
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�lm as homogeneous throughout the thickness of the �lm. As was discussed in

the introduction, it has been found that Mg-Ni �lms do not load homogeneously,

but instead with preferential phase formation from the substrate of the �lm that

propagates to the Pd cap. Our modeling process is not contradictory to this process

and still allows for the bulk characterization of the properties of the �lm in this

orientation with illumination through the Pd cap. The low MSE obtained in our

optical �ts indicate that our model accurately captures the optical properties of

our samples. For our dynamic �ts, the MSE for any individual �t was never greater

than 10, indicating a good �t. However, for a di�erent illumination orientation of the

device (i.e. backside illumination through a transparent substrate), our intermediate

model �ts would not account for the layering e�ects of the loading. To model those

bulk responses with our setup, the optical properties would have to be measured in

that same orientation. Note that this layering e�ect would only a�ect the properties

in the intermediate states, and have no e�ect on the modeling of the metallic or fully

hydrogenated states shown in Figure 7.5.

To determine whether any of our materials would exhibit this black state

with backside illumination, we modeled the multi-layer loading process with TMM

simulations. Figure 7.7a shows the simulation architecture. The samples consist of

illumination through a SiO2 substrate. The layers proceed from the substrate with

the fully hydrogenated Mg-Ni hydride, the fully metallic Mg-Ni alloy, and lastly

a 3 nm PdH2 capping layer. The hydrogenation of the material is simulated by

beginning with the Mg-Ni-H layer equal to 0 nm, and then increasing this layer size

while decreasing the Mg-Ni layer by the same rate, until the sample is completely
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hydrogenated. We de�ned the alloy thickness to be 25 nm for these simulations.

Using this method, we did �nd a high absorbing intermediate state for multiple

samples, with the largest absorption occurring for the Mg0.73Ni0.27 sample, which is

expected as this material is the closest composition to Mg2Ni for which the black

state was initially discovered. In Figure 7.7b, we show the absorption curves for

di�erent loading thicknesses for this alloy, where the peak absorption occurs at 12

nm loading, which is equal to half of the thin �lm being loaded.

Figure 7.7: Modeled absorption from backside illumination of Mg0.73Ni0.27. a) Simu-
lation architecture for sample loading. Sample consists of a SiO2 substrate, followed
by a fully hydrogenated Mg-Ni-H layer, then a fully metallic Mg-Ni layer, and �nally
a 3 nm Pd capping layer. The total Mg alloy thickness is de�ned to be 25 nm. Sim-
ulated hydrogenation is de�ned as an increase in the thickness of the hydride layer
and a decrease of the same magnitude of the metal layer. b) Calculated absorption
for di�erent loading thicknesses using Mg0.73Ni0.27 optical properties.

7.4 Stress and loading properties

On the second QCM crystal included in the deposition chamber, we dynami-

cally measured the loading and stress properties of the �lms. The loading values for
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all of the samples are shown in Figure 7.8. Figure 7.8a shows the loading values of

the Mg-Al samples. We can see that the samples have loadings near H/M = 1, with

the highest measured loading at 1.28 for Mg77Al23 and the lowest loading at 0.75 for

Mg81Al19. These values are at the low end of the range of hydrogen loading mea-

surements reported in the literature for alloys in this composition range, which �nd

loading values between H/M = 0.85 - 1.5 [220, 224]. The Mg77Al23 also exhibited

the largest optical property change compared to the other Mg-Al samples. Future

work looking at these samples should investigate fabrication of higher Al atomic

percentages to determine if there is a correlation of higher loading for higher Al

percent for any range of compositions and if the optical properties change is greater

in this region.

Figure 7.8: Measured maximum loading values for di�erent thin �lm samples for a)
Mg-Al, b) Mg-Ti, and c) Mg-Ni alloy samples.
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The loading values of the Mg-Ti �lms are shown in Figure 7.8b. Three of

these values are in general agreement in the literature, which �nds that the average

amount of loading of Mg-Ti alloys in this atomic composition range average H/M =

1.55 [229, 242]. We �nd two samples that fall measurably below this average, with

Mg0.82Ti0.18 at 0.96 and Mg0.89Ti0.11 at 0.79. When we look at the optical data,

we �nd that the Mg0.89Ti0.11 sample had the lowest optical change of any of the

investigated alloys as well. We suspect that there was an issue with the fabrication

of this sample that prevented a complete loading. This could have been caused by

an incomplete Pd capping layer that did not fully encapsulate the sample, allowing

for oxidation of the surface of the alloy, or potential alloying between the Pd capping

layer and Mg near the surface of the Mg-Ni alloy.

For Mg-Ni alloys in Figure 7.8c, we see generally lower calculated loadings

than for the other two alloys. We also �nd a slightly negative correlation between

the loading amount and the atomic Mg percent. This does not agree with pre-

viously found data in the literature, which found that there should be a slightly

positive correlation between these values and that the values should fall between

1.2 and 1.4 H/M [234]. This loading di�erence could be attributed to di�erences

in sample preparation. Other thin-�lm Mg-Ni alloys have been fabricated with

multi-layer metal deposition followed by a high temperature anneal, as opposed to

our cosputtering method. These di�erent fabrication conditions could potentially

be forming di�erent alloying phases within the metal, which would a�ect the total

loading amount. Further studies on the crystal structures of Mg-Ni alloys fabricated

with these two techniques should be done to determine if there is any di�erence.
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In Figure 7.9, we show the total stress change of each of the measured Mg

alloys upon full hydrogenation. These stress changes are compressive and are de�ned

to be positive. We �nd the stresses for the samples to be fairly consistent within

a material system. Taking the averages of the stresses in each system, the Mg-Al

samples have the highest stresses with an average of 0.56 GPa, next is Mg-Ti with

an average of 0.48 GPa, and �nally the Mg-Ni alloys have the lowest measured stress

with an average of 0.36 GPa.

Figure 7.9: Measured total stress change values for di�erent thin �lm samples for a)
Mg-Al, b) Mg-Ti, and c) Mg-Ni alloy samples. The change in stress reported here
is the stress change from the initial pristine metal mounted in the environmental
chamber to the fully hydrogenated state (does not include intrinsic stress of initial
pristine alloy).
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7.5 Applications

In this section, we use our found optical properties of the alloys to simulate

potential applications. We use the transfer-matrix method to simulate thin-�lm

responses of these materials for di�erent thicknesses and on di�erent substrates. The

�rst application of these alloys that has been suggested is for switchable window

technologies. As a test of this application, we simulate the transmission through

the alloys in their metallic and hydride states and compare transmission amounts.

We use a metallic alloy thickness of 25 nm with a 3 nm Pd capping layer. We

�nd that these thicknesses are in the ideal range for switchable window purposes

because it has just thick enough in the metallic state to create high re�ection,

while remaining thin enough to allow appreciable transmission in the hydride state.

These simulations also take into account the volume expansion of the alloys upon

hydrogenation of 15%. Another important factor in window technologies is to have

color-neutral transmission. Windows with non-neutral color transmission tint the

light as it transmits through the window, which is not ideal when attempting to

make a clear window. To model this color distortion, we use the CIE 1931 XYZ

color space and plot the perceived colors of the transmitted spectra. Note that only

x and y need to be plotted to fully characterize the color because x + y + z = 1. On

these plots, color-neutral is the x = y = 0.333 data point, which creates the ideal

window. We show these switchable window properties for all of the investigated

alloys in Figure 7.10.

For the Mg-Al alloys, we see poor transmission in the hydride state, with the
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Mg0.84Al0.16 alloy having the highest transmission through the visible with values <

40% transmission for most of the spectrum. These materials generally only exhibit

∼20% absolute change in transmission upon hydrogenation. This is due to the

materials still exhibiting a high attenuation in the visible, even in the hydride state.

These windows are close to color neutral, even with their low transmission, adding

a small blue-green tint to the transmitted light.

Figure 7.10: Simulated switchable window performance with Mg alloys. Simulated
transmission values of thin �lm a) Mg-Al, b) Mg-Ti, and c) Mg-Ni alloys on SiO2.
The stack is de�ned as an SiO2 substrate, a 25 nm Mg-Al �lm, and a 3 nm Pd
capping layer. Transmission in the hydride (metal) state is represented by solid
(dashed) lines. d) Chromaticity plot with the transmission color points for the
di�erent alloys. Colors of the points match with the colors in part a-c) along with
the rest of the chapter. e) Zoom in of chromaticity plot. The intersection of the
blacked dashed lines represents color neutral at x = y = 0.333.

Some of the Mg-Ti alloys perform much better as switchable window technolo-
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gies with transmissions > 60% across most of the visible spectrum for Mg0.85Ti0.15

and Mg0.87Ti0.13. For these samples, we observe a transmission change of ∼40%.

Higher transmission can be achieved in the hydride state by a thinning of the sam-

ple; however, this thinning causes the transmission in the metallic state to also

become signi�cantly higher. We �nd the transmission colors of these windows to

be similar to those of the Mg-Al samples, being mostly color neutral with a slight

blue-green tint. Mg0.85Ti0.15 is the most color neutral, in addition to having the

highest transmission across most of the visible.

The Mg-Ni alloys measured in this chapter have poor switchable window char-

acteristics, with low transmissions in the hydride state in the shorter wavelength vis-

ible region. For the longer wavelength visible, we see increased transmission but still

only achieve values of ∼50%. However, we do see ∼40% transmission changes in this

region. Some Mg-Ni samples exhibit very good color neutrality, with Mg0.92Ni0.08

having a transmission color value of x = 0.325 and y = 0.338. The other alloys

have a slight yellow tint, as opposed to the blue-green tint of the Mg-Al and Mg-Ti

alloys.

As mentioned in the introduction, Mg-Ti alloys have also been investigated as

broadband switchable light absorbers, with a highly re�ecting state in the metallic

form and a highly absorbing state when hydrogenated. The high absorption states

for these materials have been found with thicker samples > 200 nm, much thicker

than measured here, and it has been demonstrated that the total absorption of the

�lm can be signi�cantly tuned by just varying the thickness of the �lm [229, 248].

To see if our measured properties show any potential for switchable absorption, we
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modeled a 300 nm Mg-Ti �lm on and SiO2 substrate with a 10 nm Pd capping

layer. The results of these simulations are shown in Figure 7.11. We see that

for three of our measured Mg-Ti alloys, we achieve large amounts of switchable

absorption throughout the visible, with absorption tailing o� into the NIR. In the

visible wavelength region, Mg0.87Ti0.13, Mg0.85Ti0.15, and Mg0.82Ti0.18 all achieve >

80% absorption in the hydride state with < 25% absorption in the metallic state

(corresponding to high re�ection in this state). This is a very large absorption

change upon hydrogenation for these alloy compositions and shows their potential

for broadband switchable light absorbers.

Figure 7.11: Broadband switchable light absorption with Mg-Ti alloys. a) Schematic
of switchable light absorber consisting of a 300 nm Mg-Ti alloy with a 10 nm Pd
cap on a SiO2 substrate. b) Absorption plots for this structure for di�erent alloy
compositions. Solid (dashed) lines are absorption in the hydride (metallic) state.
Colors represents di�erent alloy compositions

Finally, as a last application, we determine whether these Mg alloy materials

can be incorporated into the switchable absorber design demonstrated in Chapter

5. This architecture consisted of a Pd capped 25 nm Mg �lm deposited on an ITO
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Figure 7.12: Simulation of Mg alloy/ITO switchable absorption device. a) Device
architecture consisting of a SiO2 substrate coated with a 350 nm ITO �lm, followed
by 25 nm Mg, and a 3 nm Pd capping layer. b-d) Absorption plots of this system in
the metallic (dashed lines) and hydrogenated (solid lines) states for Mg-Al, Mg-Ti,
and Mg-Ni systems respectively.

substrate with an NZI resonance ∼1250 nm. One issue with this setup was the time

of hydrogenation and dehydrogenation were both long, around 30 min. With the

faster kinetics of these Mg alloy samples, we ran simulations to determine whether a

similar absorption change response could be obtained with any of these alloys. The

results of our simulations are shown in Figure 7.12. We see from these plots that

for any of the alloys we investigated here, we do not achieve as high of absorption

as we attained with the pure Mg sample (93%). The largest absorption that we

obtained was for Mg0.59Ni0.41 with a peak of 79% at 1524 nm. The Mg-Al samples
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achieved �nal absorptions of ∼60% with two Mg-Ti samples achieving absorptions

of 70% (Mg0.87Ti0.13 and Mg0.82Ti0.18). We conclude that although the kinetics may

be improved with alloying in this system, the �nal absorption is not as high as it is

for pure Mg.

7.6 Conclusions

In conclusion, we have for the �rst time experimentally measured the complex

optical properties of di�erent compositions of Mg-Al, Mg-Ti, and Mg-Ni alloys using

spectroscopic ellipsometry. We have found a wide range in potential optical proper-

ties for the alloys in the �nal hydrogenated state, with most of the samples showing

similar properties in the metallic state. We �nd mostly smooth optical transitions

during the hydrogenation process when measured through the Pd capped side of

the �lm, and showed that these measurements support previous observations of the

Mg2Ni "black state". We measured the loadings and stresses of all of these samples

and found that the loadings of our materials are slightly less than those previously

reported in the literature. Future experiments with this system will explore how

di�erent deposition parameters a�ect the properties of these alloys and how po-

tential di�erences in alloy preparation could a�ect their �nal loadings and optical

properties.

We also explored applications of these materials, showing that Mg-Ti alloys

have potential as switchable windows and broadband switchable light absorbers.

Further, we found that no alloys were able to outperform the high absorption of the
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Mg/ITO device demonstrated in Chapter 5, indicating that more research needs to

be done to �nd an alloy with increased kinetics to match the optical functionality

of pure Mg for this structure.
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Chapter 8: Conclusions and Future Experiments

This thesis provided details of our recent work utilizing metal hydrides as tun-

able plasmonic and nanophotonic materials. In Chapter 2, we described our custom-

designed and fabricated measurement apparatus that simultaneously measures the

optical, gravimetric, thermal, and stress properties of thin �lm and nanostructured

samples. This apparatus allows us to quantify curvature changes of 0.001 m−1 and

mass changes of 13 ng/cm2 in material systems exhibiting large stress �uctuations.

We also showed that our calorimetry model demonstrates a 150 µW calorimetric

accuracy and 20 µW minimum detectable power and that we can obtain highly

accurate optical property measurements by coupling our system with a spectro-

scopic ellipsometer. In Chapter 3, we used this apparatus to measure the optical

properties of 5 di�erent pure metals and demonstrated their potential use in vari-

ous nanophotonic structures, showing 5 order of magnitude re�ectivity changes and

over 200 nm resonance shifts upon hydrogenation. In Chapter 4, we investigated a

large variety of commercial NZI materials to identify the ranges of potential optical

and electrical properties of di�erent TCO materials. In Chapter 5, we then used

one of those identi�ed materials combined with a thin �lm metal hydride structure

to experimentally demonstrate a switchable high absorption device, with a peak
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absorption change of over 75%. Moving beyond pure metals, in Chapters 6 and 7

we introduced the bene�ts of alloying metals for added robustness to their optical

responses. We investigated Pd-Au alloys and showed how measurable signals can be

achieved with Pd atomic percentages as low as 34% and demonstrated hydrogen sen-

sors with no surface poisoning or hysteresis, as well as a physical encryption scheme.

We then showed the wide range of potential optical properties in the Mg alloy sys-

tem, measuring and �tting the optical properties of di�erent atomic compositions

of Mg-Al, Mg-Ni, and Mg-Ti systems and showing potential uses of Mg-Ti alloys

as broadband switchable light absorbers and switchable windows. Ultimately, this

work has measured the properties of many types of metal hydrides and has opened

up new avenues for the simulation and design of novel nanophotonic devices using

our measured properties. In the following section, we will describe future directions

of this research focusing on two potential material directions: using high-entropy

alloys as metal hydrides to further explore the optical parameter space and by using

plasmonic resonances in metal hydrides to lower the Coulomb barrier in nuclear

reactions.

8.1 High entropy metal hydrides

In this thesis, we only investigated bi-metallic systems to improve the optical

and structural properties of pure metal hydrides. These bi-metallic alloys open a

wide parameter space, but to perfect certain designs, we can expand even further.

Work is already being done using ternary metal alloy hydrides as hydrogen sensors,
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speci�cally using a Pd-Au-Cu system to further improve chemical resistance and

stability [22]. In these binary and ternary systems, generally there is a principal

active element, with small additions of other secondary elements to adjust the ma-

terial properties. In the case of Pd-Au-Cu, the Pd is the primary element with the

secondary Au and Cu to enhance chemical resistance and cyclability. A new class

of alloys has recently been investigated that uses many principal elements in high

concentrations that exhibit properties that can far exceed those of traditional alloys

[249]. These materials, named high entropy alloys (HEA), have become of particular

interest in the hydrogen storage community since it has been demonstrated that a

TiVZrNbHf HEA can absorb hydrogen to a much higher loading than normal tran-

sition metal hydrides (≤ 2) up to a loading of 2.5 H/M [250]. This large hydrogen

storage capacity is due to increased lattice strains within the alloy, allowing hydrogen

atoms to occupy both tetrahedral and octahedral interstitial sites. Many other com-

binations and di�erent ratios of transition metals are currently being investigated

to attempt to surpass this loading value [251, 252, 253].

Although HEAs have been studied for hydrogen storage applications, they

have yet to be investigated for optical devices. One reason for this absence is that

so far these materials have not been able to be fabricated at the nanoscale. The

most common way of manufacturing the alloys is by arc melting speci�cally chosen

ratios of the pure metals multiple times under an inert atmosphere. This method

gives an ingot of the material so that the properties can be studied in bulk, but the

method cannot be easily translated to thin �lms or nanostructures. As far as we

know, there have been no attempts to use these ingots to deposit thin �lms through
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a physical vapor deposition process such as electron beam evaporation or sputter-

ing, but there is concern that there will be a separation of the individual metals

during the cooling process. With this separation, the bene�ts of the HEA could be

lost. Potentially combining a �ash cooling method with this technique could yield

positive results, which needs to be investigated. Other groups have been able to fab-

ricate nanoparticles on carbon supports using �ash heating and cooling, which has

been demonstrated to be successful in fabricating HEAs with up to 8 elements [254].

This process would be very interesting to investigate with metal hydride HEAs to

see if these nanoparticles can have exotic optical responses when exposed to H2 gas.

Unfortunately, this process only creates these particles on these speci�c supports

and is not very versatile to other systems, thus more work is necessary to attempt

to broaden the substrate choice. Lastly, co-sputtering has been shown to create

non-energetically favorable alloys under certain conditions and could potentially be

used to fabricate thin-�lm HEAs. The limitation is that most sputtering systems

can only deposit 2-3 elements at a time. If a custom system was built that could

co-deposit up to 5 elements, then thin-�lm and nanostructured devices could poten-

tially be implemented. Using the apparatus described in this thesis, we could then

measure the nanoscaled properties of these materials to determine whether further

improvements to hydrogen sensors or other device designs could be implemented.
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8.2 Nuclear plasmonics with metal hydrides

Moving beyond nanophotonic devices, we believe that metal hydrides can

have future uses in increasing nuclear reaction rates. It has already been shown

at Lawrence Berkeley National Laboratory and the National Aeronautics and Space

Administration that when certain metal hydrides are loaded with a high density of

deuterium atoms, the Coulomb barrier between deuterium ions is reduced due to

the screening from the conduction electrons from the host metal [255, 256, 257].

This lowering of the Coulomb barrier allows for a greater probability of a deuterium

ion tunneling through this barrier, causing a nuclear reaction. This e�ect is most

prevalent at lower energies < 5 keV, as this is the energy region in which electron

screening plays the largest part in nuclear reaction probabilities (at high energies,

e�ects from screening become negligible). Schenkel et al. found that this screening

e�ect from the metal hydride lattice was 1000 ± 250 eV, causing a signi�cant in-

crease in the fusion rates for ion energies < 5 keV [255]. These �ndings open up the

door to potentially energetically favorable nuclear fusion reactions at much lower

temperatures than previously thought.

We propose that this electron screening e�ect from the metal hydride lattice

can be further enhanced by plasmonically exciting the target. Plasmonic excita-

tions can increase the electric �eld on the edges of nanostructures by up to 1000x

in ideal structures [258]. This large �eld enhancement could dramatically decrease

the Coulomb barrier for deuterium atoms within this region. The plasmonic en-

hancements do not cause steady-state electric �eld enhancements at a speci�c point
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on the structures, but the time scale of the plasmonic enhancement is still much

great than that necessary for a nuclear reaction (10−9 s compared to 10−12 s [259]).

This time scale di�erence allows for more than enough time to get a measurable

enhancement of D-D fusion.

Our proposed experiment uses a nanoporous Pd membrane as our plasmonic

metal hydride target. Nanoporous membranes have been well studied and can be

fabricated using the process of dealloying. In this process, �rst, a bi-metallic al-

loy �lm is deposited onto a substrate, where one of the metals in the alloy is

the metal of interest and the other is a sacri�cial metal. This alloy is then wet

etched until the sacri�cial metal has completely dissolved and the remaining �lm is

a nanoporous sheet of the desired metal. This process has been demonstrated to

create Pd nanoporous membranes by using Pd0.2Co0.8 alloy and etching it in H2SO4

[260]. These membranes can have fairly strong plasmonic resonances, allowing for

high �eld enhancements at ridges of the pores [261, 262]. We believe that these

nanoporous materials are ideal for these experiments because they are robust to

degradation from an incident ion beam. As the ion beam slowly breaks down the

top of the target, the plasmonic resonance still stays intact because of the thick,

random structure of the target. This is compared to other plasmonic targets, such

as nanogratings or bowtie structures, that would stop exhibiting a strong plasmonic

resonance after a small degradation in the structure.

To create the nuclear reactions on this target, we will use a variable energy

deuterium ion gun, where the energy can be tuned from 0.5 - 5 keV. This range is

ideal for these experiments because at the upper energy end we will be able to create
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fusion reactions without any electron �eld enhancement, thus we can compare to

literature values in this range. As we lower this ion gun energy, we then get into the

energy regime where the greatest enhancements to the fusion rate will occur due to

the reduction in the Coulomb barrier. We will then excite the nanoporous target

with a visible laser set at the experimentally determined plasmonic resonance of the

target. To �nd the e�ect of the plasmonic excitation on the nuclear reaction rate,

we will compare the nuclear byproduct formation rate with the plasmonic excitation

laser on and o�. We will measure the neutron and proton formation from the nuclear

reactions with the setup outlined in Schenkel et al. [255].

The results of these experiments will inform the possibilities to tailor nuclear

reaction rates using visible light excitation. Structuring targets in nuclear reactors

could signi�cantly lower the necessary energy needed to spark nuclear fusion reac-

tions. Beyond these experiments, there are many other applications of this nuclear

plasmonics concept. One in particular would be to use plasmonic excitation to

change the rates of nuclear decay of certain radioactive atoms. We know that the

rate of α decay is dependent on the tunneling rate through the Coulomb barrier,

thus if we lower this barrier through plasmonic excitation, we could speed up this

decay process in a controlled way.
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Appendix A: Curvature to frequency derivation

We know that there are no (DC) shear strains in this system, meaning ε4

= ε5 = ε6 = 0. Here and in what follows we use the standard contracted, Voigt

notation and with ε's being strains, σ's being stresses, u's being displacements, and

A's being sti�ness elements. We can then multiply the strain by the stress tensor

to get expressions for σ1 and σ2. The relationship between these two quantities is

important in calculating wave propagation speeds in the crystal.



σ1

σ2

σ3

σ4

σ5

σ6



=



A′11 A′12 A′13 A′14 A′15 A′16

A′21 A′22 A′23 A′24 A′25 A′26

A′31 A′32 A′33 A′34 A′35 A′36

A′41 A′42 A′43 A′44 A′45 A′46

A′51 A′52 A′53 A′54 A′55 A′56

A′61 A′62 A′63 A′64 A′65 A′66





ε1

ε2

ε3

ε4

ε5

ε6



(A.1)

Thus, we have

σ1 = A′11ε1 + A′12ε2 + A′13ε3 (A.2)
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σ2 = A′21ε1 + A′22ε2 + A′23ε3 (A.3)

Since the �lm is free to expand along x3, we know that there is no stress σ3.

We can use this information to determine ε3 as a function of ε1 and ε2.

σ3 = 0 = A′31ε1 + A′32ε2 + A′33ε3 (A.4)

Solving for ε3 yields

ε3 =
A′31ε1 + A′32ε2

A′33
(A.5)

We can also determine expressions for ε1 and ε2 if we make an assumption of

the shape of the curved region. If the strained region has constant curvature, the

displacement in that region can be written as

u3 =
κ1
2
x21 +

κ2
2
x22 (A.6)

Where κ1(κ2) is the curvature in the x (y) direction. Earlier, we noted that

there are no shear strains in this system. We can use this fact again to obtain

expressions forε1 and ε2. We can write out the de�nition of strain to get

ε5 = 0 =
1

2

(
∂u3
∂x1
− ∂u1
∂x3

)
(A.7)

And thus,
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∂u1
∂x3

= −∂u3
∂x1

(A.8)

We know that u3 is given by the expression above. Importantly, it does not

depend on x3, we can integrate with respect to x3. We can then di�erentiate that

expression with respect to x1 to obtain an expression for the strain in the x1 direc-

tion.

∂u1
∂x1

= ε1 = −x3
∂2u3
∂x21

(A.9)

Substituting in for u3 yields

ε1 = −κ1x3 (A.10)

A similar analysis for ε2 gives

ε2 = −κ2x3 (A.11)

We can insert these expressions for the strains along with the expression for

ε3 as a function of ε1 and ε2 into an above equation to yield

σ1 = −A′11κ1x3 − A′12κ2x3 −
A′13A

′
31

A′33
κ1x3 −

A′13A
′
32

A′33
κ2x3 (A.12)

σ2 = −A′21κ1x3 − A′22κ2x3 −
A′23A

′
31

A′33
κ1x3 −

A′23A
′
32

A′33
κ2x3 (A.13)
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Now, if we assume that the curvatures must be identical along both axes due

to sample clamping, we drop the κ direction distinction and �nd

σ1 = −κx3
(
−A′11 − A′12 −

A′13
A′33

(A′31 + A′32)

)
(A.14)

σ2 = −κx3
(
−A′11 − A′12 −

A′13
A′33

(A′31 + A′32)

)
(A.15)

As per EerNisse [46], the velocity of a shear wave through a crystal at zero

stress, W0, along a direction oriented at an angle θ relative to the x3 axis, is given

by

ρ0W
2
0 = C66cos

2θ + C44sin
2θ + 2C14sinθcosθ (A.16)

Here, the stress tensor coe�cients are in the crystal axes, not the lab axes. In

the lab axes, the ratio of the stresses is T ′2 = σ2/σ1. Along the crystal axes, we have

T2 = cos2θT ′2

T3 = sin2θT ′2

T4 = sinθcosθT ′2

(A.17)

The expression relating the angle of propagation and curvature to the wave

speed is then
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W (θ, x3, κ) =
1
√
ρ0

(ρ0W
2
0 + σ(x3, κ)(cos2θ(−0.08 + 1.38T2 + 1.66T3 + 0.49T4)

+ sin2θ(0.55 + 0.20T2 − 2.68T3 − 5.75T4)

+ 2sinθcosθ(−1.81 + 0.28T2 − 0.55T3 − 0.04T4))
1/2

(A.18)

Because the speed is a function of x3, it changes as the wave propagates

through the crystal. To calculate the total transit time, we need to take an in-

tegral. The transit time through the crystal and back to the starting point is given

by

t(κ, θ) =

∫ 2h/3

−h/3

dx3
W (θ, x3, κ)

(A.19)

The limits of the integral are referenced to the plane of no stress in the crystal,

which is h/3 from the bottom of the crystal [263]. The change in oscillation frequency

as a function of stress is then

∆f(θ, κ) =
1

2t(κ, θ)
− 1

2t(κ, 0)
(A.20)

Thus, the change in frequency depends nearly linearly on curvature with a slope of

approximately α = -777 Hz/m−1.
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Appendix B: Commercial NZI Materials Optical Properties

The individual optical properties of each of the TCO materials investigated in

Chapter 4 are reported here. There properties were measured with spectroscopic el-

lipsometery combined with transmission measurements and �t with a Drude-Loretnz

oscillator model. Figures B.1, B.2, and B.3 show the optical properties of the ITO

samples, Figure B.4 shows the optical properties of the FTO samples, and Figure

B.5 shows the optical properties of the AZO samples. The headers in each graph

show the material, the company the sample was sourced from, and the nominal

resistance quoted by that company.

We summarize the complete �ndings from these measurements in Table B.1

and Table B.2. In these tables, we report the minimum |n| achieved for each sample,

the location of the minimum, the NZI bandwidth, the measured thickness t of the

TCO, and the measured resistance R.
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Figure B.1: Optical properties of commercially sourced ITO samples. Above each
sample plot is the name of the company the sample was sourced from and the
nominal resistance quoted for the sample.
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Figure B.2: Optical properties of commercially sourced ITO samples. Above each
sample plot is the name of the company the sample was sourced from and the
nominal resistance quoted for the sample.
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Figure B.3: Optical properties of commercially sourced ITO samples. Above each
sample plot is the name of the company the sample was sourced from and the
nominal resistance quoted for the sample.
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Figure B.4: Optical properties of commercially sourced FTO samples. Above each
sample plot is the name of the company the sample was sourced from and the
nominal resistance quoted for the sample.
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Figure B.5: Optical properties of commercially sourced AZO samples. Above each
sample plot is the name of the company the sample was sourced from and the
nominal resistance quoted for the sample.
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Company Material Nominal R (Ω) t (nm) |n|min λcenter BW
R (Ω) (nm)

Adafruit Industries ITO 10-15 8.45 181.5 0.56 1300 303
Biotain Crystal AZO 8-10 8.35 916.8 0.67 1984 492
Biotain Crystal FTO 10-15 15.06 382.3 0.72 1536 406
Biotain Crystal ITO 10-15 11.15 138 0.57 1333 314
Biotain Crystal ITO 30-40 23.15 56.6 0.56 1166 279
Biotain Crystal ITO 4-5 6.09 212.7 0.59 1205 284
Biotain Crystal ITO 6-8 8.38 180.7 0.56 1326 326
Biotain Crystal ITO 80-100 76.27 19.1 0.66 1162 237

Delta Technologies FTO 16-20 19.96 234.8 0.78 1715 364
Delta Technologies ITO 15-25 19.61 67.5 0.63 1225 273
Delta Technologies ITO 30-60 44.29 29.2 0.57 1183 257
Delta Technologies ITO 4-8 8.43 158.9 0.55 1211 288
Delta Technologies ITO 8-12 11.55 121.2 0.56 1218 284
MSE Supplies AZO 10 10.60 869 0.82 1993 390
MSE Supplies FTO 15 20.72 307 0.88 1627 296
MSE Supplies ITO 12-15 13.43 133.4 0.60 1392 344
MSE Supplies ITO 30 34.28 46.3 0.61 1251 298
MSE Supplies ITO 3 3.97 354 0.59 1241 295
MSE Supplies ITO 7-10 5.99 227.1 0.57 1229 297

MTI Corporation ITO 12-15 11.09 142.6 0.57 1325 315
MTI Corporation ITO 16-19 14.22 106.9 0.57 1277 301
MTI Corporation ITO 6-7 6.47 222.6 0.59 1254 300
MTI Corporation ITO 8-10 9.37 186.1 0.57 1297 327

NanoCS FTO 12-17 7.08 349.1 0.81 1774 393
NanoCS ITO 100 78.09 21.6 0.67 1326 272
NanoCS ITO 10 7.59 174.8 0.53 1211 281
NanoCS ITO 20 15.69 94.2 0.62 1278 284
NanoCS ITO 50 41.91 36.8 0.58 1285 282
NanoCS ITO 5 3.91 354 0.58 1282 299

Table B.1: Summary of commercial NZI data#1. In this table we report the com-
pany, the nominal resistance, the measured sheet resistance R, the measured thick-
ness t, the minimum possible magnitude of the index of refraction |n|min, the location
of that minimum λcenter, and the bandwidth BW of the resonance where |n| < 1
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Company Material Nominal R (Ω) t (nm) |n|min λcenter BW
R (Ω) (nm)

Nanoshel AZO 10 10.10 891.3 0.85 2063 402
Nanoshel ITO 10 8.38 185 0.60 1246 291
Nanoshel ITO 15 25.06 61.7 0.58 1160 270
Ossila FTO 11-13 11.33 437.9 0.85 1919 347
Ossila FTO 12-14 13.22 355.5 0.75 1764 440
Ossila FTO 6-9 7.80 625 0.69 1856 524
Ossila ITO 20 17.34 111.5 0.68 1281 299
SPI ITO 30-60 34.62 126.5 0.73 1864 363

Sigma Aldrich FTO 8 8.20 603.1 0.69 1887 497
Sigma Aldrich ITO 30-60 45.04 30.2 0.59 1174 251
Sigma Aldrich ITO 70-100 85.31 18.1 0.62 1165 237
Sigma Aldrich ITO 8-12 11.64 123.4 0.55 1225 302
Techinstro AZO 10 11.03 838.6 0.90 2023 306
Techinstro FTO 15 12.89 343 0.76 1754 419
Techinstro FTO 7 7.03 574.4 0.64 1848 555
Techinstro ITO 100 83.43 18.5 0.64 1311 281
Techinstro ITO 10 8.05 183.5 0.60 1237 290
Techinstro ITO 20 10.24 148.5 0.57 1311 308

University Wafer ITO 15-20 15.42 101 0.60 1320 297
University Wafer ITO 7 6.34 213.3 0.60 1264 284

Table B.2: Summary of commercial NZI data #2. In this table we report the
company, the nominal resistance, the measured sheet resistance R, the measured
thickness t, the minimum possible magnitude of the index of refraction |n|min, the
location of that minimum λcenter, and the bandwidth BW of the resonance where
|n| < 1
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Appendix C: H2 Safety Protocols

When working with hydrogen gas, certain precautions must be taken to ensure

safety in the laboratory. H2 gas is colorless, odorless, and tasteless, so one cannot

rely on their senses alone to detect a leak in their system. H2 gas is �ammable

and is dangerous when it is in concentrations between 4% and 75% at atmospheric

pressure. This is the combustion range for this gas. Below this range, there is not

enough H2 in the atmosphere for ignition, and above this range, there is not enough

O2. H2 has a very low ignition energy, so even a small spark in this partial pressure

range can set o� an explosive reaction. Because of this, any room where hydrogen

is being worked with should have good ventilation that is adequate enough to deal

with the largest expected H2 leak in the laboratory. Any hydrogen that is being used

in an experiment and then discarded should be piped directly into this ventilation

shaft.

Leaks when working with H2 gas should be expected from time to time, as

hydrogen can leak from very small gaps in the tubing connectors due to its small

molecular size. It is recommended to use a hydrogen leak detector near any H2 gas

lines to alert of any leaks. Along with this, gas pressures should be periodically

checked to make sure that they are depleting by the expected value of hydrogen
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used in an experiment. To test the leak rate of the system, pressurize the system

to the normal working pressure of an experiment, close o� the input from the H2

cylinder and output at the pressure controller, and measure the time it takes for the

system to depressurize. If a leak is found, a common method to �nd the leak is the

"soapy water method". Simply, soapy water is brushed onto any tubing connectors

that are suspected to contain the leak. If soap bubbles begin to form around the

connector, a leak has been identi�ed and the �tting should be replaced. The leak

rate test should then be performed again to ensure that the leak was properly �xed

and that there are no more leaks in the system.

H2 gas is known to cause embrittlement in certain materials. Make sure that

all piping and gas connectors are rated to be compatible with H2 and won't degrade

over time. Only use regulators that have been speci�cally designed for hydrogen. For

H2 cylinder storage, the cylinders must be stored upright and should be secured to

the wall. These cylinders should be kept away from any heating element, including

direct sunlight. When moving the cylinders, be sure to completely close the valve,

remove the regulator, fully screw on the safety cap, and chain the cylinder into the

cart being used.
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Appendix D: H2 Sensors

Fast and reliable H2 are becoming essential in the newly emerging hydrogen

economy. H2 gas can be created using the electrolysis of water, which can be driven

with green electricity from sources like solar or wind power. When burned, H2 gas

gives o� no greenhouse gasses, making it an ideal fuel for vehicles or as a method to

store energy. In order to use it for any of these purposes, H2 detectors are needed

to locate any leaks quickly and e�ciently, as H2 is very combustible. There are �ve

main components that must be accounted for to make an ideal H2 gas sensor, as

laid out by the United States Department of Energy [185]:

1. Reliable: Sensors must have unambiguous readings regardless of what the

previous conditions were in the environment. This means that there can be

no intracycle or intercycle hysteresis. Each value of the sensor signal must be

mapped to a single hydrogen pressure value.

2. High Accuracy: Sensors must be able to measure H2 pressure with precision

in the range of 0.1 - 10% at atmospheric pressure.

3. Lifetime: Sensors must be able to run for many cycles of hydrogen gas,

ideally reaching 10 years of successful operation. These sensors must also be
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able to be resistant to poisoning gases in the atmosphere such as CO and

sul�des. Additionally, the sensors must be able to perform in high humidity

environments.

4. Speed: Sensor detection and recovery time should be < 1 second.

5. Cost: Sensor fabrication should be cheap enough to be feasibly made in bulk

There are many types of H2 sensors that have been demonstrated in the liter-

ature or are currently on the market that have been attempting to reach these DOE

goals. A summary of the current device types and how they operate follows:

1. Catalytic: A catalytic wire array is heated and introduced to the H2 gas,

which then reacts with O2. This reaction releases heat, which is then measured

and can be converted to H2 pressure [264].

2. Electrical Conductivity: A metal hydride wire or thin �lm is exposed

to H2 gas and the change in the resistance of the metal hydride is measured

and converted to the pressure of H2 in the chamber [265, 266, 267, 268].

3. Thermal Conductivity: Heated gas is run through a pipe and changes

in the thermal conductivity of the gas are used to calculate changes in gas

composition [269].

4. Semiconductor Metal Oxides: Certain metal oxides have a large resis-

tance change when exposed to H2, such as SnO2, and this resistance is used

as a proxy for hydrogen concentration [270, 271]. Must be done at high tem-

peratures.
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5. Electrochemical: Electrodes are submerged in solution and gas is piped in

through a porous membrane. Amount of H2 in the gas changes the measured

current [272, 273].

6. MOS/MOSFET/Schottky Diode: The top electrode is made of Pd or

another hydrogen sensitive metal. As it hydrogenates, the work function of

the structure changes and can be measured as a proxy for the H2 concentration

[274, 275, 276].

7. Surface Acoustic Wave Detector: As a material hydrogenates, the

velocity of surface acoustic waves change due to conductivity changes in the

Pd. This velocity change can be correlated with di�erent H2 amounts [277,

278].

8. Microelectromechanical: Structural changes in metal hydrides upon hy-

drogenation are used to determine the H2 gas concentration. These designs

include measuring the capacitance between a metal hydride cantilever and a

plate, with the cantilevers bending at di�erent angles with di�erent H2 con-

centrations [279] and using metal hydride nanoparticles that expand upon

hydrogenation, completing an electrical circuit for a sharp drop in electrical

resistance [280].

Another type of hydrogen sensor that is not yet commercially available, but is

seeing signi�cant attention in research and development, is optical hydrogen sensors.

Optical hydrogen sensors are desirable for many reasons over some of the other
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sensor types above. Optical sensors do not require for there to be any electrical

connections in the region of detection, which eliminates any combustion risk from

a spark from the detector. These sensors can also be designed to perform at room

temperature, have a very fast sub-second response time, and can be highly selective

to hydrogen compared with other methods. Within optical hydrogen sensors, many

di�erent designs can achieve e�ective readings. The most common design is to

use nanoparticle arrays of metal hydrides. In these systems, a nanoparticle metal

hydride array, typically Pd or a Pd-based alloy, is deposited on a glass substrate.

The LSPR of this array is then measured with a spectrometer. By measuring the

shift of the LSPR, the atmospheric H2 percentage can be determined. By alloying

the metal hydride with other transition metals, coating the array with a hydrogen-

permeable polymer, or optimizing the nanoparticle shape and size, these sensors can

have improved speed, sensitivity, and poisoning resistance. Demonstrations of these

sensors have been widely shown in the literature [22, 23, 74, 77, 281, 282]. Other

systems utilize thin �lm metal hydrides, using the re�ectance of light o� the thin

�lm as a measure of the H2 content in the atmosphere [17, 76, 283, 284]. Optical

�bers are also frequently used as a base for optical H2 sensors. These �bers can be

coated with metal hydrides and can measure the H2 pressure by either measuring the

change in path length due to hydride expansion upon hydrogenation [25], measuring

attenuation changes in the �ber [285, 286], measuring shifts in the Surface Plasmon

Resonance within the �ber [287, 288], or using a metal hydride mirror at the end of

the �ber and measuring changes in re�ectivity [26, 247]. Finally, measuring shifts

of the Surface Plasmon Resonance without coupling into a �ber have been used as
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a sensing scheme [75, 289].
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Appendix E: CIE 1931 Color Space Calcuations

In this thesis, we use the CIE 1931 color space to determine the colors of dif-

ferent structures under white light illumination. Our white light source is de�ned

by the CIE Standard Illuminant D65 [290]. This color space is used to determine

the color an average person would perceive under medium to bright illumination (at

low brightness, the human perception becomes monochromatic). Color perception

is determined by three types of cones in the average human eye that have di�erent

sensitivities at di�erent wavelengths. This is why most color spaces can be deter-

mined with three values, with each value representing a level of stimulus for each of

these di�erent types of cones. The CIE 1931 color space is based o� a "Standard

Observer" where color matching functions x̄(λ), ȳ(λ), and z̄(λ) describe the relative

perception of red, green, and blue color for an average person. In this thesis, we use

the analytical approximation to the CIE color tables from Ref [291]:

x̄(λ) = 1.065 exp

(
−0.5

(
λ− 595.8

33.33

)2
)

+ 0.366 exp

(
−0.5

(
λ− 446.8

19.44

)2
)

(E.1)
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ȳ(λ) = 1.014 exp

(
−0.5

(
lnλ− ln556.3

0.075

)2
)

(E.2)

z̄(λ) = 1.839 exp

(
−0.5

(
lnλ− ln449.8

0.051

)2
)

(E.3)

With these analytical color matching functions, we can then calculate the CIE

1931 XYZ color values from a re�ection or transmission spectrum using the following

equations:

k =

∫ ∞
0

SD65(λ)ȳ(λ)dλ (E.4)

X =

∫∞
0
SD65(λ)x̄(λ)R(λ)dλ

k
(E.5)

Y =

∫∞
0
SD65(λ)ȳ(λ)R(λ)dλ

k
(E.6)

Z =

∫∞
0
SD65(λ)z̄(λ)R(λ)dλ

k
(E.7)

Where k is a normalizing constant, X, Y, and Z are the tristimulus values,

R is the re�ection spectrum, and SD65 is the CIE D65 radiance spectrum. Note

that transmission can be directly substituted for the re�ection in these equations

when determining colors of transmission through a material (such as the switchable

windows in Chapter 7). To be able to plot these colors on a 2D diagram, we can
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further convert these tristimulus values to the CIE xyY color space which divides

the color into two parts: chromaticity and brightness. The brightness is determined

by the Y value, while x and y are de�ned by:

x =
X

X + Y + Z
(E.8)

y =
Y

X + Y + Z
(E.9)

These two values determine the chromaticity of the spectra, with the value x

= y = 0.33 representing the color neutral point. Note that chromaticity is not the

same as a printing color, as the chromaticity is dependent on the spectrum of the

illuminating light.
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Appendix F: Useful Properties of Metal Hydrides and Hydrogen

Metal hydrides are classi�ed as compounds containing a metal-hydrogen bond

and can be classi�ed into three categories: ionic, covalent, or metallic [292]. The

alkali and alkaline earth metals generally form ionic hydrides, exhibiting properties

similar to other salts formed from a combination of these elements and an element

in the halogen group [292]. Metals to the right of group VII form covalent bonds

with hydrogen, and generally can only form with complex chemical interactions,

as opposed to a direct reaction with hydrogen gas [292]. Note that MgH2 exhibits

both ionic and covalent properties. For metallic hydrides, the hydrogen enters the

interstitial sites of the lattice and forms a hydride phase within the metal. These

compounds are still conductive, have metallic properties, and can be formed with

a direct reaction with H2 gas (although some elements require a catalyst such as

Pd to aid in splitting the H2 molecule). Many of the lighter metals from Group

VI-VIII also require higher H2 pressures (>1 atm) in order to form a metal hydride

[292]. Ni is one example of this, requiring over 6000 atm for hydride formation [11].

For some of the rare earth metals, they are metal hydrides at low H contents but

become semiconductors at high H contents [293]. In Figure F.1, we depict these

classi�cations for each element on the periodic table.
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Figure F.1: Periodic table classi�cation of metal hydrides. White box indicates the
element forms a metal hydride under <1 atm hydrogen pressure, purple indicates el-
ements with hydride formation >1 atm hydrogen pressure, red indicates covalent hy-
dride formation, green indicates ionic hydride formation, blue indicates non-metals
or no metal hydride formation, yellow indicates radioactive elements with no stable
isotopes, and grey indicates metal hydride formation at low H content, but at high
H contents the compound behaves as a semiconductor.

Another potentially important property of di�erent metal hydrides is how close

the H atoms are to each other within the metal lattice. This spacing is particularly

important for potential fusion target designs, like the ones discussed in Chapter

8. In Figure F.2, we plot the di�erent measured atomic spacings for hydrogen or

deuterium in di�erent forms, including muonic D2 [294], molecular D2 [295], the

closest D spacing theoretically calculated in Pd [296], ZrV2Hx at high pressures

[297], TiH2 [298], MgH2 [298], VH [299], PdH0.7 [10], and PdD0.7 [60].

211



Figure F.2: H-H atom spacing in di�erent materials. Values are the average distance
between H atoms in di�erent compounds.
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