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Thesis directed by Prof. Victor M. Bright 

Abstract: 

 This research focuses on the incorporation of atomic layer deposition (ALD) materials 

into microbolometer devices for infrared (IR) imaging. Microbolometers are suspended micro-

electromechanical (MEMS) devices, which respond electrically to absorbed IR radiation. By 

minimizing the heat capacity (thermal mass) of these devices, their performance may be 

substantially improved. Thus, implementing ultra-thin freestanding ALD materials into 

microbolometer devices will offer a substantial reduction in the overall heat capacity of the 

device. A novel nanofabrication method is developed to produce robust ultra-thin suspended 

structures from ALD generated materials including W, Ru and Al2O3. Unique aspects of ALD 

such as high conformality offer the ability to create 3-dimensional structures with mechanical 

reinforcement. Additionally, the ability to tune residual stresses via atomically precise thickness 

control enables the fabrication of flat suspended structures. Since microbolometer elements are 

electro-thermally active, the electro-thermal properties of ultra-thin ALD W, Ru and Al2O3 are 

investigated. Several distinct deviations from bulk electro-thermal properties of resistivity, 

temperature coefficient of resistance, thermal conductivity and specific heat capacity are 

identified and interpreted with traditional nanoscale transport modeling and theory. For example, 

for ALD W, the electrical resistivity is increased by up to 99%, thermal conductivity is reduced 

by up to 91% and specific heat capacity increased 70% from bulk. Finally, the developed ALD 

nano-fabrication process and measured ALD material properties are combined to fabricate an 
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industrial level, state-of-the-art microbolometer pixel structure with 1.4X performance 

improvement. Further microbolomter performance enhancements based on the developed 

nanofabrication methods and electro-thermal measurements are discussed. 
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Chapter 1 

 

 

Introduction 

 

 

1.1 Motivation 

Near the dawn of micro and nano-technology in 1959, Richard Feynman posed the 

question, “Why cannot we write the entire 24 volumes of the Encyclopedia Britannica on the 

head of a pin?”.
1
 When discussing the decreasing scales of physical objects he stressed not only 

that there is “room at the bottom”, but “plenty of room at the bottom”. Soon after, the invention 

of the complimentary metal-oxide-semiconductor (CMOS) in 1963 would open the world of 

integrated circuitry (IC). Silicon batch fabrication methods revolutionized the production of ICs 

and soon IC technology was driving microprocessors in consumer and military industries. 

Moore’s law would be identified as a definitive rate of improvement for the computing power of 

microprocessors stating that the number of transistors on a microchip would double every 18 

months.
2
 To maintain this rate, material dimensions continued to shrink in transistor elements. 

Today, we may be reaching the physical limits of scaled dimensions at sub-20 nm design rules 

and new materials or fabrication methods with interesting properties must be exploited by 

physicists and engineers alike to maintain improvement.
2
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Simultaneous to the IC technology revolution was a complementary revolution involving 

the development of small machines. As it turns out, the same silicon fabrication methods used to 

build circuitry could also be applied to mechanical devices. Silicon was identified as a promising 

mechanical material for a host of miniaturized transducing devices. Silicon was abundant, 

capable of thin, micron scale dimensions, shapeable, able to be batch fabricated by standardized 

lithographic and etching methods used in IC fields and easily integrated directly with underlying 

IC circuitry.
3
 Micro-electro-mechanical systems (MEMS) would benefit directly from these 

developments in silicon fabrication methods. One major example of a silicon based MEMS 

device we encounter every day is an inertial sensor, which consists of a small silicon cantilever, 

fractions of a hair thick that deflects due to gravitational accelerations. Common inertial 

applications include airbag deployment during an automobile crash or display rotation in a 

variety of mobile electronic devices. As the field of MEMS progressed, other versatile materials 

including special semiconductors, metals and dielectrics allowed for more advanced devices and 

freedom of design. 

 Analogous to IC technology improvements, there is still “plenty of room at the bottom” 

for micro-machines. Benefitting from advancements in fabrication technologies in the IC fields, 

micro-machines have also scaled significantly following a “Moore’s Law” of their own. Thin 

film deposition techniques and advances in surface micromachining have allowed for extremely 

thin film manufacturing and active materials are reaching dimensions which must be measured in 

nanometers. Further, it is not unforeseeable that new and exciting materials such as graphene and 

carbon nanotubes that are measured by single atomic layers will eventually be utilized as 

freestanding mechanical sensors, actuators or display devices in industrial applications. In many 
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cases, the smaller the better, as length scales begin to dominate physics and useful exploitations 

of these effects can drive development of higher performing devices. 

Major hurdles to overcome in the development of ultra-thin MEMS or nano-electro-

mechanical systems (NEMS) will include the manufacturability of the involved ultra-thin 

materials and their mechanical, electrical, thermal and optical properties. Additionally, ease of 

integration with current CMOS processing methods will dictate new technologies success rates 

as “time to market” metrics greatly impact near future consumer and military applications. 

Developing new ultra-thin materials and methods to easily build smaller and smaller machines is 

becoming increasingly important as relevant markets are demanding new and higher 

performance devices. 

1.2 Scope and Application 

Traditional bulk and surface micromachining techniques have provided a robust and 

diverse platform for the fabrication of microelectronics and micromachines or sensors.
3,4

 

Polymer applications in microfabrication processes are a subset of a growing trend of electrically, 

thermally, mechanically, and optically active organic material systems for flexible and 

stretchable electronics, organic light emitting diodes, and N/MEMS fabrication.
5–8

 Spin-coated 

polymers such as polyimide or polydimethylsiloxane are easily moldable as flexible layers for 

micro-sensing devices or micro-fluidic channels.
6,9–11

 Furthermore, dry etching of sacrificial 

polymers is very advantageous over traditional wet release of microdevices in microscale and 

nanoscale fabrication.  The use of dry etching to release suspended structures at these scales 

avoids stiction and supercritical CO2 processing.
12
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New nanotechnologies will require high performance and reliable inorganic and organic 

material interfacing to excel beyond traditional fabrication methods. Such a task is challenging 

due to the chemical and temperature sensitivity of many organic materials. High temperatures 

from chemical vapor deposition can cause a glass transition or thermal breakdown, while harsh 

conditions from plasma-assisted vapor deposition or sputtering can cause pinholes or degradation 

in the polymer. Additionally, many current deposition techniques face limitations in thickness 

control and film conformality and continuity at the nanoscale. Atomic layer deposition (ALD) is 

an increasingly popular thin film deposition method which uses a self-limiting binary reaction 

sequence that deposits films in discrete steps limited by surface site chemical reactions.
13–15

 It 

produces continuous pinhole-free films with atomically controlled thicknesses, high conformality, 

and atomically smooth surfaces. These are essential properties as design constraints push device 

technologies to ever smaller sizes.
16,17

 ALD-generated films on traditional microfabrication 

substrates have recently been applied to N/MEMS applications and will be reviewed in Chapter 

2.
18–24

 

Because ALD may be performed at low deposition temperatures and without high-energy 

ion bombardment, ALD on polymers avoids problems associated with other deposition 

techniques on polymers and thereby may enable a new generation of device fabrication. 

Inorganic ALD material generation on organic polymers has been found to be a reliable, 

scalable, and high-performing method utilizing aluminum oxide (Al2O3) as a model material.
25,26

 

Other materials are available in conformal ALD because Al2O3 is often used as a seed layer for 

the growth of metal, semiconducting and insulating layers including, but not limited to W, Ru, 

Pt, ZnO, TiO2 and SiO2.
14,15,27–30

 Polymers may also be used as insulating layers, adhesion 

layers, thermal barrier layers, encapsulating bio-compatible gels, moldable substrates, flexible or 
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stretchable substrates. ALD materials have uses as electrical, mechanical, or optical layers for 

patterned N/MEMS, and may offer many advantageous coatings for gas diffusion applications 

and micro-system packaging.
31–33

   

One example of the incorporation of ALD materials is in thermal sensing. Thinner active 

materials in thermal sensors such as microbolometers increase their sensitivity to absorbed 

infrared (IR) radiation and reduce power consumption of the pixel. By implementing ALD 

generated materials into existing pixel structures connected to CMOS circuitry an improved IR 

imaging device may be achieved. Performance metrics of these devices will be reviewed in 

Chapter 2. This is an exciting application of ALD for a high-performance imaging device and 

will be the focus of much of the work presented in this thesis. 

1.3 Research Objectives 

The primary focus of this research has been the development of a robust fabrication 

process involving ALD generated materials and to study several ALD material’s electro-thermal 

and mechanical characteristics for the future implementation in microbolometer devices. 

However, the fabrication method and materials are not limited to microbolometer applications 

and may provide substantial design utility for other ultra-thin nano-devices. The major objectives 

of the research effort summarized in this thesis include: 

1. Demonstration of a repeatable and extendable top-down fabrication method 

combining standard lithography and etching techniques with atomic layer deposition 

(ALD) generated ultra-thin films on polyimide substrates with three-dimensional 

features. The fabrication method is demonstrated in a variety of ALD materials 

including Al2O3, W and Ru with thicknesses on the order of 2 – 20 nm and in a 
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variety of two-dimensional patterns that include the first-ever two-story suspended 

ALD structures. 

2. Demonstration of mechanical control of the associated ALD materials. Three-

dimensional structural property control is achieved with three-dimensional molds that 

increased cantilever beam rigidity. Residual curl of cantilevers is observed in 

cantilevers of varied thicknesses and may be atomically tuned by ALD self-limiting 

reactions.  

3. Utilization of the fabrication method developed to fabricate sample sets for the 

measurement of electro-thermal properties of a variety of ALD nanolaminates 

involving single metal layers and periodic metal layers. Modeling and discussion of 

these electro-thermal properties to shed light on the significant differences many nano 

materials exhibit relative to bulk traits. Studied ALD materials and properties include: 

a. W, periodic W/Al2O3 and Ru resistivity (*m) 

b. W, periodic W/Al2O3 and Ru temperature coefficient of resistance (%/K) 

c. W/Al2O3, periodic W/Al2O3 and Ru/Al2O3 thermal conductivity (W/mK) 

d. W/Al2O3, periodic W/Al2O3 and Ru/Al2O3 specific heat capacity (J/gK) 

4. Demonstration of an absorption structure for a microbolometer infrared light sensing 

pixel fabricated and tuned for flatness using angstrom-scale thickness control enabled 

by ALD.  

5. Utilization of the measured material properties of ALD W/Al2O3 and ALD Ru/Al2O3 

to estimate the performance enhancement of a microbolometer pixel via incorporation 

of ALD materials in the support legs and absorption structure.  
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6. Discussion of microbolometer component optimization in the context of identified 

mechanical and electro-thermal trends associated with the studied ALD materials. 

1.4 Organization of Dissertation  

The general motivation and research objectives have been presented in Chapter 1. The 

remainder of the thesis will include information relevant to the work described in the previous 

section. The second chapter includes a focused literature review of ALD, ALD materials and 

ALD in industrial applications to date. This chapter will also cover the basics of IR sensing and 

performance metrics that describe microbolometer IR sensing pixels. The third chapter will 

present a comprehensive description of the developed nanofabrication process and its relevant 

applications. It will also describe the mechanical control of associated ultra-thin materials. The 

fourth chapter will describe the electro-thermal measurement methods used to study ALD 

materials. Chapter 5 will present results of the electro-thermal measurements. Chapter 6 will 

interpret these measurements with classical transport models and provide a discussion of the 

nanoscale trends associated with the studied ALD materials. The seventh chapter will 

demonstrate the application of the developed nanofabrication process utilizing ALD materials to 

a microbolometer device and discuss device performance in the context of the nanoscale electro-

thermal trends identified in Chapter 6. The finite mechanical tuning processes in regards to a 

microbolometer absorption structure are presented as well as estimations of performance 

increases via incorporation of ALD materials in the absorption structure. Finally, Chapter 8 will 

conclude and discuss future work surrounding this thesis. 

1.5 Summary of Resultant Publications and Patents 

Several first author publications and one US patent application have resulted from this 

work. The first publication surrounds the development of a nano-fabrication process utilizing 
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ALD generated materials on polyimide titled, “Ultra-thin 3-D nano-devices from atomic layer 

deposition on polyimide” and published in Advanced Materials.
34

 This nanofabrication work was 

highlighted in the submission of US Patent Application # 14/604,906, 2014 under the title, 

“Novel Methods of Preparing Nanodevices”.
35

 The second first author publication was a 

conference paper presented at the premier MEMS conference, Transducers 2015 in Anchorage, 

AK surrounding the measurement of specific heat capacity of ALD W/Al2O3 titled, “Specific 

heat capacity of ultra-thin atomic layer deposition nanobridges for microbolometers”.
36

 The third 

first author publication surrounded the measurement of thermal conductivity of ALD W/Al2O3 

and periodic W/Al2O3 structures titled, “Electrical and thermal conduction in ultra-thin 

freestanding atomic layer deposition W nanobridges” and published in Nanoscale.
37

 Other work 

presented in this thesis surrounding the measurement of ALD Ru structures is also expected to 

result in a publication. 
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Chapter 2 

 

 

Literature Review and State-of-the-Art 

 

The following chapter presents a detailed literature review on ALD technology and 

associated materials as well as the fundamentals of IR imaging sensing and system optimization. 

 

2.1 Atomic Layer Deposition 

 As stated previously in Chapter 1, ALD is an increasingly popular thin film deposition 

method. It uses a self-limiting binary reaction sequence that deposits films in discrete steps 

limited by surface site chemical reactions.
13–15

 Precursor “A” is flowed over a substrate and 

reacts with available surface sites forming dangling bonds for the subsequent precursor “B” to 

react with, forming a desired chemistry.  If each precursor is surface site limited, then each 

sequential reaction may proceed to build films one atomic layer at a time. Figure 2.1 

demonstrates this alternating precursor process and thickness gains per cycle for ALD Al2O3. By 

its nature, the gas phase surface site limited reactions enable films to be built with extremely 

high conformality and minimal pin-holes. 
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Figure 2.1: Demonstration of binary ALD Al2O3 reaction chemistry and growth rate.
13

 

The idea of ALD can be dated back to the early 1960s under the name “molecular 

layering” by Prof. S. I. Kol’tsov from Leningrad Technological Institute.
38

 Motivated by the 

desire to modify the surfaces of sorbents and catalysts, early Soviet Union scientists quantified 

the reaction between TiCl4 and Si-OH groups on silica gel by titration and calorimetry, which 

later led to the demonstration of the formation of TiO2 by sequential exposure of TiCl4 and 

water. In the early 1970s ALD was further developed into a film deposition technique by Dr. 

Tuomo Suntola and co-workers under the term atomic layer epitaxy (ALE). The inspiration for 

the development of reactors to carry out the deposition technology was the need for high quality 

thin films in electroluminescent (TFEL) flat panel displays. Early reactors moved the substrate 

between different reactant sources (spatial ALD). Soon after, viscous flow reactors were 

developed, which remain today as high performance reactors allowing the swapping of 

molecular precursors through sequential gas flowing and purging to form a number of different 

dielectric, semi-metal and metal films during batch substrate coatings. ALD is inherently  
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Figure 2.2: Demonstration of conformal ALD Al2O3 coating on high aspect ratio silicon 

trenches.
13

 

different and more controllable than a common thin film deposition system known as chemical 

vapor deposition (CVD). In CVD the substrate is exposed to both precursors simultaneously 

while in ALD each precursor is flowed over the substrate individually wherein surface limited 

reactions occur. 

Recently, thermal and plasma assisted ALD deposition systems have enabled the 

production of higher quality and larger variety of material films. Thermal ALD consists of 

heating a precursor source to a desired vapor temperature and flowing it into the reactor to 

achieve a specific reaction. Plasma or radical-enhanced ALD benefit single element depositions 

for many metals. Radicals such as hydrogen produced from a plasma source are used to provide 
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highly active molecules to reduce the metal or semi-metal precursors during half-reactions in the 

AB cycle. 

2.1.1 ALD Dielectrics 

ALD dielectric materials have important applications as electrical insulating layers, 

diffusion barriers, gap layers and protective coatings.
18,39,40

 A model material for ALD dielectrics 

is Al2O3, which in its most general deposition chemistry utilizes trimethylaluminum (TMA) and 

H2O, but may also utilize TMA and ozone. For the case of TMA and H2O the surface chemistry 

during deposition can be described as, 

(A) AlOH* + Al(CH3)3  AlOAl(CH3)2* + CH4                                                               (2.1) 

(B) AlCH3* + H2O  AlOH* + CH4                                                                                  (2.2) 

where the asterisks denote the surface species. By alternating precursor A (TMA) and precursor 

B (H2O) ALD growth occurs. The surface chemistry of Al2O3 has been studied by fourier 

transform infrared spectroscopy (FTIR) and results indicate clearly the loss of AlOH species and 

simultaneous gain of AlCH3 species during the TMA reaction. For the H2O reaction, FTIR 

indicates the loss of AlCH3 species and simultaneous gain of AlOH* species. By repeating these 

surface reactions Al2O3 growth continues linearly with the number of AB cycles as demonstrated 

in Figure 2.1. Typical growth rates are 1.1 – 1.3 Å/cycle. Various methods to verify these rates 

have been employed and include, spectroscopic ellipsometry, quartz crystal microbalance 

(QCM) and x-ray reflectivity (XRR) methods.
13,26

 Figure 2.2 demonstrates a conformal Al2O3 

coating on high aspect ratio silicon trenches. 
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2.1.2 ALD Metals  

Single element ALD metals offer many advantageous applications which require metallic 

properties such as light reflection/absorption, electron transport and heat dissipation, or as 

coatings for catalytic substrates and corrosive protection.
10,41,42

 Also, they are often exploited as 

seed layers for high aspect ratio electro-plating processes.
27

 Common ALD metals include Ru 

and Pt due to their high electrical conductivity, but W is also a common material and has recently 

been used in a high performance X-ray mirror and a free-standing mechanical structure due to its 

high atomic number and high strength.
10,22,27

 ALD W is based on the reduction of WF6 by Si2H6. 

The Si2H6 reaction occurs by a two-step process and the overall AB process may be described as, 

(A1)  WF4* + Si2H6  WSiH2F* + SiHF3 + 1.5H2,                                                            (2.3) 

(A2)  WSiH2F* + 0.5Si2H6  WSiHFSiH3* + 0.5H2,                                                        (2.4) 

(B) WSiHFSiH3* + 2WF6  WWWF4* + 2SiF4 + 1.5H2 + HF,                                        (2.5) 

where the asterisk denotes surface species.  In general, initial ALD cycles of W produce islands 

which eventually coalesce and recrystallize to minimize surface energy after 5 – 10 ALD cycles 

as demonstrated in Figure 2.3a. Once nucleated, deposition rates vary from ~ 3.8 – 4.0 Å/cycle. 

Often Al2O3 is used as a seed layer to promote the nucleation of the W. Al2O3 is also utilized as a 

capping layer to protect against W oxidization to WO3.
25

  

ALD Ru is also a common ALD metal which usually uses thermally assisted ALD to 

help activate a number of metal reducing precursors.
27

 For example, a commercial Beneq TFS 

200 reactor system may deposit Ru by using thermally activated Ru(EtCp)2 at 110 °C and O2 for 
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growth at ~ 0.4 Å/cycle. Similar to the W, a layer of Al2O3 may be deposited to promote 

nucleation of the Ru.  

ALD of Pt is a great example of an ALD chemistry which benefits from plasma assisted 

ALD. By utilizing (methylcyclopentadienyl)-trimethyl platinum (MeCpPtMe3) and O2 plasma as 

  

Figure 2.3: Nucleation of ALD W and ALD Pt. a) ALD W nucleates in ~ 5 – 10 ALD cycles (top 

right labels) through the formation of island clusters.
14

 b) ALD Pt nucleates in ~ 40 cycles 

through the formation of island clusters.
15

 

the reactants, ALD Pt was able to nucleate on ALD Al2O3 in ~ 40 cycles.
15

 Figure 2.3b 

demonstrates the nucleation process of Pt on ALD Al2O3, which when compared to W, is much 

longer. The W nucleation phase may be faster due to a higher chemical interaction with the 

Al2O3 substrate and Si2H6 reactant, whereas Pt growth contains a less efficient interaction 

between MeCpPtMe3 and surface hydroxyl groups.
14,15

 In general, plasma assisted ALD Pt 

promotes more rapid nucleation of Pt when compared with thermal ALD Pt by providing a more 
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active form of O2 during reactions. Plasma assisted Pt deposition may also utilize a H2 plasma 

source.
15

 

2.1.3 ALD on Polymers 

ALD on polymers has a plethora of applications in flexible coatings, gas diffusion 

barriers and robust fabrication processes.
8,32–34

 Specifically, roll-to-roll applications could offer  

 

Figure 2.4: Qualitative model of ALD film growth on polymer network.
26

 

extreme utility in the printed electronics industry.
43

 Given polymer surfaces are often absent of 

functionalized chemical groups, ALD on polymers was initially foreseen as extremely difficult. 

However, the nucleation of ALD Al2O3 and other metal-oxides on polymers is routinely 

accomplished and do not require specific chemical groups on the polymer surface. This process 

may be best described as a quasi-CVD process wherein the precursors penetrate the polymer 

network and mix together. The reaction may be carried out in the following steps: reactant 

diffusion, reactant retainment, ALD chemistry cluster formation and ALD cluster coalescence to 

form a continuous ALD film.
25,26

 Figure 2.4 demonstrates a model for Al2O3 ALD growth on a 
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non-functionalized surface polymer network. For functionalized polymer surfaces, ALD 

nucleation is routine. Nucleation of ALD Al2O3 and other materials has been demonstrated on a 

host of relevant polymer surfaces including, but not limited to, polyimide, polymethyldisiloxane, 

polystyrene (PS), polypropylene (PP), poly(methylmethacrylate) (PMMA), polyethylene (PE), or 

poly(vinyl chloride) (PVC); polyesters such as polycaprolactone; proteins, polysaccharides and 

other biopolymers.
25,26,34

 Recently, polyimide has been used to enable a robust fabrication 

process for ALD enabled NEMS devices and will be described in section 3.1.
34

 

2.1.4 ALD in Industrial Applications 

After the invention of ALD, its only publically acknowledged commercial application 

would be TFELs for the next 20 years. TFELS are used in many transparent display systems 

such as heads-up car displays.
44

 These devices consist of thin film laminates of insulator-

luminescent-insulator, which must withstand high electric fields to provide luminescence. ALD 

offered low pin-hole films such as ZnS:MN for the luminescent layers and Al2O3 or AlxTiyO for 

the insulators.
44

 Following TFELs in the 1990s silicon-based microelectronics demanded higher 

quality and highly controlled thin films as Moore’s law was identified and design rules continued 

to shrink every 18 months. The potential for scaling thin films with ultra-high conformality was 

an incredible utility. Other thin film deposition systems would fail at producing conformal pin-

hole free films at extremely thin thicknesses. This was detrimental for metal-oxide field effect 

transistors as low quality films would produce leakage currents through gate dielectrics and 

transistors would begin to waste enormous amounts of power as they continued to shrink.
2,45,46

 

ALD offered high dielectric constant materials at extremely thin thicknesses to combat this 

leakage current with shrinking dimensions.
44,46,47

 Other ALD enabled microelectronics include 

dynamic random access memory devices (DRAMS). These devices improve with increased 
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capacitance, which may be achieved by a decrease in dielectric thickness, increase in dielectric 

constant and increase in active capacitive surface area by the introduction of 3-dimensional 

shapes. ALD offered outright improvement in all the performance considerations previously 

listed – extremely thin dielectric materials such as Al2O3, TiO2, ZrO2 and HfO2 with high 

dielectric constants and extreme conformality for complex capacitor arrangements.
48

 Soon, ALD 

began permeating complementary markets, which also benefited from extremely high quality 

thin films. 

 

Figure 2.5: Cross-sectional TEM image of a superlattice of ALD W and Al2O3 for X-ray 

reflectors.
10

 W is the dark portion and Al2O3 the light portion.  

Other applications of ALD generated films include gas diffusion barriers, wear protective 

coatings, optical coatings, or as active suspended structures.
10,18,19,21–24,34,41,42,44,49–58

 ALD gas 

diffusion applications actually date back to the original TFEL displays where protective ALD 

layers would prevent outdiffusion from soda lime glass. Other pertinent gas diffusion barrier 

applications are for organic light-emitting diode (OLED) devices, that may lead to highly 

efficient displays fabricated on flexible polymeric substrates for little cost.
8,32,33

 These devices 

require extremely low diffusion rates for O2 and H2O, which can destroy the devices. Single 
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layers of Al2O3 may achieve extremely low H2O transmission rates of ~1 x 10
-3

 g/m
2
/day.

33
 

Further, applying multilayer laminates of Al2O3 and SiO2 may lower the H2O transmission rate 

to as low as 1 x 10
-5

 g/m
2
/day by filling in possible pin-holes from underlying layers.

32
 

Multilayer laminates may also be used to achieve supreme optical properties. Figure 2.5 

demonstrates a nanolaminate of W/Al2O3 that achieved an ultra-high X-ray reflectivity of 96.5% 

at a 0.154 nm wavelength for applications in X-ray mirrors. This is attributed to the extreme 

smoothness of the ALD films, 

 

Figure 2.6: Underside ALD Al2O3 coating of silicon based micro-cantilever.
18

 

which are precisely fabricated as Bragg reflector. High performance X-ray diffraction lenses are 

also possible by ALD’s precise thickness control, smoothness and multi-layer capability.
41

 

2.1.5 ALD in N/MEMS 

ALD also provides many benefits for active N/MEMS devices as both protective coatings 

and as active material layers in suspended structures. One common application of ALD Al2O3 is 

for an anti-wear, anti-stiction and anti-shorting coating for suspended MEMS structures.
18

 Since 



19 

 

ALD is completely conformal, it ensures film coverage on all sides of a released MEMS device 

assuming the gas diffusion during the deposition cycling allows the precursor agents to reach 

complex surfaces. This allows the coating of the underside of suspended structures. Figure 2.6 

demonstrates a protective Al2O3 coating on a released polysilicon MEMS structure. It may also 

be used to increase the stiffness of suspended devices increasing pull-down voltages.
18

  

Recently, suspended ALD films have been utilized as structural materials in resonators, 

mechanical switches and microbolometer elements.
21,22,24,56

 The structural properties of ALD 

Al2O3 have been studied to enhance design utility for ALD films in N/MEMS. Figure 2.7 

 

Figure 2.7: Micro-fabricated ALD Al2O3 pointer structure for stress measurement.
55

 

demonstrates a micro pointer structure utilized to investigate stresses in 50 nm Al2O3 layers. The 

Young’s modulus and residual tensile stress for Al2O3 on silicon substrate has been recorded as 

168 – 182 GPa and 383 – 474 MPa, respectively.
20

 Figure 2.8a demonstrates a capacitive ALD 

W CMOS compatible switch. This work demonstrated ALD W as a capable structural material 

for use in the field of NEMS.
22

 Often a thin layer of ALD Al2O3 is utilized to achieve faster 
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nucleation of a single element metal layer. This technique has also been used in the construction 

of free-standing ALD Pt serpentine resistors for applications in IR sensing (Figure 2.8b).
24,42

 

Utilizing ultra-thin materials allows for a higher sensitivity to IR radiation. Since ALD in 

N/MEMS is an infant field, many applications of ALD may still be trade secret. However, there 

is little doubt that within the next 20 years, active ALD films will permeate N/MEMS to further 

improve micro and nano-devices alike. 

 

 

Figure 2.8: Suspended ALD devices. a) Micro-fabricated ALD W capacitive switch.
22

 b) Micro-

fabrication ALD Pt serpentine microbolometer.
24

 

 

2.2 IR Sensing 

Imaging beyond the visible light spectrum into the infrared (IR) allows for a host of 

multi-spectral imaging applications in fields including, but not limited to industrial, military, and 

commercial. Specifically, monitoring of facilities and machinery, aerial surveillance, night 

vision, automotive collision avoidance, weapon detection and non-invasive medical imaging are 

important applications driving the improvement of many IR imaging devices. Figure 2.9a 
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demonstrates the large portion of IR light outside the visible spectrum including near, mid and 

long-wave IR (LWIR) regions and Figure 2.9b shows characteristic IR images. There is no color 

because the wavelengths in question are not from the visible spectrum in which the human eye 

operates. The image is a mapping of relative temperature differences within the field of view of 

the imaging device. 

 

Figure 2.9: IR spectrum relative to total spectrum (a) and characteristic IR image (b).  

 

2.2.1 Theory of Detection 

 All objects emit radiation that depends on their temperature and how closely they 

resemble a blackbody; an idealized physical object that absorbs all incident electromagnetic 

radiation. The degree to which blackbodies emit radiation is governed by what is known as 

Planck’s law. This law dictates the spectrum of emitted radiation relative to the blackbody’s 

absolute temperature. The spectral radiance is given as, 

                                        𝑃𝑙𝑎𝑛𝑐𝑘(𝑇, 𝜆) =
2𝜋∙𝑐2∙ℎ

𝜆5∙(𝑒𝑥𝑝(
ℎ𝑐

𝑘𝑇𝜆
)−1)

𝑊𝑎𝑡𝑡𝑠

𝑐𝑚2∙𝑠𝑡𝑒𝑟𝑎𝑑𝑖𝑎𝑛∙𝜇𝑚
,                               (2.6) 
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where  is the wavelength of light. Blackbodies at various temperatures will have different 

spectral curves as demonstrated in Figure 2.10a. For example, the spectrum for a body at 300K is 

demonstrated in Figure 2.10b that peaks in radiance at ~ 10 m.  

In an idealized vacuum, all wavelengths would be transmitted at 100% over infinite 

distance, however this is not the case when trying to image within earth’s atmosphere. Various 

wavelengths encounter strong attenuation by the atmosphere and thus may not be easily sensed. 

Figure 2.10c demonstrates the transmission of spectra in the near, mid and LWIR. Because of 

this atmospheric attenuation, sensors are designed to detect specific wavebands, or even multiple 

wavebands.
59

 

Humans may be considered blackbodies at 300K and thus, many sensors are designed for 

imaging in the LWIR corresponding to a peak wavelength of ~ 10 m. These sensors are able to 

detect differential spectral radiance between bodies at different temperatures, i.e. humans and 

their background environment. Differential Planck blackbody radiation is the derivative of 

Planck radiation with respect to temperature and is given as, 

                   𝐷𝑃𝑙𝑎𝑛𝑐𝑘(𝑇, 𝜆) =
2𝜋∙𝑐2∙ℎ∙𝑒𝑥𝑝(

ℎ𝑐

𝑘𝑇𝜆
)

𝑘∙𝑇2∙𝜆6∙(𝑒𝑥𝑝(
ℎ𝑐

𝑘𝑇𝜆
)−1)

2

𝑊𝑎𝑡𝑡𝑠

𝑐𝑚2∙𝑠𝑡𝑒𝑟𝑎𝑑𝑖𝑎𝑛∙𝜇𝑚∙𝐾
.                          (2.7) 

This definition is more descriptive of the instantaneous power radiated from a blackbody 

between small variations in temperature. 

2.2.2 IR Sensors 

At present, IR imagers encompass two categories of operation, photoconductive and 

thermal. Photoconductive detectors, such as Quantum Well Infrared Photodetectors (QWIPS) or 

photodiode devices, are considered single stage transducers. They operate on the immediate 



23 

 

electrical detection of individual photon interactions with a material lattice.
59

 Two stage 

transducers operate on the conversion of IR radiation to detectable heat.
60–63

 Such devices 

include microbolometers, micromechanical sensors, pyroelectrics, thermopiles and Golay 

cells.
60,64

 Modern IR sensing devices must be easily fabricated, large format compatible, low in 

power consumption, light-weight, easily integrated with 

 

Figure 2.10: Blackbody spectral radiance curves and atmospheric IR transmission. a) Full 

spectrum of blackbody radiation at relative temperatures. b) Spectral radiance of blackbody at 

300K with peak wavelength of ~ 10m. c) Atmospheric IR transmission of near, mid and LWIR 

bands.  

existing CMOS circuitry elements, highly sensitive, fast in response and low in noise. QWIPS 

and high performance photo-diode devices often require sufficient cooling for operation, making 

them bulky and cost ineffective. Pyroelectric, micromechanical sensors, thermopile and Golay 

cells struggle to compete with existing uncooled microbolometer’s high performance and simple 
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operation for standard imaging applications. Thus, the uncooled microbolometer has emerged as 

the market leading IR imaging device. 

2.2.3 The Microbolometer  

The microbolometer is a temperature sensitive electrical resistor that absorbs IR radiation 

(thermal energy) and heats up, producing a measurable change in resistance (Figure 2.11). In 

general, the microbolometer may be broken into four elements: an IR absorber, a temperature  

 

Figure 2.11: Microbolomer pixel with underlying support legs and transducing element with an 

absorption structure. 

sensitive transducer, thermally isolating mechanical support legs and CMOS pixel readout 

circuitry. The transducing material often consists of vanadium oxide (VOx), amorphous silicon 

(-Si) or silicon diodes.
65

 These elements are designed to produce a large change in resistance 

when heated, often on the order of 2 – 4 %/K. This resistance change is detected by a constant or 

pulsed bias voltage.
60

 The IR absorber is typically a thin metal film with a sheet resistance 

(resistivity  film thickness) designed to absorb a specific IR band, often for imaging in the 

LWIR of 8 – 14 μm wavelengths.
23,62,63,66

 The thermally isolating mechanical support legs 

provide suspension for the free-standing transducing and absorbing elements and thermal 

isolation from the underlying substrate. Though bolometers are not required to be suspended 
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devices, their performance is increased by thermal isolation from the substrate. They also 

provide an electrical connection between the transducer and readout integrated circuitry (ROIC). 

Support legs are designed to have minimal thermal conductance to the substrate in order to 

maximize the signal produced in the transducing element caused by absorbed IR radiation. Often 

an underlying IR reflector is included to maximize IR absorption through the creation of an 

optical absorption cavity between the reflector and absorber.
62

 For example, thin metal films are 

generally limited to no more than ~ 50% absorption in the LWIR by the Woltersdorff thickness 

relation, but with the addition of a reflector, absorption coefficients may reach higher than 

90%.
62,67,68

 

2.2.4 Microbolometer Performance Figures of Merit 

Microbolometers are measured mainly by two figures of merit (FOM); noise equivalent 

temperature difference (NETD) and the thermal time constant (th). The noise equivalent 

temperature difference is the minimum resolvable temperature difference between two side-by-

side blackbodies that produces a signal-to-noise ratio of unity in the ROIC. Standard values for 

high-performance devices are ~ 50 mK. The NETD follows the relation: 

                                          𝑁𝐸𝑇𝐷 =  
𝑁𝑜𝑖𝑠𝑒

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒
=

𝑁𝑜𝑖𝑠𝑒∙𝐺𝑡ℎ

𝑇𝐶𝑅∙(𝛽∙𝜀∙𝐴)∙𝑉𝑏
 ,                                        (2.8) 

where Noise consists of the total noise of the bolometer including noise from Johnson heating, 

temperature fluctuation, inherent 1/f noise and ROIC noise, Gth is the thermal conductance, TCR 

is the temperature coefficient of resistance,  is the fill factor of the absorber,   is the emissivity 

or absorption coefficient of the bolometer, A is the area of the pixel and Vb is the bias voltage. 

NETD is a metric where less is better and may be minimized by several approaches. One 

approach is to optimize the ROIC through reducing its noise as well as the overall applied 
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voltage, which in turn may affect Johnson noise. However, on a more fundamental level of pixel 

performance, thermal conductance should be minimized, while TCR, absorption and fill factor 

maximized. By optimizing the latter properties, the largest response to absorbed infrared 

radiation may be achieved. The area of the pixel is pushed smaller and smaller by the demand for 

higher resolution sensors with more pixels at smaller overall sensor sizes and should not be 

considered a free parameter in the overall design of the pixel.
69

  

The second FOM, the thermal time constant, is a measure of response time for the 

absorbed infrared imaging and follows the relation: 

                                                                        𝜏𝑡ℎ =
𝐶𝑡ℎ

𝐺𝑡ℎ
,                                                         (2.9) 

where Cth is the heat capacity of the bolometer. NETD and th are trade-offs since they have a 

reciprocal relation with thermal conductance. One may design a high-speed imaging bolometer 

(low th) with a large NETD or a low-speed imaging bolometer (high th) with a small NETD 

simply by varying the thermal conductance of the pixel. This trade-off effect is often governed 

by support leg design, i.e. increasing the length, or decreasing width or thickness to decrease Gth, 

lowering the NETD, but increasing . 

Recent work has pushed for a new figure of merit, the product of NETD and th: 

                                                   𝑁𝐸𝑇𝐷 ∙ 𝜏𝑡ℎ =
𝑁𝑜𝑖𝑠𝑒∙𝐺𝑡ℎ∙𝐶𝑡ℎ

𝑇𝐶𝑅∙(𝛽∙𝜀∙𝐴)∙𝑉𝑏∙𝐺𝑡ℎ
 .

70
                                 (2.10) 

This FOM is a much better description of the geometry independent performance of a bolometer 

pixel since Gth is mostly a function of cross-sectional area and length of the support legs. In the 

case of equation 2.10, the product of NETD and th, heat capacity becomes the fundamental 
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performance metric, assuming TCR and absorption are maximized. By reducing the heat 

capacity of the bolometer the frontier of bolometer performance is improved. Figure 2.12 

demonstrates NETD versus th with absolute values removed. For the “improved” curve, heat 

capacity was removed, shifting the curve, or “frontier” of performance. After removing heat 

capacity, thermal conductance may be tuned to reduce NETD or th respectively. In general, for 

30 Hz imaging devices th’s are on the order of 5 – 15 ms, or a third of the frame rate (upper 

bound for standard imaging devics).
60

 Thus, an optimization process may proceed as follows:  

1. Reduce heat capacity, lowering the thermal time constnt (shift from blue to red curve 

Figure 2.12) 

2. Redesign pixel’s support leg structure to reduce the thermal conductance, raising the 

thermal time constant towards the upperbound, reducing NETD (movement along blue or 

red curve Figure 2.12).  

Removing heat capacity negates the trade-off effect in bolometer performance and pushes the 

frontier of device performance. Further discussion of optimizaiton will be presented in Chapter 

7. 
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Figure 2.12: Microbolometer performance curves of NETD vs. th. Removing heat capacity shifts 

the curve or “frontier” of performance (improved red line). 

 

2.2.5 State-of-the-Art DRS Microbolometer 

Figure 2.13 demonstrates a DRS two-layer uncooled bolometer structure consisting of an 

umbrella absorber structure connected to an underlying VOx transducer and support leg elements 

for imaging in the LWIR. The absorber consists of a thin metal absorber with an optimized sheet 

resistance and protective dielectric layers. DRS uses a two-level structure to optimize fill factor 

to absorb the maximum amount of incident IR radiation. Placing the absorption structure above 

the support level frees up lateral real-estate for more aggressive support leg designs as seen in the 

right of Figure 2.13.  This is an especially important design utility as pixel areas will continue to 

decrease with the demand for higher resolution, smaller and lower power consumption sensors, 

which result in smaller and more light-weight optical housing units for the camera.
69,70

 The 

umbrella structure forms an optical cavity with an underlying metal reflector to maximize 

absorption in the structure.
70

 Further, DRS has optimized this structure to improve bolometer 
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performance by removing lateral material in the umbrella to reduce the overall heat capacity 

(right of Figure 2.13). In doing so, the umbrella maintains > 90% IR absorption in the LWIR by 

maintaining an optimal sheet resistance in the metal absorber.
66

 This technique capitalizes on the 

interaction of electromagnetic waves with solid matter. Since the LWIR wavelengths are ~ 8 – 

14 μm, sub 5 μm recesses or channels in the absorption structure appear absent to the absorbed 

IR radiation. Further improvements to the umbrella structure and support legs could result in an 

even higher performance DRS microbolometer pixel. For the purpose of this dissertation the 

discussion of pixel improvements will be limited to the umbrella and support leg structures and 

will be discussed in Chapter 7. 

 

Figure 2.13: DRS-style two level microbolometer. Flat umbrella structure (left) and flat “holed” 

umbrella structure with reduced heat capacity (right). 
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Chapter 3 

 

 

Atomic Layer Deposition for Nano-devices 

 

The following chapter describes work published in Advanced Materials titled, “Ultra-thin 

3D Nano-Devices from Atomic Layer Deposition on Polyimide,” and work included in US 

patent application # 14 604 906, 2014 titled, “Novel Methods of Preparing Nanodevices”.
34

  

 

3.1 Ultra-thin 3-D Nano-devices from Atomic Layer Deposition on Polyimide 

Efforts to improve upon current N/MEMS with continually shrinking dimensions and 

increased performance require new processing and fabrication techniques. Recently, bottom-up 

and top-down fabrication methods have shown unique advancements in applications of 

nanoscale polymeric structures in hierarchical arrangements.
71

 However, fabrication methods, 

which incorporate both inorganic and organic materials, will offer a more versatile platform for 

N/MEMS fabrication and nanotechnology advancement. This section of the thesis demonstrates 

a repeatable and extendable top-down fabrication method combining standard lithography and 

etching techniques with ALD generated ultra-thin films on polyimide substrates with three-

dimensional features. This fabrication method was demonstrated in a variety of active ALD 
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materials including Al2O3, W and Ru with thicknesses on the order of 10 nm and in a variety of 

two-dimensional patterns that included two-story suspended structures.  

3.1.1 Fabrication Process 

Figure 3.1 demonstrates the ALD on polyimide fabrication process. An initial electrical 

layer may be deposited on a bare Si wafer by evaporation of aluminum and lift-off patterning. 

Next, a polyimide layer is processed. An adhesion promotion chemical, VM-651 is applied to the 

fabrication substrate and polyimide is spun onto the adhesion layer.  The resultant structure is 

then cured at elevated temperatures.  Thicknesses of the polyimide layer using this process are  

2.5 μm – 4.5 μm.  Vias and trenches are both etched utilizing a thermally evaporated aluminum 

mask (Figure 3.1b), which is patterned using negative photoresist and lift-off processing.  The 

polyimide etch is done using anisotropic reactive ion etching (RIE) with O2 plasma. The 

aluminum mask is removed in aluminum etchant. Next, ALD deposition occurs on the polyimide 

layer. Al2O3/W/Al2O3 ALD is performed at 130 °C in a custom reactor.
14,26

 Al2O3/Ru/Al2O3 

ALD is performed in a Beneq TFS 200 commercial reactor at 300 °C.
27

 The Al2O3 uses 

trimethylaluminum (TMA) and H2O as gas precursors for growth at ~0.13 nm/cycle. The W uses 

Si2H6 and WF6 as gas precursors for growth at ~0.384 nm/cycle. Ru uses thermally activated 

Ru(EtCp)2 and O2 at 110 °C as gas precursors for growth at ~0.04 nm/cycle. The nucleation of 

Al2O3 forms an initial interfacial layer different from bare Si/SiO2 substrates possibly due to 

limited ALD precursor infiltration of the polyimide. In general, this slightly lengthens the 

nucleation period and results in a skin layer of polyimide/Al2O3 which remains unstudied. This  
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: Fabrication processing overview. a) Fabrication process steps 1–10 with descriptions. Figure 3.1

The process may be extended to multiple levels by repeating steps 3–9 before finishing with 

release step 10. b) Etched polyimide mold of vias and trenches with aluminum mask. The via is 

nominally 3 μm deep and open to the underlying metal layer and connected to a 1.5 μm deep 

trench pattern. c) Partially released structures consisting of 2.2 nm Al2O3/18 nm W/2.2 nm 

Al2O3. The ALD layers coat the via and trench mold from (b). d) Magnified view of a portion of 

the structures in (c). e) TEM cross-sectional image of an Al2O3/W/Al2O3coating on polyimide 

with similar thicknesses to (c) and (d). All images in (b-d) were taken with an SEM at a 75° 

stage tilt angle. 

 

skin layer may be discernable in TEM images, but further investigation is required. Growth after 

nucleation remains highly linear.
26

 Next processing of the ALD films is required. The ALD 

lithography is accomplished using a positive photo-resist.  Each ALD film is etched by 

anisotropic RIE using fluorine-based chemistry.  The photoresist is removed in an acetone bath. 

Next a gentle release process is required to protect the ALD films from damage. The ALD films 

are released by removing the polyimide by an isotropic oxygen plasma at 150 W and ~10 Torr in 

a microdevice asher. Figure 3.1c and Figure 3.1d demonstrate a partially released ALD structure 

with trench insets and anchors. 
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3.1.2 Nano-devices from ALD on Polyimide 

By utilizing standard lithography methods in this process, batch fabrication of any pattern 

that can be achieved with micro or nanolithography is possible. A variety of patterns with 

suspended ALD laminates with W and Ru surrounded by Al2O3 may be seen in Figure 3.2. 

Figure 3.2b demonstrates an array of Al2O3/W/Al2O3 structures curled upwards, potentially 

useful for engineered 3-D metamaterials.
10,72,73

 Figure 3.2c and Figure 3.2e demonstrate flower 

petal patterns for potential applications such as nano-trapping systems for single cell biological 

testing platforms.
74,75

 Flat structures are also achievable through stress balancing or additional 

mechanical reinforcement (Figure 3.2d and Figure 3.2f). Achieving mechanically robust and flat 

structures will be discussed in the following sections. 

3.2 Nano-device Mechanical Reinforcement and Stress Profile Tuning 

N/MEMS devices continually face mechanical issues surrounding residual stress effects 

from both intrinsic film stress and fabrication conditions. To suspend flat or specifically curled 

structures, control over the mechanical properties of these active thin films is vital. This is 

particularly important for application to microbolometer structures which require a flat 

absorption structure and a stiff supporting structure. 

3.2.1 Enhanced Stiffness via Trench Structures 

Motivated by prior work with polysilicon ALD coated trench molds, control of 

mechanical properties by incorporating a three-dimensional mold in the sacrificial polyimide 

layer was demonstrated.
23,24

 Figure 3.3 demonstrates the effect of a trench in structural 

reinforcement of fixed-free cantilevers. Without the trench (Figure 3.3a), the large bi-axial stress 

curls the cantilevers. With the addition of the trench in the cross section (Figure 3.3b), the device 
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stiffness was substantially increased. For a flat beam with thickness t, width b, and effective 

Young’s modulus Eeff, the flexural rigidity EI about the x–axis is given as,
76

 

                                                                      𝐸𝐼𝑓𝑙𝑎𝑡 = 𝐸𝑒𝑓𝑓𝑏𝑡3/12.                                          (3.1) 

 

 
: SEM images of a variety of fully released microstructures fabricated using the Figure 3.2

process from Figure 3.1a. a) Two-story suspended fixed-fixed cantilever structures comprised of 

5.5 nm Al2O3/2.5 nm Ru/5.5 nm Al2O3 fabricated from the extended process outlined in Figure 

3.1a. The second level vias are etched to the underlying first level patterned nanostructures and 

the deposition and patterning repeated. b) Array of meta-material-like structures comprised of 

5.5 nm Al2O3/18 nm W/5.5 nm Al2O3. c) Curled structures comprised of 5.5 nm Al2O3/5 nm 

Ru/7.7 nm Al2O3. d) Microbolometer-like structure with trench, comprised of 5.5 nm Al2O3/5 

nm Ru/7.7 nm Al2O3. e) Curled structure comprised of 5.5 nm Al2O3/5 nm Ru/7.7 nm Al2O3. f) 

Micromechanical paddle structure comprised of 2.2 nm Al2O3/18 nm W/2.2 nm Al2O3. Images 

(a) and (d) were taken at a 60° stage tilt angle and (b),(d),(e) and (f) at a 45° stage tilt angle.   
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: SEM images of freestanding structures that demonstrate the use of patterned trenches Figure 3.3

for structural control. a) Fixed-free cantilever comprised of 2.2 nm Al2O3/18 nm W/2.2 nm 

Al2O3. b) Fixed-free cantilever with same dimensions as (a), but with trench included to maintain 

mechanical flatness. c) Example of beam cross-sections for flat and trench structures. d) 

Example of alternative trench layouts for targeted stress relief control in (e) and (f). e) Helical 

structure comprised of 5.5 nm Al2O3/5 nm Ru/7.7 nm Al2O3 based off the design from (d). f) 

Helical structure with missing trench, demonstrating flattening control of cantilever structure 

where inset is missing. All images were taken at 45° stage tilt angle. 

 

 

For a channel section with depth z and width d (Figure 3.3c), the y–axis centroid coordinate Cy, 

channel area A, and flexural rigidity about the x–axis of the full trench structure from the bottom 

of Figure 3.3c EItrench, are given as,
76

 

                                                          𝐶𝑦 =
 2𝑧2𝑡+(𝑑−2𝑡)𝑡2

2𝑧𝑑−2(𝑑−2𝑡)(𝑧−𝑡)
 ,                                                     (3.2) 

                                                           𝐴 = 2𝑡𝑧 + (𝑑 − 2𝑡)𝑡,                                                     (3.3) 



36 

 

                   𝐸𝐼𝑡𝑟𝑒𝑛𝑐ℎ = 𝐸𝑒𝑓𝑓 [
1

12
(𝑏 − (𝑑 − 2𝑡))𝑡3 +

1

3
((𝑑 − 2𝑡)𝑡3 + 2𝑡𝑧3) − 𝐴𝐶𝑦

2].               (3.4) 

The first term in the brackets of EItrench accounts for the moment of inertia of the flat overhang 

sections of the trench and the rest for the moment of inertia for the trench. For example, the 

flexural rigidity of the trench inset beam from Figure 3.3b for a stress free structure with d = 

~1.5 μm and  z = ~1.6 μm, is ~10
4
 times larger than the flat beam in Figure 3.3a with the same 

width, thickness and effective Young’s modulus. This trench method may be used to ensure 

mechanical flatness when other optical, thermal or electrical performance constraints require film 

thicknesses or material combinations that would produce curled release structures without the 

trench.  Additionally, the trench process may be used to induce targeted physical shapes such as 

three-dimensional helices as depicted in Figure 3.3e. Trench insets placed in angled increments 

along the cantilever structures (Figure 3.3d) forced the structure to spiral upon release (Figure 

3.3e and Figure 3.3f).  

3.2.2 Stress Gradient Tuning via ALD Thickness Variation in Al2O3/Ru/Al2O3 

 Figure 3.4a shows the suspension of laminate fixed-free cantilevers of varying length. 

Four chips underwent identical ALD growth and processing conditions, but with varied Ru 

thicknesses from ~ 1.5 nm – 5 nm and outer Al2O3 layers with constant 5.5 nm thicknesses. To 

reduce anchor influence, the fabrication process from Figure 3.1a was abbreviated by excluding 

vias and trenches to release ALD structures anchored directly to polyimide. Cantilever curl 

magnitudes from suspended arrays on each chip were measured and Figure 3.4b shows the 

relation between curl and Ru thickness. With atomically controlled ALD material thicknesses, a 

desired curl level, i.e. high curl for a self-assembled structure, or no curl for a traditionally flat 

MEMS device structure, may be obtained by atomically tuning material thicknesses.  
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Only recently have ALD material mechanics with thicknesses on the order of 50 – 100 

nm been investigated for single materials, leaving models for laminate structures at < 5 nm 

thicknesses absent in the literature.
20

 Intrinsic stresses such as Volmer-Weber grain growth  

 

: Processing control of curvature. a) Example of suspended Al2O3/Ru/ Al2O3 fixed-free Figure 3.4

cantilever arrays for curl measurements. Inset shows magnified view of curled structures 

anchored to polyimide. Both SEM images were taken at 60° stage tilt angle. b) Cantilever 

curvature relates to thickness measured from samples depicted in (a).  

 

 

stress, surface interface stress and grain boundary stress are present in these ALD laminates, 

which are a combination of amorphous and nano-crystalline structures.
77

 To best fit the data in 

Figure 3.4b, the stress-based curvature for a trimorph cantilever with identical top and bottom 

material layers was derived.
78

 For this trimorph special case, the curvature is given as the 

following: 

                                                 𝜅 =
6𝑡3(𝑡2+𝑡3)∆𝜎1−3

𝐸2
2𝑡2

3+2𝐸3𝑡3(3𝑡2
2+6𝑡2𝑡3+(3+𝐸3)𝑡3

2)
 .                                   (3.5) 

Here, subscripts denote the layer number of the tri-layer stack counting up from the bottom layer 

and 1-3 denotes the stress difference between layer 1 and 3. The fitted value for 1-3 is several 

orders of magnitude larger than expected for standard thin film laminates when fitted with 
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known material thicknesses and material elastic moduli as free parameters capped at bulk values. 

Because this model lacks detailed consideration of surface stresses associated with nucleation 

phases of each ALD layer, surface roughness and actual Young’s moduli of these ALD films it is 

not a complete description of the curled cantilever structures described here. Further 

investigation of ultra-thin film laminate stress specific to ALD generated materials including 

effects of growth temperature and precursor dosages, is needed for more detailed modeling. For 

the purpose of this thesis, discussion of the mechanical modeling of such stresses will be 

excluded, however, the engineering utility of thickness dependent stress tuning will be discussed 

later in the fabrication of micro-bolometer elements. 

3.3 Experimental Information Surrounding ALD Nanofabrication Method 

Curl measurement: Curl was measured with a Zygo white light interferometer by 

scanning arrays of released cantilevers with a 50 mm working distance objective. Each 

cantilever’s length and deflection was measured with the interferometer’s built-in software. 

Assuming l << κ
-1

,
79

 curl was calculated from the following:  

                                                          𝜅 = 2𝑧/𝑙2,                                                            (3.6) 

where z is the vertical deflection and l the length of the cantilever. Statistical and measurement 

uncertainties were combined and reported with 95% confidence in the intervals shown in Figure 

3.4b. 

 ALD thickness measurement: The deposited ALD film thicknesses were measured from 

dummy wafers inserted in the reaction chambers during ALD, by use of X-ray reflectometry 

(XRR) on a Bede D1 X-ray diffractometer (Bede Scientific Ltd.). The X-ray wavelength for 
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measurements was 1.54 Å, corresponding to the Ka transition in the Cu x-ray tube. The Bede 

REFS software was used to fit the XRR data and extract the error in thickness. 
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Chapter 4 

 

 

 Electrical and Thermal Property Measurement of ALD Nanolaminates  

 

 Work presented in this chapter surrounds the experimental methods of publications titled 

“Electrical and thermal conduction in ultra-thin freestanding atomic layer deposition W 

nanobridges” published in Nanoscale and “Specific heat capacity of ultra-thin atomic layer 

deposition nanobridges for microbolometers” published in the proceedings of Transducers 

2015.
36,37

  

Exciting research with 2D nanomaterials such as graphene and carbon nanotubes and 

ultra-scaled structures such as nanowires and quantum dots is highly relevant to the future of 

nano-electronics and nano-engineering.
80–86

 However, there remains little characterization of 

ultra-thin metal/metal oxide thin film laminates, which are more easily implemented as electrical 

or thermal interconnects into current micro-fabrication techniques. Past micro-fabrication 

methods have made suspension of thin films on the order of 10’s of nm’s challenging. Since 

many thermal measurements require suspended structures to minimize thermal loss to underlying 

substrates there has been little characterization of ultra-thin films’ thermal properties for use in 

nanodevices.
3,42,87

 However, with the process described in section 3.1, suspended structures with 
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sub 20 nm thicknesses are easily fabricated.
34

 This process is highly beneficial to the future 

characterization of many ultra-thin suspended films. Studies of these films often illuminate 

drastic physical property differences in the films from bulk. For example, electrical properties 

may vary substantially at the nanoscale due to an increased amount of electron scattering at film 

boundaries, grain boundaries and impurities or defects.
88

 The knowledge of these differences will 

no doubt benefit the design and modeling of future nano-devices including, but not limited to 

microbolometer devices. 

This portion of the thesis describes the measurement of the electrical resistivity, 

temperature coefficient of resistance, thermal conductivity and specific heat capacity of 

freestanding W and Al2O3, periodic W and Al2O3, and Ru and Al2O3. It also describes the 

measurement of ALD film morphology including grain size. This structural morphology is 

dominant in many electro-thermal transport mechanisms as will be seen in Chapter 6.  

 

4.1 Fabrication of Sample Sets 

A modified version of the fabrication process described in section 3.1.1 was used to 

fabricate test structures. Samples consist of arrays of cantilevers (nanobridges) varying in length 

from 20 – 190 μm and widths of 2, 4 and 6 μm (Figure 4.1b). ALD depositions of several 

thickness combinations of W, Ru and Al2O3 as well as periodicities were performed. One sample 

set consisted of 11.55, 15.40 and 20.40 nm W films surrounded by 3.20 nm Al2O3 layers on top 

and bottom. Another sample set consisted of periodic structures with the same total thickness to 

investigate the effect of periodicity in a W/Al2O3 configuration. The sample set consisted of 

chips containing a 20.40 nm W layer surrounded by 6.40 nm Al2O3 layers on top and bottom, 
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two 10.20 nm W layers spaced evenly by 4.20 nm Al2O3 layers, three 6.80 nm W layers spaced 

evenly by 3.20 nm Al2O3 layers and four 5.10 nm W layers spaced evenly by 2.56 nm Al2O3 

layers. For the scope of this dissertation, the periodic samples will be referred to by “number of 

W layers”, i.e. “4 W layers” refers to the sample containing four 5.10 nm W layers spaced evenly 

by 2.56 nm Al2O3 layers. Another sample set consisted of ~ 6.15 nm Al2O3 surrounding Ru 

layers of 2.71, 3.72, 5.69 and 7.97 nm of Ru, respectively. Thicknesses were verified by 

tunneling electron microscopy (TEM) (Figure 4.1a), X-Ray reflectometry (XRR) (Figure 4.2), 

and prior knowledge of deposition rates.
14,26

 Aluminum contact pads were deposited after ALD 

patterning instead of before the polyimide layer for convenient electrical probing of the micro-

bridges.  
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Figure 4.1: TEM cross-section and SEM image of test structures. a) TEM cross-section image of 

Al2O3/W/Al2O3 coating on polyimide with similar thickness to the test structures.
34

 b) SEM 

image tilted by 75° of an 80 x 2 μm
2
 suspended beam of Al2O3/W/Al2O3 with Al contact pads. 
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Figure 4.2: Example of an XRR scan for an Al2O3/Ru/Al2O3 film indicating ~ 6.15 nm Al2O3 / 

5.69 nm Ru / 6.15 nm Al2O3 thicknesses. 

 

4.2 Electro-thermal Measurement Methods 

Several methods were used to measure the electro-thermal properties of the ALD samples 

described in section 4.1. For electrical resistivity of the W and Ru, the resistances of un-released 

nanobridges were measured and resistivity extracted through a geometric model. For the 

temperature coefficient of resistance of the W and Ru samples, the resistances of un-released 

nanobridges were monitored over temperature changes applied to the sample by a stage heater. 

For thermal conductivity, a dc-bias steady state heating method was used to extract the thermal 

conductivity of the W/Al2O3 and Ru/Al2O3 suspended nanobridges. For specific heat capacity a 

micro-pulse calorimetry method was used to extract the specific heat capacity of the W/Al2O3 

and Ru/Al2O3 suspended nanobridges. The following sections provide a more in-depth 

description of each measurement method. 
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4.2.1 Electrical Resistivity Measurement  

The electrical resistivities of the W and Ru samples are measured during the pre-release 

stage of fabrication. This method utilizes the electrical resistances of an array of beam lengths 

measured in a four-point-probe configuration pre-release to minimize Joule heating. Next, 

electrical resistivity is extracted through a fit of resistance versus beam length, following the 

relation: 

                                                                 𝑅 = 𝜌 𝐿
𝐴⁄  ,                                                                (4.1) 

where R is the resistance of the beam, L the length, A the beam cross-sectional area of the metal 

layer and  the electrical resistivity. Figure 4.3 demonstrates a typical resistivity extraction from 

a linear fit of beam resistance versus beam length. 

 

Figure 4.3: Resistance versus beam length for 15.40 nm W beams. The linear fit is used to 

extract resistivity through equation 4.1. 
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4.2.2 Temperature Coefficient of Resistance Measurement 

The temperature coefficients of resistance (TCR) of the W and Ru nanobridges are 

measured pre-release to minimize joule-heating of the bridges. Samples are heated in atmosphere 

and nanobridge resistances monitored in a four-point-probe configuration. TCR is extracted by 

fitting the resistance versus temperature slope and follows the relation, 

                                                                 𝑇𝐶𝑅 =
𝑅−𝑅𝑜

(𝑇−𝑇𝑜)𝑅𝑜
 ,                                                        (4.2) 

where, Ro is the room temperature resistance, T the temperature and To the room temperature. 

TCR’s were measured to ~ 60 – 90 K above room temperature. Figure 4.4 demonstrates a typical 

TCR curve of normalized change in resistance versus temperature. 

 

Figure 4.4: Normalized resistance change versus temperature for 7.97 nm Ru beam. The linear fit 

is used to extract TCR through equation 4.2. 
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4.2.3 Thermal Conductivity Extraction via Joule Heating Temperature Independent 

Electrical Resistivity Model 

While there are various methods to measure thermal conductivity of structures and 

materials including the 3 and frequency-dependent time-domain thermoreflectance, a simple 

DC based method has been used instead.
42,89

 Two joule heating DC based models were used in 

the extraction of thermal conductivity of the W/Al2O3 and Ru/Al2O3 beams. The first model 

described below is based on the assumption that the electrical resistivity of the film is not 

temperature dependent and is relevant for materials with very small TCR values. By measuring 

the thermal conductances (W K
-1

) of nanobridges with known physical dimensions, the thermal 

conductivity may be extracted by a model for joule-heated nanobridges. By considering the 1-

dimensional steady-state heat equation, 

                                                            𝑇′′(𝑥) =
−𝑄(𝑥)

𝜅𝐴
,                                                           (4.3) 

where A is the total cross-sectional area of the bridge and the source Q(x) may be defined as, 

                                                             𝑄(𝑥) = 𝑗2𝜌,                                                              (4.4) 

where j is current density (Amperes m
-2

) and  is the temperature independent electrical 

resistivity.  By applying the following definitions of j and , Q(x) may be redefined: 

                                                                  𝑗 =
𝐼

𝐴
,                                                                    (4.5) 

                                                                 = R
𝐴

𝑙
,                                                                  (4.6) 

                                                                𝑃 = 𝐼2𝑅,                                                                 (4.7) 

                                                             𝑄(𝑥) =
𝑃

𝑙
,                                                                  (4.8) 
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where I is the current applied to the bridge, R is the resistance, l the length of the bridge, and P 

the total power applied. The solution to equation 4.3 given the above joule heating conditions 

and boundary conditions T(0)=0 and T(l)=0 is given as, 

                                                      𝑇(𝑥) =
𝑃

2𝜅𝐴
(𝑥 −

𝑥2

𝑙
).                                                        (4.9) 

To measure thermal conductance, the temperature of the bridge must be measured as power is 

applied by joule heating. The temperature may be calculated by using a known TCR value and 

by measuring the change in resistance of the bridge as the power applied. The average 

temperature of the bridge is given as, 

                                                           Δ𝑇𝑎𝑣𝑔 =
𝑅𝑎𝑣𝑔−𝑅𝑜

𝑇𝐶𝑅∙𝑅𝑜
,                                                         (4.10) 

 

where Ravg is the measured resistance and Ro the initial resistance. By plotting power applied 

versus the average change in temperature of the beam (Figure 4.5), the thermal conductance (W 

K
-1

) may be extracted by a linear fit as the inverse slope (assuming a temperature independent 

thermal conductivity). To define the thermal conductance in terms of the thermal conductivity, 

the average of equation 4.9 must be calculated since the temperature is calculated by measuring 

the average resistance of the bridge. The average change in temperature of the beam is given as, 

                                                                𝑇(𝑥)̅̅ ̅̅ ̅̅ =
𝑃𝑙

12𝜅𝐴
,                                                         (4.11) 

where thermal conductance is defined as, 

                                                          𝐺 =
𝑃

𝑇(𝑥)̅̅ ̅̅ ̅̅ = 12𝜅
𝐴

𝑙
.                                                      (4.12) 
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A factor of 12 is introduced to the traditional definition of thermal conductance by the 

conditions of joule heating. Equation 4.12 may be utilized to fit thermal conduction versus 

nanobridge length demonstrated by Figure 4.6. 

 

 

Figure 4.5: Relation of change in temperature versus joule heating input power for a 6.20 nm 

Al2O3/20.40 W/6.20 Al2O3 nanobridge. Thermal conductance Gth is extracted by a linear fit as 

the inverse of the slope. 
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Figure 4.6. Relation of thermal conductance to length for a 9.80 nm Al2O3/20.40 W/9.80 Al2O3 

cross-section nanobridge. Thermal conductivity is extracted by fitting the derived joule-heating 

model (Equation 4.12) to the data. 

 

 

4.2.4 Thermal Conductivity Extraction via Joule Heating Temperature Dependent 

Electrical Resistivity Model 

For films with larger TCR it is important to consider the effect of temperature 

dependence on the resistance of a suspended structure upon joule heating. As the structure heats 

up, its resistance changes, inducing a non-linear change in the amount of power dissipated in the 

structure. Thus, the thermal conductance of the structure is varied. To account for this, the 

temperature dependent electrical resistance must be included in the derivation of a joule heating 

resistance model. The one-dimensional heat diffusion equation with a temperature sensitive 

electrical resistivity and boundary conditions is given as, 

                                                    𝜅
𝑑2𝑇

𝑑𝑥2
+

𝐼2𝑅𝑜[1+𝑇𝐶𝑅(𝑇−𝑇𝑜)]

𝑤𝑡𝐿
= 0                                            (4.13a) 
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                                                               𝑇 (𝑥 = ±
𝐿

2
) = 𝑇𝑜                                                    (4.13b) 

where  is thermal conductivity, I is electrical current, Ro is the initial resistance of the beam, 

TCR is the temperature coefficient of resistance, and w, t, L are the width, thickness and length 

of the beam respectively. Substituting variable  into equation 4.13a, where 𝜃 = 1 + 𝑇𝐶𝑅(𝑇 −

𝑇𝑜) results in the following new equation and boundary conditions in the convenient form, 

                                                             
𝑑2𝜃

𝑑𝑥2
+ 𝑚2𝜃 = 0 ,                                                        (4.14a) 

                                                             𝜃 (𝑥 = ±
𝐿

2
) = 1                                                        (4.14b) 

where, 

                                                       𝑚2 = 𝐼2𝑅𝑜𝑇𝐶𝑅/(𝑤𝑡𝐿𝜅).                                                (4.14c) 

 

The solution to the new equation is, 

                                                     𝜃(𝑥) = cos(𝑚𝑥) /cos (
𝑚𝐿

2
) .                                               (4.15) 

Resubstituting this solution allows T to be solved for and subsequently the average of T since the 

average resistance is what is  experimentally measured. The temperature is given as, 

                                                        𝑇(𝑥) =
𝜃(𝑥)−1

𝑇𝐶𝑅
+ 𝑇𝑜.                                                         (4.16) 

Integrating from –l/2 to l/2, the average temperature and resistance are given as, 

                                         �̅� = 𝑇𝑜 −
1

𝑇𝐶𝑅
[1 − (2/𝑚𝐿)tan (𝑚𝐿/2)],                                        (4.17) 
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                                                   𝑅 = 𝑅𝑜[(2/𝑚𝐿)tan (𝑚𝐿/2)].                                               (4.18) 

From here, one may plot R versus I
2
 and use equation 4.18 to extract . See Figure 4.7 for an 

example of data and  extraction fit by equation 4.18. There is a very subtle non-linearity as a 

result of the temperature dependent resistivity term. For bulk-like film with much larger TCR, 

the non-linearity effect will be enhanced. 

 

Figure 4.7: Resistance versus applied current squared for 6.70 nm Al2O3/7.97 nm Ru/6.70 nm 

Al2O3 nanobridge. Thermal conductivity is extracted by fitting equation 4.18 (red line) to the 

data. 

 

4.2.5 Specific Heat Capacity Extraction via Micropulse Calorimetry 

A structure’s rate of heating is often described by its thermal time constant. By measuring the 

thermal time constant, a relation between the volumetric heat capacity and thermal conductivity 
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may be achieved. Thus, by knowing the thermal conductivity of the structure, the volumetric and 

specific heat capacity may be extracted. The test structures described in section 4.1 were 

measured using micropulse calorimetry. By applying a pulsed voltage (< 1 s) across the bridge, 

a transient current response may be monitored which is several orders of magnitude slower than 

the voltage pulse. This effect is a result of the temperature sensitive nanobridge resistance 

responding to joule heating of the metal and surrounding Al2O3 layers. The magnitude of this 

resistance change is governed by the temperature coefficient of resistance (TCR). By fitting an 

exponential decay function to the post voltage pulse current response,  may be extracted (Figure 

4.8). The measured  corresponds directly to how quickly the nanobridge is heating up to its 

steady state temperature based on the total heat capacity and effective material properties of the 

nanolaminate.  

 

 

Figure 4.8: Raw current response data post voltage pulse at time zero for 6.50 nm Al2O3/20.40 

nm W/6.50 Al2O3. The red line is an exponential decay fit from which  is extracted.  
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To extract the specific heat capacity, a model for  was derived from the time-dependent heat 

equation for the case of joule-heated beams with a temperature independent electrical resistivity. 

The problem and solution are given as, 

                                              𝐶
𝜕𝛥𝑇(𝑥,𝑡)

𝜕𝑡
= 𝜅𝐴𝑙

𝜕2𝛥𝑇(𝑥,𝑡)

𝜕𝑥2 + 𝑃,                                            (4.19a) 

 

                                   ∆𝑇(𝑥, 𝑡) = ∑
4𝑃𝑙

𝜅𝐴𝑛3𝜋3 (1 − 𝑒−
𝜋2𝜅𝐴𝑛2

𝐶𝑙
𝑡) sin (

𝑛𝜋𝑥

𝑙
)𝑛 𝑜𝑑𝑑 ,                          (4.19b) 

 

where T is the temperature, P is the power applied, C is the heat capacity, l is the length,  is the 

thermal conductivity, and A is the cross-sectional area. The measured transient current response 

is based on the average resistance of the beam, thus the average change in temperature of the 

beam should be used instead of the absolute change in temperature.  Taking the average of 

equation 4.19b results in, 

 

                                         𝛥𝑇(𝑡)̅̅ ̅̅ ̅̅ ̅̅ =
𝑃𝑙

12𝜅𝐴
−

8𝑃𝑙

𝜅𝐴𝜋4
∑

1

𝑛4 𝑒−
𝜅𝐴𝑛2𝜋2

𝐶𝑙
𝑡

𝑛 𝑜𝑑𝑑 ,                                 (4.20) 

 

where the identity, 

 

                                                                   ∑
1

𝑛4 =
𝜋2

96𝑛 𝑜𝑑𝑑 ,                                                      (4.21) 

 

was used in the derivation. At t = 0, 𝛥𝑇(0)̅̅ ̅̅ ̅̅ ̅̅ = 0 and in the limit that t goes to infinity, 𝛥𝑇(∞)̅̅ ̅̅ ̅̅ ̅̅ ̅

= 𝑃𝑙
12𝜅𝐴⁄ , which is the steady state solution for a joule heated beam.   In this case, the solution 

contains an infinite number of different time constants. However, as a reasonable approximation, 
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since further terms diminish as n
-4

, the first term of the series in equation 4.20 is utilized to 

extract a single  from the exponential term, 

 

                                                  𝜏 = 𝐶𝑙
𝜅𝐴𝜋2⁄ =

𝑐𝜌𝑙2

𝜅𝜋2⁄ ,                                                                      (4.22) 

given, 𝐶 = 𝑐𝜌𝑉, where c is the specific heat capacity,  is the density and V the volume. Specific 

heat capacity is extracted in a fit of  versus cantilever length using measured effective  values 

for the given ALD nanolaminate and calculated effective density based on the thickness 

weighted densities of the associated ALD materials.
14,37

 An example of a c extraction from a fit 

of equation 4.22 is demonstrated in Figure 4.9. 

The transient heat equation with temperature independent electrical resistivity was used 

over the temperature dependent electrical resistivity transient heat equation because the latter is 

cumbersome to solve and requires complicated numerical modeling. Previous work has shown 

less than 2% variation between temperature dependent and temperature independent transient 

heat equation models in extracted specific heat values for thick Pt wires with bulk-like TCR 

values.
90

 The variation will only be reduced further for the nanofilms with reduced TCR values 

studied here. 
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Figure 4.9: Time constant data with respect to nanobridge length plotted as black squares for 

6.50 nm Al2O3/20.40 nm W/6.50 Al2O3. The data is fitted with the presented model (equation 

4.22) and specific heat capacity extracted. 

 

4.3 Thermal Loss Calculations and Adjustments  

When attempting to measure thermal and electrical properties of nanoscale films, the heat 

loss in various forms must be considered. For the measurement of electrical resistivity, and 

temperature coefficient the effect of joule heating on the measurement was considered negligible 

due to low test currents, the attachment of the structures to the underlying substrate and the 

effects of convective cooling during the measurement at atmospheric pressures. However, the 

previously described methods for measuring thermal conductivity and specific heat capacity are 

done under vacuum at ~ 30 mTorr for the W/Al2O3 samples and ~ 5 mTorr for the Ru/Al2O3 

samples. Though thermal convection is negligible at these pressures, thermal losses such as 

conduction to the air and radiation must be considered, especially for the 30 mTorr pressures.
91,92

 

Below 10 mTorr conduction to air is negligible compared to the magnitude of the beam thermal 

conductance.
92

 Thermal conduction to air may be defined by the following relation, 
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                                         𝐺𝑔𝑎𝑠 = 𝐺𝑠 + 𝐺𝑤 =
𝑆

1

ℎ𝑠,ℎ𝑖
+

1

ℎ𝑠,𝑙𝑜

+
𝑆

1

ℎ𝑤,ℎ𝑖
+

1

ℎ𝑤,𝑙𝑜

,                                   (4.23) 

where Gs is the total conduction to the substrate from the bottom of the bridge, Gw is the total 

conduction to the substrate from the top of the bridge, S is the surface area of the nanobridge, hs,hi 

is the convection coefficient at ambient pressure between the bottom of the bridge and the 

substrate, hs,lo  is the convection coefficient at low pressure between the bottom of the bridge, 

hw,hi is the convection coefficient at ambient pressure between the bridge and the window of the 

vacuum probe station, and hw,lo is the convection coefficient at low pressure between the top of 

the bridge and the window of the vacuum probe station. The heat convection coefficients may be 

defined as, 

                                                         ℎ =
𝜅(𝑃,𝑑)

𝑑
,                                                                    (4.24) 

where  is the gas conductivity of air and is a function of pressure P, and distance d, to a 

theoretical parallel plate (substrate or viewing window).  The thermal conductivity may be 

calculated by the following relation, 

                                                         𝜅 =
𝜅𝑜

1+
𝐶

𝑃𝑃

 ,
93

                                                                  (4.25) 

where C is a constant defined as 7.6 x 10
-5

 N m
-1

 K
-1

 and pressure parameter PP, is defined as, 

                                                         𝑃𝑃 =
𝑃∙𝑑

𝑇
 ,

93
                                                                  (4.26) 

where T is the absolute temperature. The conduction to air calculations were verified by 

measuring the thermal conductance of a beam at both 30 mTorr and 500 Torr. The thermal 
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conductance at 30 mTorr was 1.4% larger than the thermal conductance at 500 Torr, only a   

0.1 % difference from the calculations presented above. 

Additionally, considering the large surface area to volume ratio for these ultra-thin 

nanobridges, radiation losses will become non-negligible as the bridges are heated. Radiation 

conduction may be defined as, 

                                                    𝐺𝑟𝑎𝑑 = 2 ∙ 𝜎 ∙ 𝜀 ∙ 𝑆 ∙ 𝑇𝑎𝑣𝑔
3 ,                                                 (4.27) 

where  is the Stefan Boltzmann constant, and  the emissivity, which is assumed to be 0.9 and 

background radiation is at ambient. However, even at the maximum temperature rise, the thermal 

conductance due to radiation is ~ 2 orders of magnitude smaller than the measured thermal 

conductance of the nanobridges. 

 

Figure 4.10: The percentage of conduction attributed to air and radiation from the total measured 

thermal conductance of individual nanobridges. 
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 By combining the relevant conduction mechanisms of the nanobridge system under 

investigation, the total conduction may be defined as, 

                                          𝐺𝑡𝑜𝑡 = 𝐺𝑔𝑎𝑠 + 𝐺𝑟𝑎𝑑 + 𝐺𝑐𝑜𝑛𝑣 + 𝐺𝑏𝑒𝑎𝑚,                                          (4.28) 

where Gconv is still negligible. An example of the percentage of bridge conduction attributed to 

conduction to air and radiation conduction for nanobridges with a 9.80 nm Al2O3/20.40 nm 

W/9.80 nm Al2O3 cross-section is shown in Figure 4.10.  

 For each sample, the total measured thermal conductance may be adjusted through the 

calculations described above. Figure 4.11 shows a plot of adjusted thermal conductance values 

and total thermal conductance values versus nanobridge length. Each data set was fit using the 

joule-heating model presented in section 4.2.3 or section 4.2.4. For example, for a 9.80 nm 

Al2O3/20.40 nm W/9.80 nm Al2O3 cross-sectional nanobridge, the relative change in thermal 

conductivity was reduced by 1.8%.  

A similar approach was utilized for the measurement of specific heat capacity. The 

measured thermal time constants were adjusted to reflect heat losses during the measurement. 

Since 𝜏~ 𝐶
𝐺⁄  where C is heat capacity and G is thermal conductance, the thermal conductance 

may be adjusted based on heat losses during the transient heating of the beams. 
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Figure 4.11: Adjusted thermal conductance values and total measured thermal conductance 

values with associated fits using the joule heating model from section 4.2.3. 

 

4.4 Verification of Measurement Methods with Evaporated Aluminum 

To verify the accuracy of the measurements described in section 4.2.3 and 4.2.4 a sample 

consisting of thin film aluminum was fabricated using a technique very similar to the one 

described in section 4.1. An aluminum film was evaporated on polyimide at ~ 10 Torr at 1 nm/s 

to a thickness of 100 nm. A lithographic photoresist pattern was applied and instead of using RIE 

to etch the Al film, a wet etch using Transene A aluminum etchant for ~ 4 min was used. The 

resultant nanostructures were released in an O2 plasma. 

 The electrical resistivity was 34.2 n*m compared to 28.2 n*m bulk value and the 

TCR was 0.395 %/K compared to 0.429 %/K for bulk.
94

 Both values are within expected range 

from scaling effects for a 100 nm film. 

Thermal conductance measurements of released bridges were carried out as described in 

sections 4.2.3 and 4.2.4. The wet etch resulted in varying widths of bridges and thus thermal 

conductivity was extracted using the method from section 4.2.3 through a plot of Thermal 
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Conductance/Bridge Width vs. Bridge Length where bridge widths were measured using an 

SEM. Figure 4.12 shows the Al bridge data and the joule heating model fit. The extracted value 

for the 100 nm Al film was 209.8  4.7 W/mK. Volkov et al. measured 50, 74 and 110 nm films 

where the expected thermal conductivity for a 100 nm film based off their measurements was ~ 

214 W/mK.
95

 Slight differences in thermal conductivity values are expected due to small 

variances in the film preparation method. However, the method presented in this thesis was 

shown to extract a thermal conductivity value of 100 nm aluminum within 1.5% of work by 

Volkov et al.. Using the thermal conductivity extraction method from section 4.2.4 resulted in 

almost the same value for thermal conductivity within 1%. 

Additionally, the specific heat capacity was extracted. Micropulse calorimetry was 

conducted on the 100 nm Al sample as described in section 4.2.5. XRR scans indicated an 

aluminum density identical to bulk. The extracted value for the specific heat capacity was ~ 0.90 

J/gK. The transient current response for a 100 nm Al nanobridge is shown in Figure 4.13. The 

bulk value is also 0.90 J/gK and agrees with results from Volkov et al.
95
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Figure 4.12: Relation of thermal conductance/bridge width to length for 100 nm Al film. 

Thermal conductivity is extracted by fitting the derived joule-heating model (section 4.2.3) to the 

data. 

 

 
Figure 4.13: Transient current response of 100 nm Al nanobridge. Specific heat capacity is 

extracted by calculating c from equation 4.22 with known density and thermal conductivity. 
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4.5 Grain Size Measurement 

 Grain size measurement has been included in this chapter because it plays one of the 

dominant roles in electro-thermal transport for ultra-thin films. As will be discussed in Chapter 6, 

electron and phonon scattering at grain boundaries can play a larger role than traditional 

electron-phonon interactions in ultra-thin films. Grain studies of both the W and Ru were carried 

out using Grazing Incidence X-ray Diffraction (GIXRD). The Scherrer equation was used to 

estimate the crystal grain sizes in the ALD metal films from the amount of peak broadening in 

the X-ray diffraction peaks. The Sherrer equation for crystal grain size, S, is given by, 

                                                                   𝑆 =
0.9𝜆

𝐵𝑐𝑜𝑠(𝜃)
 ,                                                           (4.29) 

where  is the X-ray radiation used (1.541 Å), B is the full width at half max of the 2 peak in 

radians, and  is half of the omega angle at which the peak max occurs.  

For example, Figure 4.14 shows XRD scans with peak fits for a 20 nm ALD W film. 

GIXRD spectra indicate the presence of β-W in the ALD films, and it is likely that a mixture of 

both β-W and α-W exist. It is difficult, however, to accurately separate the four GIXRD peaks 

necessary for using the Scherrer equation, but a lower limit on grain size can be obtained by 

fitting the entire broad spectrum, from an Omega of 30 to 50, as one single peak (see Figure 

4.14a).  If instead four peaks (three β-W peaks and one α-W peak) are used to fit the GIXRD 

spectrum from 30 to 50 Omega, a larger estimated grain size is obtained (Figure 4.14b).  An 

average of these methods can produce an average grain size for the film. For films with more 

prominent crystal peaks, an average of single peak fits may be used to extract the approximate 

grain size in the film. 
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Figure 4.14: XRD data. a) Single peak fit on a 20 nm W ALD film. b) Multiple peak fitting on 

20.40 nm W ALD film. 
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4.6 Experimental Circuit Diagrams for Electro-thermal Characterization 

The experimental circuit diagram for resistivity, TCR and thermal conductivity 

measurement is outlined by Figure 4.15. The experimental circuit diagram for the time constant 

and specific heat measurement is outlined by Figure 4.16. 

 

 

 

Figure 4.15: Circuit diagram for resistivity, TCR and thermal conductivity measurement. 
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Figure 4.16: Circuit diagram for specific heat capacity measurement. 

 

4.7 Uncertainty Analysis 

Uncertainty analysis is important to consider when presenting measured values. This 

chapter has presented several measurement methods, which involve the instrumental 

measurement of data that is then used in further calculation or graphing/fitting procedures. A 

brief description of the universal methods used will be presented in this section. 

Uncertainty analysis has been conducted using methods from Holman.
96

 The uncertainty 

of a value ∆v, may be defined as, 

                                           ∆𝑣2 = ∆𝑓𝑖𝑡
2 + ∆𝑒𝑥𝑝

2 ,                                                           (4.30) 
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where  ∆𝑓𝑖𝑡is the uncertainty from the fitting procedure and ∆𝑒𝑥𝑝 is associated with uncertainty of 

the measured parameters used in the fitting procedure. For any calculated values based off 

measurement values, it should be assumed that the “law of propagation of error” was used. Here, 

∆𝑒𝑥𝑝 is related to the measurement sensitivity defined as, 

                                                            Ω𝑟 = 𝑟
𝜕𝑓

𝜕𝑟
,                                                                     (4.31) 

where f is the fitting function and r can be any of the independent variables necessary to evaluate 

the fitting function. The ∆𝑒𝑥𝑝 may be expressed as, 

                                                 ∆𝑒𝑥𝑝=
1

Ω𝑣
(∑ (Ω𝑟∆𝑟)2

𝑟 )1/2,                                                     (4.32) 

where Δ𝑟 is the uncertainty of the independent variables, and Ω𝑟 is the measurement sensitivity 

with respect to v.  The Δ𝑓𝑖𝑡 was calculated using Origin Pro software outfitted with linear and 

non-linear fitting packages. To calculate Δ𝑓𝑖𝑡, the software outputted standard error of the fit was 

multiplied by √𝑛 where n is the number of data points in the fit. Then, ∆v may be calculated 

from equation 4.30. 
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Chapter 5 

 

 

Electro-thermal Property Results of ALD W/Al2O3 and Ru/Al2O3 and Periodic 

W/Al2O3 

 

 

 This chapter will discuss the various measured electro-thermal properties of ALD films. 

Chapter 6 will include a detailed interpretation of these results. Chapter 7 will include a more 

detailed discussion of the application of these nano-structures to a DRS-style microbolometer 

pixel. 

The film thicknesses of both W and Al2O3 were varied between  5 – 20 nm and ~ 3 – 13 

nm, the thicknesses of Ru between ~ 2 – 8 nm and fabricated using the ALD on polyimide 

process described in section 3.1.
34

 As described in section 2.1.5, recent work with ALD 

nanolaminates as active materials have involved the fabrication of ALD Pt microbolometers and 

an array of various N/MEMS devices involving ALD W/Al2O3 and ALD 

Ru/Al2O3.
18,19,21,22,24,34,42,55

 Thermal barrier research has involved the characterization of through-

plane interface thermal resistance in ALD W/Al2O3, however, specific studies of the electrical 
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and thermal properties of free-standing ALD W/Al2O3 and Ru/Al2O3 nanolaminates remains 

absent in the literature.
97

 While nanolaminates with extended periodicity are common approaches 

to the optimization of out-of-plane electrical and thermal conduction in thermoelectric materials, 

they may also benefit nano-devices which conduct electricity and heat in-plane.
97

 Periodic 

structures in application to microbolomeer performance will be discussed in Chapter 7. For the 

following sections, it should be assumed that reference to Al2O3, W, or Ru is to Al2O3, W or Ru 

generated by atomic layer deposition as described in section 2.1. 

5.1 Summary of ALD W, Ru, Al2O3 Sample Sets 

 A summary of the studied sample sets is given by Table 5.1. Thicknesses and densities 

are taken from XRR measurements described in section 3.3. The Al2O3 films for all samples are 

positioned on top and bottom of the metal layers and are equal in thickness. The Al2O3 has a 

density of 3  10
6
 g/cm

3
. 

Table 5.1: Summary of electro-thermal measurements sample set. 

 

*Periodic structure maintains constant total thickness with W and Al2O3 layers split as denoted 

by Figure 5.2. 
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5.2 Electrical Resistivity of ALD W and ALD Ru  

Both the resistivity of single ALD W and Ru films and periodic ALD W/Al2O3 films 

have been measured. Figure 5.1a demonstrates the room temperature electrical resistivity of W 

and Ru at a variety of thicknesses. The electrical resistivity of ALD W is significantly larger than 

bulk W, which has a resistivity of 5.8 μ*cm and of the ALD Ru films.  Even at almost a tenth 

of the thickness at ~ 3 nm, Ru has a lower resistivity than that of a  20 nm W film. Both films 

show an expected thickness dependent scaling wherein thinner films exhibit larger resistivities. 

Chapter 6 will discuss these results in more detail. Figure 5.2 demonstrates the cross-section of 

the periodic W/Al2O3 structures constant total thickness and Figure 5.1b demonstrates the 

electrical resistivity of the 4 periodic W/Al2O3 samples. The resistivity remains relatively 

constant until the 4 layer W sample where it increases slightly relative to the resistivity increase 

for single layer W films.  

 

Figure 5.1: Electrical resistivity of single W and Ru ALD films and periodic ALD W films at 

room temperature. a) Thickness dependence of electrical resistivity of W and Ru films are 

plotted as black squares and red circles, respectively. b) Periodic layer dependence of electrical  

resistivity of W/ Al2O3 periodic layer stack with constant total thickness. 
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Figure 5.2: Representative graphic of periodic W/Al2O3 structures from 1 – 4 layers with 

constant total thickness. 

5.3 Temperature Coefficient of Resistance of ALD W and ALD Ru 

 The TCR of single W and Ru films as well as periodic W/Al2O3 films were measured. 

Figure 5.3a demonstrates the room temperature TCR of single layer W and Ru. The TCR for 

ALD W is negative and increases in magnitude with thinner films, contrary to the expected 

positive TCR associated with metal films. By comparison, bulk W and Ru have positive TCRs of 

~ 0.40 – 0.45 %/K at room temperature. Figure 5.3b demonstrates the TCR of the 4 periodic 

W/Al2O3 samples. The TCR for the periodic structures is also negative and increases in 

magnitude with increasing periodicity or an increased number of thinner W layers which equate 

to the same total thickness (Figure 5.2). ALD Ru films exhibit an expected positive metallic TCR 

effect that decreases with decreasing film thickness as demonstrated in Figure 5.3a. The Ru TCR 

is roughly an order of magnitude larger than the W. 
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Figure 5.3: TCR of W, Ru and periodic W/Al2O3 structures. a) TCR of W plotted as black 

squares and Ru plotted as red circles with respect to metal thickness. b) TCR of periodic 

W/Al2O3 plotted as black squares with respect to number of W layers denoted in Figure 5.2. 

 

5.4 Thermal Conductivity of ALD W/Al2O3, ALD Ru/Al2O3 and Periodic ALD W/Al2O3 

The thermal conductivities of single film Al2O3/W/Al2O3 and periodic W/Al2O3 films 

were measured utilizing the method described in section 4.2.3. The method is justified by the 

extremely small magnitude TCR of W (|TCR| < 0.02 %/K). The thermal conductivies of single 

film Al2O3/Ru/Al2O3 were measured using the method described in section 4.2.4 due to the 

larger TCR of ALD Ru. For the single film W trilayers ~ 3.2 nm Al2O3 was layered on top and 

bottom of the W film. For the single film Ru trilayers ~ 6.7 nm Al2O3 was layerd on top and 

bottom of the Ru film. Thus, the effective thermal conductivity of the trilayer stack was 

measured as the Al2O3 will contribute some degree of thermal conduction in the form of phonon 

conduction. Further discussion of parellel conduction is presented in Chapter 6. Figure 5.4 

demonstrates the effective thermal conductivity of the Al2O3/W/Al2O3 and Al2O3/Ru/Al2O3 

laminates.  For both the W and Ru samples, descreasing the metal thickness decreases the 

effective thermal conductivity of the Al2O3/metal/Al2O3 trilayer indicating the metal is the main 
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contributor to thermal condution. By comparison, the bulk thermal conductivities of W and Ru 

are 170 and 117 W/mK, respectively. However, the large proportion of Al2O3 in the total 

nanolaminate thickness lowers the measured effective thermal conductivity. Futher discussion of 

the contribution of Al2O3 and the metal layers is presented in section 6.6 and 6.7. 

 

Figure 5.4: Effective thermal condcutivities of Al2O3/W/Al2O3 plotted in black squares and 

Al2O3/Ru/Al2O3 plotted in red circles with respect to metal thickness. The legend denotes Al2O3 

layer thicknesses for each sample. 

 

The effective thermal conductivity of the periodic W/Al2O3 structures was also measured 

and shown in Figure 5.5. By adding W periodicity according to Figure 5.2 the total thermal 

conductivity of the structure was reduced while being kept at a constant total thickness. The 

multiple effects of thinning the W layers and adding additionl boundaries have reduced the 

thermal conductivity in the structure. Further detail and modeling will be discussed in Chapter 6. 
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Figure 5.5: Effective thermal conductivity of periodic W/Al2O3 structures potted in black squares 

with respect to number of W layers as denoted in Figure 5.2. 

 In addition to the single layer and periodic W/Al2O3 structures a sample set consisting of 

a constant W thickness with varying Al2O3 top/bottom layers was fabricated and thermal 

conductivity measured. Figure 5.6 demonstrates the effective thermal conductivity of the 

Al2O3/W/Al2O3 trilayer as the top/bottom Al2O3 thickness is decreased. The effective thermal 

conductivity should approach the value of the 20.40 nm W film as the Al2O3 is thinned. 
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Figure 5.6: Effective thermal conductivity of Al2O3/20.40 nm/Al2O3 with respect to Al2O3 

thickness on top and bottom plotted as black squares. 

 

5.5 Specific Heat Capacity of ALD W/Al2O3, ALD Ru/Al2O3 and Periodic ALD W/Al2O3  

 Using the methods described in section 4.2.5, the effective specific heat capacity (J/gK) 

was measured for W/Al2O3 and Ru/Al2O3 structures. Figure 5.7 demonstrates the specific heat 

capacity of the same sample set from Figure 5.6. Bulk W has a specific heat capacity of ~0.13 

J/gK and Al2O3 of ~ 0.88 J/gK. As the top/bottom Al2O3 thickness is reduced, the effective 

specific heat capacity decreases towards the value for W. For a sample set of varied W with 

constant Al2O3 thickness (Figure 5.8), the effective specific heat capacity increases with 

decreasing W thickness. 

 The effective specific heat capacity of Ru/Al2O3 samples was also measured. Figure 5.9 

shows the effective specific heat capacity of trilayers of ~ 6.7 nm Al2O3/Ru/6.7 nm Al2O3 with 
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varied Ru thicknesses. Reducing the Ru thickness relative to the thicker Al2O3 top and bottom 

layers increases the measured effective specific heat capacity towards the value for Al2O3. The 

data for the thinnest Ru layer resulted in extremely large error. This trend is consistent with the 

varied W thickness data. More detailed discussion of these trends will be discussed in Chapter 6.  

 The effective specific heat capacity of the periodic W/Al2O3 structure was relatively 

constant with increasing W-layer periodicity (Figure 5.10). The absolute magnitude of the 

effective specific heat capacity of the 2-, 3-, and 4-layer periodic strutures are within error of the 

effective specific heat capacity of the 1-layer W sample. 

 

Figure 5.7: Effective specific heat capacity of Al2O3/20.40 nm W/Al2O3 with respect to 

top/bottom Al2O3 thickness plotted as black squares. 
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Figure 5.8:  Effective specific heat capacity of 6.7 nm Al2O3/W/6.7 nm Al2O3 with respect to W 

thickness plotted as black squares. 
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Figure 5.9:  Effective specific heat capacity of 6.7 nm Al2O3/Ru/6.7 nm Al2O3 with respect to Ru 

thickness plotted as black squares. 
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Figure 5.10:  Effective specific heat capacity of periodic W/Al2O3 with respect to number of W 

layers denoted by Figure 5.2 plotted as black squares. 

 

5.6 Grain Sizes of ALD W and ALD Ru  

 To effectively interperet much of the data collected in previous sections of Chapter 5, the 

grain size of W and Ru ALD films were measured using methods described in section 4.5. In W 

films GIXRD spectra indicate the presence of β-W in the ALD films, and it is likely that a 

mixture of both β-W and α-W exist. Thus, single peak and multiple peak fits were used to obtain 

an upper and lower bound approximations of grain size (Figure 5.11). The average of these 

methods estimates the grain size for W at ~ 2 nm and suggests an independence of thickness. In 

Figure 5.11, ALD cycles correspond to a deposition rate of ~ 0.384 nm/cycle. 
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Figure 5.11: Grain size relation to W ALD cycles (thickness).
37

 Black square data points are 

from a single peak fit of GIXRD data. Red circle data points are from an averaged multiple peak 

fit of GIXRD data for various phases of ALD W. 

 For the Ru samples, the crystal structure is much more evident and allows the individual 

fitting of peaks corresponding to the various crystal planes. An average of the strongest peaks for 

a given thickness can give an estimate of the grain size. Figure 5.12 demonstrates an XRD scan 

corresponding to a 8.0 nm Ru film with an approximated grain size of ~ 9 nm. Another scan of a 

3.7 nm film indicated a grain size of ~ 6 nm, however this was most likely inaccurate due to low 

intensity and noisy crystal peaks. Measurements of other Ru films did not produce crystal peaks. 
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Figure 5.12: XRD data showing a multiple peak fit on a 8.0 nm ALD Ru film. 

 

 To better inteperet the electrical and thermal transport for the W and Ru films presented 

in Chapter 6, an idealized schematic of grain structure and relative thicknesss (approximetely to 

scale) is demonstrated by Figure 5.13. Data from XRR indicated a continous W film is formed at 

~ 2 nm. This nucleation layer is depicted by layer of disordered grains, which forms during a 

recrystallization process during island coalescnce  (Figure 5.13a). Literature studies of ALD Ru 

using various precursors including the one used in this work, indicate a continous film forming at 

around 1 – 2 nm as indicated in Figure 5.13b.
98–102

 The literature does not comment on the 

morphology of the nuclation layer in particular, thus, for sake of interperetation, it will be 

assumed to be disordered in the same nature as the W nuclation layer. 
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Figure 5.13: Idealized schematic of grain structure and relative thickness in ALD W and ALD 

Ru with Al2O3 capping layers. a) ALD W grain structure and relative thickness with ~ 2 nm 

nuclation layer made up of disordered grains. b) ALD Ru grain structure and relative thickness 

with ~ 1 nm nuclation layer. 
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Chapter 6 

 

 

Interpretation of Electro-thermal Measurements of W/Al2O3 and Ru/Al2O3 

and Periodic W/Al2O3 

 

 

 

 This chapter will interpret the results presented in Chapter 5 ranging from electrical 

resistivity, temperature coefficient of resistance, thermal conductivity, specific heat capacity and 

grain size for W and Ru metal films. Several models will be introduced to better understand the 

characteristics specific to the ultra-thin metal films produced by ALD including parallel 

conduction, Fuchs–Sondheimer and Mayadas–Shatzkes models. A discussion of grain size 

results for W and Ru will aid in the application of these models. Extracted thin film values in 

comparison to bulk and thickness/grain dependent trends will be discussed. Understanding the 

physics behind the unique characteristics of these nanoscale structures will aid in the 

development of future high performance microbolometers and nano-devices. 

6.1 Parallel Layer Modeling 

 The measured Al2O3/W/Al2O3 and Al2O3/Ru/Al2O3 structures are essentially single layer 

electrical conductors and parallel layer thermal conductors. The metal films contribute the 



84 

 

entirety of electrical conduction via electrons while thermally, the metals offer electron and 

phonon conduction in conjunction with phonon conduction from the Al2O3 layers. The Al2O3 

layers in question are considered an amorphous oxide and have measured thermal conductivities 

of ~ 1 – 2.5 W/mK from the literature.
97,103–107

 To better understand the conduction properties of 

the ALD metals, a parallel model may be utilized to extract the thermal conductivities of the 

individual films. A similar approach may be used for the effective specific heat capacity, as both 

the metal layers and Al2O3 layers contribute to the overall effective specific heat capacity.  

 A parallel model for effective thermal conductivity and effective specific heat capacity 

may be given by, 

                                              𝜅𝑒𝑓𝑓 =
𝑡𝐴𝑙2𝑂3𝜅𝐴𝑙2𝑂3+𝑡𝑚𝑒𝑡𝑎𝑙𝜅𝑚𝑒𝑡𝑎𝑙

𝑡𝐴𝑙2𝑂3+𝑡𝑚𝑒𝑡𝑎𝑙
 ,                                                  (6.1) 

 

                                                𝑐𝑒𝑓𝑓 =
𝑐𝐴𝑙2𝑂3𝑡𝐴𝑙2𝑂3+𝑐𝑚𝑒𝑡𝑎𝑙𝑡𝑚𝑒𝑡𝑎𝑙

𝑡𝐴𝑙2𝑂3+𝑡𝑚𝑒𝑡𝑎𝑙
,                                                  (6.2) 

where t is thickness,  is thermal condcutivity and c is specific heat. For the calcultion of ceff the 

effective density of the nanolaminates must be utilized. The effective density is defined as, 

                                               𝐷𝑒𝑓𝑓 =
𝐷𝐴𝑙2𝑂3𝑡𝐴𝑙2𝑂3+𝐷𝑚𝑒𝑡𝑎𝑙𝑡𝑚𝑒𝑡𝑎𝑙

𝑡𝐴𝑙2𝑂3+𝑡𝑚𝑒𝑡𝑎𝑙
,                                                 (6.3) 

where D is the density and has been used to prevent confusion with resistivity, . These 

equations will be utilized in the following sections to extract the individual material properties of 

ALD Al2O3, ALD W, and ALD Ru. 
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6.2 Traditional Nanoscale Transport Models 

It is generally understood that thin films exhibit significant size effects as the surface to 

volume ratio of the film increases with decreasing film thickness. When the film thickness is on 

the order of the electron mean free path (MFP) (~10-50 nm for metal films) the boundaries of the 

film will increase surface scattering. This effect was first modeled by the Fuchs–Sondheimer 

(FS) theory of surface scattering which partially captures transport scaling in thin films. In FS 

theory the size effect is modeled by constricting the electron distribution in the Boltzmann 

equation to a finite z-axis (film thickness).
108

 FS theory utilizes a constant term, p, that dictates 

the proportion of specular (p=1) or diffuse (p=0) scattering at the film surface.
109

 The ratio of 

thin film resistivity relative to bulk is given as, 

                               
𝜌

𝜌𝑜
= [1 −

3(1−𝑝)

8𝜆
+

3

4𝜆
∫ 𝑠𝑖𝑛3𝜃|𝑐𝑜𝑠𝜃|

(1−𝑝)2exp (−
𝜆

|𝑐𝑜𝑠𝜃|
)

1−p∙exp (−
𝜆

|𝑐𝑜𝑠𝜃|
)

𝑑𝜃
𝜋

0
]

−1

, (6.4) 

where 𝜆 is equal to the film thickness divided by the electron mean free path, lo, and o is the 

bulk resistivity.
109

 The p term is often used as a free parameter in the fitting process, but could 

also be estimated based on the surface roughness of the films. 

 While FS theory is often suitable for large grain nanoscale films on the order of 50-100 

nm it does not account for the additional scattering effects as films thicknesses fall below 50 nm 

and their grain structure begins to introduce significant scattering at grain boundaries. The 

Mayadas–Shatzkes (MS) model best represents grain boundary scattering in thin films. It 

accounts for electron scattering at grain boundaries and/or impurities through a reflection 

coefficient R. Figure 6.1 demonstrates the qualitative approach by the MS model to model 

electron reflection at grain boundaries by delta potentials. The full model incorporates both the 

FS size effect from surface scattering and grain boundary scattering. The simplified model may 
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be used to describe the dominant effect of grain boundary scattering. The grain boundary 

resistivity, g is given as, 

                                               
𝜌𝑔

𝜌𝑜
= [3(

1

3
−

1

2
𝛼 + 𝛼2 − 𝛼3 ln(1 + 1

𝛼⁄ ))]
−1

,    (6.5) 

where 𝛼 describes the grain boundary potential strength by, 

                                                                       𝛼 =
𝑙𝑜

𝐺

𝑅

1−𝑅
 ,    (6.6) 

where lo is the electron MFP in the bulk material, G is the grain size and R is the electron 

reflection coefficient for a grain boundary.
110

 For films that exhibit both a grain boundary 

resistance and size effect resistance of comparable magnitude, the full MS model is more 

suitable, which combines grain boundary resistivity from equation 6.4 and the FS size effect. The 

full MS model resistivity is given by, 

                   𝜌𝑓 = {
1

𝜌𝑔
−

6

𝜋𝜅𝑜𝜌𝑜
(1 − 𝑝) ∫ 𝑑𝜙

𝜋/2

0
∫ 𝑑𝑡

∞

1

𝑐𝑜𝑠2𝜙

𝐻2(𝑡,𝜙)
× (

1

𝑡3 −
1

𝑡5)
1−𝑒[−𝜅𝑜𝑡𝐻(𝑡,𝜙)]

1−𝑝𝑒[−𝜅𝑜𝑡𝐻(𝑡,𝜙)]}
−1

,    (6.7) 

where, 

                                                𝐻(𝑡, 𝜙) = 1 + 𝛼/𝑐𝑜𝑠𝜙(1 −
1

𝑡2)1/2,                                           (6.8) 

                                                                    𝜅𝑜 = 𝑡/𝑙𝑜.                                                               (6.9)     
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Figure 6.1: Qualitative model of electron and phonon conduction through polycrystalline films. 

Grain boundaries act as energy potential with strength S resulting in added phonon or electron 

resistance.
111

 

 

Analogous to the surface scattering effects for electrons, phonons will experience size 

effects as film thickness decreases. Surface and grain boundary scattering will begin to dominate 

other phonon-phonon and phonon-electron scattering effects and may be described by an adapted 

MS model for phonon conduction. Voelklein and Kessler derived a grain boundary and surface 

boundary scattering model for phonon conduction in polycrystalline films by adapting the 

approach from Mayadas and Shatzkes.
112

 Similar to R in the electrical MS model, there is an 

analogous term Sph that represents the strength of a grain boundary potential that may scatter 

phonons. Again, Figure 6.1 demonstrates the basic idea of a delta potential associated with grain 

boundaries. The film thermal conductivity is given as, 

                                              κph=κph,bulkgph(d,G),                                                     (6.10) 

where ph,bulk  is the bulk material thermal conductivity and gph(d,G) is given as, 
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                                        g
ph

(d,G)=

∫
x4ex

(ex-1)
2
τq(x){1+

3

2
γ+

3(1-pph)

8K
}

-1

dx
Θ/T

0

∫
x4ex

(ex-1)
2
τq(x)dx

Θ/T

0

,                                                               (6.11) 

with    γ=
2Sph

2 τq(x)

ℏ2vG
,                x=

ℏω

kbT
,                 K=

d

τq(x)v
.[31]

 

For the above relations, q is the phonon-phonon umklapp scattering relaxation time for inter-

grain scattering,  is the Debye frequency, v is the sound velocity,  is the Debye temperature, 

and pph is the parameter of surface scattering. The umklapp scattering relaxation time may be 

modeled as
112

, 

                                                                𝜏𝑞(ω)=
𝜏𝑢0

𝑘𝐵𝑇𝜔2⁄  ,                                               (6.12) 

and applied to equation 6.11 to obtain the following relation, 

                                                    gph(d,G)≈ 
∫

x2ex

(ex-1)2(1+
γ1
x2+

γ2
x2)dx

Θ/T
0

∫
x2ex

(ex-1)2dx
Θ/T

0

 ,                                           (6.13) 

where    γ1=
3Sph

2 τu0

vG(kbT)3,     γ2=
3(1-pph)vτu0ℏ2

8d(kbT)3 . 

Here, u0 and Sph become fitting parameters for gph, where gph must be solved numerically.  

While there exists extremely detailed theory of phonon-phonon and phonon-electron 

interactions in nanoscale structures, the dominant scattering mechanisms have been described 

above by the FS and MS models and are suitable for the scope of this dissertation. Discussions of 

these models applied to data for W and Ru will be provided in the following sections.  
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6.3 Grain Size Discussion 

 As shown in the conduction models presented in the previous section, grain size is an 

important consideration in the overall description of electron and phonon conduction as the size 

of the grains will dictate the number of boundaries involved in the scattering of electrons and 

phonons over their respective MFPs. The results for ALD W indicate an average grain size of 2 

nm, independent of thickness. The lack of thickness dependence in grain size is unusual for thin 

films. Often thin films nucleate and continue to grow with grain sizes on the order of the film 

thickness for films under 20 – 50 nm. The grain size will then continue to grow on the order of 

the film thickness for films under 30 – 50 nm. This has been witnessed in the studied ALD Ru 

and Cu, Al and Pt films from the literature.
42,113,114

  

Grain size during film growth may be better understood by the temperature zone model 

presented by Barna and Adamik.
115

 Given the ratio of Ts/Tm where Ts is the substrate 

temperature during film growth and Tm is the melting point of the elemental material, a 

microstructural evolution model may predict the growth mechanisms and thus give a better 

estimation of the expected grain size.
115

 Figure 6.2 demonstrates the basic temperature zone 

model. The ALD W in question was deposited at 130 °C and has a Ts/Tm of ~ 0.04 which falls in 

the extremely low range of Zone I in the microstructural evolution model. In the lower end of 

Zone I the nucleation density essentially determines the grain size throughout the film thickness. 

It is composed of extremely small fibers on the order of several nm’s which form bundles and 

are homogeneous throughout the film thickness. This basic model and interpretation is consistent 

with the measured grain properties of ALD W.  
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Figure 6.2: Temperature zone model for microstructural evolution during film growth.
115

 Zone I, 

Zone T, and Zone II correspond to a Ts/Tm from 0 – 0.2, 0.2 – 0.4 and > 0.4, respectively. Layers 

a), b), c) and d) correspond to film thickness growth. 

Though the data for Ru grain size was incomplete, the grain sizes for the two measured 

films indicate a grain size on the order of the film thickness, i.e. 9 nm for a 8.0 nm film and 6 nm 

for a 3.7 nm film. Previous studies of ALD Ru and TiN films by Milligan and Li demonstrate 

grain size versus film thickness for several ALD metal films (Figure 6.3).
116

 In the region above 

10 nm, the grain size is saturated at different sizes corresponding to different materials. Below 10 

nm, the curves converge into a linear relationship wherein the grain size is approximately equal 

to the film thickness. However, the structure zone model for ALD Ru indicates Ts/Tm is ~ 0.12, 

falling in the middle of Zone I. In this zone as described above, the nucleation density determines 

the grain size and a smaller grain structure than measured might be expected. Barnes and 

Adamik have also shown the effect of impurity species as either inhibiting or promoting grain 

size, i.e. Zone I materials may act more like Zone T materials with grain growth “promoters” or 

Zone T materials may act like Zone I materials with grain growth “inhibitors”. Studies by 
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Aaltonen et al. show ALD Ru films deposited at 300 °C resulted in larger grain structure also 

corresponding to a larger O2 impurity content in the film when compared to films deposited at 

400 °C and 500 °C.
101

 In this sense, oxygen may act as a grain promoter for ALD Ru growth at 

300 °C. For further analysis in the following chapters, it will be assumed that the ALD Ru grain 

size is equal to the film thickness. 

 

Figure 6.3: Grain width versus film thickness for several ALD generated materials.
116

 Each 

material has a different grain width saturation above 20-30 nm in thickness, but approximately 

identical linear relationships below 10 nm. 

 

6.4 Electrical Resistivity in ALD W and ALD Ru 

 The electrical resistivity for W and Ru was modeled by both the FS and MS models 

presented in section 6.2. Even for completely diffuse scattering (p = 0), the FS model drastically 
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undershoots the experimental W resistivity. Since the W is nano-crystalline with 2 nm grains 

independent of thickness, the data are more accurately modeled by using the grain resistivity MS 

model, equation 6.5 (black solid line in Figure 6.4). A thickness-dependent electron reflection 

coefficient, R, must be utilized to properly fit the data. This might suggest a significant size 

effect due to layer boundary thinning, however using the full MS model from equation 6.7 

resulted in a negligible change in the predicted resistivity suggesting another scattering effect is 

influencing electron transport with decreasing film thickness. Previous work with ALD Pt films 

explained a thickness dependent R value through the concept of varied density with Pt thickness, 

however, nucleation studies of ALD W show a constant density at the thicknesses studied.
14,42

 

The thickness dependent effect for R is likely attributed to a disordered layer formed during the 

recrystallization of grains in the W nucleation phase as demonstrated in Figure 5.13.
14

 A base 

layer of extremely disordered grains increases electron scattering (R) for thinner films. The label 

“disordered” may include the combination of several effects including smaller grains, grain with 

less crystal structure and/or grains with larger grain separation by impurities. This hypothesis is 

supported by the measurement of a negative temperature coefficient of resistance (TCR) for 

ALD W, opposite of the expected positive metallic effect. Specifically, thinner films exhibit a 

larger negative TCR with measured values of -0.015, -0.012 and -0.009 % K
-1

 for 11.6, 15.4 and 

20.4 nm W films, respectively. Thinner films contain a larger scattering contribution from the 

disordered nucleation layer which contributes to a negative TCR effect through electron grain 

hopping. These negative TCR contributions overcome the inter-grain metallic positive TCR 

contribution. Further discussion of TCR will be included in section 6.5 
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Figure 6.4: Measured electrical resistivity of W films at room temperature at three thicknesses 

are plotted as black squares. The bulk W resistivity is shown as the blue dashed line. The upper 

bound FS model (p=0) is shown as the red dashed line. The solid black line is the thickness 

dependent MS model. 

 The measured resistivity is much lower for ALD Ru, only about 2x – 3x the bulk 

resistivity as shown in Figure 6.5. This suggests that the resistivity may not be dominated 

entirely by grain boundary resistance and a significant size effect may be present for decreasing 

film thickness. However, the FS undershoots the experimental resistivity data, even for p = 0. 

From this result, it is apparent that the MS model should be utilized. Here, the resistivity is a 

combination of contibutions from both grain boundary scattering and boundary size effect 

scattering, suggesting the use of the full MS model which incorporates both of these effects. 

Equation 6.7 was fit to the electrical resitivity data for ALD Ru where the grain size was 
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assumed equal to the film thickness as discussed in the previous section. For the three thickest 

samples a constant R value of 0.49 provided an accurate fit. For the thinnest sample, an R value 

of 0.80 was needed. Here, the average grain size is assume to be ~ 3 nm where the film thickness 

is also ~ 3 nm. The nucleation layer as depicted in Figure 5.13 may be introducing additional 

scattering, increasing R as witnessed in the W films. At this thickness it is possible the film is 

quasi-continious, and the grain seperation may be larger than in the thicker films, introducing a 

significant increase in resistivity.  

 

Figure 6.5: Measured electrical resitivity of Ru films at room temperature at four thicknesses are 

plotted as black squares. The bulk Ru resistivity is shown as the blue dashed line. The upper 

bound FS model (p = 0) is shown as the red dashed line. The solid black line MS model from 

equation 6.7 for p = 0 and R = 0.49. The black dashed line is the MS model from equation 6.7 for 

p = 0 and R = 0.80. 
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6.5 TCR of ALD W and ALD Ru 

 The W films exhibit a negative TCR effect, similar to many semiconductors. This is 

contrary to bulk-like metal films which exhibit a positive linear effect governed by the scattering 

of electrons by phonons wherein increased heat produces a higher rate of electron-phonon 

scattering and higher electrical resistivity. Traditional MS models presented in section 6.2 

adapted to TCR do not capture the negative TCR effect witnessed in ALD W – only the 

reduction in positive TCR with decreasing film thickness and grain size.
117

 This non-metallic 

behavior has been witnessed in several previous studies of nano-structured metals and is entirely 

attributed to the grain structure of the metal. Qin et al. and Yushuang et al. have witnessed 

negative TCR values in nano-crystalline Ag and Bose et al. in nano-crystalline bulk Nb.
118,118,119

 

Bose et al.’s studies of nano-crystalline bulk Nb indicated a metal-insulator transition and TCR 

sign change from positive to negative below 8 nm crystallite sizes, wherein the resistivity was 

10’s of m*cm (~ 2 orders of magnitude larger than the ALD W).
119

 They attributed both the 

metal-insulator and TCR sign change to a significant effect from the distance between grains, 

roughly on the order of 1 nm and made up of amorphous oxide material. To interpret this effect 

of film morphology, grain hopping models often applied to semiconductor materials were 

applied to their transport data. These models were unsuccessful in describing the transport and 

they attributed the unusual transport data to the height of the electrical potential associated with 

the grain boundary spacing distance. Yushuang et al. demonstrated that the quantum size effect is 

predicted for Ag films with crystallite sizes below 20 nm.
118

 The quantum size effect causes 

quasi-continuous electron energy levels to form distinctively separate energy levels in the grain 

structure, increasing the resistivity. In this case, an increase in temperature increases the electron 

carrier concentration and decreases the resistivity. This effect dominates of the converse effect of 

carrier mobility decreasing with increasing temperature.  
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 The proposed mechanism from Bose et al. regarding grain separation may be consistent 

with the results for ALD W.  Wind et al., Wilson et al., Elam et al. and EDX line scans of the 

samples measured here have shown a Si inclusion in the W films.
14,25,120

 It is not unrealistic to 

assume that a larger majority of impurities are located in the disordered base layer, increasing the 

separation between grains and thus temperature dependent grain hopping (increasing negative 

TCR). Work by Vancea et al. empirically witnessed quantum transport effects in nanostructured 

films and Reiss et al. modeled their results using quantum mechanical transfer matrix 

calculations.
121,122

 Reiss et al. derived a thin film conductivity given by a modified Drude model,  

                                                    𝜎 = (
𝑛𝑒2𝑙

𝑚𝑣𝐹
) 𝑔𝑟𝑎𝑖𝑛(𝑙, 𝐺, 𝑇∗),                                                  (6.14) 

where n is the free electron number density, e is the charge of an electron, m is the mass of an 

electron, vF is the fermi velocity, l the MFP of an electron, G is the grain size T* is the quantum 

mechanical transmission coefficient along any direction and grain(l,D,T*) is the grain dependent 

adjustment. Reiss et al. confirmed the empirical model by Vancea et al. showing that in the first 

order approximation, 

                                                       𝑔𝑟𝑎𝑖𝑛(𝑙, 𝐺, 𝑇∗) = 𝑇∗𝑙/𝐺
.                                                   (6.15) 

To attempt to explain the negative TCR of W, a grain boundary adjusted TCR relation may be 

derived from equation 6.14 and given as, 

                                                       𝑇𝐶𝑅 = 𝐵𝑙[1 − (
𝑙

𝐺
) ln (

1

𝑇∗
)],                                              (6.16) 

where B is a constant > 0 associated with the material’s MFP temperature dependence. It can be 

seen that for TCR to be negative the following relation must be satisfied,  
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                                                                (
𝑙

𝐺
) ln (

1

𝑇∗) > 1 .                                                       (6.17) 

For ALD W, this condition is met using the bulk MFP, grain size of 2 nm and T* defined as,
121

  

                                                                  𝑇∗ = 1 −
𝑅

2
,                                                             (6.18) 

where R is the reflection coefficient at perpendicular incidence for different thicknesses used in 

the MS model from section 6.4.  Using B as a free parameter, equation 6.16 was fit to the W 

TCR data in Figure 6.6. Remarkably, the model fit is accurate, matching well with the thinner W 

layers and implying the electron reflection coefficients from the MS resistivity modelling 

correlate well with Reiss et al.’s model for conduction. There is some discrepancy in whether the 

MFP should be defined with a thickness dependence. However, the assumption of a bulk mean 

free path is valid considering Vancea et al. also showed that defining a MFP for the whole of a 

nanocrystalline solid is convoluted and that only the background scattering MFP can be 

defined.
123

 To further increase the model accuracy, B could be measured for a bulk 

nanocrystalline W structure (> 50 nm thickness) with morphology similar to the measured ALD 

films with 2 nm grain structure. The current model by Vancea et al. with B as a free parameter 

results in B= 7331 m
-1

 K
-1

 and describes the behavior of the ALD W TCR accurately.  

 ALD Ru shows a positive TCR trend with decreasing magnitude with decreasing film 

thickness. This trend is consistent with previous literature of ALD Pt films and the Matthiessen 

rule.
23

 However, the model presented by Vancea et al. is poorly fit to the data in Figure 6.7 using 

an R value of 0.49 from the MS fit of electrical resistivity and equation 6.16. The size effect here 

is underrepresented by the assumption of a smaller mean free path of 10 nm. If a larger MFP is 

used, the size effect is enhanced and an improved fit may be achieved. However, this is exactly 
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the problem Vancea et al. has identified for defining the mean free path of a nanocrystalline thin 

film.
123

 

 

 

Figure 6.6: TCR of ALD W with respect to thickness plotted as black squares. The red line 

corresponds to a model fit by equation 6.16. 
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Figure 6.7: TCR of ALD Ru with respect to thickness plotted as black squares. The red line 

corresponds to a model fit by equation 6.16. 

 

6.6 Thermal Conductivity of ALD Al2O3 

 To better understand the thermal conductivity of the ALD metal layers investigated, the 

thermal conductivity contribution of ALD Al2O3 must be addressed. Using the relative 

thicknesses of the Al2O3 and metal layers of a trilayer, the effective thermal conductivity may be 

modeled by equation 6.1 from section 6.1. To extract the thermal conductivity of the metal 

layers, a value for the thermal conductivity of Al2O3 must be settled on. As mentioned in section 

6.1, the thermal conductivity of amorphous oxides is often in the 1 – 3 W/mK range. To 

investigate the thermal conductivity of the Al2O3 films utilized in the presented measurements a 
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parallel model can be utilized to extract the thermal conductivity of sub 10 nm Al2O3 on W. 

Figure 5.7 from section 5.4 was fit with a parallel model from equation 6.1 in Figure 6.8 with 

Al2O3 and W as free parameters. The extracted thermal conductivity for sub 10 nm Al2O3 was 1 

 3 W/mK. This level of error is consistent with sub 10 nm films measured by Luo et al and does 

not imply that the thermal conductivity may be negative.
104

 

 The thermal conductivity of amorphous Al2O3 thin films has been studied previously. 

Work by Luo et al., Gorham et al. and Lee et al. has characterized the thermal conductivity of 

ALD and sputtered Al2O3 with values around ranging from 1 – 3 W/mK. Gorham et al.’s films 

were on the order of 50 nm and measured using time-domain thermoreflectance, obtaining a 

value of ~1.6 W/mK for ALD Al2O3 deposited films. Luo et al.’s ALD Al2O3 films were 

measured down to 5 nm, using a micro-raman technique, but with large error for the thinnest 

samples. Lee et al.’s sputtered Al2O3 were measured at ~ 140 nm in thickness using the 3 

technique with a suspended metal heater and resulted in a value of ~ 1 W/mK.  Figure 6.9 

demonstrates the data from Luo et al. and Lee et al. Below 10 nm, the thermal conductivity of 

Al2O3 was shown to decrease below the kinetic minimum thermal conductivity for Al2O3 

(neglecting size effects) presented by Stark et al. (Figure 6.9a).
105

 Both data from Luo et al. and 

Lee et al. are consistent with the extracted thermal conductivity value presented here for 

amorphous Al2O3. 
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Figure 6.8: Effective thermal conductivity of Al2O3/W/Al2O3 with respect to top/bottom Al2O3 

thickness plotted as black squares fit by equation 6.1 (red line).  

 It is possible there is a thickness dependent conductivity value for Al2O3 at these 

thicknesses since the size effect has been predicted and witnessed in ultra-thin film SiO2 thermal 

conductivity measurements by Goodson et al..
124

 However, the extracted value presented here 

will serve as an acceptable estimate for extraction of the metal thermal conductivities of Ru and 

W from their associated  Al2O3 trilayer stacks. To date, there is no previous literature on the 

thermal conductivity of ALD deposited Al2O3 at sub 5 nm thicknesses. 
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Figure 6.9: Data from Luo et al. and Lee et al. for the thermal conductivity of amorphous 

Al2O3.
104,107

 a) Thermal conductivity of ALD Al2O3 at various thicknesses. b) Thermal 

conductivity of amorphous Al2O3 deposited on different substrates by various techniques. 

 

6.7 Thermal Conductivity of ALD W and ALD Ru 

 To better interperet the conduction mechanisms in the metal films from the measured 

W/Al2O3 and Ru/Al2O3 nanolaminates, the thermal conductivity of just the W and Ru films were 

extracted using the parallel model from equation 6.1, assuming an Al2O3 thermal conductivity of 

1 W/mK.  

Figure 6.10 and Figure 6.11 demonstrate the extracted thermal conductivity values for W 

and Ru respectively. The comparison here between W and Ru is less convoluted since the effect 

of the Al2O3 has been removed. Since the Ru/Al2O3 structure had ~ 2x the thickness of Al2O3 

than the W/Al2O3 structures, the effective thermal conductivity was lowered. Here, it is clearly 

seen that Ru has a significantly larger thermal conductivity compared to W. Even at thicknesses 

of 3 – 4 nm the Ru thermal conductivity is larger than that of a 20.4 nm W film. The majority of 

this effect is attributed to the higher degree of electron thermal conduction in the Ru due to its 

much lower electrical resistivity. For both films the thermal condcutivity is significantly reduced 
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from bulk. Bulk W and Ru have thermal conductivities of 173 and 117 W/mK respectively and 

are displayed in Figure 6.10 and Figure 6.11. At the thinnest thicknesses presented here, ALD W 

and ALD Ru have reduced thermal conductivities of 91% and 83%, respectively.    

 

Figure 6.10: Measured thermal conductivity of ALD W with respect to thickness plotted as black 

squares.
37

 The black line is the bulk value. The red circles are WFL calculated el values. The 

blue triangles are WFL calculated ph values. The blue dashed line is the thickness dependent 

MSph model.  
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Figure 6.11: Measured thermal conductivity of ALD Ru with respect to thickness plotted as 

black squares. The black line is the bulk value. The red circles are WFL calculated el values. 

The blue triangles are WFL calculated ph values.  
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To better understand the contribution of phonon and electron conduction in these 

structures, the Weidemann Franz Law (WFL), which defines the electron thermal conductivity as 

e = LoT/ where T is the absolute temperature and  is the measured electrical resistivity was 

invoked. The total thermal conductivity is given as, 

                                                    𝜅𝑡𝑜𝑡 = 𝜅𝑒𝑙 + 𝜅𝑝ℎ ,                                       (6.19) 

where el and ph are the electron and phonon thermal conductivities respectively. Using the 

WFL and equation 6.19, el  and ph were calculated and plotted alongside W and Ru thermal 

conductivities in Figure 6.10 and Figure 6.11. The large electrical resistivity of ALD W produces 

a very small WFL calculated el, where ph is ~ 85 – 95% of the total conduction. The modified 

MS model from section 6.2 for phonon conduction was fit to the WFL calculated phonon 

conduction for W (dashed line in Figure 6.10b). Input values consisted of a fixed value of u0 = 

10
-5

 from prior literature on Bismuth and Antimony films
31

, W bulk conductivity of 173 W m
-1 

K
-1

, W Debye temperature of 400 K, W Debye frequency of 80,800 GHz, W phonon velocity of 

5180 m s
-1

, grain size of 2 nm, and a completely diffuse film boundary scattering term pph = 0. 

Not surprisingly, a thickness dependent Sph term must be utilized to accurately fit the data. 

Analogous to the modelling of electrical resistivity in the W requiring a thickness dependent R 

term, there is likely a disordered base nucleation layer within the W, which has a larger relative 

effect on thinner films producing a “size effect” of its own, Here, it is evident that this size effect 

influences both phonon in addition to electron conduction as shown in section 6.4. The Ru data 

was not modeled by the MS model from section 6.2 for phonon conduction. However, based on 

the electrical resistivity data, it is expected that a thickness dependent Sph term would be required 

to properly fit ph for the thinnest structure analogous to the MS electron transport modeling 



106 

 

results for Ru. The smaller resistivity of Ru results in a larger el, exceeding ph for all but the 

thinnest sample. However, it is interesting that for both Ru and W, the calculated ph values 

exceed the predicted maximum phonon conduction by Heino et al. for many bulk metals.
125

 To 

investigate this disparity a discussion of Lorenz number follows. 

The calculated Lorenz numbers L based on the measured thermal and electrical 

conductivities of the W and Ru films are plotted in Figure 6.12. These values are significantly 

larger than the Sommerfeld value, Lo = 2.45  10
-8

 obtained by the free electron theory of metals, 

especially for W. As discussed in section 6.4, a certain portion of electron charge carriers are 

reflected at grain boundaries and in effect, do not contribute to the overall electrical charge 

transport. However, work from Zhang et al., Wang et al. and Ordonex-Miranda et al. have shown 

that elastically reflected electrons at grain boundaries may interact inelastically with phonons.
126–

128
 This interaction will allow phonon transfer of heat through the grain boundary, in effect 

contributing to electron thermal conductivity. Thermally, these grain boundaries are more 

transparent to electrons that undergo this electron-phonon-grain interaction. For cases where this 

effect is dominant, the WFL is effectively invalid, as el is now proportional to both electron and 

phonon transport. This phenomenon is the expected culprit for the exceedingly large Lorenz 

numbers for ALD W, which are approximately an order of magnitude larger than the 

Sommerfeld value (Figure 6.12). Continuing this interpretation for the case of Ru, the WFL is 

likely only invalidated for the thinnest Ru thickness, where ph > el, for the thicker Ru films, el 

>ph. This electron-phonon interaction is better desribed as the electron-phonon coupling factor, 

Gf, defined as the ratio of the lattice deformation energy of localized electrons over the kinetic 

energy of a localized electron. Hostetler et al. have clearly shown the grain size dependence of Gf 

for Au and Cr thin films.
129

 For grain sizes below 20 nm, Gf is shown to increase exponentially 
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with decreasing grain size. Conceptually, the larger electron reflection coefficients associated 

with smaller grains will result in a higher probability of electron-phonon interaction, thus 

increasing Gf. For the 2 nm grain structure in ALD W, Gf may dominate and thus explain the 

exceedingly large propotion of phonon transport predicted by the WFL. This effect would also 

be consistent for Ru films with decreasing grain size equal to the film thickness. However, it is 

interesting that the WFL calcuated ph for both W and Ru seem to reach a saturation level of ~ 20 

W/mK for thicker films. The lower electron reflection coefficient for Ru along with larger grain 

sizes would suggest that the grain size effect on Gf,Ru should be smaller than the effect for Gf,W. 

However, the absolute magnitude of this coupling coefficient is still dictated by the inter-grain 

atomic structure specific to the elemental material. Studies of bulk Ru and W by Colombier et al. 

show Go,Ru,= 18.5 W/m
3
K and Go,W = 4.3 W/m

3
K using ultrafast laser irradiation.

130
 This result 

suggests that the smaller grain size effect on Gf,Ru is compensated for by the stronger background 

electron-lattice interaction, Go,Ru. Conversely, the weaker background electron-lattice interaction 

for W, Go,W, is compensated for by a strong enhancement by nano-grain effects. 
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Figure 6.12: Calculated Lorenz numbers based off measured electrical resistivity and thermal 

conductivity for W (black squares) and Ru (red circles) with respect to film thickness. 

 

6.8 Periodic W/Al2O3 Electrical Resistivity and Thermal Conductivity 

The electrical resistivity of the periodic W/Al2O3 structures was relatively constant until 

the 4-layer sample. For parallel conductors, the total resistivity of a periodic layer stack is given 

as, 

                                                    𝜌 = (∑
1

𝜌𝑖

𝑛
𝑖=1 )

−1

,                                                      (6.20) 

where i is the resistivity of a single W layer in the periodic layer stack. This basic resistor 

modeling using equation 6.20 for the periodic structures is not consistent with this result and 
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predicts a significantly larger resistivity than measured. Experimentally, it is likely the ALD 

Al2O3 allows electron tunneling to some degree given that all electrical probing of the suspended 

structures occurs through the “probe-Al-ALD Al2O3-ALD metal” configuration. The results for 

the periodic resistivity suggest the in-plane conduction also allows tunneling through the thin 

ALD Al2O3 layers, lowering the overall resistivity of the periodic structure. These results 

indicate grain boundary scattering is still the dominant scattering effect over layer boundary 

scattering for W films with 2 nm grains. 

The total thermal conductivity was reduced by introducing periodicity into the W film 

with Al2O3 spacers while keeping the total thickness constant as depicted by Figure 5.2. The 

electrical resistivity of the periodic films remained relatively constant when adding periodicity in 

the W until the 4-layer sample, therefore the majority of the reduction in total thermal 

conductivity can be attributed to a reduction in phonon conduction. Interfacial thermal resistance, 

or boundary resistance is invoking further phonon scattering processes due to an acoustic 

mismatch between the W an Al2O3. Enhanced scattering at the film boundaries will reduce 

phonon conduction in both the individual W and Al2O3 layers and across the interfacial 

boundaries. This effect will increase with decreasing layer thickness. This interpretation is 

consistent with results from Chen et al. on the thermal conductivity of thin film superlattices with 

varying layer thickness.
131

   

For a constant total thickness of W and Al2O3, the total thermal conductivity was reduced 

~ 47% by introducing periodicity. By ignoring the small conduction contribution of the Al2O3 

spacers, the W conduction may be modeled as parallel conductors where the total thermal 

conductivity is, 
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                                          κtot= ∑ κW,itW,i/tW,tot
N
i=1 =NκW,NtW,N/tW,tot,                                 (6.21) 

where i denotes an individual W layer with thickness tW,i and thermal conductivity W,i, and tW,tot 

is the total W thickness. Since the individual W layers have equal thicknesses, 

                                                                  tW,i/tW,tot=1/N,                      (6.22) 

and thus, tot becomes the conductivity of an individual W film, W,i within the laminate. 

Utilizing the same thickness dependent Sph used to fit the WFL calculated phonon conduction 

from Figure 6.10, the phonon thermal conductivity of the W in the periodic structure was 

modeled using the MS model modified for phonon conduction (solid inverted triangles Figure 

6.13).
31

 The model demonstrates that phonon conduction in the W is reduced substantially. 

However, this model is not a completely accurate description of the thermal conductivity of the 

laminate since the sum of the MSph model phonon conductivity and WFL electron conductivity 

from the W is several W/mK less than the total measured thermal conductivity of the laminate 

for the 3 and 4 layer samples. This error is attributed to the lack of consideration for Al2O3 

conduction since the phonon conduction from both the W and Al2O3 are on the same order of 

magnitude for the 3 and 4 layer samples. Also, nucleation effects from the W may be 

incorporating additional error since the nucleation phase is a larger portion of each total 

deposition cycle for thinner W layers in the more periodic structures.
15 
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Figure 6.13: Periodicity dependence of thermal conductivity of W films at room temperature.
37

 

The black line is the bulk value. The red circles are WFL calculated el. The blue triangles are 

WFL calculated ph. The upside-down purple triangles are values modeled by the thickness 

depended MSph model. 
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6.9 Specific Heat Capacity of ALD Al2O3 and ALD W 

 Analogous to the parellel model extraction of ALD W and ALD Ru thermal conductivity, 

the extraction of specific heat capacity requires knowledge of the specific heat capacity of the 

associated Al2O3 layers. 

 

Figure 6.14: Effective specific heat capacity of Al2O3/20.40 nm W/Al2O3 at room temperature 

with respect to top/bottom Al2O3 thickness plotted as black squares. The red line corresponds to 

a model fit by equation 6.2. 

By using the parallel model, equation 6.2, the specific heat capacity of ALD Al2O3 and W 

(free parameters) may be extracted from a sample set of varied Al2O3 thickness surrounding a 

20.40 nm W film (Figure 6.14). The extracted values for the specific heat capacity of Al2O3 and 
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W are 1.18  0.19 J/gK and 0.35  0.11 J/gK, respectively. Both values are larger than the 

corresponding bulk values for Al2O3 and W of ~ 0.88 J/gK and 0.13 J/gK, respectively.  

 Previous work by Yu et al. and Lugo et al. measuring the specific heat of copper thin 

films also found their thin film copper films ranging from 20 – 200 nm to increase in specific 

heat with decreasing film thickness.
113,132

 They attribute the enhanced specific heat capacity to 

the effect of grain size. Additionally, work from Rojas et al. also showed enhanced specific heat 

capacities of several materials with nanocrystalline structures.
133

 In general, the literature shows 

smaller grain sizes increase the specific heat capacity of a polycyrstalline thin film.  Studies from 

Wang et al., Ohshima et al., and Saeedian et al. of the specific heat capacity on nano particulates 

of varying size may illuminate this effect.
134–136

 Their studies have determined that with 

decreasing particle size for TiO2, CuO, Ag and Al nanoparticulates the associated specific heat 

capacity is enhanced. They attribute this effect to particle surface effects of phonon softening. 

Given the increasing ratio of atoms on the surface to the interior atoms the average phonon 

frequency is decreased throughout the nanoparticulate because the phonon vibration is restricted 

by the surface. By referencing the Debye model for phonon specific heat, the effect of phonon 

softening at grain boundaries may be qualitatively examined.
131

 Since the frequency of phonons 

is proportional to √𝑘/𝑚, where k is the force constant which dictates the stiffness or strength of 

interatomic bonds and m is the effective mass of oscillation throughout the lattice structure, 

slowing the phonon frequency throughout the grain structure reduces k, softening the lattice 

structure. Thus, from a spring mass standpoint more work (energy) per mass is now required to 

raise the temperature of the structure since the spring mass system is softer – increasing the 

specific heat capacity. The energy is conserved through Grüneisen's law, resulting in an increase 

in the thermal expansion coefficient, as the crystal must now perform work in the form of 
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expansion. This effect has been witnessed in work by Narashimhan on Ag(111).
137

 For the result 

of ALD W, the 2 nm grain structure through the film is enough to raise the specific heat capacity 

by ~ 2.6x. Wang et al. developed a non-dimensional model for the ratio of specific heat of a 

nanoparticle to that of the bulk based on grain size. The ratio, R*, is given as, 

                                                               𝑅∗ =
𝑁𝑘𝐵

𝑑3𝑇2,                                                                  (6.23) 

where N is the number of atoms in the grain, d is the diameter of the grain and T is the 

temperature.
134

 For a 2 nm ALD W grain with a density of 16.7  10
6
 g/m

3
, R

*
 is ~ 4.4 at room 

temperature. This prediction is solely for the specific heat capacity of a 2 nm nanoparticle, 

however it is an important comparison for the thin 20 nm ALD W film with a ratio of ~ 2.6. For 

a thin film structure made up of 2 nm nanoparticles (grains), the effect of phonon softening will 

be reduced since the surface atoms will be in proximity of other surface atoms of neighboring 

grains. These neighboring grains will allow an increased amount of phonon transport propotional 

to the phonon grain boundary transmission coefficient. Relative to the case of a single 

nanoparticle, this transport effect will lower the overall specific heat capacity for a thin film. 

 The interperetation above may also be applied to the result for the amorphous ALD 

Al2O3. The atomic disorder found in amorphous structures will lower the average phonon 

frequency resulting in an increased specific heat capacity. Work by Queen et al. measured the 

excess specific heat in amorphous Si also showing an increased specific heat over crystalline Si 

and further increase for thinner films.
138

 They attribute this effect to the natural increase of 

atomic disorder in thinner films (lower silicon number density). Work by Song et al. have also 

showed an increased specific heat with decreasing film thickness for silicon nitride films.
139

 The 

direct study and theory of phonon transport in amorphous solids is still an undeveloped field. It is 
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possible that thinner films exhibit higher atomic disorder, thus increasing the specific heat, 

however, it is also possible that surface boundary effects cause phonon softening at boundaries in 

higher proportion for thinner films. Either effect will increase the specific heat of ultra-thin 

amorphous materials. The result for ALD Al2O3 is consistent with these interperetations. 

 The extracted specific heat capacity values for W, using cAl2O3 = 1.18 J/gK  are plotted in 

Figure 6.15. Though there is large error associated with the exraction of the W specific heat, the 

extracted values slightly increase with decreasing thickness, ~ 33% from the 20.4 nm W to the 

11.55 nm W. The effective thermal conductivity values for the Al2O3/W/Al2O3 trilayers were 

calculated according to the individual W and Al2O3 values extracted in section 6.6 and 6.7, 

introducing additional error in the extraction of the specific heat capacity. The effect of the 

highly disordered base layer in the W films may be considerable here, however the comparitive 

change in thermal conductivity is much larger, suggesting the relative change in specific heat 

capacity versus thickness can be intepereted as approximetely constant. This suggests that 

boundary size effects have a negligable effect in this thickness range on the specific heat 

capacity. The effett from nano-grain phonon softening in the ALD W remains dominant. This 

result is also witnessed in the periodic W/Al2O3 structures (Figure 5.10). With increasing W 

periodicity (with constant total thickness) the specific heat capacity remains approximetely 

contstant. This suggests that even for the 4-layer periodic sample with 4x the number of layer 

boundaries compared to the 1-layer sample that the nano-grain structure is the dominant 

mechanism for increased specific heat. 
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Figure 6.15: Specific heat of W/Al2O3 structures. The effective specific heat of 6.7 nm 

Al2O3/W/6.7 nm Al2O3 with respect to W thickness is plotted as black squares. The extracted 

specific heat of the W layer using equation 6.2 is plotted as red squares with respect to W 

thickness. 

 

6.10 Specific Heat Capacity of ALD Al2O3 and ALD Ru 

 The sample set for specific heat capacity of Al2O3/Ru/Al2O3 maintained a constant Al2O3 

thickness with varying Ru thickness (Figure 5.9). Using the parallel model from equation 6.2 and 

the extracted cAl2O3 value from Figure 5.9 results in inconsistent values obtained for the specific 

heat of the various Ru thickneses. A specific heat value of 1 instead of 1.18 (within error) yields 

extracted cRu values of 0.422 J/gK and 0.38 J/gK for the 5.7 and 8.0 nm films, respectively. Bulk 

Ru has a specific heat capacity of 0.238 J/gK. The Al2O3 for the Ru sample set was deposited at 

150 °C compared to 130 °C, while the Ru was deposited on top of the first layer of Al2O3 at 300 
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°C. Higher temperature depositions can increase the index of refraction and thus increase the 

denisty of the Al2O3 film.
103

 It is unknown if the density of the film could slightly lower the 

atomic disorder providing a more crystalline film. It is possible that this effect produced a film 

with lower specific heat capacity, but has not been verified.  The extracted values for the thinnest 

Ru films of 2.7 nm and 3.7 nm had inaccurate results in the context of parallel contribution of 

specific heat, while also large error. A possible explanation for the poor data could arise from the 

thermal time constant measurement. From the off to on state of the voltage-pulse current must 

tunnel through the thicker Al2O3 layers to the Ru film – resulting in a less accurate time constant 

extraction. Additionally, the proportion of Ru film thickness to the total Al2O3 thickness was 

very low, increasing the error in the extraction of cRu by equation 6.2.  

 

6.11 Summary of Electro-thermal Results 

 In summary, there are several distinct material property trends associated with ALD 

generated W, Ru and Al2O3 which are important to summarize before Chapter 7, where ALD 

material design considerations for bolometer performance will be discussed. Table 6.1 

summarizes the extracted results for the discussed W, Ru and Al2O3 samples. For ALD W, the 2 

nm grain structure dominates electron charge transport, producing a significantly larger 

resistivity than bulk, and a remarkable negative TCR value. Modelling results suggest the size 

effect witnessed for decreasing W thickness is attributed to an increasing proportion of a highly 

disordered nucleation layer in the thickness and not to an increased scattering effect by thinning 

layer boundaries. The reduction in electron charge transport in Ru is also attributed to nano-grain 

structure, however, an appreciable size effect is witnessed for films below 10 nm by fitting the 

data with a full MS model which is attributed to both thinning layer boundaries and shrinking 
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grain sizes. Only in the thinnest 2.7 nm Ru sample is there a significant increase in resitivity and 

decrease in TCR deviating from the MS R value of 0.49 for the thicker samples. The thermal 

conduction and specific heat capacity of W is also dominated by the nano-grain structure. The 

WFL is violated for W, producing unrealistically large Lorenz numbers attributed to a significant 

increase in electron-phonon coupling contributions to thermal transport. The nano-grain structure 

also produces a significant phonon softening surface effect, enhancing the specific heat capicity 

by ~ 2.6x over the bulk for ALD W. The periodic W/Al2O3 structures have suprisingly little 

effect on electron transport with increasing periodicity, yet signifcant effect on phonon trasport 

indicating the W-Al2O3 interfaces are larger acoustic barriers, than electric. However, these 

interfaces have a negligable effect on the effective specific heat capacity when compared to the 

phonon softening surface effect induced by the 2 nm grain structure. Within the thickness range 

studied for single layer W films, the W loses electrical conductivity faster than thermal 

conductivity with decreasing film thickness, while the specific heat capacity remains constant. 

Within the range of periodicity studied, the W loses thermal conductivity faster than electrical 

conductivity with increasing periodicity, while the specific heat remains constant. The Ru 

thermal conductivity is significantly larger than the W due to a larger contribution of electron 

thermal conductivity and a larger background electron-phonon coupling factor. The specific heat 

capacity of the Ru is larger than bulk by ~ 1.5x for the thicker samples. The larger grain structure 

results in a smaller phonon-softening effect compared to W, however with decreasing thickness 

(and grain size) this effect increases, producing a thickness dependent specific heat capacity not 

witnessed in the W. Several of these trends will be exploited in Chapter 7 when considering the 

performance of a DRS-style microbolometer structure containing absorber and support leg 

elements. 
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Table 6.1: Summary of studied material properties for ALD W, Ru and Al2O3. 

 

*Periodic W samples include Al2O3 spacing layers. 
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Chapter 7 

 

 

Application of Work to DRS Microbolometer 

 

This chapter will summarize the work surrounding the use of ALD materials in 

application to the DRS microbolometer presented in section 2.2.5. Due to the sensitive nature of 

international traffic in arms regulation (ITAR) controlled devices manufactured by DRS 

Technologies Inc., actual device photos, discussion of fabrication details and discussion of 

absolute material thicknesses and device performance metrics will be limited to protect their 

product. Therefore only relative comparisons between ALD enabled and traditional materials 

will be quoted. 

7.1 General Approach 

Utilizing atomic layer deposition (ALD) generated materials will enable high-

performance microbolometers by a significant (order of magnitude) reduction in dielectric 

thickness from traditional bolometer materials. As explained in section 2.2.4, modern 

microbolometers directly benefit from a reduction in heat capacity, which can be accomplished 

by using substantially thinner materials. Reducing heat capacity improves their fundamental 
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performance metric, NETD*th, shifting the frontier of performance as shown in Figure 2.12. By 

utilizing ALD, film growth at sub nm scales with atomic precision and extremely high 

conformality is possible. By replacing traditional bolometer dielectric and metal materials for the 

of a DRS style bolometer pixel with ALD Al2O3 and ALD W, the total thickness may be reduced 

significantly. Therefore, an objective of this research was to successfully implement the new 

ultra-thin ALD materials with DRS’s manufacturing processes to produce operable bolometer 

pixels at the 6’’ wafer scale. The final objective was to fabricate functioning infrared (IR) 

cameras in the form of the Tamarisk 320 consumer model (Figure 7.1). 

 

Figure 7.1: DRS Tamarisk consumer model LWIR camera. 
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Figure 7.2: DRS-style two level microbolometer. Flat umbrella structure (left) and flat “holed” 

umbrella structure with reduced heat capacity (right). Images were provided by DRS. 

 

7.2 ALD Umbrella  

Several considerations for proper device performance must be made when addressing an 

improved umbrella structure. Optimal absorption of LWIR and proper structural separation of 

the umbrella layer from the body layers to prevent thermal shorting require that umbrella be flat 

(Figure 7.2). The umbrella structure must form a thermal contact with an underlying transducing 

element and also remain mechanically robust upon release. A nominal W layer with an 

appropriate electrical resistivity must be chosen to maximize the absorption of LWIR within the 

arrangement of the DRS pixel. LWIR electro-magnetic interference between the umbrella, body 

layers and reflective coating will determine the optimal resistivity for maximum absorption. 

Using the resistivity versus thickness results presented in section 6.4 a nominal layer thickness 

was chosen according to LWIR absorption modeling by DRS. This W layer was implemented 

with an Al2O3 sandwich to protect it during fabrication. 
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7.2.1 Fabrication 

 The ALD enabled DRS microbolometer with an ALD umbrella was fabricated according 

to methods described by US Patent Application 14/604,906 and work by Eigenfeld et al. 

presented in section 3.1.
34,35

 By using the ALD on polyimide process, the multilevel DRS 

bolometer structure comprised of a DRS body level support leg structure and transducer, and 

ALD umbrella absorber structure was fabricated. To achieve this, a custom 8’’ ALD reactor was 

built by the Steven George group at the University of Colorado Boulder to allow both W and 

Al2O3 deposition on DRS wafers. Detailed pilot studies of etch rates, material compatibility and 

thickness variation were conducted to integrate the new ALD fabrication step into the DRS 

process flow. 

 Figure 7.3 demonstrates the extraordinary conformality achieved by ALD during 

deposition on a DRS umbrella absorber via. The surface limited reactions from ALD even allow 

coatings to be achieved on inverted portions of over-etched via corners (right of Figure 7.3). 

7.2.2 Stress Tuned Flat Umbrella  

As shown in section 3.2.2, atomically controlled thickness variation in the associated 

ALD layers can provide optimal curl of a suspended structure. This technique was applied to 

Al2O3 sandwich layers surrounding the nominal W absorbing layer in the ALD enabled DRS 

umbrella structure. Figure 7.4 demonstrates the results of an umbrella structure with upward 

(Figure 7.4c) and downward curl (Figure 7.4d) as well as a flat suspended structure (Figure 

7.4e). The flat suspended structure had a vertical deflection deviation from anchor to perimeter 

of +/- 250 nm, measured using a Zygo white light interferometer. The difference between a 

completely unusable structure and a flat suspended structure is on the order of single nm’s 
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suggesting the use of ALD’s atomic precision was crucial for a successful ultra-thin device. An 

unequal top and bottom thickness is required to correctly balance the stress in the umbrella 

structure. This may be attributed to varied surface stresses by the nucleation of films on varied 

substrates, i.e. Al2O3 on polyimide, W on Al2O3 and Al2O3 on W.  

 

Figure 7.3: TEM images of nominal ALD coating on polyimide for an umbrella absorption 

structure. 

 

Figure 7.4 : SEM images of suspended membranes for microbolometer applications, with cross 

section of Al2O3 (blue) and W (yellow) (not to scale).
37

 Only the top Al2O3 layer was varied in 

thickness. Identical W and lower Al2O3 layers are used in all three images. Each square structure 

is 16 μm × 16 μm. c) Nominal top and bottom Al2O3 thicknesses resulted in upward curl, while 

d) a top Al2O3 layer two times thicker resulted in downward curl. e) A flat structure was 

achieved with a 1.4 times nominal top Al2O3 layer and nominal bottom Al2O3 layer. Images in 

(c-e) were taken at 45° stage tilt angle. 
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7.2.3 ALD Umbrella Results and Modeling 

By integrating the flat ultra-thin absorption structure with real DRS bolometer devices a 

1.4X improvement in bolometer performance relative to the DRS baseline production model was 

achieved through a substantial reduction in overall heat capacity of the pixel. A detailed 

description of the bolometer performance measurement will remain proprietary to DRS. 

Originally, calculations of the expected performance enhancement using bulk specific heat 

capacity properties for W and Al2O3 resulted in a prediction of a 1.5X improvement for the ALD 

umbrella bolometer relative to the baseline production model. This prediction was inconsistent 

with the measured performance enhancement because of the incorrect material property inputs. If 

the extracted material property values of specific heat capacity for Al2O3 and the nominal W 

layer from section 6.9 are used in the calculations, a 1.4X improvement is predicted. Identified 

material properties and trends in nanoscale structures such as specific heat and thermal 

conductivity presented in this thesis will undoubtedly aid in the future modeling of the DRS 

microbolometer structure and nanodevices alike. 

7.2.4 Electro-thermal Considerations of Umbrella 

As explained in section 2.2.4, the removal of heat capacity shifts the frontier of bolometer 

performance, by shifting the curve of NETD vs. . In the case of the umbrella absorber structure 

there are several electro-thermal considerations to achieve optimal performance. The first is to 

achieve optimal electrical resistivity for LWIR absorption at thin film dimensions. Second, the 

film should achieve a small volumetric specific heat and thirdly, the film should have a large 

thermal conductivity. The absorbed radiation should be conducted to the transducing element as 

quickly as possible to minimize thermal leakage via radiation and conduction to air. The longer 
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the heat is trapped in the absorber, the larger percentage of thermal leakage will occur. Also, the 

faster the heat is transferred to the transducer, the larger and longer the transient temperature 

change during electrical readout since the heat flow out of the transducer is constricted by the 

support leg structure. By maximizing thermal conductivity of the umbrella, a larger signal from 

the transducers may be achieved. 

 In light of these requirements for an optimal absorber several nanoscale material property 

trends may be exploited. In Chapter 6 it was shown thermal conductivity decreases substantially 

with decreasing film thickness. However, it was witnessed in both W and Ru, that phonon 

conduction is a significant contribution to the total thermal conductivity due to enhanced 

electron-phonon coupling by electron reflections at grain boundaries resulting in a larger than 

expected thermal conductivity for a nanoscale film. This nanoscale effect will alter the thermal 

conductivity versus electrical resistivity scaling depending on grain size and various materials 

may be compared. In the case of the microbolometer absorption structure a term such as, 

                                                             𝑍𝐵−𝑎𝑏𝑠 = 𝜅
(𝜌 ∙ 𝑐𝑉 ∙ 𝑡)⁄ ,                                         (7.1)  

should be maximized. Here, abs is short for absorber, cv is the volumetric specific heat and t the 

film thickness. 
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Figure 7.5: Comparison of proposed figure of merit, ZB-abs, for single layer ALD Ru (black 

squares) and single layer ALD W (red circles) normalized to the 8.0 nm Ru film. Bulk Ru and 

bulk W normalized to bulk W are plotted as black dashes and red dashes, respectively. 

 

A case study comparison of Ru versus W ZB-abs performance is shown in Figure 7.5. The 

Ru outperforms W in this metric significantly due to the larger thermal conductivity and order of 

magnitude smaller electrical resistivity at thinner thicknesses. ZB-abs obtains a maximum for the 

7.9 nm Ru thickness. A comparison of ZB-abs for bulk W and Ru indicate bulk W is a higher 

performing absorber material than Ru. This result demonstrates the importance of evaluating 

nano-materials for device performance. 
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7.3 All-ALD Bolometer Approach 

 By addressing the bolometer support leg structure with ALD materials, further 

performance enhancement may be achieved by continued reduction in bolometer material layer 

thicknesses. Fundamentally, continued removal of heat capacity in the dielectric and metal layers 

in the support structure will improve the NETD* figure of merit. However, the support leg 

structure has several required functions including, mechanical support for the entire pixel 

structure, electrical connection to transducing material and thermal pathway to the underlying 

substrate. Because of these functional requirements, the design and optimization of this 

microblometer “part” is inherently more complicated than the umbrella structure. This section 

will address several ideal designs to meet these functional requirements with ALD laminates 

according to results presented in previous chapters of this thesis. 

 

7.3.1 Structural Considerations of Support Leg 

 When considering the drastic material thickness reduction by replacing thick ~100 – 200 

nm SiO2 dielectric protection layers with ~ 5 – 10 nm Al2O3 layers, it is obvious that the support 

leg stiffness will be substantially reduced considering the flexural rigidity is proportional to t
3
 

(equation 3.1). To check if such a substantial material thickness reduction is mechanically 

feasible, basic flexure calculations assuming the flexures are springs were conducted. 

Considering the lateral geometric design and thicknesses of the transducing and umbrella 

components the total mass m was calculated. Using the geometric design of the serpentine-like 

support legs, a spring-mass calculation may follow. The stiffness of the serpentine leg structure 

is given as, 
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                                                               𝑘𝐿𝑒𝑔 =
𝑘𝑜

4𝑁
,                                                                   (7.2) 

where N is the number of turns and ko is the stiffness of half the length of the first segment of a 

turn in the serpentine structure and given as, 

                                                               𝑘𝑜 =
3𝐸𝐼

𝑙𝑜
3 ,                                                                      (7.3) 

where lo is half the length of one segment of a two segment turn in the serpentine structure and 

EI the flexural rigidity defined by equation 3.1. For two legs in parallel, 

                                                         𝑘𝑡𝑜𝑡 = 2 ∗ 𝑘𝑙𝑒𝑔.                                                                 (7.4) 

The effective modulus of ALD Al2O3 and a DRS leg metal was calculated based on the value 

measured by Tripp et al. for the Young’s modulus of ALD Al2O3 and the bulk value for the DRS 

leg metal.
20

 Using the lateral design of the umbrella and transducer structure, ALD Al2O3 and 

DRS transducers thicknesses and material densities, the mass, m, of the umbrella and the DRS 

transducers structure was calculated as ~ 0.11 ng. The deflection of the spring mass system is 

given as, 

                                                        ∆𝑦 = 𝑚𝑎/𝑘𝑡𝑜𝑡,                                                                   (7.5) 

where a is the gravitational acceleration constant, 9.8 m/s
2
. These calculations result in a 

deflection of ~ 0.5 m. Without disclosing the exact height of the DRS body level structure, but 

taking into consideration that the optimal absorption of the optical cavity is proportional to /4, 

where  is the wavelength of light being absorbed, results in an optimal cavity height (height of 

umbrella) of ~ 2.5 m for the LWIR.
62

 Assuming the body level is roughly half this height, a 0.5 

m downward deflection is a significant proportion of the total substrate separation height and 

likely to cause device snap down. Device snap down is roughly universal for parallel plate 

actuators, cantilevers and microbridges and is governed by the 1/3𝑧𝑜 rule, where zo is the initial 
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gap height. If the device does not collapse mechanically, it is likely to snap down during the 

pulsed-bias electrical readout measurement. Also, considering Ahmed et al. have shown that the 

Young’s modulus of nanocrystalline metals is smaller than their corresponding bulk values, the 

0.5 m deflection prediction may be increased if the bulk value for DRS leg metal is not 

assumed.
140

 

 These results strongly suggest the use of the trench-like cross-section presented in section 

3.2.1 for successful mechanical support and device function. It was previously shown 

theoretically by Eigenfeld et al. that the trench-like cross-section will increase the flexural 

rigidity by ~10
4
.
34

 Repeating the calculations presented above with EItrench defined by equation 

3.4 with a trench width and depth equal to the flat leg thickness results in a ~ 2 nm deflection, a 

negligible effect for a m sized spacing. While the trench does add a measurable amount of heat 

capacity from the incorporation of side-walls, these calculations have shown that it is certainly a 

requirement for the successful function of a device with ultra-thin ALD dielectric layers. 

 

7.3.2 Electro-thermal Considerations of Support Leg 

 As explained in section 2.2.4, the removal of heat capacity shifts the frontier of bolometer 

performance by shifting the curve of NETD vs. . Removal of heat capacity mainly reduces the 

thermal time constant, however when considering a standard 30 Hz imaging device, a small time 

constant is not required as previously explained in section 2.2.4.  In the case of the support leg 

structure as opposed to the umbrella, this upperbound for  creates design space for the support 

leg thermal conductance, Gth which acts as the thermal barrier to the substrate and is independent 

of the negligible series thermal resistance from the umbrella and transducer. Optimization may 

occur by reducing Gth to increase  to its upper-bound of ~ 10 – 15 ms while simultaneously 
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reducing the NETD given its linear dependence on Gth. This optimization is most easily achieved 

by increasing the length, l, of the support leg given Cth  l and Gth  l
-1

 (staying on the curve of 

Figure 2.12 in section 2.2.4). However, this method would not be categorized as a fundamental 

improvement, or “frontier shift” in bolometer performance, only a standard optimization process.  

  Besides continued thickness reductions, there remain several other fundamental 

improvements apart from reducing the dielectric or metal thickness in the support leg structure. 

These include, reducing the thermal conductivity or volumetric specific heat capacity. In Chapter 

6 it was shown that thermal conductivity decreases substantially with decreasing film thickness. 

Ideally, this reduction may be achieved while maintaining the electrical resistivity and effective 

specific heat capacity of the cross-section. However, it was shown that electrical resistivity and 

specific heat capacity increases with decreasing film thickness in Ru due to its thickness-

dependent grain structure, while the W resistivity increased and specific heat capacity remained 

approximately constant due to its thickness-independent grain structure. However, in the periodic 

W/Al2O3 structure, the resistivity and specific heat remained constant while thermal conductivity 

was reduced by introducing periodicity.  

 In light of these specific trends in the studied nanostructured films, a new metric to 

describe the relative performance of bolometer support leg materials is proposed which involves 

the electrical resistivity, thermal conductivity, specific heat capacity and thickness similar to ZB-

abs described in section 7.2.4. Considering the majority of resistance change is expected to occur 

in the transducing element, minimal electrical resistance in the support leg structure is desired for 

optimal device performance. A possible figure of merit to describe the optimization of the 

support leg structures may closely resemble that of thermoelectric materials with the addition of 
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specific heat capacity and thickness. Thermoelectric materials require low electrical resistivity 

and low thermal conductivity and are characterized by the relation, 

                                                               𝑍𝑇 = 𝑆2𝑇
𝜌𝜅⁄ ,                                                              (7.6) 

where S is the Seebeck coefficient, and T is the absolute temperature. In the case of 

microbolometer support leg optimization the Seebeck coefficient and absolute temperature are 

not applicable. Thus, a term such as, 

                                                             𝑍𝐵−𝑙𝑒𝑔 = 1
(𝜌 ∙ 𝜅 ∙ 𝑐𝑉 ∙ 𝑡)⁄ ,                                            (7.7)  

is more appropriate, where cv is the volumetric specific heat and t the film thickness. Achieving 

minimal electrical resistivity, thermal conductivity and specific heat capacity at thin film 

dimensions will maximize ZB-leg, producing a high performance support leg material. By framing 

the performance of the support leg in this way, lateral geometric dependence of thermal 

conductance, heat capacity and electrical resistance is removed. The performance is described 

by the thickness at which the metal may achieve optimal intrinsic material properties. 

 As a case study, the W and periodic W/Al2O3 structures were compared. For each 

structure, ZB-leg is normalized to the single layer W sample and plotted in Figure 7.6. As the 

single W layer thickness decreases, ZB-leg decreases due to a substantial increase in electrical 

resistivity. However, for the periodic structure, ZB-leg obtains a maximum at 3 layers. This 

maximum is attributed to the periodic structure losing thermal conductivity faster than gaining 

electrical resistivity while specific heat capacity remains constant with increasing periodicity – a 

trait attributed to the electrically transparent, yet acoustically opaque W-Al2O3 interfaces 

discussed in Chapter 6.   
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Figure 7.6: Comparison of proposed figure of merit, ZB for single layer W (black squares) and 

periodic W layer structure (red squares) normalized to the 20.40 nm W or “single-layer” W 

structure. 

 Another case study comparison of Ru versus W ZB-leg performance is shown in Figure 

7.7. The Ru outperforms W in this metric significantly. Interestingly, ZB-leg continues to increase 

with decreasing Ru thickness compared to W where ZB-leg decreases with decreasing W 

thickness, implying Ru has more favorable thickness scaling for both thermal conductivity and 

electrical resistivity at these thicknesses. This is further demonstrated by investigating the 

relation between the normalized thermal sheet resistance versus the normalized electrical sheet 

resistance of Ru and W as shown in Figure 7.8. The initially steep slope for thicker Ru samples 

(>1) provides favorable thickness scaling in the context of the ZB-leg performance metric. For the 

thicker samples studied, Ru gains thermal sheet resistance faster than electrical sheet resistance 

(loses thermal conductivity faster than gaining electrical resistivity with decreasing thickness). 
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This explains the rise in ZB-leg for Ru with decreasing thickness in Figure 7.7. It is expected that a 

local maximum would occur around 5 nm Ru in Figure 7.7 and then ZB-leg would begin to 

decrease as the thickness scaling for thermal and electrical sheet resistance becomes unfavorable 

and the slope in Figure 7.8 becomes < 1 and the specific heat capacity continues to increase with 

decreasing thickness/grain size. Unfortunately, the measured specific heat data for thinner 

thickness of Ru thin films was poor and thus not plotted. For W, the slope in Figure 7.8 is < 1 for 

all thicknesses, providing unfavorable thickness scaling. 

Figure 7.7 also demonstrates a comparison of ZB-leg for bulk W and Ru indicate bulk W. 

Similar to the comparison of bulk W and Ru for ZB-abs, bulk W is a higher performing leg 

material than Ru. This result again demonstrates the importance of evaluating nano-materials for 

device performance. Using bulk properties does not serve as a meaningful interpretation for 

device design. 
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Figure 7.7: Comparison of proposed figure of merit, ZB-leg for single layer Ru (black squares) and 

single layer W (red circles) normalized to the 5.7 nm Ru film. Bulk Ru and bulk W normalized 

to bulk W are plotted as black dashes and red dashes, respectively. 

 

 
Figure 7.8: Comparison normalized thermal sheet resistance versus electrical sheet resistance for 

W and Ru. The data for Ru is plotted as black squares and W plotted as red circles. 
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Figure 7.9 demonstrates several optimization approaches. Decreasing the dielectric 

thickness has already been implemented. By decreasing the dielectric layer thickness both the 

time constant and NETD may be reduced by a simultaneous reduction in Cth and Gth, where the 

reduction in Cth is the dominant effect since the majority of thermal conduction is attributed to 

the metal layer and the volumetric specific heat to the dielectric layers. The second approach is 

shown by dashed lines. At any “frontier shift” (black squares), the length of the support legs may 

be varied to tailor the desired thermal time constant or NETD (black dashed line). The third is a 

reduction in thermal conductivity , assuming constant thicknesses (red circles) and constant 

volumetric heat capacity, analogous to the case study discussed previously for periodic W/Al2O3 

structures. In this case, the NETD is reduced linearly by  whereas  is increased by -1
.   

To further clarify this optimization process Figure 7.9 will help to demonstrate an 

optimization example using a Al2O3/W/Al2O3 leg structure. Several assumptions are made in this 

example: (1) the normalized =1 value corresponds to the upper limit associated with acceptable 

30 Hz imaging (2) the NETD has no lower limit and should be reduced (3) the initial tAl2O3 is ~ 

55 nm (4) there no non-linear effects associated with the Noise term in equation 2.8 and (5) 

structural support is achieved by a trench structure. The upper right corner of the black square 

line in Figure 7.9 corresponds to the baseline starting point. Using measured values for Al2O3 and 

W volumetric specific heat and thermal conductivity, the NETD and  of the structure may be 

reduced by ~ 50% corresponding to a 75% reduction in Al2O3 thickness (black square and red 

circle intersection). This is a “frontier shift” in performance. At this juncture there are two paths 

for further optimization. The first is the traditional route: increase the leg length, l, to increase  

back to the upper-limit and produce a 30 Hz imager with a 60% reduction in NETD. This is not a 

“frontier shift” in performance, but only a standard optimization process. The second option at 
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Figure 7.9: Comparison of normalized NETD with respect to normalized  for several support 

leg optimization routes. The optimization begins with decreasing dielectric thickness, tAl2O3 and 

may then proceed by increasing l or decreasing  and then increasing l. 

 

this juncture involves increasing  towards its upper limit by introducing the 3-layer periodicity 

in the W/Al2O3 structure, which corresponds to the optimal ZB-leg structure in the case study 

discussed above. The 3-layer periodicity decreases the effective thermal conductivity by ~ 40% 

(red dashed and red circle line intersection, Figure 7.9). This is considered a “frontier shift” in 

performance. From this juncture, increasing the length of the support structure to increase  back 

to the upper-limit will produce a 30 Hz imager with a 70% reduction in NETD. Thus, by 
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decreasing the effective thermal conductivity by introducing periodicity into the support leg 

structure, a 25% improvement in the NETD* may be achieved during an optimization process. 

It should be noted that for the discussions above, ALD W was utilized due to the 

convenient results discussed in Chapter 6 regarding the periodic influence on thermal 

conductivity. However, the absolute magnitude of its resistivity is relatively large and would not 

provide a low resistance structure for electrical biasing of the transducing element. The 

optimization process presented should be assumed universal and will be discussed further in the 

following sections. 

 

7.4 The Ideal DRS-style Bolometer 

 In an attempt to utilize the nanoscale trends presented in this thesis, an idealized approach 

to a high performance DRS-style bolometer will be discussed. It should be noted that the 

discussion will only outline ideal materials for the absorber and support leg structure and that no 

non-linear or second order effects from the transducer element will be considered. While it 

should be obvious to the reader that removing heat capacity will improve the fundamental 

performance metrics, NETD*, more detailed approaches will be required to continue 

performance enhancements as the associated film thickness in the absorbing and support leg 

elements continue to shrink. 

7.4.1 The Ideal Absorber 

 While a significant performance enhancement was achieved by reducing the overall 

thickness of the umbrella structure using ultra-thin ALD dielectric layers, there are still 

opportunities for further performance enhancement by optimizing the metal absorber. As shown 
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in Chapter 5, the ALD W resistivity was comparatively an order of magnitude larger than Ru. 

ALD Ru achieved lower overall resistivity at thinner thickness. Without disclosing the exact 

sheet-resistance required for optimal absorption, Ru can achieve optimal absorption at a ~ 70% 

reduced thickness than W. When considering the volumetric heat capacity (D*c) of Ru and W 

presented in Chapter 6, the total heat capacity of the metal layer in the umbrella structure could 

be reduced by ~ 88% by utilizing Ru instead of W.  

 Ideally, the heat capacity of the absorbing umbrella structure should be minimized. Thus, 

the dielectric layers should be kept to minimal thicknesses. For the case of ALD Al2O3 and the 

associated fabrication process presented in section 3.1, the minimum thickness of the dielectric 

layers would be limited by the required ALD cycles to form a continuous film. Assuming a 

dielectric/metal/dielectric configuration, the bottom protective layer is limited by the nucleation 

phase for the underlying substrate, often 5 – 10 AB cycles for polymer substrates and the top 

layer by the nucleation phase on the active metal absorber, often 1 – 5 AB cycles.  

Assuming the dielectric layer thickness is minimized, the metal absorber has three key 

requirements for optimization which were highlighted in section 7.2.4 by the introduction of    

ZB-abs term: 

1. Minimal thickness at optimal sheet resistance for LWIR absorption. 

2. Minimal volumetric heat capacity. 

3. Large thermal conductivity 

To accomplish requirement 1, a highly conductive metal film should be used to achieve target 

sheet resistance values at thinner thicknesses. This can be accomplished by choosing a metal 

material with high electron mobility. However, it has been shown in Chapter 6 that nano-grain 
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effects largely dominate the electron mobility, and thus, even for a high electron mobility 

material such as W, the resistivity is more than two orders of magnitude larger than its bulk value 

because its 2 nm grain structure. Similarly, a nano-grain structure will increase the specific heat 

capacity due to surface phonon softening effects. Thus, to accomplish both requirements 1 and 2, 

the grain size should be maximized, which will also improve the thermal conductivity and 

contribute to accomplishing requirement 3. It is recommended that the chosen metal thin film be 

deposited in such a manner that a large grain structure is formed. One possibility is to deposit the 

metal material at greater than 40% its melting temperature following the structure model by 

Barna and Adamik presented in section 6.3. For ALD Ru and ALD W, this is near impossible 

given their melting points are > 2000 °C and CMOS circuitry can only withstand ~ 300 °C. 

Materials such as Aluminum, Copper or Gold have long been utilized as high conductivity thin 

films. Given their melting points are 658 °C, 1083 °C and 1337 °C respectively, standard 

evaporation and sputtering techniques can create large grain structures easily. For example, 

Rendón et al. were able to produce 25 nm gold films with 150 nm grain widths by heating the 

substrate to 300 °C during evaporation.
141

  However since the thicknesses required for optimal 

absorption are likely < 2 nm for these low resistivity films, evaporation and other non-ALD 

deposition techniques will struggle to produce continuous, pinhole free films at such small 

thicknesses. Thus, there is a motivation for ALD enabled high conductivity films capable of 

producing large grain structure at < 2 nm thicknesses with minimal surface roughness. Using 

ALD is especially important considering that at these thicknesses, it is likely that a trench-like 

structure will require a highly conformal coating for structural stability. Several studies have 

produced ALD Cu and ALD Al. Li et al. produced ALD Cu films using a Liquid Copper (I) 

Amidinate Precursor and molecular hydrogen gas as the reducing agent with electrical resistivity 
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slightly less than the ALD Ru presented here.
142

 Using electron cyclotron resonance plasma-

assisted ALD, Xiong et al. grew Al films with TMA and hydrogen plasma, and then annealed 

them, achieving slightly larger electrical resistivity than the ALD Ru presented here.
143

 Lee and 

Kang were also able to grow ALD Al using TMA and hydrogen plasma at 250 °C, with electrical 

resistivities almost identical to the ALD Ru presented here. Though the studies do not explicitly 

discuss grain structure, it is clear that the resistivity is limited by nano-grain effects and that 

ALD generated high material conductivity ultra-thin films do not provide a fundamental 

reduction in resistivity versus thickness scaling. It is difficult to compare volumetric heat 

capacities given the nano-grain structure will increase the specific heat capacity of the films over 

that of the bulk. However, there may be slight improvement in volumetric heat capacity for Al or 

Cu because their densities are considerably less than W or Ru. 

7.4.2 The Ideal Support Leg 

 Following the optimization process presented in section 7.3.2, it should be clear to the 

reader that an ideal support leg meets the following requirements by ZB-leg: 

1. Minimal thickness with low electrical resistivity 

2. Minimal volumetric heat capacity 

3. Minimal thermal conductivity  

While it was shown in section 7.3.2 that a periodic W/Al2O3 could provide a comparatively 

better ZB-leg term over single layer W (meeting the above requirements for comparison), the 

absolute resistivity of the structure was exceedingly large, failing to meet requirement 1. As 

described in the previous section, a thin film formation technique which can produce ultra-thin 
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films with large grain structures and bulk-like electrical resistivity and specific heat capacity is 

desired to meet requirements 1 and 2. For requirement 3, a periodic dielectric-metal structure 

should again be utilized. The materials should be chosen carefully as to produce an electrically 

transparent, yet acoustically opaque interface barrier. The ALD W/Al2O3 layer thicknesses are 

thick enough to prevent phonon tunneling, yet thin enough to provide electron tunneling. Also, 

the relative density mismatch between Al2O3 and W is very large, providing high reflectivity for 

phonons encountering the boundary.  

 For ideal materials with bulk-like electrical resistivity, it may be imagined for extremely 

short layer periods at fractions of the phonon wavelengths thick, the influence of phonon 

tunneling will offset the reduction in thermal conductivity due to interface scattering. However, 

Garg and Chen have shown that for real materials with interfacial disorder, the interface 

scattering is dominant, negating any theoretical increase in phonon tunneling across dielectric 

borders and increase in thermal conductivity.
144

 Thus, for materials with ideal electrical 

resistivity, an aggressive short periodicity with dielectric-metal materials with a large density 

mismatch should be pursued. Periodic ALD Ru and ALD SiO2 may provide a high performance 

support leg structure given the electrical resistivity of ALD Ru is quite low and the density of 

SiO2 less than that of Al2O3 while the thermal conductivity is comparable.
124

  

  In summary, for both the development of an ideal absorber and support leg structure 

there is a need for an ALD-like thin film formation method that can produce ultra-thin films with 

large grain structures which produce bulk-like electrical resistivity and specific heat capacity.  

This is inherently difficult due to ALD temperature windows and thin film/substrate surface 

energy considerations. However, in future years, it may be expected that techniques to meet 
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these requirements are developed, as semiconductor industries likely require similar thin film 

characteristics. 
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Chapter 8 

 

 

Conclusions/Future Work 

 

8.1 Dissertation Summary 

 The primary focus of the research reported in this dissertation was the development of a 

cohesive understanding of several ALD generated materials for microbolometer development. 

Chapter 3 demonstrated the development of a robust nano-fabrication process applicable to a 

variety of suspended nano-devices. The first ever two-story suspended ALD structures were 

demonstrated as well as precise mechanical control of suspended structures utilizing both the 

conformality and atomic-level thickness control provided by ALD. Chapters 4 – 6 described the 

measurement methods, results and interpretation of the electro-thermal characteristics of ultra-

thin W, Ru and Al2O3 films generated by ALD. Several interesting material property trends 

associated with nanoscale films were identified in material properties including electrical 

resistivity, temperature coefficient of resistance, thermal conductivity and specific heat capacity. 

These results will provide a useful nano-design utility for future nano-devices including the 

microbolometer. Chapter 7 demonstrated the application of Chapters 3 and 6 to a DRS-style 
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microbolometer. A performance increase of 1.4X over the baseline model was achieved by 

incorporating the fabrication process developed in Chapter 3 to the absorption umbrella of a 

functioning microbolometer sensor. The relative performance increase was correctly modeled 

using measured material property values presented in Chapter 6. Several performance 

enhancement approaches were discussed for the microbolometer support leg structure as well as 

ideal materials for absolute optimization based off identified trends in Chapter 6.  

Utilizing the known properties of ALD material formation on polymers in combination 

with standard MEMS fabrication methods, a new method for top-down N/MEMS manufacturing 

with three-dimensional features, property control, and atomically controlled curl tuning has been 

demonstrated. The process is extendable to multiple levels, enabling the possibility of complex 

hierarchical systems. New opportunities for such devices are enabled by this process wherein the 

lateral pattern is curled to generate non-planar structures. Further understanding of curl 

properties is a serious design utility and will no doubt expedite the development of future 

nanosystems. The multi-level process combined with targeted stress relief could enable complex 

and even isotropic 3-D meta-material structures.
73 

Prior to release, the sample may be coated 

with biological or chemical particulates to be trapped by flower petal structures upon release and 

even an electro-mechanical actuation scheme realized. Helical structures from this process target 

applications such as nano-scale flagella motors for magnetically controlled bio-implantation 

devices or 3-D helical chiral meta-materials.
73,145,146

 This process has also aided in enhancing 

microbolometer performance by incorporating ultra-thin materials. Further improvements in 

lithography in combination with the processing defined here will enable suspended nanoscale 

devices with volumetric footprints on the order of tens of cubic nanometers and may be expected 

to impact the development of visible frequency meta-materials, optical tuning devices and 
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standard electronics. 

By measuring the electro-thermal properties of freestanding ALD deposited W/Al2O3, 

periodic W/Al2O3 and Ru/Al2O3 nanolaminates accurate predictions of nano-devices 

performance may be achieved. The measured material properties have been shown to 

significantly deviate from bulk due to nanoscale effects such as nano-grain structure and 

decreased layer boundary separation. In particular, suspended periodic nanolaminates of 

W/Al2O3 have been shown to maintain electrical resistivity while decreasing phonon thermal 

conductivity. Utilizing this method may allow the fabrication of freestanding ultra-thin films that 

have approximately zero phonon conduction and have reached the WFL limit for conduction in a 

metal film – an interesting utility for future nano-engineering. Additionally, the specific heat 

capacity of ALD W has been shown to increase ~ 2.6X due to nano-grain structure. Though this 

effect is disadvantageous for microbolometer improvement it may offer significant utility in 

other thin film applications such as space coatings. 

 The direct application of the developed nano-fabrication process and studied material 

property trends produced a measured and predicted 1.4X performance improvement in a DRS 

microbolometer with ALD absorbing structure over a baseline pixel. The absorption was 

optimized by using the resistivity versus thickness curve for ALD W to identify the optimal 

thickness for LWIR absorption.  When taking into account the increased specific heat capacity of 

ALD W and Al2O3, an accurate prediction of device performance was made. This utility extends 

to other material properties such as thermal conductivity and electrical resistivity of the support 

leg structure. In particular, the periodic structure was also predicted to produce a “frontier shift” 

in microbolometer performance by incorporating it into a support leg structure. Ideal thin films 

for continued performance enhancement were discussed in the context of identified nanoscale 
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trends. The ideal materials consist of ALD-like ultra-thin films with large grain structures which 

produce bulk-like electrical resistivity and specific heat capacity.  

8.1.1 List of Major Achievements 

 Major achievements are listed as follows: 

1. Simple and extendable ALD on polyimide fabrication process was developed that 

easily produces ultra-thin suspended structures. The stress relieved curl may be tuned 

by changing thin film layer thicknesses with atomic precision. Mechanical rigidity or 

mechanical control may be achieved by producing a 3-dimensional mold in the 

underlying polyimide substrate. The process may be extended to multiple levels by 

simply repeating process steps. 

2. Using the developed fabrication process, ultra-thin suspended test structures were 

fabricated for measurement of electro-thermal properties. These properties include: 

electrical resistivity, temperature coefficient of resistance, thermal conductivity and 

specific heat capacity. 

3. The measured results were correlated with nanoscale transport models and various 

literature studies of nanoscale films to explain trends associated with grain structure 

and thickness. 

4. Using the developed fabrication process, an improved microbolometer structure was 

fabricated. Expected performance enhancement was correctly modeled utilizing 

measured ALD material properties. 

5. An idealized approach to fundamental bolometer performance enhancement was 

discussed in the context of identified nanoscale trends associated with the studied 
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ALD materials. 

8.2 Envisioned Future Work 

 Several items remain to be investigated for continued optimization of ALD enabled 

microbolometers.  

8.2.1 ALD Material Parameterization 

 As established in section 7.4.2, there are alternative material combinations with existing 

ALD chemistries, which may produce lower overall heat capacity when arranged in an umbrella 

or support leg structure. Material combinations such as periodic Ru/Al2O3 or single 

layer/periodic Ru/SiO2 may offer improved performance over the studied single layer W/Al2O3, 

Ru/Al2O3 or periodic W/Al2O3 films, due to reduced volumetric specific heat at thinner 

thicknesses. Also, dielectric materials such as TiO2, HfO2 and even semi-conducting ZnO should 

be investigated. Metals such as Pt, Al or Cu may also offer performance advantages. The 

nanofabrication method presented here is universal for most ALD materials given their low-

temperature depositions and ability to nucleate on model ALD dielectrics such as Al2O3. Thus, it 

should be straight-forward to fabricate test structures with a variety of material combinations. 

For all prospective metals a comparison of ZB-abs and ZB-leg should be considered for optimal 

material choice. 

8.2.2 New ALD-like Material Formation  

As explained previously in Chapter 7.4, the investigation of high conductivity ALD 

materials such as Al and Cu may offer improved electrical resistivity at thinner thicknesses 

offering optimal electro-thermal characteristics at reduced heat capacities. However, it is 
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important to investigate thin film formation techniques which are capable of producing large 

grained structures that maintain bulk-like electro-thermal characteristics such as low resistivity 

and low specific heat capacity. It is envisioned that some combination of ALD, annealing and 

etching may allow the production of thin films with the above-mentioned desirable traits. It is 

foreseen that significant work in this area to develop new thin film formation technologies will 

push the fundamental performance of the microbolometer and nano-devices alike, while also 

providing an interesting utility for semi-conductor industries.  

8.2.3 Improved Lithography 

 As lithography techniques continue to improve, the definable lateral dimensions of 

microbolometer parts may reach sub 100 nm’s. In this regime, quantum confinement effects for 

electro-thermal transport must be considered. It is possible that electrical and thermal 

conductivity could become quantized at integer multiples of a minimum state. This may allow 

for interesting optimization techniques such as geometrically induced manipulation of electron 

and phonon coherence. It is also possible that in these nanoscale lithography regimes, there may 

be a simpler device design that could provide higher performance such as single level metal 

absorber/transducers serpentine structure from Purkl et al. demonstrated in section 2.1.5. 
24
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