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Metal photonics and plasmonics for energy 
generation 

 

Human activity over the past 200 years has strongly affected the climate and ecosystems 

thriving on our planet[1-6]. While the quest for a better quality of life has driven increased 

industrialization of developing economies, increasing population growth has also put 

immense pressure on available energy sources. Global power consumption is expected to 

exceed 50TW by the end of the century[7], and most of the current energy demand is met 

through combustion of fossil fuels[5, 8, 9]. To complicate this problem, burning fossil fuels 

has also been identified as the primary source of green house gas emissions[5]. With the 

looming threat of unprecedented increase in greenhouse gas emission[1, 3, 5], it can have 

serious implications for ecosystems thriving on our planet (including our own). To reduce 

this reliance on fossil fuels for energy generation, and to meet the growing demand for 

energy consumption, a two pronged strategy is being pursued: to generate more power 

from renewable sources of energy, and to increase the energy efficiency of our existing 

consumption.  

 

The sun is the primary source of energy on earth. All forms of energy on our planet 

(wind, fossil, tidal, hyrdo, bio etc.) are mainly tapped and/or transformed from solar 

power. While solar radiation provides more power in one hour than consumed by us in 

the entire year[10], the incident energy is energetically broad in distribution. Sun radiates 

energy as an ideal blackbody at 5777K, and this thermal radiation cannot be converted 

efficiently into electricity using a finite bandgap semiconductor. Photons in solar 

spectrum with energy lower than the bandgap of a semiconductor are simply transmitted 

and are not absorbed by the solar cell. The photons with energy higher than the 

semiconductor bandgap still generate just one electron-hole pair, thereby losing the 

excess energy as “waste heat.” Therefore, only a small fraction of photons with energy 

close to the bandgap of the semiconductor are efficiently converted into electricity. 
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Similar energy mismatch prevents efficient harvesting of energy from other renewable 

energy sources like geothermal energy. 

 

While generating renewable energy would help reduce our carbon footprint on the 

environment, another important goal towards this objective is energy efficiency. Most of 

our energy requirements are met through consumption of fossil fuels, and more than 60% 

of this energy is released to the environment as “waste heat.” While infrared photocells 

can be used to tap this radiated heat back into useful energy sources like electricity, such 

conversion is very inefficient again due to the energetically broad distribution of infrared 

photons[11]. 

 

While several approaches are being pursued to convert solar energy efficiently into 

electricity by tapping the energy mismatch between incident photons and bandgap of the 

semiconductor[12-18], a relatively less studied alternative can be utilized to tap renewable 

sources like the sun and harness the power wasted as heat in existing sources. 

Thermophotovoltaic (TPV) devices absorb the heat from either renewable sources, or 

waste heat sources, re-radiate this energy as infrared light, and convert it into electricity 

using narrow bandgap photocells[11, 12, 19-21]. While in principle such energy conversion 

can be very efficient[12, 17, 22], it has been limited by the thermal emission spectrum of real 

materials.  

 

Recently, it has been demonstrated that the absorption/emission of real materials can be 

tailored by patterning them with a desired nanostructure[23-25]. Metals have extremely low 

absorption and emission in the infrared wavelengths which makes them attractive 

materials for eliminating energetically broad infrared radiation, and potential candidates 

for selective emission enhancement. Other attractive properties of metals are that they 

posses a dielectric constant with a negative real component, which permits propagation of 

surface plasmon polaritons[26], and exhibit high thermal stability required for TPV 

applications at elevated temperatures. 
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Some Basic Principles 
 
Temperature of a material is a measure of the kinetic energy (translational, rotational, and 

vibrational) of the individual atoms and molecules in that material. A hot material, which 

has higher energy than it’s surroundings, tries to achieve thermodynamic equilibrium by 

transferring the excess energy. The energy transfer can be carried out by direct contact of 

the “hot” body with another “cold” body, where the molecules at the interface of the two 

solid materials transfer kinetic energy until a thermal equilibrium is achieved. This 

phonon conduction depends on the presence of matter in direct contact with the hot body, 

and is forbidden if the objects are separated by vacuum. The second process for heat 

conduction is through a fluid where the atoms or molecules from the fluid constantly 

arrive at a dynamic interface, acquire kinetic energy from the hot body, and move away 

from the interface. These molecules then lose a portion of this energy in collisions with 

other molecules. A net transfer or kinetic energy from the hot solid to the fluid can then 

occur. This process of convection also depends on direct contact of matter with the hot 

body. Therefore, the process of heat transfer through conduction and convection can be 

eliminated by simply placing the object in a vacuum.  

 

The third process through which a hot body can achieve thermal equilibrium is through 

optical photons. Electric dipoles in a material (permanent or induced) oscillate due to the 

kinetic energy, and this oscillation leads to emission of electromagnetic (EM) radiation. 

These EM waves can escape the material, even in the absence of any surrounding 

medium. This process is the primary source of heat transfer at elevated temperatures, and 

between objects separated by vacuum. These electromagnetic waves are composed of 

massless particles known as photons, which have certain discrete energy states. These 

Boson states are well described by the Bose-Einstein distribution function[27] 

1−
= −∈

kT

i
i i

e

gn μ  where is the number of particles in a given state, is the degeneracy of 

the state, ( =

in ig

i∈ i∈ ωh ) is the energy of the state, μ is the chemical potential, k is the 
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Boltzmann constant and T is the absolute temperature. At thermal equilibrium μ =0 and 

as the photons are indistinguishable from each other =1. The distribution function of 

ideal photon gas can be used to compute the occupation of each state, per unit frequency, 

per unit solid angle 

ig

),( TI ω as: 

1
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−
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This result, also known as Planck’s law, defines the maximum number of photons of a 

given energy ωh , which can be radiated by an ideal body (blackbody) in free space. 

Application of energy conservation dictates that no object, at thermal equilibrium, can 

radiate EM waves with higher occupation of a given frequency (or energy), than the 

blackbody. Since no lower bound exists on the occupation of each energy state, 

researchers have utilized materials with low (or possibly zero) occupation, and enhanced 

the occupation of desired frequencies selectively, by enhanced light-matter interactions.  

Absorptivity of a given material is defined as the fraction of power absorbed by a body, 

as compared to a blackbody, at a given frequency. Similarly emissivity is defined as the 

fraction of power emitted by a body, as compared to a blackbody, at a particular 

frequency. A direct consequence of Kirchoff law is that absorptivity (or emissivity) can 

never exceed unity. Also, the first law of thermodynamics (energy conservation) implies 

that in thermal equilibrium, absorptivity equals the emissivity. However, recently 

researchers have demonstrated that these are not intrinsic material properties, but can be 

modulated by patterning the material. 

 

The principles of solid state physics suggest that light-matter interaction of a given 

material can be enhanced simply by periodically structuring the material. Materials that 

are periodically patterned on the length scale of light can diffract light strongly, opening 

up “photonic bandgaps” in the material. Light of certain wavelengths (close to the 

bandgap), when passing through these photonic materials, can be diffracted strongly 

inside the 3D structure and trapped, thereby enhancing the absorption (or emission) for 

those particular frequencies. Theoretically, the dispersion relation (ω  vs. k) for light 
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propagation through these patterned structures changes significantly, especially near the 

photonic bandgaps. Close to the bandgaps, the group velocity of light (dω /dk) reduces 

drastically, in principle becoming zero at the edge of the bandgap. This reduction in the 

group velocity is responsible for enhanced light-matter interactions. In particular, it can 

lead to enhanced absorption in these patterned structures.  

 

Another way of enhancing absorption is through surface structuring of metals, to couple 

light of desired frequency, and direction, as surface plasmon polaritons (SPP) on the 

surface of metals. SPP waves are hybrid electron-photon waves which travel on the 

surface of metals, and have higher momentum than the respective photons (because now 

the photon energy is shared by the coupled photons and electrons). These waves are 

confined on the surface of the metals and propagate along the metal-air interface, thereby 

increasing the interaction between the incident photon and the metal. This can lead to 

strong absorption bands for light with desired wavelengths and orientations. The 

dispersion of SPP waves also exhibits a reduced group velocity, as compared to the 

incident photon, which explains the theoretical origin of the enhanced absorption. Since 

the incident photon has smaller momentum than the hybrid SPP wave, selective photon-

electron coupling only occurs through the addition of momentum by periodic structures. 

Therefore, by patterning smooth metal surfaces, light can excite SPP waves directly. 

 

Thus, fabrication of periodic nanostructures in metals can lead to selective emission of 

specific frequencies of light. This property, combined with the overall low absorptivity 

and emissivity of metals, can be used to eliminate the broadband infrared radiation from 

hot materials, and lead to the development of tailored thermal emission sources. This 

modified glow from hot materials can then have an important impact on the development 

of efficient TPV modules. 
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Description of Thesis 
 
In this thesis, I present design, fabrication and characterization of photonic and plasmonic 

structures made from metals. The first part of the thesis (chapters 1-3) describes thermal 

emission modification using three-dimensional (3D) photonic crystals. Photonic crystals 

are periodically structured 3D materials. The periodicity of these structures is comparable 

to the wavelength of the light. Because of this patterning, photonic crystals diffract light, 

and for certain frequencies, prevent propagation of light through a thin film of material. A 

“band” of frequencies where this effect occurs is also known as “photonic bandgap”. 

These bandgaps have interesting physical applications due to zero group velocity 

(dω /dk) but finite phase velocity (ω /k) of light. Close to the photonic bandgap, the 

group velocity of light is significantly reduced, allowing greater light-matter interactions, 

thereby causing enhanced absorption in thin films. Since the “photonic bandgaps” can be 

tailored by changing the periodicity and shape of the structure, the absorption and 

emission enhancement for these 3D structured solids also changes. 

 

Chapter 1 of the thesis describes the design of appropriate molecules, and 

macromolecular chains (polymers) of inorganic materials for fabrication of thermally 

stable photonic bandgap structures. 3D nanostructured patterns can be cheaply fabricated 

in polymer matrices due to localized two photon polymerization, using infrared lasers. 

This process known as “direct laser writing”, can be used to define desired 3D patterns by 

moving the focal point of a tightly focused laser in three dimensions. Commercially 

available photoresists for two photon polymerization are made of organic polymers, and 

have low thermal stability. We developed inorganic oligomers (silsesquioxanes), 

sensitized them with a suitable photoinitiator, and patterned the photoresist using a 

femtosecond Ti: sapphire laser. Multiphoton polymerization of the inorganic polymers 

was achieved using a laser at 780nm, and features smaller than 200nm were generated 

with good 3D fidelity. Several photoresist formulations were developed by varying the 

repeat unit of the molecule, the structure of the molecular chain, and the polydispersity, 

and molecular weight of the oligomers. The optimized photoresist demonstrated excellent 
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thermal stability, good resolution and sensitivity for three dimensional fabrication of 

photonic bandgap structures. 

 

Chapter 2 describes the design, fabrication and characterization of efficient TPV emitters 

using thermally stable silsesquioxane structures. Silsesquioxane 3D structures were used 

as scaffolds and conformally coated with desired refractory metals (tungsten and 

molybdenum). The optimized photonic crystals were fabricated to tailor the thermal 

emission so it matches the absorption of an InGaAsSb infrared photocell. The fabricated 

defect-free structures were then optically characterized to measure their thermal 

emission. The tailored emission was then compared to the light-conversion efficiency of 

commercially available infrared photocells, to obtain the expected thermal-to-electric 

conversion efficiency of a TPV device. The proposed ideal architecture was found to 

exceed the Shockley-Quiesser limit (31% maximum conversion efficiency) at modest 

operating temperatures (650˚C). 

 

We demonstrate large area fabrication of metallic photonic crystals in chapter 3. I showed 

in chapter 2 that with proper design and fabrication, metallic photonic crystals (MPhC) 

can be very efficient TPV emitters. However, the fabricated area was small and the 

application of TPV modules for renewable energy generation would require large area, 

thermally stable MPhC’s patterned at low cost. In chapter 3 we show refractory metals 

patterned over large areas using soft lithography and colloidal self assembly. Two useful 

structures for thermal emission modification: modified opals and woodpile were 

fabricated with a large range of periodicities, ranging from 400nm to 6µm. 

 

While the first part of the thesis deals with thermal emission modification using metallic 

photonic crystals, chapters 4-6 address tailoring the glow of hot metals using surface 

plasmon polaritons (SPP). SPP waves are hybrid photon-electron waves on the surface of 

metals. While these coupled electron-photon waves can propagate freely on the surface of 

smooth metals, free space radiation (or light) cannot couple to SPP waves on a smooth 

metal surface due to momentum mismatch. Therefore, periodic metal nanostructures are 
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used to provide additional momentum to light and couple it to SPP waves. While MPhC’s 

can effectively tailor the spectrum of the thermal glow, SPP waves offer the possibility of 

selectively coupling light of a desired frequency, direction, and possibly polarization. 

Hence they can precisely tune the thermal emission from a patterned metal surface. Light 

can be coupled to (or emitted from) SPP waves excited thermally on the surface of a hot 

metal. While this coupling can be tailored precisely, and can result in strong absorption 

(or emission) due to the dispersion relation (dω /dk is smaller than light), the “color” of 

the emitted thermal radiation also depends on the temperature of the material. 

Temperature of the heated structure modulates the intensity of thermal emission (higher 

temperature, higher intensity), and also influences the “color” of the glow (higher 

temperature blue shifts the emitted spectrum). Thus the choice of a metal with the desired 

propagation length of SPP waves, and thermal stability is important to achieve the desired 

absorption characteristics. 

 

Chapter 4 addresses the topic of thermal excitation and outcoupling of radiation using 

SPP waves at infrared frequencies. Since SPP propagation lengths are sufficiently large 

for infrared wavelengths, refractory metals with high thermal stability were chosen for 

thermal emission modification. Concentric ring structures (bullseye) with various 

periodicities (1.5µm-3.5µm) were fabricated in tungsten and tantalum, for tailoring the 

spectrum and controlling the spatial direction of the thermal emission. Heating such 

patterned structures results in generation of SPP waves, which are coupled as far field 

thermal radiation in the normal direction. This gives rise to a “laser-like” thermal beam 

from the structure; instead of a broadband blackbody emission. A tungsten bullseye 

structure, with desired periodicity, groove depth and groove width, was heated to 900˚C 

to characterize the thermal beaming observed.  

 

Chapter 5 describes a fabrication process for ultrasmooth patterned metals and metal-

dielectric multilayers. A general problem for the fields of plasmonics and metamaterials 

is roughness of metal films after deposition, impurities implanted due to ion etching for 

patterning the metal films, cost and reproducibility of samples fabricated one-at-a-time 
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using conventional nanofabrication techniques. I address these problems in this chapter 

by the development of a new fabrication scheme where the desired nanostructures are 

first etched into a smooth, single-crystalline silicon wafer, followed by the deposition of 

desired metal, or metal-dielectric multilayers. The patterned films are then peeled off the 

silicon wafer using an epoxy adhesive (or an electrodeposited metal backing layer), 

leaving behind the silicon mold for reuse. The peeled metal film was ultrasmooth, 

patterned, had larger grains (due to annealing), and had no detectable ion contamination 

due to patterning. The decrease in surface roughness and grain boundaries was expected 

to enhance the propagation length of SPP waves, due to elimination of scattering centers. 

In this chapter, I show that experimentally measured propagation lengths for SPP waves 

were much larger compared to as-deposited metal thin film. This can have important 

implication for thermal emission modification, and the broader field of plasmonics. 

 

Chapter 6 utilizes the fabrication process developed for multilayer metal patterning, to 

fabricate ultrasmooth metal nanostructures for thermal emission modification. In 

particular, plasmonic metal nanostructures were fabricated for thermal emission 

modification at visible wavelengths. Since the SPP propagation lengths are small in the 

visible, the effect of loss mechanisms like ohmic resistance, in-plane scattering and 

radiation was mitigated by using ultrasmooth patterned metal films with large metallic 

grains. These substrates were found to be promising for modifying the glow of hot 

patterned metal substrates, as determined from absorbance measurements. We also 

present proposed design for the fabrication of plasmonic structures with spirals or 

elliptical grooves for modifying the polarization of the light absorbed or emitted  
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Chapter 1  
 

Design of organic-inorganic hybrid 
oligomers for lithographic synthesis of high 
temperature photonic bandgap structures 
 

A silsesquioxane polymer matrix was used with a suitable photoinitiator as a thermally 

stable negative tone photoresist for the lithographic synthesis of photonic bandgap 

structures. Designed organic moieties, molecular weight, spatial structure, and 

functionalized end groups were used with the inorganic siloxane backbone to tailor the 

thermal stability, sensitivity, resolution, and modes of polymerization of the matrix 

employed. Systematic investigation led to the development of a methylsilsesquioxane 

based oligomer matrix, with ladder type structure, molecular weight MN 1000-2000 and a 

low molecular weight distribution. This prepolymer was sensitized with a 1:1.6 molar 

ratio of diaryliodonium hexafluoroantimonate: isopropylthioxanthone to produce an 

optimized photoresist. High resolution photonic bandgap structures (900nm line spacing, 

450nm interlayer spacing, 200nm rod thickness) were demonstrated using multiphoton 

polymerization with a Ti: Sapphire laser at 780nm. The fabricated structures 

demonstrated excellent fidelity and high temperature stability (>750oC), suitable for a 

variety of applications in thermophotovoltaics and development of energy efficient 

incandescent emitters. 
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Introduction 

High temperature photonic bandgap structures can be useful for thermal-to-electric 

conversion in a thermophotovoltaic device[1-5],thermal emission modification in lighting 

applications[6] and thermal lasers. Other useful applications need high refractive index 

semiconductors and metals [5, 7-10] which require processing at elevated temperatures. 

Although high fidelity photonic structures have been successfully fabricated using 

commercially available photoresist[11, 12], low thermal stability of these resists have 

limited their application. Silica and alumina atomic layer deposition (ALD) [7, 8] has been 

used for coating organic templates to extend their thermal stability, but they are still 

unsuitable for use in thermophotovoltaics[5]. Besides, certain applications like obtaining 

large bandgap inverse woodpile structures with desired filling fractions also requires 

thermally stable templates. Since the optical properties of photonic band gap structures 

are strongly affected by the presence of imperfections or disorder[13, 14], the fabricated 

structures should have high fidelity and stability at elevated temperatures[15]. Thus, useful 

applications of lithographically defined photonic structures depend on the properties of 

the polymer matrix used as a photoresist.  

Polymer properties are strongly affected by the structure and composition of individual 

repeat unit, and by the length of the polymer chain. Organic photoresists have been 

optimized by varying the chemical functionalities, molecular weight, molecular weight 

distribution, and the structure of the polymer matrix [16-18] [19, 20] to obtain high sensitivity 

and resolution. Research on the photoinitiators employed, and their absorption cross 

section[21, 22] provides information to select a suitable initiator for single and multiphoton 

photo-polymerization. The thermal stability of organic materials can be enhanced by 

using inorganic materials as fillers and composites[23]. Developed organic-inorganic 

hybrid photoresists [24, 25] have demonstrated higher thermal stability than their organic 

counterparts, but even these structures would not survive the high temperatures required 

for their application as photonic emitters [3, 5, 7-9].  
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Silsesquioxane-based inorganic polymers[26-29] have been developed as robust coating 

materials with high thermal stability and resistance to oxygen plasma. Recently we 

published results obtained by methylsilsesquioxane-based photoresist for application in 

development of thermophotovoltaic emitters[5] and scaffolds for high temperature 

chemical vapor deposition.[9] Here we present a detailed study on the development of 

silsesquioxane based inorganic polymer matrices as a photosensitive resist for 

lithographic applications. Thermal stability of the lithographically defined polymer 

matrix depends on the design of the repeat unit, whereas the resolution of the photoresist 

formulation is affected by the size of the polymer chains used as a pre-polymer. Different 

organic groups were substituted in the siloxane matrix to modify the mechanical 

properties like the glass transition temperature and the swelling of the photoresist during 

development. These properties are critical for optimization of a high resolution 

photoresist. Spatial orientation of the repeat unit in different conformations is known to 

affect their bulk properties. In particular, the ladder type molecular conformation in the 

silsesquioxane polymer matrix is particularly sought after to augment their thermal 

robustness.[30, 31] Molecular weight and polydispersity of the polymer chains are also 

known to affect the contrast of the organic photoresist formulation [16, 17]. We studied the 

impact of different organic moieties and structural conformations on the thermal stability 

of the photoresist and fabricated high fidelity structures. Different three-dimensional 

lithographic techniques have been used in the literature for the development of photonic 

crystal structures[11, 12, 32].Here we use direct laser writing for fabrication of small-lattice-

spacing, high-resolution woodpile structures. Focused ion beam cross-sections and 

confocal microscopy were used to characterize the 3D fidelity of the structures 

synthesized in these photosensitive formulations.  

 

Design of thermally stable photosensitive formulation 
 

Silsesquioxane-based polymers satisfy all the basic requirements necessary for resist 

applications like good solubility, adhesion on common substrates like glass and silicon, 
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etchant resistance and resistance to dry etching plasma. The two key characteristics for a 

good photoresist are high sensitivity and good resolution. Sensitivity of the photoresist 

formulations is strongly dependant on the monodispersity of the polymer matrix and the 

efficiency of the photo-initiators employed for photopolymerization. CD1012 and ITX 

photoacid generator (PAG) and Irgacure (free radical initiator) have very high quantum 

efficiency and high two photon absorption cross section [33, 34]making them ideal 

candidates for both single and multiphoton lithography. All silsesquioxane based 

polymers are also transparent from UV-near IR which enhances the sensitivity of the 

photoresist formulation. The resolution of the photoresist can be changed by modifying 

organic sidegroups and then chemical functionality. The most common problem 

associated with the resolution of negative tone resists is the swelling of the polymer 

which can lead to contact and possible linking between closest features, thereby reducing 

the definition of the resolved features. 

Effect of changing alkyl/aryl chain 
Synthesis of different organic sidegroups on the silsesquioxane backbone was done to 

change the organic content of the polymer matrix. A common problem associated with 

development of negative-tone photoresists in aqueous developers is the swelling of the 

prepolymer. During development, if the prepolymer chain swells, it can link the 

neighboring features and hence reduce the resolution of the smallest feature sizes 

fabricated in the photoresist[16-18]. The increase in organic content of the oligomers was 

expected to alter increase the hydrophobicity and hence reduce the swelling of the 

polymer while developing. This would lead to an increase in resolution of the polymer. 

Also substitution of alkyl chains with aromatic side groups may be expected to increase 

the thermal stability[35], as suggested in the literature.  The glass transition temperature of 

the oligomeric chains also changes which could lead to better trapping of the photoacid 

generated, thereby leading to slower diffusion and smaller feature sizes. The variation of 

organic content of the silsesquioxane polymer matrix also had a pronounced effect on the 

thermal stability. Thermal gravimetric analysis combined with differential thermal 

analysis (TGA/DTA) of the oligomers revealed important information about the thermal 
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stability, decomposition temperatures and the bond scission occurring at elevated 

temperatures. TGA/DTA data from methylsilsesquioxane in fig. 1a shows the high 

thermal stability and high decomposition temperature (~480oC) in air and nitrogen 

(>750oC). TGA data reveals a weight loss of c.a. 9wt% from the onset of decomposition. 

Theoretically expected weight loss from the oligomers, based on length of the chains 

obtained from gel permeation chromatography (GPC) (~1800) and molecular 

composition (RSiO1.5), is 9.7%. The DTA analysis indicates a strong exothermic peak 

obtained right at the onset of decomposition, pointing to the possibility of removal of 

carbon. The sample after TGA/DTA in air was white in color which supports the 

inference from the analysis. Similar analysis of weight loss in ethylsilsesquioxane, shown 

in fig. 1b, since the onset of decomposition (~270oC) is 24.1 wt% whereas expected 

weight loss based on GPC analysis was 24.5 wt%. Propylsilsesquioxane has an even 

lower decomposition temperature (~245oC) and observed weight loss in TGA (fig. 1c) 

was 33.54%. The expected weight loss of the polymer based on complete removal of 

organic groups was 35%. The difference in the observed and expected weight loss can 

also be attributed to the merging of  
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1c 

1b 1a 

Fig. 1(a) Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) data for 

methylsilsesquioxane oligomers. (b) TGA data for ethylsilsesquioxane. (c) TGA data for 

propylsilsesquixane, in air (black curve) and nitrogen (red curve). The onset of thermal 

decomposition of the oligomer is marked by a sharp change in mass (TGA) and heat flow (DTA) 

for the sample. Methysilsesquioxane shows the highest thermal stability amongst all alkyl 

silsesquioxanes indicating lower thermal stability with increasing organic content. 

weight loss peaks from solvent removal and siloxane polymerization close to 200˚C [9] 

and weight loss due to the decomposition of organic groups. DTA analysis of the alkyl 

substituted silsesquioxanes, shown in supporting information, along with the TGA data 

clearly indicate the loss of organic groups and lower thermal stability with increasing 

alkyl chain length. Similar reduction in thermal decomposition temperature was observed 

with copolymers of different alkyl chains monomers.  

Aromatic groups have been known to increase the dry etching resistance and the 

resolution of the photoresist by reducing the swelling and increasing the glass transition 
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temperature of the organic photoresists.[16]  It has also been suggested that benzene-ring-

bridged silsesquioxanes are thermally robust  due to the reduction in degrees of freedom, 

and constrained bond stretching.[35] Therefore, we synthesized and analyzed 

phenylsilsesquioxane for thermal stability. TGA analysis (fig. 2a) shows a large weight 

loss after the decomposition temperature (~550˚C) and the DTA indicates a high 

exothermic peak in air indicating complete removal of the organic groups. Although the 

decomposition temperature of phenylsilsesquioxane (PhSQ) in air is higher than 

methylsilsesquioxane (MSQ), the thermal stability of MSQ in nitrogen exceeds PhSQ. 

PhSQ decomposes in nitrogen at 590˚C whereas MSQ is stable untill 730˚C (fig. 1a). The 

cause of enhanced thermal stability of MSQ in nitrogen has been discussed later. 

Benzene-bridged silsesquioxane was also synthesized, as described in the experimental 

section, with different chemical functionalities. The onset of decomposition in these 

oligomers occurred at a lower temperature (~400˚C) as shown in figure 2b, which points 

to insufficient robustness at elevated temperatures.  

Although TEOS oligomers have the lowest organic content amongst all synthesized 

silsesquioxanes, the oligomers showed low thermal decomposition temperatures due to 

unhydrolyzed end groups. The polydispersity and large weight loss in these oligomers 

made them unsuitable for fabrication of thermally robust photolithographic templates. 

The separation of oligomers also required the use of end-capping agents which augment 

the organic content and reduce the thermal stability of the polymer matrix. Thus, in 

general, the presence of high molecular weight organic substituents caused a reduction in 

thermal stability of the oligomeric chains. Methylsilsesquioxane demonstrates 

unexpected thermal stability, especially in an inert environment. 
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2b 2a 

 

Fig. 2. (a)TGA-DTA data for phenylsilsesquioxane in air (black curve) and nitrogen (red curve). 

(b) TGA data for benzene bridged silsesquioxane prepolymers. 

Heat Treatment of MSQ and PhSQ in nitrogen 
Further investigation of the thermal stability of MSQ and PhSQ was carried out in 

nitrogen. An undoped silicon wafer was used to coat MSQ (fig. 3a) and PhSQ (fig. 3b), 

and FTIR analysis of the films was done after heat treatment at 550˚C and 860˚C in 

nitrogen. The peaks from 3000-3600 cm-1 were assigned to O-H stretches [36], which fade 

on thermal treatment of both MSQ and PhSQ at elevated temperatures due to the cross-

linking of siloxane bonds. But Si-C bond stretching [37] at 1275 cm-1 fades away in PhSQ 

at 550˚C (fig. 3b) and is completely eliminated at 860˚C, pointing to the complete 

dissociation of the organic chains and the resulting decomposition of the hybrid 

photoresist. By comparison, MSQ has very strong Si-C bond stretching at 550˚C (fig. 3a) 

and it starts to fade away at 860˚C, showing the decomposition of the organic side groups 

have already started. The asymmetric Si-O-Si peaks at 1040 cm-1 and 780 cm-1 are 

characteristically seen in PhSQ whereas MSQ shows two peaks that are almost equal in 

intensity, possibly due to the strong silicon-carbide-like Si-C bond stretching at 780 cm-

1.[38] These observations are also consistent with the DTA data on both these samples in 

nitrogen (fig. 1a and fig. 2a), which show large exothermic dissociation of organic side 

chains in air, but small endothermic peaks in nitrogen. Hence, formation of silica and 

silicon carbide bonds in MSQ on heat treatment in nitrogen are responsible for the 
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enhanced thermal stability, whereas excess organic content of PhSQ results in lower 

decomposition temperatures. 

3b 3a 

 

Fig. 3. Fourier transform infrared spectroscopy (FTIR) data for (a) methylsilsesquioxane and (b) 
phenylsilsesquioxane oligomers. The oligomers were coated on an undoped silicon wafer and 
FTIR data was collected for as-deposited films (black), films heated to 550˚C in nitrogen (red), 
and films heated at 870˚C in nitrogen (blue) curves. 

Effect of structure of repeat unit on thermal stability 
Thermal stability analysis of different organic moieties on silsesquioxane polymers was 

discussed. MSQ and PhSQ oligomers demonstrated exceptional thermal stability, as 

compared to the other substituents. The spatial conformation of repeat units has been 

shown to strongly affect the bulk properties of macromolecules. In particular, ladder type 

structure has been particularly sought for in silsesquioxane coatings, for enhanced 

thermal stability. [30, 31] MSQ and PhSQ,[26-28] can be synthesized in ladder type 

conformation which augments their thermal stability. We have already demonstrated the 

ladder type structure obtained in our earlier work on MSQ oligomers employed for 

photopolymerization.[9]  

Effect of molecular weight and molecular weight distribution 
The silsesquioxane repeat units have three polymerizable siloxane bonds for three-

dimensional fabrication. The repeats units have been tailored with the desired groups for 
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high thermal stability and resolution, but macromolecule properties can strongly 

influence the sensitivity and resolution of the photoresist obtained. If the molecular 

weight of the oligomers is too high, it leads to poor resolution. If the molecular weight is 

too low, reduced sensitivity results. Narrow molecular weight distributions are desired in 

the prepolymer chains for an optimized photoresist formulation. Therefore, for c.a. 

100nm fabricated structures, it is desirable to have macromolecule chains to be around 

MN 1000 and have low polydispersity.  

To demonstrate the importance of molecular weight distribution on the lithographic 

synthesis of photonic bandgap structures, two different photoresist formulations were 

made, MSQ1 and MSQ2, with chain lengths and polydispersity as shown in table 1. 

MSQ1 has a large fraction of smaller molecular weight oligomers and also has a higher 

polydispersity than MSQ2. Therefore, MSQ2 is expected to give higher sensitivity and 

resolution. We tested the formulations using two-photon polymerization of the 

photoresist with a tightly focused infrared laser. This process, known as direct laser 

writing, can generate high fidelity 3D structures with nanometer scale resolution. 

Resolution tests were done in both emulsions by writing progressively smaller four-layer 

3D woodpile structures. The line spacing was varied from 2 microns to 900nm to 500 nm 

(fig. 4), with the spacing between the layers half as large as the line spacing. MSQ1 

demonstrated excellent fidelity in the 2µm line-spaced samples, but smaller structures 

showed  

Sample  Elution Volume MW MN Mass Fraction 

26.09 1412 1748 0.646 1 

26.85 470 515 0.354 

24.9 1466 1872 0.756 2 

25.7 575 554 0.244 

Table1. Gel permeation chromatography (GPC) data for two photosensitive formulations MSQ1 

and MSQ2. MSQ2 has lower polydispersity and desired molecular weight to fabricate 3D 

woodpile structures. 
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4a 

4b 

 

Fig. 4. Resolution test for MSQ prepolymer 

formulations (a) MSQ1 shows excellent 

fidelity for a 3D woodpile with a line 

spacing 2µm, but lines with a periodicity 

900nm cannot be resolved. (b) MSQ2 

shows good fidelity in 3D woodpiles with a 

periodicity of 900nm, but the 500nm 

woodpile cannot be resolved. Z-spacing of 

the woodpiles is half of the line spacing in 

the lateral direction. 
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Fig. 5. Effect of dosage on feature size and resolution of the MSQ photoresist (a) increasing laser 

dosage (from left to right) for the photoresist with MSQ1 prepolymer. The laser dosage is used to 

decrease the void fraction of the photonic crystals to modify the bandgap. Poor resolution of 

MSQ1 results in contact between adjacent features, resulting in poor fidelity. (b) MSQ2 

prepolymer shows excellent fidelity even with features having large fill fractions. 

very poor resolution and the nearest features had residual photoresist between them after 

development (fig. 4a). However, MSQ2 showed excellent fidelity till 900nm but started 

running into resolution limits with 500nm line-spaced samples (fig. 4b). Also, varying the 

dose of the infrared laser, the voxel volume and the fill fraction of the woodpile bandgap 

photonic structure changed. It is extremely important to tune the fill fraction to vary the 

bandgap of the synthesized photonic crystal. Laser doseage was gradually increased for 

both the formulations to get highest possible fill fractions with the 900nm line spaced 

woodpile structures. MSQ1 formulations had intertwined layers merging into each other 

at very low fill fractions (fig. 5a) but MSQ2 showed excellent fidelity on large fill 

fraction samples (fig. 5b). This clearly demonstrates the effect of molecular weight and 

molecular weight distribution on the resolution and sensitivity of the photoresist. 

22 
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Ionic and free radical polymerization  
Cationic photoinitiators produce photoacid or photobase which have much higher 

diffusivity than free radicals. This results in higher parasitic polymerization outside the 

zone of photoinitiation and resulting lower resolution. We tried free radical 

polymerization in silsesquioxane polymers by using Irgacure as a free radical initiator 

and acryloxypropyl groups as end capping agents. However, free radical initiation caused 

instant polymerization of the oligomeric chains, resulting in a change in refractive index 

of the polymerized matrix. This refractive index mismatch causes strings being formed 

instead of a single voxel (ref. 39), due to interference with the incident laser radiation. 

Although free radical polymerization has been successfully demonstrated in liquid cells 

in ORMOCER’s, the use of such liquid systems can further increase diffusivity, which is 

counterproductive to the resolution of the photoresist. Moreover, such systems require 

higher organic content in the resist which can compromise the thermal stability. 

Therefore, cationic polymerization was chosen as the preferred mode of 

photopolymerization 

 

Fig. 6. Photoacid polymerization of MSQ 

photoresist results in formation of voxels 

leading to well defined 3D fabricated 

structures (inset) high resolution scan of the 

same structures showing details of the 8 

layer silica woodpile created in MSQ. 

6

 

photopolymerization in our optimized photoresist (fig. 6). 

Conclusions: 
In conclusion, we have demonstrated the fabrication and optimization of a variety of 

organic-inorganic hybrid oligomers for use as prepolymers in a thermally stable 

photoresist. We have tuned the molecular composition of the repeat unit by 
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systematically varying the organic side groups on the inorganic silsesquioxane backbone, 

and by changing the end capping agent to tailor the mechanism of photoinitiation. We 

also tailored the macromolecule properties by choosing a ladder type conformation of the 

repeat units for high thermal stability, varying the molecular weight and molecular 

weight distribution to optimize the sensitivity and resolution of the photoresist 

synthesized. A diaryliodonium hexafluoroantimonate based photoacid generator with 

high two photon cross-section and quantum efficiency, was chosen along with a 

methylsilsesquioxane based oligomer matrix as an optimized photoresist. High fidelity 

photonic bandgap structures (fig. 6) were fabricated in the optimized photoresist using 

direct laser writing. These structures demonstrated high thermal stability required for 

thermophotovoltaic devices or for high temperature infiltration of other higher refractive 

index materials. Thus these findings can be fruitful for energy harvesting using renewable 

energy sources and improving energy efficiency in existing devices. 

Materials and Methods: 
The following chemicals were used as received: tetrahydrofuran (inhibitor free), 

methanol, ethanol, tetraethylorthosilicate (TEOS), methyltrimethoxysilane (MTMS), 

ethyltrimethoxysilane (ETMS), propyltrimethoxysilane (PTMS), phenyltrimethoxysilane 

(PhTMS), hydrochloric acid (HCl), (3-methacryloxy)propyltrimethoxysilane (MATMS), 

1,3-bis(triethoxysilyl)benzene, 1,3,5-tris(triethoxysilyl)benzene, magnesium turings, 1,4-

dibromobenzene, tetracholorosilane, trimethylchlorosilane. Deionized (DI) water used 

had a resistivity of 18.2 Mohms.cm. 

Low molecular weight poly(methylsilsesquioxane)[9, 29] was synthesized by mixing 0.25 

mol of MTMS in 75 ml tetrahydrofuran. To the mixture was added 45.2 ml of 0.166M 

HCl to carry out the hydrolysis of methoxy groups present. Hydrolysis was marked by an 

increase in the temperature of the mixture. The molar ratio of MTMS: water: HCl was 

1:10:0.03. The solution was then refluxed at 65˚C to form low-molecular-weight polymer 

for c.a. 30 minutes and then washed with water. A pure polymer mixture was obtained by 

adding 120ml of DI water followed by centrifugation, to remove the excess reactants and 

impurities.  The supernatant was discarded and the pure oligomer mixture was freeze-
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thawed at -20˚C to eliminate trace water impurities. Other silsesquixane mixtures were 

prepared in a similar way by using ETMS, PTMS and PhTMS to make 

poly(ethylsilsesquioxane), poly(propylsilsesquioxane), and poly(phenylsilsesquioxane), 

respectively. Copolymers of the above silsesquioxanes were also prepared by varying the 

molar ratio of the monomers added. 

Low molecular weight TEOS polymer chains were synthesized by using one of two 

synthesis techniques. Either 0.24 mol of TEOS was mixed with 0.96 mol of ethanol and 

mixed under nitrogen. 0.24 mol of distilled water was then added to the mixture and 

stirred well. 0.0024 mol hydrochloric acid was dissolved in 10 ml ethanol and added 

dropwise to the reaction mixture. The reaction was carried out for 6 hours and TEOS 

oligomers were capped in the end using either 7 ml of trimethylcholorosilane or 

vinylchlorosilanes. Another route used for TEOS synthesis was mixing 0.25 mol of 

TEOS in 70 ml of THF in an ice bath. Then 60.34 gm of 0.166M HCl was added 

dropwise over 10 minutes. The reaction was carried out in an ice bath for 30 minutes and 

then the end capping agents were added to the mixture. Finally unreacted chemicals were 

washed off by addition of excess water, centrifugation and freeze-thaw cycles, and pure 

TEOS oligomers were obtained with the desired functionality. 

Copolymers of TEOS with methacrylate groups were made by using the ice-bath 

synthesis route. The TEOS to MATMS mole ratios were varied between 9:1, 4:1, and  3:2 

and the volume of trimethylchlorosilanes used was 6ml, 4.5 ml, and 1.5 ml, respectively. 

The amount of the HCl water mixture was also varied as it depended on the number of 

alkoxy groups to be hydrolyzed. The volume of the 0.166M HCl solution used was 

58.83g, 57.33g, and 54.31 g, respectively, for reduced TEOS concentrations. 

Benzene-bridged silsesquioxanes were synthesized from 1,3 bis(triethoxysilyl)benzene 

BTESB and 1,3,5-tris(triethoxysilyl)benzene TTESB. These precursors were synthesized 

as described below. BTESB was synthesized using 15g of magnesium turnings, 450ml of 

TEOS and 300ml of THF mixed under nitrogen. A small amount of iodine was added to 

the solution and was stirred well. 48gm of 1,4-dibromobenzene in 100ml of THF was 
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added dropwise with rapid stirring. The reaction solution was refluxed and the addition of 

1,4 dibromobenzene was complete in an hour. The reaction was carried out at 72˚C for 

one hour and the color of the mixture changed from brown to gray-green. The reacted 

mixture was then cooled to room temperature and decanted. THF was removed using a 

rotary evaporator and 200ml of hexane was added to precipitate any magnesium salts. 

The mixture was centrifuged at 4600rpm for 10 minutes and the supernatant liquid 

containing the product was dried in a rotary evaporator to remove hexane. The resulting 

brown oil was distilled at 130-135˚C under vacuum (0.2 mm of Hg) to obtain BTSEB. 

TTSEB was synthesized using triethoxychlorosilane, TEOS, and 1,3,5-tribromobenzene. 

Triethoxychlorosilane was synthesized by mixing 4.8g of ethanol and 1603.4ml of TEOS 

in 4L round-bottom flask. To the mixture 2432ml of tetrachlorosilane was added and kept 

for 20h at 40˚C. The reacted mixture was then distilled at 156-167˚C at 1 atm. The 

distillate was a mixture of triethoxychlorosilane and TEOS with a ratio of c.a. 1:1. 50g 

magnesium turnings and a small amount of iodine was stirred for 3h. 315g of the mixture 

of triethoxychlorosilane and TEOS was added and stirred vigorously for 2 hours. A 

solution of 60g of 1,3,5-tribromobenzene in 400ml THF was added dropwise and the 

temperature was maintained below 60˚C using an ice bath. After complete addition, the 

reaction solution was refluxed for one hour. The reacted mixture was cooled and 

decanted, subsequently removing excess THF in a rotary evaporator. 625 ml of hexane 

was added to preicipitate magnesium salts and the supernatant after centrifugation was 

collected. Hexane was removed in vacuuo and TTESB was obtained using fractional 

distillation at 125˚C at 0.035 mm Hg. 

Benzene-bridged oligomers were obtained from these precursors by sol-gel in an ice bath 

(similar to the TEOS synthesis) with a reaction time of 5 minutes. Capping agents used 

were trimethylchlorosilane, (3-acryloxypropyl)dimethylmethoxysilane, and (3-

methacryloxypropyl)dimethylethoxysilane. Acrylate or methacrylate groups were used 

for free radical polymerization, whereas trimethyl end capping was used to separate the 

oligomers from the solution, which are subsequently polymerized using unreacted 

siloxane bonds. 
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The oligomers synthesized were then dissolved in THF to obtain c.a. 40wt% solid 

content. Diaryliodinium hexafluroantimonate (CD1012) photoinitiator and 

isopropylthioxanthone (ITX) sensitizer were used in a 1:1.6 mole ratio. The ratio of 

silsesquioxane to photointitator was 98:2 by weight. The photoinitiator was dissolved in 

THF and mixed well in the polymer matrix. The resultant colloidal dispersion was then 

spin casted on to a silicon substrate at 1000rpm for 90 seconds. The mixture was pre-

exposure baked at 80˚C for 75 seconds and then exposed to either ultraviolet light or 

infrared for one photon or multiphoton polymerization, respectively.  

The resolution of the photoresist was tested using a direct laser writing setup. A tightly 

focused Ti:sapphire infrared laser was used to expose the sample and carry out 

multiphoton polymerization[5]. Structures were defined in spin coated, soft-baked films, 

using a carefully calibrated P-615 NanoCube XYZ nanopositioning stage (Physik 

Instrument) mounted on a confocal microscope (Olympus Floview). A 100X oil 

immersion microscope objective (1.3 numerical aperture) focused the 100 fs pulses from 

a Ti:sapphire laser (Mai Tai, Spectra Physics). A typical laser power entering the 

objective was 22mW. After exposure, the samples were developed in 10 wt% 

tetramethylammonium hydroxide (TMAH), 5 wt% TMAH, and water for 10, 5, and 10 s, 

respectively. 

Confocal microscopy was used to determine the 3D fidelity of the fabricated structures. 

Briefly, the three dimensional structure of the woodpiles, were infiltrated with a mixture 

of the MSQ photoresist and Rhodamine 640 (2 wt%) and imaged at low laser power on 

the confocal microsope.[5] By rinsing away the photoresist with THF, these samples could 

be recovered for further processing. 
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Chapter 2  
 

Efficient low-temperature thermophotovolatic 
(TPV) emitters from metallic photonic crystals 
(MPhC)* 
 

We examine the use of metallic photonic crystals as thermophotovoltaic emitters. We 

coat silica woodpile structures, created using direct laser writing, with tungsten or 

molybdenum. Optical reflectivity and thermal emission measurements near 650 °C 

demonstrate that the resulting structures should provide efficient emitters at relatively 

low temperatures. When matched to InGaAsSb photocells, our structures should generate 

over ten times more power than solid emitters while having an optical-to-electrical 

conversion efficiency above 32%. At such low temperatures, these emitters have promise 

not only in solar energy but also in harnessing geothermal and industrial waste heat. 

 

 

 

 

*Parts of this chapter have been published as Nagpal P., Han S.E., Stein A., Norris D.J., 

Nano Letters, 8, 3238, 2008. 
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Introduction 
 

A fundamental difficulty in the efficient generation of electricity from sunlight is the 

energetically broad distribution of solar photons. Because standard photovoltaic devices 

transform photons into essentially isoenergetic electrons, and each photon typically 

creates at most one electron, energy mismatches between photons and electrons lead to 

waste. While many approaches [1-3] aim to improve this direct photon-to-electron 

conversion, a less-studied alternative is to transform sunlight first into low-energy 

photons [4-6]. A material, heated by the sun, can then thermally re-emit infrared light into 

a well-matched conventional photocell. In principle, this thermophotovoltaic (TPV) 

process can be very efficient, but it has been limited by the thermal emission spectra of 

real materials. Ideally, the emitting material would convert all absorbed energy into a 

narrow band of thermal emission that is tailored to an available narrow-bandgap 

semiconductor photocell. If instead the emission spectrum is too broad, too weak, or 

poorly matched to the photocell response, inefficiency is introduced [4-6].  

While several materials have been considered for improved TPV emitters [5], three-

dimensionally structured solids known as photonic crystals [7] can provide new 

possibilities [8]. Their thermal emission can be tailored by prohibiting thermal emission in 

certain energy ranges[9-16]. Instead of a broad blackbody-like spectrum, proper design can 

lead to a narrow and intense emission peak. To examine this phenomenon, the 

“woodpile” photonic crystal structure (fig. 1a) has been studied. Indeed, theory and 

experiments have demonstrated its ability to modify the thermal emission spectrum[8, 10, 

14]. However, the possibility that this structure could yield efficient TPV emitters has not 

been fully explored. For example, it is unclear whether photonic crystals could actually 

survive the elevated temperatures previously considered necessary for TPV 

applications[17]. Even when they are made from refractory metals that have high melting 

temperatures, grain growth can destroy the intricate microstructure in the photonic 

crystal. To complicate matters, further study has been impeded due to the complex and 

expensive process required to obtain these materials[10]. 
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Here, we fabricate and examine the properties of metallic woodpile structures for use as 

TPV emitters. In reported literature, TPV emitters have been tested at higher 

temperatures to augment their efficiency, however thermal stability of fabricated 

nanostructures at such high temperatures is low[17]. Also many commercially attractive 

waste heat sources like automobiles and industrial furnaces operate at lower temperatures 

(600-900K)[18]. Here, we consider relatively low temperatures (near 650 °C), where the 

structures are known to be stable. Even in this case, we show that optical-to-electrical 

conversion efficiencies above 30% can be expected. Therefore, these results confirm the 

great potential of these materials for TPV applications. Further, at such low temperatures 

these emitters have promise not only for solar energy conversion but also for harnessing 

heat from geothermal and industrial sources. 

Fabrication of metallic photonic crystals using direct laser writing 
 

To address the fabrication challenge, we employ an extremely simple technique known as 

direct laser writing (DLW)[19-24]. This approach typically moves the focused spot of an 

infrared laser through a thin film of organic photoresist to form lines by multiphoton 

polymerization. Proper layering of such lines can lead to a scaffold with the woodpile 

structure. For thermal emission, this structure could then be coated with a refractory 

metal. Unfortunately, because organic photoresists do not have high thermal stability, 

these scaffolds cannot survive typical coating processes, such as chemical vapor 

deposition (CVD). Moreover, even if gentler deposition schemes are employed[25, 26], the 

organic material typically remains in the scaffold, severely limiting its temperature range. 

Consequently, thermal emitters have not yet been demonstrated using DLW. 

We overcome these problems by utilizing a recently developed methylsilsesquioxane-

based photoresist that allows high temperature processing[27, 28]. After laser exposure, the 

resist was developed and heated in an inert atmosphere to convert the structure into silica, 

thereby making it thermally robust. The resultant scaffold was then coated with a shell of 

tungsten (W) or molybdenum (Mo) of desired thickness with a simple home-built CVD 
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reactor. (Details are described in the methods section) The total process is depicted in fig. 

1a. 

 

Fig. 1 (a) To fabricate metallic photonic crystals with direct laser writing, a confocal microscope 

defines the woodpile structure in a film of methylsilsesquioxane-based photoresist. After 

development, the structure is coated with tungsten or molybdenum using chemical vapor 

deposition. (b) Electron micrograph of the top view of an 8-layer woodpile scaffold before 

metallization (900 nm line spacing). If this scaffold was coated with metal, its thermal emission 

could in principle be matched to a silicon photocell. (c) Detailed view of the sample in (b) tilted 

to show the structure down to the lowest layer. (d) Three-dimensional reconstruction from 

confocal optical micrographs obtained for a woodpile with a 1.8 μm line spacing. If coated with 

metal, the thermal emission from this structure could be matched to an InGaAsSb photocell. The 

interlayer spacing in the z-direction (perpendicular to the substrate) is 0.4 μm. 
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DLW allows the lattice parameters of the woodpile, which control the thermal emission 

spectrum, to be varied easily. While we concentrate our analysis below on 8-layer 

structures fabricated to produce thermal emission well matched to the electronic bandgap 

(0.53 eV) of InGaAsSb photocells[29, 30], we also present woodpiles appropriate for silicon 

photocells. W and Mo were chosen as metals because they have extremely low vapor 

pressures at the temperatures necessary for TPV devices. Another factor is their shallow 

skin depths. For example, at a wavelength of 1.77μm (0.7 eV), W has a skin depth of 

46nm and the transmission through a 100nm thick film is only 0.4%. Thus, after coating 

the scaffold with films of such thickness, the silica core can remain in the structure 

 

Fig. 2(a) Electron micrograph of the top view of an 8-layer silica woodpile with a 100 nm thick 

tungsten coating. (b) Another 8-layer sample with nearly complete infiltration with molybdenum. 

(c) Eight-layer silica woodpile with a 100 nm molybdenum coating after heating for two hours at 

650°C. (d) A higher magnification image of the sample shown in panel c obtained at an electron 

acceleration voltage of 6 kV to reveal the silica rods under the molybdenum coating. 
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without playing a role in the thermal emission. Calculations show that the coated 

woodpiles behave as if they contained solid rods of metal. Fig. 1b,c shows the excellent 

fidelity of the top surface of our silica scaffolds before metallization. To examine their 

three-dimensional (3D) structure, we also infiltrated them with fluorescent dye and 

collected internal images with laser-scanning confocal microscopy. A 3D reconstruction 

obtained from a series of such images is shown in fig. 1d. For CVD, tungsten 

hexacarbonyl or molybdenum hexacarbonyl were used as molecular precursors[31]. Fig. 2, 

panels a and b−d, represents typical W- and Mo-coated woodpiles, respectively. 

(Additional samples are shown in fig. 4) X-ray microdiffractometry data (fig. 3) confirm 

that the coatings were metallic W and Mo. Thinner coatings (50−100 nm) could be 

obtained with nitrogen as the carrier gas (fig. 2a) and thicker coatings (100−300 nm) with 

mixtures of nitrogen and hydrogen (fig. 2b) under otherwise identical CVD conditions[31]. 

The amount of added precursor also influenced this thickness. 

 

Fig. 3 X-ray microdiffraction spectra verifying that the materials deposited on the silica 

woodpiles by CVD are (a) tungsten and (b) molybdenum. 
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Fig. 4 (a) Electron micrograph of the top view of an 8-layer tungsten-coated silica woodpile. (b) 

Another 8-layer silica woodpile coated with molybdenum. (c) An 8-layer silica scaffold heated for 

two hours at 600°C. (d) A higher magnification image of the sample shown in (c). 

Optical characterization 
 

Scanning electron microscopy and three-dimensional confocal microscopy confirmed the 

high fidelity of MPhC fabricated using direct laser writing. We then analyzed these 

structures both structurally and optically for thermal emission. First, they were heated 

under inert atmosphere at 650 °C for two hours. Fig. 2c shows a Mo woodpile after this 

treatment. (Heat-treated silica scaffolds are shown in fig. 4) The SiO2−Mo core−shell 

structure remains, as revealed in micrographs obtained at high electron acceleration 

voltages (fig. 2d). More importantly, no metal grain growth was observed due to heating. 

(The small metal flakes on the top surfaces of our samples were present prior to the heat 

treatment as seen in fig.4. They were deposited due to the simplicity of our CVD 
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apparatus.) Second, we measured the reflectivity, R, of the samples using a home-built 

Fourier-transform infrared (FTIR) microscope[32]. Data from InGaAs and InSb detectors 

were combined to cover the wavelength range relevant for our thermal emission 

experiments. Fig. 6 a,b shows R versus wavelength for Mo and W woodpiles. Because of 

the low transmission of our structures, their absorptivity should be approximately 1 − R. 

To test this, we also compare the measured 1 − R with the absorptivity calculated for 

plane waves incident normal to the structure surface using the transfer matrix method 

combined with multiple scattering (Fig. 5 a,b)[33]. While a detailed fit was not possible 

due to the time required for electromagnetic calculations involving thin metals, 

qualitative agreement was achieved using parameters estimated from experimental 

micrographs. For both Mo and W, the experimental curves were smoother than the 

theoretical predictions, most likely due to disorder, but the absorptivity and the 

experimental 1 − R are quite similar at longer wavelengths. At shorter wavelengths (less 

than 1.75 and 2.0 μm for Mo and W, respectively), a sudden drop in the calculated 

 

Fig. 5. Absorption enhancement in woodpile photonic crystals. Reflectance R (red curve) vs. 

wavelength for (a) the molybdenum woodpile in Fig. 3 a and (b) the tungsten woodpile in Fig. 3b. 

Because the absorptivity is well approximated by 1-R in these wavelength ranges, the absorptivity 

in the woodpile can be compared to that calculated for a thin film of the same metal. These 

absorption enhancements are also plotted as a function of wavelength (blue curves). An increased 

enhancement occurs close to the edge of the metallicity gap. This absorption enhancement can be 

utilized in the thermal emission from photonic crystals. 
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absorptivity is absent from the experimental 1 − R. This is caused by higher order 

reflections that direct light outside the collection cone of our microscope objective. Thus, 

the use of the measured 1 − R to approximate absorptivity will be strictly valid only at 

longer wavelengths. 

Absorptivity is a critical parameter because at thermal equilibrium Kirchhoff’s law states 

that it is equivalent to emissivity, from which the thermal emission intensity can be 

determined. Assuming low transmissivity, the emissivity for our samples will approach 

unity (the ideal blackbody limit) for wavelengths where the extracted absorptivity is high 

and will approach zero where the extracted absorptivity is low. Consequently, fig. 6 a,b 

demonstrates two key advantages of our photonic crystals for tailoring thermal emission. 

First, due to the existence of a metallicity gap[10], light is not allowed to propagate inside 

these structures for wavelengths longer than 2.5μm. This leads to low absorptivity and, 

hence, weak emissivity above this wavelength. (This is also consistent with the high 

reflectivity measured for our samples from 2.5 to 15μm on a low-resolution commercial 

FTIR microscope.) Second, due to the slow optical group velocity that occurs near the 

edge of the metallicity gap, light-matter interactions should be enhanced when compared 

to a solid film of the same metal. This leads to higher absorptivity and, hence, higher 

emissivity near 2 and 2.2μm for Mo and W, respectively (see fig. 5). Therefore, the 

emissivity of our W and Mo woodpiles can be tailored to approach the blackbody limit at 

wavelengths in the vicinity of 2μm, while decreasing to zero at longer wavelengths. 
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Fig. 6. The measured optical reflectivity R (red curve) and 1 − R (blue curve) vs wavelength for 

(a) an 8-layer molybdenum woodpile (1.75μm line spacing, 0.4μm interlayer spacing, and 100nm 

shell thickness) and (b) an 8-layer tungsten woodpile (2.0μm line spacing, 0.6μm interlayer 

spacing, and 140 nm shell thickness). The calculated absorptivity is also shown in both for 

comparison (black curves). (c) The measured 1 − R (blue curve) vs wavelength for a molybdenum 

woodpile (2.0μm line spacing, 0.6μm interlayer spacing, and 100 nm shell thickness). The 

expected thermal emission spectrum per unit solid angle at 620°C (red curve), which is the 

product of the emissivity (approximated as the blue curve), and the calculated blackbody 

spectrum (black curve) at 620 °C is compared with the measured thermal emission spectrum per 

unit solid angle averaged over the collection angle of the microscope (green curve). The gray 

shaded area denotes the wavelength range in which InGaAsSb photocells can have an external 

quantum efficiency above 50% (ref 30). (d) The experimental setup used for the measurement of 

thermal emission spectra. 
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Fig. 7 Reflection spectrum of tungsten and molybdenum woodpile samples obtained at long 

wavelengths using a commercial FTIR setup equipped with a mercury-cadmium-telluride 

detector. The increased reflectance at higher wavelengths confirms low absorption/emission of 

the fabricated metal samples in the deep infrared. The reflectivity does not reach 1 because of 

scattering due to poly-crystalline metal films and low collection angle (N.A. 0.07) of the 

collection optics. 

The measured thermal emission spectrum for a given temperature should then be the 

product of the extracted emissivity and the blackbody spectrum. We test this for the Mo 

woodpile in fig. 6c. We assume that the measured 1 − R (blue curve) is the emissivity. 

However, unlike an ideal blackbody, the photonic crystal will exhibit an emissivity that is 

directional. Thus, the experimental value represents an emissivity averaged over the finite 

solid angle collected by the microscope (0.67sr around the surface normal). By 

multiplying this emissivity with the calculated blackbody spectrum per unit solid angle at 

620 °C (black curve), we obtain the expected thermal emission spectrum per unit solid 

angle near normal for this temperature (red curve). To measure the actual emission 

spectrum, we used the apparatus shown in fig. 6d. An enclosed heating stage was 

mounted on the microscope to control the sample temperature under slowly flowing 
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argon. A small orifice allowed emission from the sample surface to be collected by the 

microscope. The output was then directed toward a FTIR spectrometer and carefully 

calibrated with a lamp of known intensity. The measured thermal emission spectrum for 

620 °C is shown in fig. 6c (green curve) up to the wavelength limit of our apparatus (2.5 

μm). This spectrum agrees well with the predicted values, confirming that the samples 

behave as expected and that the emissivity extracted from our reflectivity data can be 

used to predict their thermal emission. 

Such an emission spectrum is ideal for use as a low-temperature emitter for TPV 

conversion when it is coupled to an InGaAsSb photocell[29, 30]. The gray region in fig. 3c 

denotes the wavelength range where the external quantum efficiency of this photocell can 

be above 50%. The emitted power density for our sample is close to the blackbody limit 

at wavelengths shorter than 2μm where the response of the photocell is maximized, but 

decreases as the photocell response goes to zero at the bandgap of the semiconductor 

(0.53eV or 2.34μm). The high reflectivity (low emissivity) of our fabricated samples at 

higher wavelengths was confirmed using a commercial FTIR (fig. 7). Thus, the emitted 

power can be utilized efficiently for conversion to electricity using a narrow bandgap 

semiconductor photocell. 

Efficiency of MPhC emitters for thermophotovolatics 
 

To quantify this further, we used the experimental emissivity spectrum extracted for the 

Mo woodpile in fig. 6a to determine several parameters relevant for TPV devices as a 

function of temperature. This emissivity represents an average over a solid angle of 

1.26sr around the surface normal. Beyond the long wavelength limit of the data, we used 

calculated values to extend the emissivity spectrum. In fig. 8a, the total radiated power 

per steradian for our woodpile (red curve) is compared to that of a blackbody (black 

curve) and a solid Mo film (blue curve). Due to the low emissivity of the woodpile at 

long wavelengths, its total radiated power is below that of the blackbody. However, 

because this radiated power is better matched to the photocell, the radiated-to-electrical 
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power conversion efficiency can be much higher. Fig. 8b shows this efficiency, assuming 

every emitted photon with energy above the InGaAsSb bandgap is converted to an 

electron with 0.53eV. This represents an ideal InGaAsSb photocell with an external 

quantum efficiency of 100% but still includes inefficiencies due to photon-electron 

energy mismatches. In fig. 8c, we plot the efficiency using the measured external 

quantum efficiencies for real InGaAsSb photocells[29]. In both plots, the woodpile 

exhibits greatly improved conversion efficiency compared to the blackbody and solid 

film, especially at low temperatures. For example, at 650°C the expected conversion 

efficiency for the woodpile using a  

 

Fig. 8 Using the data from fig. 6a, the temperature dependence of several parameters relevant for 

thermophotovoltaic devices were calculated. (a) The total radiated power per unit solid angle. (b) 

The maximum radiated-to-electrical conversion efficiency, assuming an InGaAsSb photocell with 
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an external quantum efficiency of 100%. (c) The expected radiated-to-electrical conversion 

efficiency, using the published external quantum efficiencies for an InGaAsSb photocell (ref 28). 

(d) The expected electric power, which is the product of the curves in panels a and c. For each 

plot, the molybdenum woodpile (red curve) is compared with a blackbody (black curve) and a 

solid molybdenum film (blue curve). 

real photocell (fig. 8c) is 32%, compared to 17 and 4% for the solid film and blackbody, 

respectively. 

It is perhaps surprising that the solid film would also provide reasonable efficiencies. 

This occurs because solid Mo has low emissivity at long wavelengths and consequently, 

the power radiated at wavelengths that cannot be converted by the photocell is reduced. 

However, the weakness of the solid film is that it also has lower emissivity at useful 

wavelengths. If we multiply the total radiated power per steradian (fig. 8a) by the 

expected conversion efficiency (fig. 8c) to calculate the expected electrical power (fig. 

8d), we find that the Mo woodpile at 45mW/cm2/sr is able to produce over an order of 

magnitude more power than the solid film. Although the blackbody generates the most 

electrical power, the woodpile is comparable. This is expected because the emission of 

our photonic crystal at useful wavelengths does not exceed that of the blackbody. But, 

because the woodpile generates this power much more efficiently, the heat required to 

maintain the temperature of the emitter would be decreased. For example, in solar 

thermophotovoltaics a smaller solar collector would be necessary to heat the emitter, 

decreasing cost and complexity. Therefore, due to the ability of the photonic crystal to 

tailor the emissivity of the metal, the best combination of generated power and efficiency 

can be obtained. 

The above values were achieved at a relatively low temperature of 650 °C. At this 

temperature, we know that our structures can survive. Prior work had suggested to 

operate photonic crystal emitters above 1000 °C[8]. Clearly, at higher temperatures the 

total radiated power (fig. 8a) and, hence, the generated electrical power (fig. 8d) would 

increase. However, at such temperatures grain growth would destroy the 
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microstructure[17]. Consequently, we have compromised on the electrical power per unit 

area while still maintaining high efficiency to obtain a structure that is useful at realistic 

operational temperatures. In addition, low temperature operation may allow applications 

beyond solar energy, such as conversion of waste heat from industrial sources. 

So far our analysis has avoided the complicated experimental and theoretical issue of the 

angle dependence of the emission. Preliminary calculations show that the emissivity of 

metal woodpiles decreases for directions far from the surface normal, as expected for any 

nonideal surface due to increased reflectivity at glancing angles. Thus, the total power 

radiated into 2π sr by the woodpile will be lower, when compared to the blackbody, than 

fig. 4a implies. The relative electrical power (fig. 8d) will also be lower. However, 

because the thermal emission from the photonic crystal will be more directional, it may in 

fact provide more efficient collection by the photocell, providing another advantage. 

The performance of our photonic crystal emitters could be improved further in several 

ways. First, we could utilize standard techniques in thermophotovoltaic devices, such as 

incorporating reflectors, which recycle long-wavelength emitted photons back to the 

photonic crystal to help maintain its temperature[1, 16]. Second, we could optimize the 

structure of the photonic crystal to improve the thermal emission spectrum. Our recent 

calculations suggest that other structures may exhibit even better thermal emission 

properties than the woodpile[15]. Third, we could tailor the structure to couple surface 

modes from the emitter into a photocell placed in close proximity. Such an approach 

could potentially increase the power density above the blackbody limit[34]. Now that more 

flexible experimental tools such as DLW are available for fabrication of metallic 

photonic crystals, these issues and the potential impact of these structures in energy-

related applications can be more fully explored. 
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Materials and methods: 

8-layer silica woodpiles (typically 120 by 120μm) were prepared on silicon substrates as 

described previously[28]. ( Briefly, ladder-type methylsilsesquioxane (MSQ) oligomers 

were synthesized, purified, and mixed with diaryliodonium hexafluoroantimonate 

(photoacid generator) and ITX (photosensitizer) in tetrahydrofuran (THF). The molar 

ratio between the photoacid generator and the sensitizer was 1:1.6. The ratio between the 

MSQ and the mixture of photoacid generator and photosensitizer was 98:2 by weight. 

Structures were defined in spin2 coated, soft-baked films, using a carefully calibrated P-

615 NanoCube XYZ nanopositioning stage (Physik Instrumente) mounted on a confocal 

microscope (Olympus Floview). A 100X oilimmersion microscope objective (1.3 

numerical aperture) focused 100fs pulses from a Tisapphire laser (Mai Tai, Spectra 

Physics). A typical laser power entering the objective was 22mW. After exposure, the 

samples were developed in 10 wt% tetramethylammonium hydroxide (TMAH), 5 wt% 

TMAH, and water for 10, 5, and 10s, respectively. To check the threedimensional 

structure of the woodpiles, they were infiltrated with a mixture of the MSQ photoresist 

and Rhodamine 640 (2wt%) and imaged at low laser power on the confocal microsope. 

By rinsing away the photoresist with THF, these samples could be recovered for further 

processing. For metallization the samples were treated with oxygen plasma for 2 minutes, 

to remove any organic impurities and increase adhesion during CVD. They were then 

placed in a 250 mL glass vessel with the metal precursors (typically 0.3g) and evacuated 

several times to a pressure below 50 mTorr and backfilled with either nitrogen or a 95:5 

nitrogen:hydrogen gas mixture by volume. At a final gas pressure of 40-50mTorr, the 

vessel was isolated and heated to 350-400°C for CVD. 45 minutes after the reaction was 

complete, the vessel was cooled and backfilled with nitrogen at atmospheric pressure. 

Excess metal on the top of infiltrated samples was removed using reactive ion etching 

with SF6 gas. All metal thicknesses are quoted to within ±10 nm. Optical reflectivity was 

measured with an inverted optical microscope (Nikon TE200) with a 40X objective 

(Nikon ELWD, 0.6 numerical aperture) coupled to a Fourier-transform infrared 

spectrometer (Oriel MIR 8000) with either an InGaAs (New Focus) or InSb (Judson) 
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photodetector. The diameter of the illuminated spot size was 30-50μm. For optical 

calculations, the unit cell of the structure was described by a 26x26x12 (Mo) or a 

26x26x16 (W) mesh and experimental values for the dielectric function of the metal as a 

function of wavelength were used[35]. Thermal emission measurements were done on the 

same FTIR microscope using a50X objective (Nikon SLWD, 0.45 numerical aperture) 

and a heating stage (Linkam THMS 600 or TS 1500). The sample was under slowly 

flowing argon and inverted on the heating stage such that the emitted light was collected 

by the objective through an orifice. A NIST-traceable lamp (F-525, Oriel) was used to 

calibrate the emission intensity. 
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Chapter 3  
 

Fabrication of large area metallic photonic 
crystals (MPhC) using refractory metals 
 

Metallic photonic crystals (MPhC) have been researched as efficient emitters for 

thermophotovoltaic conversion of solar energy and waste heat into electricity. However, 

thermal stability of these nanostructured metals is limited at high temperatures. Another 

challenge for their viable application is that these metal nanostructures need to be 

fabricated cheaply on a large scale using refractory metals. Here we present two schemes 

for fabrication of structures useful for thermal emission modification. Modified opal 

structures, made using self assembly of polymer opals, were used for fabrication of 

thermally stable MPhC’s using tungsten, molybdenum, and tantalum. Carbon inverse 

opals (tested at 2200˚C in argon) were used as thermally stable scaffolds for chemical 

vapor deposition of the refractory metals. These photonic crystals were found to be stable 

after heat treatment at 1000˚C under high vacuum (10-6torr). Layer-by-layer fabrication 

of woodpile structure was accomplished using soft lithography, made with tungsten-

molybdenum alloy (95:5 wt%). Four-layered woodpile structures were fabricated with 

periodicities ranging from 400 nanometers to 6 micrometers, making them useful 

structures for thermal emission modification from visible to the infrared wavelengths. 
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Introduction 

Efficient conversion of thermal radiation from hot body sources to electricity is an 

important goal for renewable energy generation and energy conservation. Sun radiates 

energy as blackbody source at 5780K, and is the primary source of energy for earth. 

While all of our energy requirements can be met by efficiently harvesting sunlight, 

energy mismatch of solar photons and finite bandgap of semiconductor photocells leads 

to inefficiencies[1, 2]. Most of our energy needs are met using fossil fuels, and more than 

60% of that energy is released to the ambient as “waste heat”[3]. Proper utilization of solar 

thermal and waste heat can provide an efficient solution for energy generation. These 

goals can be accomplished using thermophotovoltaics (TPV), a less studied alternative 

for thermal-to-electric energy conversion[1, 4]. While such a conversion can be very 

efficient[1, 5], this approach has been limited by the choice of emitter materials. Metallic 

Photonic crystals have been researched as efficient TPV emitters[6-10] because of low 

emissivity of metals in the infrared, and high thermal stability. The appropriate metal is 

patterned in desired nanostructures to selectively tailor the thermal emission using the 

periodicity. The group velocity of light near the photonic band edge reduces 

significantly[10, 11], leading to enhanced light-matter interaction, and selective emission is 

observed. Since the photonic bandgap can be tuned by varying the periodicity of these 

materials, emission from MPhC’s can be well matched to the absorption of the chosen 

semiconductor photocell.  This can lead to an efficient conversion of thermal energy to 

electricity. 

While the efficiency of MPhC’s as TPV emitters has been demonstrated at the 

temperatures of interest [10], fabrication techniques used were slow and not amenable for 

large scale fabrication. Viable applications of emitters for solar energy harvesting[12, 13], 

or utilizing waste heat from automobile engines[14] would require cheap emitters 

fabricated over large areas. Another necessary requirement for practical application of 

MPhC’s is prolonged thermal stability at operating temperatures for TPV devices. Grain 
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growth in metals can lead to complete collapse of nanostructures, especially complex 

nanostructure like modified opals[15].  

Here we demonstrate large scale fabrication of photonic crystals in refractory metals. The 

desired 3D architectures for efficient thermal emission modification: modified opal[8, 16] 

and woodpile structures[6, 9, 10] were fabricated using self assembly, and soft lithography 

respectively. Previous work on modified opals[8] and soft lithography[9] utilized thermally 

unstable templates of organic material filled with nickel using electrodeposition. While 

nickel is an important metal for thermal emission modification, it’s low thermal stability 

makes the structures unsuitable for TPV applications. Practical applications would 

require desired nanostructures to be fabricated in thermally stable refractory metals. 

However, even modified opal structure fabricated in tungsten had limited thermal 

stability [15], due to small feature sizes, complex shape, and grain coarsening. We 

fabricated thermally stable MPhC using inverse opal carbon as a scaffold. Using self 

assembly, monodisperse polymer spheres were close packed in face-centered-cubic 

(FCC) geometry [17-19]. These 3D self assembled structures were then infiltrated with 

resorcinol-formaldehyde (rf) carbon precursor and heated at 900oC in nitrogen to make 

carbon inverse opals[20]. These carbon inverse opal were tested at 2200oC in argon for 

application as robust thermally stable scaffolds [21], and then coated with a thin layer 

desired refractory metal (W, Mo, Ta) using chemical vapor deposition. Woodpile 

MPhC’s were made using a layer-by-layer fabrication with high precision polymers 

molds made in polydimethylsiloxane (PDMS). Using a master template made with 

interference lithography or optical lithography, a PDMS replica was made using soft 

lithography techniques[22-24]. The polymer molds were then filled with tungsten-

molybdenum alloy precursor, while in contact with the desired substrate. The precursor 

flowed in the mold due to capillary forces, and the drying of the precursor left the desired 

pattern on the substrate. This process was repeated to form different layers of the 

woodpile structure. Finally the precursor layers were converted into the tungsten-

molybdenum[15] alloy by heating the structure at 750˚C in hydrogen for 30 minutes. 

Using this scheme, large area woodpile structures with periodicities ranging from 400nm 
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to 6µm were fabricated. These cheaply fabricated large area structures can be useful for 

thermal emission modification from visible to the infrared wavelengths. 

Fabrication of modified opal MPhC  

Self assembled opals can be used as templates for fabrication of inverse opal metallic 

photonic crystals. However, these MPhC were found to be unsuitable for thermal 

emission modification[25] because of large absorption of light in the dense nanostructures. 

The inverse opal structure was then modified using heat treatment of polymers opals[15], 

and the modified inverse opal structure was found to be useful for tailoring the glow of 

hot metals[8, 16]. While nickel inverse opal[8] is useful for modifying the thermal emission, 

it’s low thermal stability makes it unsuitable for application in TPV. Moreover, even 

structures fabricated in refractory metals like tungsten had limited thermal stability due to 

small feature sizes and grain coarsening in these materials[15]. Therefore, we used carbon 

inverse opal structure as a thermally robust scaffold[10], for the fabrication of thermally 

stable MPhC. The carbon inverse opals have been tested at 2200oC in argon, without any 

noticeable degradation of the nanostructures[21]. These scaffolds were then coated with 

thin films of refractory metals like tungsten, molybdenum and tantalum. Coatings of 

these metals greater than ~50-100nm prevents any interaction of light with the 

scaffold[10], and keeps the open structure intact (fig. 1). Thus, these composite structures 

absorb/emit light like pure metallic inverse opals, while displaying enhanced thermal 

stability (fig. 2e,f). 

Another important parameter for MPhC besides their periodicity is the surface 

termination[16, 26]. Self assemble opals were made using two different synthesis 

techniques. One of the techniques involved convective self assembly of polymer opals on 

glass or silicon substrate, followed by infiltration with rf-carbon precursor. The patterned 

precursor, along with the opal layer was then peeled off the substrate, and heated in 

nitrogen to convert it into graphitic carbon[20]. This was followed by treatment in oxygen 

plasma to modify the fill fraction and surface termination of the carbon inverse opal (fig. 

1a). One side of the carbon inverse opal, which was in contact with the substrate, can be 



Fabrication of large area MPhC using refractory metals 
 

54 
 

easily modified to get the desired surface termination. This side (after coating the metal) 

(fig. 1b) is used to couple the modified thermal emission into far field radiation, and can 

be subsequently converted into electricity using an infrared photocell. Another synthesis 

route used was growing the opal confined between two different substrates[17], followed 

by identical carbon inverse opal fabrication, oxygen plasma treatment, and metal coating. 

These opals sheet had both the surfaces precisely tailored to couple the radiation in far 

field (fig. 1c,d). These sheets coated with metals, can be connected with electrical 

contacts and current flown through them to heat them to the desired temperature. Such 

hot metallic substrates with desired thermal emission modification at both ends can be 

useful for lighting applications. Thus, carbon inverse opals were tailored to get desired 

surface termination using oxygen plasma, and were subsequently coated with thin metal 
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coatings to get large area defect free MPhC (fig.8). 

 

Fig. 1 (a) Carbon inverse opal substrate made using monodisperse 

polymethylmethacrylate(PMMA) spheres as a template, followed by oxygen plasma to tailor the 

surface termination and fill fraction. (b) top side of self assembled tungsten MPhC made using 

convective self assembly on glass. (c) top side of a tungsten self assembled MPhC fabricated 

using self assembly between two constrained substrates. (d) high resolution image of the bottom 

side of the same sample. 

Another important consideration is the choice of metal. The carbon inverse opal provides 

a thermally stable scaffold to preserve the nanostructure. Hence, the thermal stability of 
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the MPhC is limited only by stability of the metal coating. We coated the carbon inverse 

opal with a variety of refractory metals like molybdenum (fig. 2a, b), tungsten (fig. 

2c,e,f), and tantalum (fig. 2d, fig. 3). The carbon opal was coated with hafnium oxide 

(melting point 2758˚C) to increase adhesion or prevent precursor from reacting with 

carbon structure (fig. 2d) (tantalum pentachloride precursor etched the carbon scaffold 

without hafnium oxide coating). Therefore coating stability was mainly dependant on the 

vapor pressure of the individual metal coatings. Refractory metals have extremely low 

vapor pressures, and low surface diffusivities, at the temperature of interest for TPV and  

 

a b c

d e f

Fig. 2. Scanning electron micrographs of inverse carbon opal coated with (a) thin layer of 

molybdenum (b) thicker molybdenum coating (c) tungsten (d) tantalum. (e) The composite 

tungsten nanostructure was heated in high vacuum (10-6 torr) at 1000oC without any visible 

degradation of the MPhC. (f) high resolution scan of the same sample showing excellent 3D 

fidelity after heat treatment. Although the grain sizes of deposited metal films increase, thermally 

stable carbon scaffold prevents any thermal degradation of the 3D nanostructure. 

lighting applications. Therefore these MPhC should demonstrate higher thermal stability 

than pure metallic nanostructures. Indeed on heating tungsten opal structure in fig. 2c at 

1000˚C, no change in structure of the sample was observed (fig 2e). High resolution 
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scanning electron micrographs also reveal no significant change in nanostructure fidelity 

or coating stability (fig 2f). Similar thermal treatment of tungsten inverse opals without a 

thermally stable scaffold showed significant grain coarsening which completely 

destroyed the 3D nanostructures [15]. Therefore, these composite carbon-metal modified 

inverse opal structures have better thermal stability than similar reported MPhC’s [8, 15]. 

   

 Fig 3. Cross sectional image of an inverse carbon opal coated with 1 nanometer of hafnium 

oxide followed by a thick coating of tantalum. The tantalum coating was done till the pores 

between the layers were plugged (inset: high resolution image showing almost completely filled 

pores). Excess tantalum from the top is etched away using reactive ion etching to get the desired 

surface termination as shown in lower left hand corner of the cross –sectional image. 

The deposited metal coatings were characterized using energy dispersive spectrometer 

(EDS) and x-ray diffraction (XRD). Tungsten and molybdenum coated samples gave 

identical EDS spectrum (fig. 4a) and XRD scans (fig. 4c) were also similar because of 

their identical crystal structure. Figure 4b shows EDS spectrum for a tantalum coated 

carbon inverse opal. Similar scans all over the sample and cross-section were obtained to 

ensure uniform metal coating of all the samples using chemical vapor deposition. 
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Fig. 4. (a) EDS spectrum obtained from a molybdenum coated carbon inverse opal. (b) EDS 

spectrum from tantalum coated carbon inverse opal. (c) XRD spectrum of tungsten coated carbon 

inverse opal. Molybdenum and tungsten coated samples give identical EDS spectrum. 
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Hence, we have demonstrated fabrication of thermally stable MPhC using refractory 

metals like tantalum, molybdenum and tungsten. These MPhC’s were patterned in 

modified inverse opal geometry and can tailor the thermal emission at different 

wavelengths. Since we can obtain desired geometry, surface termination, and the desired 

metal, these can be used as efficient emitters for TPV modules across different 

wavelength range. 

 

Fabrication of woodpile MPhC using soft lithography 
 

Two structures have been found to be particularly useful for thermal emission 

modification: modified inverse opal [8, 16] and woodpile structure [6, 9, 10]. While the 

modified inverse opal can be cheaply fabricated on a large area using self assembly, 

fabrication processes used for fabrication of woodpile structure have been either too 

expensive and tedious[6], or too slow for large area fabrication[10]. Although inverse 

woodpile structure has been fabricated using soft lithography and electrodeposition[9], 

nickel was used for fabricating MPhC since it can be electrodeposited in a thermally 

unstable organic template. Nickel is a useful metal for modifying thermal emission, but 

it’s low thermal stability (melting point 1453˚C) makes it unsuitable for applications in 

TPV and incandescent light sources. In contrast, using a refractory metal like tungsten 

(melting point 3683˚C) which has the right optical properties for efficient thermal 

emission modification, can be useful for applications as efficient emitters. Here we 

present fabrication of refractory metals like tungsten and molybdenum as woodpile 

emitters with periodicities ranging from 400nm to 6µm. The periodicity can be varied in 

plane by changing the size of the master used, and out-of plane periodicity can be 

changed by coating different thickness of separating layers. Hence completely tunable, 

high fidelity 3D structures were fabricated using an inexpensive fabrication scheme. 

The process begins by creating a “master” template with liner gratings, using holographic 

lithography or optical lithography. The periodicity of the gratings defines the periodicity 
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of the metal “logs” and the depth of the grating defines their thickness. The master is then 

replicated using high resolution hard polydimethylsiloxane template or h-pdms[22-24] to 

make multiple templates. These templates are then placed on a silicon or quartz wafer, 

cleaned in piranha solution. Conformal contact is obtained between the wafer and pdms 

template, followed by capillary flow of desired metal precursor in the microchannels 

between the pdms and the substrate (fig. 5a). The precursor flows over a large area of the 

wafer, and the solvent is evaporated at the other end of the pdms. The dried metal 

precursor is then baked at 100˚C to remove any residual solvent and provide it some 

mechanical stability.  The patterned precursor is then spin coated with 

methylsilsesquixane (MSQ) as a spin-on-glass to deposit silica and a solution 

processable, thermally stable spacer. The silica layer serves as a separating layer between 

individual metal “logs” and hence the periodicity outside the plane can be changed by 

changing the concentration of MSQ or spin speed. The process is now repeated, with the 

pdms stamp rotated 90˚ with respect to the first layer, and so on till desired number of 

layers are achieved (fig. 5b). Note that the vertical alignment between the third and the 

first layer may not be half the periodicity, like a perfect woodpile[10], but slightly 

misaligned woodpile layers are also predicted to be useful for tailoring the thermal 

emission[9]. The final stack of patterned metal precursor and silica layers are heat treated 

in hydrogen environment at 750˚C for 30minutes. This process converts the metal 

precursors into tungsten and molybdenum alloy, as shown in EDS spectrum (fig. 7). The 

metallic tungsten is alloyed with 5wt% molybdenum to prevent grain growth and enhance 

the thermal stability of patterned nanostructure. Thus, thermally stable refractory metal 

alloys[15] are patterned into the desired woodpile structure, as shown in the schematic (fig. 

5c). 
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Fig. 5. Fabrication scheme for making 3D metallic woodpile using soft lithography (a) PDMS in 

conformal contact with a clean silicon or quartz substrate, followed by capillary flow of metal 

precursor (tungsten) in the PDMS channels. (b) MSQ is spin coated on patterned tungsten alloy 

precursor to planarize the surface, and act as a silica spacer. The process is repeated several 

times to get the desired number of patterned metal precursor and silica layers. (c) The tungsten 

precursor-silica pattern is heated in hydrogen at 750˚C to convert the precursor into tungsten. 

The silica acts a spacer, and can also be removed using HF etch, if the metal rods are supported. 

a

Silicon substrate 

PDMS mold b 

c 

Metal 
precursor 

Scanning electron images show a 4 layer woodpile structure with 400nm periodicity in 

plane, and 1µm spacing between the layers (fig. 6a). The large area scan for the woodpile 

shows defect free fabrication and the inset shows high resolution scans showing high 

fidelity structures. These structures are useful for thermal emission modification in the 

visible. Similar fabrication was done for modifying thermal radiation for infrared 

emission as shown in fig. 6b. One layer of tungsten woodpile structure with periodicity of 

3.8µm has been shown in fig. 6b, and the top two layer of similar 4 layer structure has 
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been shown in fig. 6c. EDS spectrum of all these structures were obtained to confirm the 

heat treated metal precursors are fully converted into tungsten. The scans, similar to the 

one shown in fig. 7, along with x-ray diffraction obtained in microdiffractometer, were 

used to confirm the composition of the tungsten woodpile structure. 

 

a b

c

Fig. 6 (a) Top layer of 4 layer woodpile structure with 400nm periodic woodpile. The metal lines 

are made of tungsten with 5wt% alloyed molybdenum to prevent grain growth and preserve the 

nanostructure at elevated temperatures[15]. Out-of plane periodicity of the tungsten woodpile is 1 

micron, which is obtained by planarizing with solution deposited silica. The image shows large 

area fabrication of defect free structure. The inset shows high resolution scan of the same 

structure. (b) first layer of a large area tungsten woodpile coated with thin layer of silica. (c) top 

two layers of a 4 layer tungsten woodpile with thin coating silica (~500nm) between the layers. 
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Fig. 7. Energy dispersive spectrum (EDS) for a 4 layer tungsten woodpile structure. The 

spectrum clearly shows metal “logs” are converted to pure tungsten after heat treatment in 

hydrogen. 5wt% molybdenum was added to the mixture to prevent grain growth, but cannot be 

distinguished in the spectrum due to overlap of EDS peaks with tungsten. 

These tungsten woodpiles have 5wt% molybdenum alloy which prevents grain growth 

and collapse of the nanostructure[15]. Hence, these structures have better thermal 

stability[9], and desired periodicity, for modifying thermal emission across different 

wavelength range. 

Methods: 
Fabrication of inverse opal carbon : The polymer inverse opal structure was made with 

spheres synthesized in the lab using published procedure[27]. Polymer spheres ranging 

from 300nm PMMA[27] to 3µm PS spheres were synthesized[28] and self assembled in an 

FCC close packing using convective self assembly[18, 19]. The colloidal opal templates 

were also made between two substrates with a spacer between them[17] to get good 

surface termination at both ends, for lighting applications. The colloidal opal templates 
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are then heated at 100˚C for 10 minutes to partially fuse the spheres. The annealed 

templates were then infiltrated with resorcinol-formaldehyde precursor[20] and heated at 

85˚C for three days in an oven. Subsequently the films were removed from the substrates 

and heat treated in nitrogen at 900˚C for 30 minutes, with a ramp rate of 15˚C/min, to 

convert the films to graphitic carbon. During the heat treatment, the spheres were burned 

away, and thermally stable inverse opal carbon sheets are obtained. These were tested at 

2200˚C in an argon atmosphere, without any noticeable thermal degradation. These 

sheets were then used as a thermally stable scaffold for coating with the desired 

refractory metals. To improve the adhesion of metal coatings on carbon scaffold, these 

were coated with hafnium oxide (melting point 2758˚C) using atomic layer deposition 

(ALD). The ALD coatings were done using a Savannah ALD system from Cambridge 

Nanotech, using alternate cycles of tetrakis-ethylmethylamino hafnium and water at 

150˚C. These coatings were also used to protect the carbon scaffold from etching due to 

tantalum pentachloride precursor, any other similar metal precursor. 

Metal CVD of refractory metal: The carbon inverse opal structure was used as a 

thermally stable scaffold to coat the desired refractory metal using chemical vapor 

deposition (CVD). A simple batch CVD setup was used where the carbon sample and 

desired metal precursor was loaded and then pumped down. The CVD chamber was then 

backfilled with nitrogen, followed by vacuum, and cycled 3 times to remove any oxygen 

or water vapor. The chamber was then pumped down to the desired pressure (typically 

20mtorr), and the chamber was heated to the desired temperature. The precursor vapor 

pressure rises, and it decomposes on the hot carbon substrate, coating it with the metal 

layer. The precursor used for tungsten, molybdenum and tantalum were tungsten 

hexacarbonyl, molybdenum hexacarbonyl and tantalum (V) chloride respectively. The 

temperature used for the metal depositions were 350-400˚C for tungsten and 

molybdenum and 450-500˚C for tantalum CVD. This resulted in a thermally stable large 

area MPhC crystal (fig. 8). Excess metal incase of thick coatings, was removed using SF6 

reactive ion etching (20mtorr, 50W platen power). 
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Fig. 8. Large area defect free MPhC. The inverse opal carbon provides the enhanced thermal 

stability and the refractory metal coatings have extremely low vapor pressure at the desired 

temperature of operation. 

Metallic Woodpiles using soft lithography: First, the desired masters were fabricated 

using interference lithography for visible applications (400nm periodicity), or using 

optical lithography (4-6µm periodicity) for infrared applications. The depth of the 

gratings defined the thickness of the metal rods, and periodicity was replicated in the 

woodpile structures. The master was then coated with SAM and a pdms mold was made 

to replicate the master using published procedure[22-24]. The ratio of vinylmethylsiloxane-

dimethylsiloxane: methylhydrosiloxane-dimethylsiloxane copolymers used in the present 

work was 2:1. The h-pdms mixture was spin coated at 1500rpm for 30 minutes on the 

interference lithography master to get high resolution stamps. After the h-pdms is 

partially polymerized, polydimethylsiloxane layer was added to form the bilayer stamp, 

and the sample was heated at 70˚C for 12 hours. 
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The high resolution pdms stamp was placed in conformal contact with a silicon or quartz 

wafer cleaned in piranha solution. The metal precursor (ammonium metatungstate 

hydrate AMT or ammonium molybdate tetrahydrate AMoT) were dissolved in methanol 

(0.2-0.3M) and flowed in the microchannels between the stamps and the substrate. The 

stamps were then removed and the dried precursor baked at 100˚C for 5 minutes, 

followed by spin coating MSQ in tetahydrofuron at 1500rpm to get the desired coating 

thickness. MSQ deposits silica and palanarized the substrate for next layer, and can be 

used as a spacer layer too. The process was then repeated, with the stamp rotated 90˚ with 

the first layer, and so on to get the desired number of layers. In the end, the desired 

structured was heated in a hydrogen atmosphere at 750˚C for 30 minutes, to convert the 

metal precursor to desired refractory metal (tungsten, molybdenum or tungsten-5wt% 

molybdenum alloy). 
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Chapter 4  
 

Plasmonic thermal emission at infrared 
wavelengths* 
 

Surface plasmon polaritons (SPP) are coupled electron-photon waves which can exist on 

the surface of metals. At infrared wavelengths, these waves encounter lower losses in 

typical metals, and hence can travel over large distances. Propagation of SPP waves 

allows absorption/emission of infrared light from an otherwise highly reflective surface 

(A=1-R). Since flat metal films cannot couple SPP waves to incident photons (due to 

momentum mismatch between SPP and light), surface patterning is used to couple SPP 

and light emission/absorption. Therefore, patterned metal surfaces can selectively 

enhance certain frequencies in thermal emission, which satisfy the momentum matching 

condition for plasmon polaritons, depending on the periodicity of the surface pattern. 

Hence, careful design of patterned surfaces can lead to monochromatic-unidirectional 

light sources from hot metal surfaces, instead of broadband blackbody emission. Here we 

demonstrate that simple concentric groove patterns on the surface of a desired metal can 

lead to beaming of thermal emission, with spectral linewidths as narrow as 50nm (full 

width half maximum). Theoretical predictions show that beams narrower than 1nm are 

possible with such plasmonic tailoring of thermal emission. 

 

 

*Some data in this chapter has been submitted as Han S.E., Nagpal P., Norris D.J. 
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Introduction 
 

Coupled electron-photon electromagnetic waves known as surface plasmon polaritons 

(SPP) can exist on the surface of a metal surface[1]. These waves can exist in nanometer-

scale mode volumes, and can be channeled, concentrated or manipulated by structuring 

the surface of a flat unpatterned metal. These surface plasmons can be useful for a variety 

of applications from biosensing to solar cells, and other nonlinear optical detection 

schemes like surface enhanced raman spectroscopy (SERS) and higher harmonic 

generation[2-4]. While a variety of applications are being explored using these 

phenomenon, a less studied application of SPP is modifying the glow of a hot metal 

surface. 

Thermal emission from a blackbody (or a greybody) source originates from thermal 

excitation of dipole oscillations in the material. Since these oscillations are random and 

uncorrelated, it gives rise to a broadband emission spectrum. In metals, depending on 

their surface plasmon resonance wavelength, these dipole oscillations gives rise to 

surface plasmon polaritons[5]. On an unpatterned metal surface, these waves are 

evanescent and decay very fast at the metal-vacuum interface (out-of-plane). However, 

simple surface patterns can be designed to selectively provide additional momentum to 

some surface plasmon polariton modes, and therefore couple those modes into the far 

field, leading to radiation. Since the surface patterning can selectively provide one 

momentum wavevector, or a collection of them depending on the design, light emission 

from these surface plasmons can be tailored precisely[6-18]. In fact, we will show that 

careful design can lead to monochromatic, unidirectional light emission from a hot metal 

surface.  

Thermal excitation of surface plasmon polaritons depends on the surface plasmon 

resonance (SPR) wavelength of the metal. At wavelengths larger than the SPR 

wavelength, electron conduction losses decrease and propagation lengths for electron-

photon hybrid wave increases. Other losses due to scattering and radiation of SPP waves 

also go down at lower frequencies (scattering (1/wavelength)a). As a result of this large ∝
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propagation length, a variety of metal surfaces can be explored for this thermal 

plasmomic excitation. Another consequence of the enhanced propagation is long-range 

coupling of the SPP modes on a metal surface, and hence the desired modes can be 

specifically coupled to the far field using surface patterning. Since most metals have their 

SPR wavelengths in the visible and near-infrared wavelengths, infrared SPP excitation 

can be carried out on most metal surfaces. Since the temperature of a material influences 

the emission intensity of thermal radiation (higher temperature, higher intensity) and the 

peak wavelength (higher temperature blue shifts the emission spectrum), both 

temperature and the propagating SPP wavelength determine the “color” of the emitted 

radiation. Hence, the choice of the metal for thermal plasmonic applications would also 

depend on the thermal stability of the metal, and not only on it’s SPR wavelength. 

Selective coupling of SPP modes to radiation from metal surfaces can have important 

implications for thermal emission modification. A single momentum wavevector can be 

provided in a particular direction, using a simple one dimensional grating. Therefore, this 

structure can be heated to generate a series of monochromatic light beams at different 

angles[7-11]. This simple design can be extended further using a series of concentric 

grooves[16, 18], which provide identical momentum wavevector in all directions. Such a 

surface pattern can be expected[18] to give rise to monochromatic thermal emission in 

single direction. We designed a 3.5 micrometer periodic concentric ring, or “bullseye” 

structure, on tungsten metal which when heated gives rise to a “laser-like” 

monochromatic beam (full width half maximum, fwhm, of 50nm). Theoretical 

predictions indicate that this methodology can be extended to designing structures which 

emit a beam with a fwhm of less than 1nm[18]. Since SPPs have typically been excited 

using light illumination or electron beams, thermal excitation can provide a useful tool 

for simple on-chip generation and manipulation of surface plasmons. Nanoscale 

structures have low heat capacities and hence can be rapidly heated and cooled [19] using 

a focused laser or an embedded heater on the chip. This could lead to useful plasmonic 

sources. Therefore, thermal plasmonics can lead to new exciting ways to utilize surface 

plasmon polaritons from plasmonic chips to tailored light emission sources[6, 12-18].  
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Design and fabrication of concentric rings or “bullseye” structure 
The propagation of surface plasmon polaritons on the surface of unpatterned metal 

surfaces is limited mainly by three loss mechanisms: electron conduction losses (ohmic 

resistance), scattering losses, and radiation losses[1, 20]. Electron conduction is the major 

limiting loss mechanism for SPP propagation at long wavelengths or infrared frequencies. 

Ohmic resistance is caused due to electron scattering in thin metal films. This can be 

mitigated in thin films by reducing the surface roughness and/or increasing grain sizes, 

thereby eliminating electron scatters on the rough surface or at grain boundaries. 

However, these losses cannot be reduced beyond a smooth, single crystalline metal film, 

and are limited by the choice of the metal. For a given metal, at lower frequencies or long 

wavelengths, the resistance to electron propagation decreases and hence SPP propagation 

lengths are orders of magnitude larger at infrared wavelengths as compared to those at 

visible wavelengths. Other important loss mechanisms for SPP propagation pertain to the 

hybrid nature of SPP waves. The electron and/or the photon can be scattered by either 

surface roughness or grain boundaries. If the electron-photon hybrid is scattered in-plane 

to other SPP modes, the loss is regarded as scattering. The photon can also be scattered 

out of the plane for SPP propagation as far-field radiation, and these losses are termed as 

radiation losses. In radiation losses, the roughness provides the additional momentum 

required to couple the SPP waves to far field electromagnetic waves[21-23]. However, due 

to lower frequencies in the infrared, the scattering and radiation losses are smaller 

(scattering (1/wavelength)a) than in visible frequencies[1, 23]. Hence, electron 

conduction losses and the SPR wavelength of the metal are the primary selection criterion 

for the choice of metals for application in thermal plasmonics at infrared wavelengths. 

∝

For unpatterned metal films, at wavelengths below the SPR wavelength, light can 

penetrate the surface of the metal, and is absorbed in the bulk metal. This bulk 

absorption/emission can be modified using photonic structures to trap light and enhance 

absorption/emission (chapter6). However, at wavelengths larger than SPR wavelength 

(lower frequency), the metal behaves as a “free electron gas”. Any incident 

electromagnetic wave generates mirror charges on the surface of the metal, and is 
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reflected away. Since light just interacts with top “surface” of the metal, the interaction 

volume is very small, and light absorption falls drastically.  Farther away from SPR 

wavelength, flat film absorbance drops to almost zero (A=1-R; R~1), and light can 

mainly be absorbed through coupling to laterally propagating SPP modes. This lateral 

propagation of coupled photon-electron enhances the interaction between light and the 

metal film, giving rise to sharp absorption for propagating SPP modes. Higher 

propagation lengths for SPP wave is desired to enhance the absorption/emission from 

such metal films. Since flat metal film cannot couple light to SPP waves due to higher 

momentum of the electron-photon hybrid, surface patterning is used provide additional 

momentum to the incident /radiating photons. Since heated metal films have all dipole 

frequencies, or all surface plasmon resonance frequencies lower than SPR, surface 

patterning can selectively outcouple the desired frequency. Also, since the temperature of 

a greybody determines the population of different dipole oscillation frequencies[24], the 

temperature can be chosen to populate selectively the outcoupled frequency of SPP 

oscillation. This radiation tailoring can be very useful in generating “laser-like” beams 

with desired wavelength, and emission direction. Therefore thermal energy can be 

selectively converted into radiation, and hence into electricity by using a semiconductor 

photocell. 

Thermal emission from real bodies depends on two factors: the emissivity (the fraction of 

power emitted compared to a blackbody at a given wavelength) and the temperature[24]. 

Emissivity is influenced by the choice of the material, but can be modulated by 

structuring the metal[25-27]. The temperature of the material depends on the kinetic energy 

of the individual atoms, and hence determines the amplitude of the dipole oscillations. As 

the temperature increases, the amplitude increases and peak of the blackbody emission 

shifts, which can be predicted using Planck’s law or Wien’s displacement law. A useful 

temperature range for thermophotovoltaic (TPV) applications is 900-1300K. So we 

tailored the emission using propagating SPP waves in the infrared wavelengths, such that 

the blackbody emission peak matched the peak of SPP mode coupled out of the 

nanostructure. The concentric groove periodicity was selected to be 3.5 micrometers[18] 
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and the groove depth and fill fraction was varied experimentally to obtain strong coupling 

between thermally excited SPP and the light emitted into the far field.  Fig. 1 shows a 

scanning electron micrograph image of a tungsten bullseye structure at glancing angle. 

This structure was fabricated in a tungsten thin film sputtered on a polished silicon 

substrate, using optical lithography. It is composed of 300 concentric rings with a 

periodicity of 3.5µm, and the width of the rings is 1.31µm and their depth is 170nm. As 

we shall see below, the fabricated sample exhibits very strong coupling between the SPP 

waves on the metal and the free space radiation. 

 

 

Fig. 1 Scanning electron micrograph of a sample fabricated in tungsten with strong coupling 

between SPP and far field radiation. The image was taken at glancing angles to estimate the fill 

fraction and the depth of the concentric ring structure. 

To obtain such a structure, a tungsten thin film (500nm) was sputtered on a silicon wafer 

followed by a layer of photoresist via spin coating. The photoresist was then patterned 

using standard photolithography (details in the methods section), and the pattern formed 

in photoresist was transferred to the underlying tungsten film using SF6 reactive ion 

etching. The photoresist acted as a sacrificial mask, and the rings formed in the 

photoresist were transferred as rings onto the tungsten. After the pattern transfer, the 
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photoresist was chemically etched away, leaving behind a patterned tungsten thin film. 

The exposure time of the photoresist was varied to change the fill fraction of the rings 

formed, and the etching time in SF6 was varied to change the depth of the groove-ring 

structure. The desired coupling of thermally excited SPP into radiation was achieved 

using the structure shown in fig. 1, and this structure was characterized optically to 

determine the beaming profile of the bullseye structure. 

For optical measurements, the patterned tungsten thin films on silicon wafers were kept 

in a high vacuum chamber with a resistive heater for obtaining high temperatures (up to 

1500˚C). The schematic shown in fig. 2 depicts the setup used for these measurements. A 

macroscopically large bullseye was fabricated (2.1mm in diameter) and aligned very 

precisely by using the back reflection from a helium-neon laser as a light source. After 

the sample was aligned, an Oriel broadband light source was aligned to the setup using 

pinholes, and reflected light from the sample, falling onto the backside of the pinholes. 

After the incident light on the frontside of the pinhole is aligned perfectly with reflection 

on the backside, the reflected light is coupled to a spectrophotometer for analysis. An 

undoped silicon wafer was used as a beamsplitter, and the light reflected from the sample 

was coupled to the fourier transform infra red (FTIR) spectrophotometer using a very 

small pinhole at the entrance of the FTIR. This pinhole defines a very small solid angle 

(0.07-0.1˚) for the sample kept far away from the spectrometer (54cm). Once the sample 

was aligned, the reflection from the sample was measured for the small solid angle 

subtended by the sample on the pinhole before the FTIR (P1). P1 was mounted on a 

translation stage and it was moved using a micrometer. The reflection from the sample 

was measured as a function of the deviation from the normal. This reflection was 

compared to the reflection from a silver mirror, thereby giving the reflectivity vs. angular 

deflection from normal to the sample. 
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Fig. 2. A schematic of the setup used to measure accurately the reflectivity and the emission from 

a tungsten bullseye sample. 

Since no light was transmitted through the tungsten thin film and we assumed that the 

sample reflection was specular (smooth metal film), absorptivity of the sample, A, equals 

1-R, where R is the reflectivity. As explained above, strong absorption of light at infrared 

wavelengths is caused due to coupling with SPP waves. A circular grating is used to 

couple the incident/radiated photons to/from SPP waves. The circular grating was 

designed to couple normal incident light at 3.5µm to propagating surface plasmons[18]. 

For light incident at angles away from the normal, momentum matching condition is 

satisfied only for a small portion of the grating, leading to very weak coupling. Since the 

light is very weakly coupled for non-normal incidence, or wavelengths different than 

3.5µm (~periodicity of the grating), absorbance drops sharply. Thus, the designed 

structure has very sharp absorptivity both in spectrum and spatial orientation. For a 
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greybody at 

 

Collection Angle:± 0.038o

Fig. 3.  Absorbance vs. angular deviation from the normal for a tungsten bullseye structure at 

room temperature (scatter plot). The red curve in the figure characterizes the instrument 

response for a perfectly collimated 2.1mm beam with zero divergence. The sharp 

absorptivity/emissivity decay for non-normal incidence occurs due coupling of incident light to 

propagating surface plasmon polaritons on the patterned tungsten sample. 

 

thermal equilibrium, absorptivity equals emissivity (Kirchoff’s Law), and hence this 

structure is expected to have a sharp, “laser-like” thermal radiation. We measured the 

absorptivity of the sample, as shown in fig. 3, plotted against angle from the normal 

direction. The measurement was made with a finite collection half-angle of 0.038˚. The 

absorptivity/emissivity of the sample was found to drop sharply for deviation away from 

the normal, and the fwhm of the peak was found to be 0.08˚.The red curve in fig. 3 shows 

the expected response of the given setup for a 2.1mm theoretical beam with no 

divergence. This can be characterized as the ‘instrument response’. Comparing the 

beaming characteristics of the bullseye, with an ideal, perfectly gaussian, diffraction-
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limited beam would give a 1/e2 divergence half angle (at the given wavelength and beam 

dimensions) of 0.06˚. Similar 1/e2 divergence for the bullseye, as shown in fig. 3 is 

0.112˚. The beam characteristics can also be compared to a helium-neon laser which has 

an angular linewidth of 0.12˚ at 3.35µm. While such a beam is expected for the given 

absorptivity at room temperature, it changes with temperature. At the temperature of 

interest for TPV devices, the angular linewidth of the thermal beam from the bullseye can 

be expected to be broader than the measured value at room temperature[18]. 

 

Since only s- or p-polarized light can couple as surface plasmon polaritons on a patterned 

grating structure, only half of the incident light from an unpolarized light source can 

couple as SPP waves. Therefore, maximum theoretical absorptivity for unpolarized light 

is slightly higher than 0.5. The highest measured absorptivity measured for the given 

bullseye was 0.42, which is close to the theoretical maximum, considering the finite 

collection angle and the response of the given setup. Hence, good coupling of incident 

light as SPP waves occurs for the measured bullseye sample, shown in fig. 1, with desired 

groove width and depth.  
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Fig. 4. Emissivity vs. wavelength for the bullseye structure shown in fig. 1. The collection angle 

for the thermal emission detection was ±0.05˚. The emissivity is obtained by normalizing the 

emission from the tungsten bullseye at 900˚C to a carbon black emitter at the same temperature. 

The fwhm of the emissivity (spectral linewidth) was found to be 50nm at 3.526µm. 

 

After the tungsten bullseye sample was perfectly aligned in the normal direction to the 

FTIR, the light source used for the alignment and the absorptivity measurement at room 

temperature was turned off. The tungsten bullseye, in a high vacuum chamber, was then 

heated to 900˚C and the emitted light was coupled to the FTIR. The emission obtained 

from the bullseye was then normalized by the emission collected from a carbon black 

pellet at the same temperature, without disturbing the alignment setup, to obtain the 

emissivity of the sample. The emissivity was then plotted to extract the spectral linewidth 

of the emission (fwhm of 50nm). Thus, the emitted light was narrow both in spectrum 

and angular dispersion (from room temperature measurements), and is comparable to a 
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laser beam. These results can be better appreciated when compared to the broadband 

emission spectrum of a blackbody, which is very broad both in spectrum (fwhm of ~3µm 

at 900˚C, changes with temperature) and emission direction. Therefore, we can 

successfully tailor the thermal emission spectrum of a hot patterned metallic surface by 

simple design, using thermally excited surface plasmon polaritons on the metal surface. 

 

Resonant Cavity Modes 
 

Besides propagating surface plasmon polaritons, other plasmonic modes can also be 

excited on the surface of patterned metals, to increase the plasmon propagation length. 

Specifically, if the depth of the grating structure used to outcouple the SPP is made ~λ/2, 

standing waves can also be supported on the patterned metal surface. These coupled 

plasmonic modes are also known as coherent resonant cavities (CRCs)[9-11], which can 

contribute to higher SPP propagation length. These cavities are coherently coupled by 

propagating SPP, and hence they are excited only when SPP waves propagate on metal 

surface. At other wavelengths or off normal directions, propagating SPP are not excited 

due to momentum mismatch, and hence these cavities are not coupled. In that case, 

standing waves do not couple the radiation emitted by hot metal surfaces. These CRCs 

can lead to sharper emission beams, both in spectrum and space. 

 

To fabricate these samples, tungsten foils were polished using a preliminary alumina 

abrasive, followed by chemical mechanical polishing (CMP) using acidic alumina 

nanoparticle solution with additives. However, the metal foils used had elongated grains 

in the stretch direction of the foil, and the polished metal samples had surface roughness 

in the direction of stretch (fig. 5). Also CMP was done by hand on a polisher, where 

uneven applied pressure can result in higher roughness than if uniform pressure was 

applied in a commercial CMP process. Grazing-angle scanning electron micrographs 

were taken to estimate the groove depth and widths. High resolution micrographs, as 

shown in fig. 5 demonstrate that if the metals foils could be polished to obtain a good 
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surface finish, optical lithography combined with SF6 reactive ion etching (see methods) 

could be used for patterning deep grooves on a metal surface to create structures with 

CRC. 

  

       

 

Fig. 5. Scanning electron micrographs of tungsten bullseye structures with deep grooves etched 

into polished tungsten foils. The grooves are designed to be ~λ/2 deep to excite CRC modes, or 

standing waves in the grooves, that are coupled by propagating SPPs. Uneven surface roughness 

can be seen in these images both due to uneven applied pressure during polishing, and due to 

preferential grain alignment in the stretch direction of the metal foils. Better surface finish could 

be obtained in a commercial CMP process to utilize smooth structures for plasmonic thermal 

emission modification. 

 



Plasmonic thermal emission at infrared wavelengths 
 

81 
 

While this strategy can work if smoother surfaces can be achieved using CMP on metal 

foils, another fabrication scheme was developed to make tungsten, tantalum, and other 

metal nanostructures with deep grooves. First, the desired nanostructures were etched 

into the silicon wafer using optical lithography, electron beam lithography, or focused ion 

beam. This was followed by deposition of a conformal thin film of metal on top of the 

nanostructured silicon. Since light can only interact with the top ~100nm of a thick metal 

film, the structured film responds like a patterned metal nanostructure. This strategy gives 

smoother patterned films than polishing foils followed by RIE and allows fabrication of 

smaller structures in silicon using well-developed nanofabrication techniques. Since any 

metal can be coated on silicon, it also allows a wide range of metal structures to be 

fabricated without developing dry etching recipies for new metals.  

  

a 

b c 

Fig. 6. (a) Schematic of the fabrication method. Patterned silicon wafer is coated with a 

conformal coating of desired metal film. (b) Scanning electron micrograph of 1.5 µm bullseye 

etched in silicon followed by tantalum coating. (c) high resolution image at grazing angles 

showing conformal metal (Ta) coating on top of patterned silicon. 
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To demonstrate the usefulness of this fabrication scheme, we fabricated a bullseye with 

1.5 µm periodicity in silicon. These bullseyes can tailor the thermal emission at telecom 

wavelengths. This structure was fabricated on a polished silicon wafer, with 100nm of 

silicon dioxide as an  antireflective coating. On this wafer, 400nm of positive-tone 

photoresist was deposited via spin coating. A chrome-on-glass master was fabricated with 

a bullseye structure with a 15µm groove periodicity. This master was used in a stepper 

aligner with a 10X reduction lens, and the silicon wafer with thermal oxide was exposed. 

The photoresist was developed for 45 seconds in 1:6 Microposit 351 developer, resulting 

in a ~200nm thick patterned concentric grating on top of the photoresist. The excess 

unpatterned photoresist was then etched in oxygen using reactive ion etching (RIE), till 

the surface pattern reaches the oxide mask. The pattern was then transferred to the oxide 

layer using RIE with CHF3 and O2 gases, using thin patterned photoresist layer as a mask. 

The patterned oxide was then used to mask the underlying silicon wafer, and exposed 

silicon was etched using CF4 and O2 RIE. This was followed by removal of photoresist 

and oxide mask using acetone and hydrofluoric acid, respectively. The cleaned and 

patterned silicon wafer was coated with a ~100nm thick layer of conformal metal (fig. 

6a). Fig. 6b and 6c shows scanning electron micrographs of tantalum metal coated on top 

of nanostructured silicon wafer. This metallic bullseye can be useful for thermal emission 

at telecom wavelengths, or as an on-chip plasmonic light source. 

 

Conclusions 
 

In the present work, we have demonstrated a new technique for creating and 

manipulating surface plasmon polaritons using heat. Thermally excited SPP waves were 

outcoupled from an on-chip plasmonic strcuture to give rise to “laser-like” thermal 

emission, with a narrow spectral linewidth (50nm) and angular dispersion (0.08˚). Such 

amazingly sharp thermal beaming demonstrates the possibility of developing on-chip 

thermal plasmonic light sources, and plasmonic optical circuits. The techniques 
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developed for fabrication of thermally excited plasmonic sources at infrared frequencies, 

can be improved by reducing the surface roughness and increasing the grain sizes of the 

deposited and patterned metal surfaces. Also, the physics of the thermal excitation of SPP 

waves, the efficiency of their coupling to thermal radiation, and the effect of the deep 

grooved structure on the thermal emission modification needs to be explored further. 

 

Methods and Materials: 
 
To fabricate the tungsten bullseye structures, the following procedure was used. Shipley 

1805 positive tone resist was spin coated at 3500 rpm on a clean silicon substrate that had 

been sputtered with a 500nm thick film of tungsten. Using standard photolithographic 

techniques, a bullseye pattern was exposed through a Karl Suss Mask aligner using a 

chrome-on-glass mask. The exposed wafers were then developed in Microposit 351 

developer (Rohm and Haas) for 30 seconds, rinsed with deionized water, and dried with 

nitrogen. The pattern was transferred into the tungsten by reactive ion etching with SF6 

and argon at 40 mtorr and 50 watts, using the photoresist as a protective layer. After 

transferring the pattern into the tungsten, the photoresist was removed by rinsing 

thoroughly in acetone, followed by immersion in Shipley 165 stripper at 65˚C for more 

than two hours. The wafers were then rinsed with water and acetone, and dried in 

nitrogen. 

To pattern deep grooves on the tungsten foil, the foils were polished using an acidic 

alumina CMP slurry. The polished metal foils were then coated with Shipley 1813 resist 

at 3000 rpm to evenly coat a 1.3µm thick photoresist. The photoresist was then pre-baked 

at 105˚C followed by exposure for typically 4.5 seconds. The exposed photoresist was 

then postbaked at 105˚C for 45 seconds to get rid of any scallops on the edges. This was 

followed by the development of the resist as above, and SF6 reactive ion etching for the 

desired time to make deep grooves. The photoresist was then chemically etched away 

using Shipley 165 stripper. 
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Chapter 5  

 

Ultrasmooth metal templating for 

plasmonics and metamaterials* 

 

Surface plasmons are electromagnetic waves that can exist at metal interfaces because of 

coupling between light and free electrons. Restricted to travel along the interface, these 

waves can be channeled, concentrated, or otherwise manipulated by surface patterning. 

However, because surface roughness and other inhomogeneities have so far limited 

surface-plasmon propagation in real plasmonic devices, simple high-throughput methods 

are needed to fabricate high-quality patterned metals. We combined template stripping 

with precisely patterned silicon substrates to obtain ultrasmooth pure metal films with 

grooves, bumps, pyramids, ridges, and holes. Measured surface-plasmon–propagation 

lengths on the resulting surfaces approach theoretical values for perfectly flat films. These 

higher propagation lengths are critical for efficient tailoring of thermal emission from 

plasmonic substrates. Also, with the use of our method, we demonstrated structures that 

exhibit Raman scattering enhancements above 107 for biosensing applications and 

multilayer films for optical metamaterials. 

 

*Parts of this chapter have been published as Nagpal P., Lindquist N.C., Oh S.H., Norris 

D.J., Science, 325, 594, 2009. 
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Introduction 

Plasmonic devices exploit electromagnetic waves known as surface plasmons that can 

propagate along a metal interface [1]. Because these waves involve a mixture of both light 

and charge fluctuations on the metal surface, they have a unique hybrid character. Their 

photonic component allows them to interact with optical waves, whereas their electronic 

component allows these optical waves to be concentrated in volumes much smaller than 

the diffraction limit. This combination is useful for applications ranging from biosensing 

to solar cells[2-6]. In a typical device, surface plasmons are created when a film of silver or 

gold is illuminated on its exposed surface. Although this excitation process is forbidden 

when the interface is perfectly flat, surface patterning on a suboptical length scale allows 

incident light to generate surface plasmons in the film[1]. Patterning also provides a means 

to manipulate these plasmons, once they have been created. For example, surface 

structures can direct, channel, or focus the surface plasmons toward specific locations. 

However, because surface plasmons exist very close to the interface, they are extremely 

sensitive to surface inhomogeneities, which can cause absorption, scattering, and limited 

propagation. Consequently, fabrication of plasmonic devices requires metal films to be 

patterned while avoiding unwanted roughness and impurities that can seriously degrade 

their performance.  

Unfortunately, metal films deposited by evaporation are inherently rough due to 

polycrystallinity. Moreover, when such films are patterned, for example by a focused ion 

beam (FIB), this roughness is increased as the grains are exposed. To avoid these 

problems, alternatives ranging from films with extremely small grains grown by fast 

sputtering [7] to large single crystals grown by the Czochralski process[8, 9] have been 

explored. Although each of these alternatives can provide surfaces that are smoother than 

evaporated films, their devices still exhibit shorter-than-expected surface-plasmon 

propagation. In particular, ion impurities implanted in the metal during patterning 

introduce absorption. For sputtered films, plasmons can also scatter at the numerous grain 

boundaries. To increase the propagation, one solution is to use extremely thin metal films 
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(~10nm), in which long-range surface plasmons have been reported at infrared 

wavelengths[10]. However, this occurs because most of the electromagnetic field from the 

surface plasmon is in the surrounding medium instead of the metal. For applications that 

exploit concentrated electromagnetic fields near a metal interface, thicker structures are 

required. All fabrication methods have also been limited to patterning one film at a time. 

This affects not only cost but also performance, because nanometer-scale differences 

between structures can influence the plasmons.  

The emerging field of plasmonics needs simple, high-throughput, and reproducible 

approaches to obtain pure metallic films that are smooth yet patterned over large areas. 

Although techniques such as nanoimprinting and nanomolding can easily pattern metals 

on the proper length scales[11-13], none of these methods have been suitable. In most 

techniques, patterned polymeric molds are filled with metal to form a replica. This 

process introduces serious surface roughness because metals do not easily wet polymer 

interfaces. Even if this problem is avoided by substituting other mold materials, molds 

have to be etched away to release the metal structure. This reduces throughput and 

reproducibility because each mold generates only one device.  

In contrast, a simple technique already exists to generate smooth unpatterned metallic 

films. Known as template stripping, this method makes use of the poor adhesion and good 

wettability of noble metals on solids such as mica, glass, and silicon[14]. Typically, freshly 

cleaved mica is coated with a film of gold, and the exposed surface of gold is then 

attached to another substrate with an epoxy adhesive. When the mica and substrate are 

separated, the gold clings to the epoxy, and a metal interface that has formed on the mica 

is exposed. Because mica can be extremely smooth, ultraflat gold surfaces can be 

generated. These have been used widely in scanning probe experiments and studies of 

self-assembled monolayers. However, it has not been realized that the same approach can 

produce smooth patterned metal films. Whereas template stripping was applied to form 

patterns on mica, complex multistep processes were employed[15-17]. Instead of mica, we 

used inexpensive silicon wafers as the template to exploit the well-developed fabrication 

techniques for microelectronics. Metal was templated off of these single crystal patterned 
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wafers to make smooth patterned plasmonic substrates for thermal emission modification 

and biosensing. High plasmon propagation lengths measured on these substrates will be 

important for coupling dipole oscillations on hot samples, thereby effectively modifying 

the thermal emission from such substrates. 

Fabrication of ultrasmooth patterned metal and metal- dielectric 

multilayers 

After the wafer is patterned (fig. 1a), for example, with lithography or FIB, it is coated 

with a thin metal film and a layer of epoxy (see methods and materials). The epoxy-metal 

bilayer can then be peeled off of the substrate to reveal a patterned structure with a 

surface roughness determined by the wafer template. Figure 1b shows a silicon substrate 

with circular concentric grooves defined by FIB. We thermally evaporated 275nm of 

silver on this substrate, added epoxy, and peeled off the bilayer. Fig. 1c to e, indicates the 

quality of the silver "bull’s eye" structure that results. Electron micrographs taken at 

glancing incidence (fig. 1e) are extremely effective at exposing any surface roughness.  

The evaporated silver film has a rough surface after deposition, but the device uses the 

opposite interface, which is smooth. If the film is thicker than ~100nm, the rough side 

will not influence surface-plasmon propagation. Because the silicon wafer, and not the 

silver, is patterned by FIB or reactive ion etching (RIE), no ion impurities are implanted 

in the silver. We used x-ray photoelectron spectroscopy to analyze the surface 

composition of metal films patterned via RIE with SF6 and found 49 atomic percent of 

fluoride ions within the top ~5nm of the film (fig. 2a), whereas template-stripped metals 

had no detectable surface impurities (fig. 2b).  

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
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Fig. 1 (A) Schematic for fabricating ultrasmooth patterned plasmonic structures. After adding a 

desired pattern to a silicon wafer (green), a metal film is deposited and then coated with epoxy or 

additional metal (blue). The combined film can be peeled off of the substrate to reveal a smooth 

patterned surface. The substrate can be reused to form additional identical structures. (B) 

Electron micrograph of a silicon wafer patterned with circular grooves (bull’s eye) by FIB. The 

grooves were 285 nm wide and spaced every 570 nm. (C to E) Electron micrographs of a silver 

bull’s eye that was template stripped off of the silicon substrate in (B) using epoxy. 
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2A 

 

2B 

Fig. 2 (A) Patterned tungsten bullseye sample similar to those shown in Chapter 4. Metal surface  

was contaminated with the photoresist used as a mask, and embedded fluorine ions, used for 

patterning the metal (B) Similar copper bullseye patterned off a silicon template. No detectable 

fluorine or other impurities could be found on the surface scan 
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Fig. 3 Electron micrographs of various metal structures. (A) A copper bull’s eye with 1.3-µm-

wide circular grooves spaced every 3.5 µm; the template was patterned with photolithography 

and RIE. (B) A square silver array of 240-nm-diameter bumps spaced every 600 nm; the template 

was patterned with FIB. (C and D) A silver pyramid array made by anisotropic etching. A gold-

on-chromium mask with square holes was formed with FIB on a silicon wafer and etched in 

KOH. The inset in (D) shows the tip of one of the pyramids. (E) A gold pyramid array made by 

anisotropic etching as in (C), except a chromium mask was patterned with a hexagonal array of 

1-µm-diameter circles spaced by 2.25 µm using photolithography. (F) A thin silver nanohole 

array made with template stripping and nanosphere lithography. 265-nm-diameter holes spaced 

by 450 nm were formed in a 30-nm-thick silver film. (G) A multilayer bull’s eye with alternating 

layers of silver (30 nm) and alumina (15 nm). A cross section etched by FIB shows seven layers 

In addition to silver bull’s eyes, we fabricated a variety of silver, copper, and gold 

plasmonic structures (fig. 3). From the same patterned substrate, we have created more 

than 30 films without damage. If it was necessary to avoid epoxy, which remains attached 

to the metal and can be problematic for some applications, we used metal 

electrodeposition [18]. For example, after a thin ~250-nm film of copper was evaporated 

onto a bull’s eye template, we electrodeposited another ~1mm of copper. The resulting 

patterned copper foil (fig. 3a) could be peeled off directly, without the aid of epoxy. 

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
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Similarly, a silver bump array (Fig. 3b) was produced on a free-standing ~100-µm-thick 

silver foil.  

We also used simple chemical etching techniques to pattern the silicon substrate. When 

the surface of a [100]-oriented silicon wafer is exposed to a solution of KOH, anisotropic 

etching can lead to pyramidal divets or triangular grooves. We formed such patterns by 

coating a wafer with chromium and gold, selectively removing these layers with either 

FIB or photolithography, and immersing the substrate in KOH (see methods section). 

Previously, pyramidal particles were created by depositing metals only at the bottom of 

such divets and then releasing the deposits to form a colloidal suspension[19, 20]. In our 

case, the divets were coated with ~250nm of metal, which was removed with epoxy to 

produce silver (fig. 3c and d) or gold (fig. 3e) pyramid arrays. (We also obtained similar 

structures with electrodeposition.) The pyramids were smooth, highly reproducible, and 

exhibited sharp tips with radii of curvature as small as 10nm (fig. 3d, inset).  

The surfaces that are produced have a roughness that can approach that of the template, as 

confirmed by atomic force microscopy (AFM). For a silicon substrate with a root mean 

square (RMS) roughness of 0.19nm, we measured 0.65nm for the corresponding silver 

film. The largest contribution to this value was the grain boundaries in the polycrystalline 

silver. Within a single grain, the roughness was 0.26nm, much closer to that of the silicon. 

These measurements were obtained for silver evaporated onto test-grade wafers at room 

temperature (see methods section). Under slow-evaporation conditions with wafers 

heated to 75°C, the RMS roughness improved even further to 0.34nm. Of course, the 

smoothness of the metal is affected by the method that we used to pattern the substrate. 

For example, the silicon bull’s eye in fig. 1b had an RMS roughness of 1.89nm due to 

redeposition of material during patterning of the grooves with FIB. The corresponding 

silver film (fig. 1c) had a roughness of 2.18nm. Even in this case, the bull’s eye, which is 

designed to have a sharp and directional absorption feature due to optical coupling to 

surface plasmons, exhibited a sharp absorption peak (fig. 4) that was not observed in the 

same structure made by standard methods (i.e., evaporated films patterned directly with 

FIB).  

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F1
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Fig. 4   Experimental (red curve) and simulated (black curve) reflectivity spectrum of a template-

stripped silver bull’s eye similar to that in Fig. 1c. 

Enhanced plasmon propagation length and dielectric constants 

Metal nanostructures templated off silicon wafers were found to be ‘atomically flat’ and 

hence expected to demonstrate better optical properties. To quantify this further, we 

measured the propagation length of the surface plasmons on such metal films. We 

prepared a 200-nm-thick ultrasmooth silver film on epoxy and then milled a series of 

identical slits through the metal with FIB. For each slit was added a parallel groove in the 

film at a different fixed separation d (Fig. 5a). By illuminating the epoxy side of the 

bilayer with white light, surface plasmons could be launched on the film as light passed 

through the slits [21]. When these propagating plasmons struck the grooves (fig. 5a, inset), 

they scattered light that could be collected by a microscope. For each groove, we 

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F3
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F3
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measured the spectrum of this light and, from an analysis of all such spectra, determined 

the scattered intensity as a function of d. Because this is directly related to the intensity of 

the surface plasmons at the grooves, the plasmon propagation length could be extracted 

for each wavelength. 

 

Fig. 5 (A) An electron micrograph of a slit-groove pair separated by 6 µm in a template-stripped 

200-nm-thick silver (Ag) film. (B) Plot of propagation length versus wavelength extracted from a 

range of slit-groove separations, d. At every wavelength, we fit the decay of the scattered intensity 

with an exponential to extract the propagation length (diamonds). Error bars denote SE. Fringes 

appear in these data because of interference of surface plasmons propagating toward the groove 

and those reflected back, as confirmed by finite difference time-domain simulations. From the 

measured dielectric function of a template-stripped silver film treated to the same conditions, we 

determined the expected propagation length assuming only ohmic losses (solid curve) (Ref. 1). 

Previously reported data (squares) (Ref. 22) and values extracted from the rough side of a 

thermally evaporated control film (circles) are also shown. Error bars for the control data were 

smaller than the symbols in the plot and are not shown.  

 Figure 5b shows the measured propagation lengths for our template-stripped film. 

Fringes appear in these data because of interference between surface plasmons 

propagating toward and away from the groove [21]. For comparison, we also plotted 

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F3


Ultrasmooth metal templating for plasmonics and metamaterials                               
 

96 
 

previously reported propagation lengths[22], as well as those that we obtained for a control 

film made by standard methods. 

 

Fig. 6 The real component of the dielectric function, ε’, extracted via ellipsometry for two 

representative silver films.  Blue curve: the smooth surface of a 250 nm thick template-

stripped film deposited by thermal evaporation onto a silicon wafer at room 

temperature. Red curve: the smooth surface of a 250 nm thick template-stripped film 

deposited by slow thermal evaporation onto a silicon wafer heated to ~75 °C. For 

comparison, ε’ values reported by Palik [23] and Johnson and Christy [24] are shown by 

the black dashed and black solid curves, respectively.  Due to strong overlap with the 

blue curve, the black curve is mostly concealed. 
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Fig. 7 The imaginary component of the dielectric function, ε’’, extracted via ellipsometry for 

two representative silver films.  Blue curve: the smooth surface of a 250 nm thick 

template-stripped film deposited by thermal evaporation onto a silicon wafer at room 

temperature. Red curve: the smooth surface of a 250 nm thick template-stripped film 

deposited by slow thermal evaporation onto a silicon wafer heated to ~75 °C. For 

comparison, ε’’ values reported by Palik [23] and Johnson and Christy [24] are shown by 

the black dashed and black solid curves, respectively. 

Besides enhanced plasmon propagation length, template stripping also improves the 

dielectric constant of the patterned metal films. For a good metal, it is desired that the real 

component of the dielectric constant should be large and negative, whereas the imaginary 

component (related to absorption in metals) should be small. As shown in Fig. 6 and 7, 

the template stripped metal films indeed show the highest (negative) real component of 

dielectric constant, and the smallest imaginary component reported in the literature. As- 

deposited metal films had dielectric constants similar to those reported by palik. The 
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enhanced propagation length and improved dielectric constants of the template stripped 

metal films can be attributed to the reduced losses in these films due to joule heating, 

scattering into other plasmon modes and radiation scattering. The relative influence of the 

these individual loss mechanisms in analyzed in the following section. 

Effect of different loss mechanism on surface plasmon propagation  

There are three major loss mechanism affecting the propagation of surface plasmons on a 

smooth unstructured metal surface: joule heating or ohmic losses, losses due to roughness 

scattering and losses due to scattering at grain boundaries. Due to roughness, propagating 

surface plasmons can be scattered in-plane (into other surface plasmons) or out-of-plane 

(into light). These losses can be quantified individually by propagation lengths Lscat and 

Lrad, respectively, that contribute to the overall propagation length Ltot
[1, 25]. Similarly, 

plasmons can be scattered at the grain boundaries contributing to the loss as radiation or 

other plasmon modes. For a perfectly smooth single-crystalline film, Lscat and Lrad are 

infinite, and Ltot
 is limited by the ohmic losses (electron scattering) in the metal, described 

by Lohm. If the dielectric properties of the film are known, Lohm can be calculated directly 

(see methods). Using ellipsometry, we measured the dielectric function for our films and 

computed Lohm (see figs. 6, 7, and 8). Fig. 5b illustrates a comparison of our slit-groove 

data with Lohm determined for a template-stripped film exposed to the same conditions. 

The measured values are close to Lohm, especially at longer wavelengths.  

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F3
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Fig. 8 The ohmic propagation lengths, Lohm, for surface plasmons versus wavelength for two 

representative silver films. These propagation lengths are calculated from the 

dielectric functions measured via ellipsometry that are shown in Figs. 7 and 8.  Blue 

curve: the smooth surface of a 250 nm thick template-stripped film deposited by 

thermal evaporation onto a silicon wafer at room temperature. Red curve: the smooth 

surface of a 250 nm thick template-stripped film deposited by slow thermal evaporation 

onto a silicon wafer heated to ~75 °C. For comparison, Lohm values reported by Palik 
[23] and Johnson and Christy [24] are shown by the black dashed and black solid curves, 

respectively. 

To confirm that the observed increase in propagation length is due to decreased 

roughness, we combined AFM and ellipsometry data to estimate the effect of different 

contributions to Ltot
 for template-stripped silver and gold samples, as well as standard 

films (see methods).  From AFM scans (figs. 9 and 10), parameters describing the surface 
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corrugation could be extracted (table 1) and used to estimate Lscat and Lrad within the 

single scattering approximation [1, 25, 26]. Lohm was determined separately from 

ellipsometry data. Table 1 shows that the reduction of surface roughness in template-

stripped silver films should cause an increase in Ltot by a factor of 5 to 7, in agreement 

with fig. 5b. For gold, which is inherently smoother than silver, the improvement is 

smaller. However, other benefits of template stripping may still be exploited. AFM scans 

(figs. 9 and 10) suggest a large increase in the grain size for template-stripped films. This 

occurred in silver during the mild heat treatment that we used to cure the epoxy (150°C). 

In gold, we intentionally annealed at 500°C. Unlike standard films, where thermal 

annealing under the same conditions increases roughness, template stripping allows grains 

to grow while constraining the surface. Because scattering of plasmons at grain 

boundaries can be an important loss mechanism on gold interfaces[9], grain growth can 

improve plasmon propagation. Assuming an increase in grain size from 80 to 1000 nm 

(fig. 9), Ltot should be improved by a factor of ~2 (table 3). The combined effect of larger 

grains, decreased roughness, and reduced impurities should also increase Lohm
 due to 

reduced electron scattering. This increase and the preferred grain orientation (texturing) 

that we observe on template-stripped films offer additional advantages. 

 

 

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F3
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A 

B 

 

Fig. 9 Atomic force microscopy images of a 200 nm thick gold film before (A) and after (B) 

template stripping. The metal was thermally evaporated onto a silicon wafer at room 

temperature. In (A), the top (rough) surface is imaged.  In (B), the templated (smooth) 

interface is imaged.  To increase the grain size, a rapid thermal anneal (5 minutes at 

500 °C) was performed before template-stripping. This treatment was performed after 

the image in (A) was taken. Roughness parameters extracted from these samples are 

shown in Table S1. 
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A 

B 

 

 

Fig. 10 Atomic force microscopy images of a 200 nm thick gold film before (A) and after (B) 
template stripping. The metal was thermally evaporated onto a silicon wafer at room 
temperature. In (A), the top (rough) surface is imaged.  In (B), the templated (smooth) 
interface is imaged.  To increase the grain size, a rapid thermal anneal (5 minutes at 
500 °C) was performed before template-stripping. This treatment was performed after 
the image in (A) was taken. Roughness parameters extracted from these samples are 
shown in Table S1. 
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Material σ (nm) δ (nm) 
Measured root mean square
roughness from AFM (nm) 

Rough 

Silver 
179 6.56 4.7 

    

Smooth 

Silver 
52.9 0.941 0.36 

    

Rough 
Gold 

92.4 1.59 1.6 

    

Smooth 
Gold 

213 0.627 0.32 

 

Table 1.   Surface corrugation parameters, σ and δ, extracted from atomic force microscopy 

(AFM) images for different metal surfaces.  

Following [1, 26], σ is the correlation length and δ is the root mean square height. Both can 

be estimated from a Gaussian fit to the spectral density function obtained from the AFM 

image. The rms roughness extracted directly from the AFM scan is shown for 

comparison. The four surfaces shown in Figs. 9 and 10 were measured.  These represent 

the rough (top) surface of a slow-evaporated 250 nm silver film, the smooth template-

stripped interface from the same slow-evaporated silver film, the rough (top) surface of 

an evaporated 200 nm film of gold, and the smooth template-stripped interface from the 

same evaporated gold film. The smooth silver film was exposed to 1 hour at 150 °C to 

cure the epoxy. The smooth gold sample was annealed for 5 minutes at 500 °C prior to 

template-stripping. Both of these heat treatments increased the grain size. 
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Table 2.   Predicted propagation lengths based on our experimental measurements of the 

dielectric function (ellipsometry) and the surface corrugation (atomic force 

microscopy) for the four different metal surfaces shown in Figs. 9 and 10.  We used 

formulas from [1] to determine: (i) Lohm, due to ohmic loss in the metal, (ii) Lscat, due 

to in-plane scattering of the surface plasmons, (iii) Lrad, due to radiative scattering 

of the surface plasmons, and (iv) Ltot, the total effect of all of these loss channels. 

Note that the values obtained for the rough silver film are estimates due to the 

questionable validity of the single scattering approximation [1] and potential 

complications in ellipsometry due to the rough interface.  For Lscat and Lrad, we 

used the values of σ and δ listed in Table 1. 

Material Wavelength Lohm (μm) Lscat (μm) Lrad (μm) Ltot (μm) 

488 nm 7.47 10.2 4.19 2.12 

514 nm 10.8 15.4 5.87 3.05 

532 nm 13.5 20.2 7.33 3.85 

Rough 

Silver 

632 nm 33.7 75.2 21.7 11.2 

      

488 nm 15.7 6.78 x 103 2.56 x 103 15.6 

514 nm 22.1 1.03 x 104 3.58 x 103 21.9 

532 nm 26.0 1.34 x 104 4.46 x 103 25.8 

Smooth 

Silver 

632 nm 54.1 4.94 x 104 1.32 x 104 53.8 

      

Rough 
Gold 

632 nm 10.5 427 139 9.52 

      

Smooth 
Gold 

632 nm 11.8 4.72 x 103 1.52 x 103 11.7 

 



Ultrasmooth metal templating for plasmonics and metamaterials                               
 

105 
 

Table 3.   Predicted propagation lengths as in Table S2. In addition to Lohm, Lscat, and Lrad, the 

propagation length due to surface plasmon scattering at grain boundaries, Lgb, was 

included. Following [9], we estimated Lgb as dgb/Sgb, where dgb is the average grain 

diameter and Sgb is a scattering coefficient. We set Sgb equal to 0.2% based on 

measurements in [9].  Ltot is the total effect of all of the loss channels.  Values for the 

two gold surfaces in Fig. 10 are shown. For Lscat and Lrad, we used the values of σ 

and δ listed in Table S1. 

 

Material Wavelength Lohm (μm) Lscat (μm) Lrad (μm) Lgb (μm) Ltot (μm) 

632 nm 10.5 4.27 x 102 1.39 x 102 40.0 7.69 

700 nm 27.7 1.02 x 103 2.77 x 102 40.0 15.2 
Rough 

Gold 
800 nm 57.0 2.91 x 103 6.56 x 102 40.0 22.5 

       

632 nm 11.8 4.72 x 103 1.52 x 103 5.00 x 102 11.4 

700 nm 32.2 1.13 x 104 3.02 x 103 5.00 x 102 29.9 
Smooth 

Gold 
800 nm 66.0 3.22 x 104 7.15 x 103 5.00 x 102 57.7 

Hence, we can determine the contribution of individual loss mechanisms for surface 

plasmon propagation and try to mitigate the effect of these losses. Template stripping can 

be utilized to reduce the losses due to roughness scattering and scattering at the grain 

boundaries simultaneously by reducing the roughness, and increasing the grain sizes by 

annealing. The effect of reduced roughness is also visible in terms of low electron 

scattering and hence reduced ohmic losses in thin films. Therefore, template stripping can 

be used as a fast, high throughput fabrication scheme for fabricating reproducibly cheap 

metal and metal-dielectric patterned substrates for applications in the field of plasmonics 

and metamaterials. 
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Applications in plasmonic biosensing and metamaterials 

To demonstrate the utility of our approach, we fabricated large-area (square centimeters) 

substrates for surface-enhanced Raman scattering (SERS). In general, Raman scattering 

can identify molecules through their unique vibrational signatures. Because of the 

concentrated electric fields near patterned metal surfaces, gold and silver films have been 

studied for enhanced molecular and biological sensing[27]. Signal enhancements above 108 

for specific surface structures have been reported[28]. However, more important for 

sensing applications is the ability to generate enhancements with films that are easily and 

reproducibly fabricated, and we illustrate this ability in 11. We first formed triangular 

grooves on a silicon wafer by combining photolithography and anisotropic etching (fig. 

11a). Fig. 11b shows the smooth silver film with raised triangular ridges that was peeled 

off of this wafer. We then attached a self-assembled monolayer of benzenethiol to this 

surface and used scanning confocal Raman microscopy to collect the SERS signal as a 

function of position. The resulting images for scans parallel to the ridge tops (fig. 11c) 

reveal uniformly enhanced signals near the triangular peaks. More importantly, cross-

sectional scans (fig. 11d) show that the response is high at this peak while remaining low 

along the smooth sides of the ridges and the valleys in between. Using the protocol and 

apparatus in[29], we quantified the SERS enhancement by comparing the Raman signal 

from neat benzenethiol with that from our monolayer-coated substrate (fig. 11e). After 

correcting for the number of molecules, we determined an enhancement factor of 1.4 x 

107. Because this represents an average over the entire surface, the actual enhancement 

near the ridge peak should be much higher.  

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F4
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Fig. 11 (A) Electron micrograph of a silicon wafer patterned with a grating of triangular grooves 

by photolithography, lift-off, and anisotropic etching. The grooves cover 2 x 2 cm2 on the wafer. 

(B) A silver film with triangular ridges formed from the wafer in (A). 280 nm of silver was 

evaporated, followed by 100µm by electrodeposition. Due to slight misalignment of the grooves 

and the <110> direction of the wafer, step edges formed in the grooves during etching that are 

reproduced on the sides of the silver ridges. (C and D) Confocal Raman scattering microscopy 

scans of the film in (B) after incubation in 1 mM benzenethiol in ethanol for 16 hours. The 

excitation wavelength was 514 nm. The scan was in the plane of the ridge peaks in (C) and a 

cross section of the ridges in (D). CCD, charge-coupled device. (E) Raman scattering spectra for 

the same benzenethiol-coated silver film shown in (C) and (D) (red curve) and for neat 

benzenethiol (blue curve). The excitation wavelength was 532nm. 

Whereas bumps, ridges, and grooves are clearly useful for these types of applications, 

different structural elements are necessary for others. For example, a nanoscale hole 



Ultrasmooth metal templating for plasmonics and metamaterials                               
 

108 
 

surrounded by surface structures can allow enhanced transmission of electromagnetic 

waves through a metal film[3]. Fig. 3f shows that we can also create such holes in thin 

smooth silver films. A hexagonal array of deep circular pits was formed on a silicon 

wafer with nanosphere lithography. By evaporating silver on top of such pits and adding 

epoxy, a thin silver film with a hole array was obtained. Although only one side of this 

film is ultrasmooth, which would affect its transmission properties, an additional 

absorbing layer such as Cr could be added to the rough side to minimize its effects. A 

second useful element is the multilayer structure. For example, thin patterned films with 

alternating layers of metal and insulator can exhibit a negative refractive index[30], which 

can lead to new optical phenomena[31]. Our approach can also yield such structures, called 

metamaterials. After evaporating a thin film of silver on patterned silicon templates, we 

deposited alternating layers of alumina and silver. Because silver adheres to alumina 

better than silicon, the entire stack could be removed with epoxy. For example, a bull’s 

eye (Fig. 3g) and a bump array (fig. 12) could be easily obtained, both of which have 

potential use as superlenses[31]. As long as the adhesion requirement is satisfied, other 

materials besides alumina are also possible. The resulting films can lead to a variety of  

 

12 A 12 B 

Fig. 12 (A) A multilayer silver-alumina pyramid (B)A multilayer bump array obtained as in Fig. 

2b with the same layer structure as in Fig. 2g. The bumps were 650 nm in diameter and spaced 

650 nm apart. The inset shows a magnified (2.3X) cross-section of the film obtained by FIB 

milling. 

http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2
http://www.sciencemag.org.floyd.lib.umn.edu/cgi/content/full/325/5940/594#F2


Ultrasmooth metal templating for plasmonics and metamaterials                               
 

109 
 

useful optoelectronic devices, especially considering that they are formed on flexible 

substrates with built-in metal contacts.  

These results indicate that template stripping can be combined with silicon 

microfabrication methods to create ultrasmooth patterned metals for plasmonics and 

metamaterials. Although extremely simple, it provides a route to fabricate integrated 

metallic multilayer structures with designed grooves, bumps, tips, and holes with 

controlled spacings and orientations, while simultaneously avoiding previous problems 

because of roughness and impurities 

Materials and Methods 

A.  Fabrication of patterned silicon templates 

i. Using focused ion beam (FIB)  

Maskless lithography of the desired surface pattern was performed on smooth single-

crystal silicon wafers using a dual-beam FEI Quanta 200 3D FIB workstation. The 

patterns were etched using 30 kV as the acceleration voltage and 100pA as the ion 

beam current. The patterned silicon wafers were then cleaned in a freshly prepared 

1:1 solution (by volume) of sulfuric acid and hydrogen peroxide (piranha etch) for 5 

minutes to remove any organic contamination. 

ii. Using optical lithography  

Single-crystal silicon wafers with the desired crystal orientation were coated with 

Shipley 1805 positive-tone photoresist using spin coating at 5000 rpm. Before 

exposure, the resist was baked at 105°C for 60 seconds. The desired pattern was then 

obtained by exposing the resist through a chrome-on-glass photomask using a Karl 

Suss MABA6 mask aligner. The exposed resist was developed for 30 seconds in a 

17% solution (by volume) of Shipley 351 developer in water. The patterned wafer 

was coated with a thin layer of chromium or tungsten using sputtering or thermal 

evaporation and the wafer was placed in acetone under mild sonication for lift-off. 

The resulting patterned metal film was used as a mask for anisotropic KOH etching or 
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reactive ion etching (RIE). For KOH etching, [100]-oriented silicon wafers were 

utilized.  To obtain the linear gratings in fig. 4a, the mask was patterned with lines 

oriented along [110] of the wafer. To obtain pyramidal divets for templating the 

structures in fig. 2c, 2d, and 2e, the mask was patterned with squares aligned along 

[110] or an array of circles aligned along [110]. These grooves or divets were 

obtained by anisotropic etching with the following procedure. After a 10 second soak 

in buffered oxide etchant to remove any native oxide layer, the wafer was immersed 

in a 25 wt% solution of KOH in water at 80 °C. The time varied depending on the 

exact pattern to be etched. For fig. 2c and 2d, the immersion time was 15 minutes. 

The wafers were then cleaned in deionized water for 30 minutes to remove any 

residual KOH. To remove the metal mask, CR-7S etchant (Cyantek corp.) or 

hydrogen peroxide were used for chromium and tungsten, respectively. Finally, the 

wafers were placed in piranha etch for 5 minutes as a final cleaning step before the 

deposition of metal in the template-stripping process. 

iii. Using nanosphere lithography 

Nearly monodisperse 450 nm diameter polystyrene spheres were synthesized using a 

published procedure [32]. A 20 weight % aqueous dispersion of these spheres was then 

spin-coated onto a clean silicon wafer to obtain a close-packed monolayer. After 

heating the wafer in an oven at 105 °C for 30 minutes, it was treated in an oxygen 

plasma using an STS etcher. This process shrunk the spheres while maintaining the 

center-to-center distance between nearest neighbors, which was set by the initial size 

of the colloidal spheres. Alumina or silica was then deposited to obtain a mask with 

holes via lift-off. This mask was used to transfer the hole-array pattern into the 

underlying single-crystal silicon wafer. Specifically, deep reactive ion etching (DRIE) 

was performed with a three-step Bosch process with a cycle that consisted of 5 

seconds of passivation, 3 seconds of etching, and 7 seconds of patterning using SF6, 

C4F8, and argon gases, 800 W for the coil power, and 15 W for the platen power. This 

cycle was repeated until the desired depth was achieved (typically ~2 μm). The 

etched templates were then cleaned for 2 minutes using a 1:1 solution (by volume) of 
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ammonium hydroxide and hydrogen peroxide to eliminate a Teflon-like film. This 

was followed by an oxide etch to remove the dielectric mask. For example, silica was 

etched away by immersing for 1 minute in 5% aqueous hydrofluoric acid. Finally, the 

wafers were placed in piranha etch for 5 minutes as a final cleaning step before the 

deposition of metal in the template-stripping process. 

 

 

B.  Template stripping of patterned metal films 

i. Metal deposition 

The patterned single-crystal silicon wafer could be coated with the desired metal 

(silver, gold, or copper) using thermal evaporation or sputtering. Typically, a thermal 

evaporator with a pressure of less than 10-5 Torr was used with metal deposition rates 

from 0.2-0.4 nm/second.  In this case, the substrate was at room temperature. To 

produce the silver nanohole array in fig. 2f, metal was thermally evaporated with near 

vertical deposition to obtain clean edges. For silver films, the roughness could be 

decreased further by heating the substrate during evaporation to 75°C and decreasing 

the deposition rate to 0.01-0.02 nm/second. 

ii. Template-stripping with epoxy 

A two-part epoxy was applied (or spin coated) to the deposited metal to form a 

removal layer of the desired thickness. Alternatively, the epoxy could be used as an 

adhesive layer to attach another substrate (silicon or glass). Typically, we used either 

a 1:1 weight % mixture of a two-part epoxy (EPO-TEK 377, Epoxy Technologies) or 

a two-part quick-set epoxy (Loctite). The epoxy could be cured thermally or with 

ultraviolet light. Typically, the sample was placed in an oven at 150 °C for one hour. 

This had the added benefit of increasing the grain size, as shown in fig. 9. After 

curing, the epoxy was removed from the silicon template by using a razor blade to 

gently lift one edge and then peeling it off. 
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iii. Template-stripping with electrodeposited films 

After the patterned silicon templates were coated with a thin layer of evaporated 

metal (typically 200 nm thick), they were immersed in an electrolyte solution, along 

with a platinum wire as a counter electrode and lithium acetate as a reference 

electrode. Solutions of 1M CuSO4 (pH 2 adjusted with H2SO4) and ammoniacal silver 

nitrate (pH 10 using NH4OH) were used to electrodeposit copper and silver, 

respectively. After a sufficient thickness of metal was electrodeposited (greater than 

~50 μm), the entire film could be peeled off the silicon. 

iv. Template-stripping of multilayer films 

Starting with any of the patterned silicon templates (bull’s eyes, grooves, bump 

arrays, pyramidal divets, and hole arrays), multilayer films could be obtained with 

template stripping. Typically, 30 nm of silver was thermally evaporated (at 0.1-0.2 

nm/second) onto a clean patterned wafer. Alternating layers of alumina (15 nm thick 

deposited at 0.01 nm/second) and silver (30 nm thick deposited at 0.5 nm/second) 

were then deposited with an AJA sputterer. After the desired number of layers were 

formed, the film was removed using either epoxy or an electrodeposited film, as 

described above. 

v. Thermal annealing of gold films 

To increase the grain size of our gold films, they were placed in a pre-heated oven at 

500 °C for 5 minutes.  The oven was in a nitrogen-containing glove box and the 

sample was cooled to room temperature before it was brought into the ambient and 

template-stripped. 

vi. Avoiding sample contamination 

Due to concerns over the potential corrosion of our silver films, especially due to 

sulfur compounds, samples were used immediately whenever possible. Samples were 

typically template-stripped immediately prior to the measurements. If longer term 

storage was necessary, they were kept in a nitrogen-containing glove box. 
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C.  Characterization 

i. X-ray photoelectron spectroscopy (XPS) 

Characterization of surface impurities was performed on a custom XPS spectrometer.  

The samples were thoroughly cleaned before the measurements to minimize any 

organic contamination and placed in a high vacuum chamber (base pressure ~10-9 

Torr). The X-ray source (Mg, 1253.6 eV) was at an angle of 5° from normal to the 

sample and the photoelectrons were detected at an angle of 54.7° from normal (Phi 

540 detector). 200 W (15 kV) was applied to the source and the signal was collected 

from the sample with no bias voltage applied. The analyzer pass energy for the survey 

scan was 89.45 eV and a higher resolution scan was done to determine the surface 

composition. The pass energy for the high resolution scan was 17.9 eV. 

ii. Ellipsometry 

To determine the dielectric function of our films, a VASE spectroscopic ellipsometer 

(JA Woolam Co.) was utilized. With a 75 W xenon lamp source, the ratio of the 

polarized light reflected from the sample (s and p polarization) was determined. We 

then extracted the stokes parameters Ψ and Δ using the equation, 

   ΔΨ== i

s

p e
r
r

)tan(ρ . 

With WVASE software (JA Woolam Co.), we fit the dielectric functions using 

numerical iteration and the Fresnel equations. The measurements and fitting were 

performed for a wavelength interval of 1 nm and all the iterations were run to a mean 

square error less than 0.5. The wavelength range for the silver and gold films were 

450 to 750 nm and 550 to 850 nm, respectively. 

iii. Measurement of the plasmon propagation length 

The plasmon propagation lengths were measured for two films: (a) a 200nm thick 

template-stripped ultra-smooth silver film on epoxy and (b) a 200nm thick as-

deposited rough silver film on a glass slide. Silicon could not be used as the control 
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substrate because optical transparency was required. Both films had been evaporated 

onto their respective substrates at room temperature at a deposition rate of 0.2-

0.4nm/second. The root mean square roughnesses for these surfaces were 

approximately 0.7 and 5.0nm, respectively. For each, multiple slit-groove pairs (like 

that shown in fig. 3a) were milled into the film with FIB. Both the slit and the groove 

were approximately 200 nm wide. Separation distances between the slit and groove 

were set at 10, 12, 15, 20, 25, 30, 35, and 40μm. Each sample was then mounted on a 

Nikon TE 200 inverted microscope (40X objective, numerical aperture of 0.6) and 

illuminated on the epoxy or glass side in transmission mode with light from a quartz 

tungsten halogen lamp focused by a condenser (numerical aperture of 0.9). Surface 

plasmons were launched on the silver film when light passed through the slits. When 

these propagating plasmons struck the grooves, they scattered light that could be 

collected by the microscope objective. For each groove separately, we projected the 

image of the scattered light onto the entrance of an imaging monochromator (TRIAX 

320, Jobin Yvon) and measured the spectrum with a liquid-nitrogen-cooled 

spectroscopic CCD camera (Princeton Instruments). Light that was transmitted 

directly through the slits in the sample was not allowed to enter the monochromator. 

Plots of the scattered intensity versus slit-groove separation distance for a particular 

wavelength were then used to extract the wavelength dependence of the surface 

plasmon propagation lengths (see Section 1.D.i below). 

iv. Atomic force microscopy (AFM) 

All AFM images were obtained with a Veeco Nanoscope IIIA multimode system that 

was housed inside a nitrogen-containing glove box. The samples were scanned using 

tapping mode, typically over a 5x5 μm2 area at a scan rate of 1 Hz. Nanoscope 

software was utilized to analyze the images and extract topographical information, 

including the root mean square (rms) surface roughness and the spectral density 

function (sdf). 
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v. Confocal Raman microscopy 

Confocal Raman scans were performed on a Witec Alpha 300R system equipped with 

an Omnichrome 514nm argon-ion laser. The spectral range of the scan was between 0 

and 4000 cm-1 with a resolution of 0.02 cm-1. The spatial resolution of the confocal 

system was 250 nm in the scanning plane and 500 nm in the perpendicular direction. 

D.  Analysis 

i. Experimental surface plasmon propagation lengths 

For each wavelength, the scattered intensity versus slit-groove separation, d, was 

fitted to the following equation [22], 

/( ) SPPx L
b oI x I I e−= + , 

where LSPP is the surface plasmon propagation length, Io is the surface plasmon 

intensity at the slit, and Ib is a background intensity. We note that this is an 

underestimate of the surface plasmon propagation length since not all surface 

plasmons will propagate along the shortest path between the slit and groove [22]. This 

angular dependence is ignored here because an exact treatment, which should include 

both the finite length of the slit-groove pair and knowledge of the angular dependence 

of the surface plasmon scattering, is not available. Approximate treatments lead to an 

overestimation of LSPP [22].  

A nonlinear regression analysis yielded an estimate of the surface plasmon 

propagation length with the standard errors shown in fig. 3b. (The errors for the 

control film were smaller than the symbols used to plot the data and are therefore not 

shown.) Values for the expected propagation lengths were obtained by extracting the 

dielectric constants via ellipsometry for samples treated to the same conditions and 

inserting these into the following formulae [1], 

1
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2( / ) 1
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where kx is the in-plane wavevector of the surface plasmon along the direction of 

propagation. Note that these equations assume that the only loss mechanism for 

plasmon propagation is due to ohmic losses in the metal.  (This is equivalent to Lohm 

below in Section 1.D.ii. and in the main text.) 

ii. Calculation of the total propagation length Ltot 

Surface plasmon propagation lengths due to in-plane scattering of surface plasmons, 

Lscat, and scattering of surface plasmons into radiation, Lrad, were estimated using the 

following equations, 

'

5 2 2

1/2'

5 2 2

2 1
3 ( / )

3 1
4 ( / )

metal
scat

metal
rad

L
c

L
c

ε
ω σ δ

ε
ω σ δ

=

=

, 

where ε’
metal is the real part of the dielectric function of the metal, σ is the correlation 

length of the surface corrugation and δ is the root mean square height [1, 26]. Values for 

σ and δ were estimated from atomic force microscopy (AFM) measurements of the 

films. From an AFM scan, the power spectral density function (sdf) was determined 

and fit to a Gaussian. By plotting ln(sdf) versus the wavevector squared, σ and δ were 

extracted from the slope and peak value. [See [1] for more details.] The total 

propagation length was calculated using, 

1 1 1 1

tot ohm scat radL L L L
= + + , 

where Lohm is due to ohmic losses in the metal and Ltot is the expected surface 

plasmon propagation length that includes ohmic losses in the metal, in-plane 

scattering of surface plasmons, and radiative scattering of surface plasmons. Such 

values are estimated in Table S2 based on the σ and δ parameters listed in Table 1. 

When grain boundaries were considered (Table 3), the total propagation length was 

determined from, 
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1 1 1 1 1

tot ohm scat rad gbL L L L L
= + + + , 

where Lgb is the propagation length due to scattering of surface plasmons from grain 

boundaries. Following [9], we estimated Lgb as dgb/Sgb, where dgb is the average grain 

diameter and Sgb is a scattering coefficient. We set Sgb equal to 0.2% based on 

measurements in [9]. 
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Chapter 6  
 

Plasmonic thermal emission at visible 
wavelengths 
 

Surface plasmon propagation at visible wavelengths (high frequency) is severely limited 

due to losses in electron conduction, in-plane scattering and out-of-plane radiation of the 

hybrid wave. The fabrication technique described in chapter 5 for the fabrication of 

ultrasmooth, patterned films was used here for making bullseye and nanohole structures 

in metal foils. These metal foils were coated with thermally stable oxides, in particular 

hafnium oxide (melting temperature of 2758˚C), using atomic layer deposition. The metal 

oxide layer constrains grain growth in the metal and prevents oxidation of patterned 

metal foils on heating. The fabricated plasmonic structures showed promising results for 

spectral and spatial control over thermal emission. Here we also propose and fabricate 

structures for controlling the polarization of the emitted light by thermal excitation of 

plasmon polaritons. We also present fabrication and characterization of a new class of 

photonic omnidirectional absorber/emitters using refractory metals, for thermal emission 

modification at visible wavelengths. The subwavelength metal nanostructures modify the 

bulk absorption of these metals in the visible, and can be useful for applications as solar 

TPV absorbers and efficient incandescent light sources. The same fabrication strategy 

was extended for fabrication of patterned metal/semiconductor/transparent conducting 

oxide films on glass/flexible substrates. These semiconductor films have been patterned 

as a dense array of subwavelength pyramids for better light harvesting. 
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Introduction 

In chapter 4, we showed that surface plasmon polaritons (SPP) could be used to couple 

random dipole oscillations on the surface of a patterned metal surface into radiation. The 

fabrication scheme involved deposition of metal films followed by etching of the desired 

pattern. While this strategy worked for thermal emission modification at infrared 

wavelengths (low frequency waves)where SPP propagation lengths are long, at visible 

wavelengths losses are much more significant[1-3]. Electron conduction losses increase at 

high frequency, and other loss mechanisms like in-plane scattering of SPPs and radiation, 

also dampen the propagation of hybrid electron-photon waves. The solution for 

mitigating the effect of these losses as much as possible would be  to make pure, smooth, 

single-crystalline, patterned metal films[2-4]. Smooth, single-crystalline metal thin films 

(see appendix) would have lower electron scattering, and resulting lower ohmic losses. 

High frequency (visible wavelength) SPP waves on these metal films would also not be 

scattered into other SPP modes, or far-field radiation. The absence of any impurities due 

to patterning would also reduce scattering sites for electrons and photons. Therefore, 

surface patterning can be used to couple light to/from propagating SPP waves on the 

surface of chosen metals (with high plasmon propagation length in the visible 

wavelengths) like silver, gold, aluminum and copper. As explained in chapter 4, thermal 

radiation depends both on surface plasmon propagation on metal, and the temperature of 

the substrate. While metals like aluminum, silver, gold, copper have the desired 

propagation lengths, they have low thermal stability, and high surface mobilities, which 

can lead to complete destruction of nanostructure on heating. 

Here we demonstrate strong absorption from plasmonic structures like bullseye fabricated 

on silver metal foil. Since these metal nanostructures are not thermally robust, we coat 

the nanostructured metal films in the present work with a thin coating of hafnium oxide, 

to arrest grain growth, reduce surface diffusion, and prevent oxidation on the metal 

surface. SPP waves offer the unique opportunity to selectively couple/outcouple the light 

of desired frequency, spatial orientation, and polarization[5-10]. Here we will propose and 
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fabricate the desired groove structures as spirals and ellipse to vary the polarization, 

along with frequency and direction of the thermally radiated beam. 

While the plasmonic emitters discussed offer unprecedented control over thermal 

emission, they can couple only s- or p-polarized light and hence have lower absorptivity 

(<0.5). For certain applications like thermophotovoltaic (TPV) absorbers[11, 12], and 

incandescent light sources, it is desired to have high omnidirectional absorption or 

emission in the visible wavelengths, while maintaing low emission at infrared 

wavelengths. In the end, we modify the bulk absorption of refractory metals like tungsten 

and tantalum, by fabricating them as designed subwavelength nanostructures. We 

demonstrate a fabrication scheme for patterning any metal or semiconductor material as 

smooth nanostructured wedges or pyramids. We also extend this fabrication scheme for 

patterning metal-semiconductor-transparent conducting oxide multilayers for possible 

application of metal photonics to efficient light harvesting in photovoltaic device 

architectures. 

Plasmonic substrates for thermal emission modification in the visible 

Several plasmonic structures have been investigated[13-21] for thermal emission 

modification using metals like silver, aluminum and gold. The plasmonic emitters were 

designed as concentric silver rings [13, 20] or hole arrays [14-16, 18, 21] in gold, silver and 

aluminum for modifying thermally emitted radiation in the infrared.  While these 

structures can be scaled down to nanometer length scales for modifying the thermal 

emission in the visible, there are two main challenges for such miniaturization. The SPP 

propagation length in these metals at infrared wavelengths is large, and the effect of 

losses in these hybrid waves due to in-plane scattering and radiation is also smaller at low 

frequencies. However, all these loss mechanism become significant at high frequencies 

and can substantially reduce the SPP propagation length at visible wavelengths. Another 

challenge is the low thermal stability of these metals. While substantial infrared radiation 

is emitted at relatively low temperatures, emission of visible light requires the materials 
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to be heated at higher temperatures. Therefore, patterned nanostructured metal substrates 

need to be treated to prevent the destruction of nanostructures at high temperatures. 

Simple metal deposition followed by surface patterning of metal films produces rough, 

polycrystalline metal films with low SPP propagation length, as shown in chapter 5. Even 

conformal metal coating on nanostructured smooth silicon substrates, as shown in chapter 

4, gives rough surfaces that affect the optical properties. Here we employed template 

stripping (chapter 5), combined with either annealing or single crystal metal film growth 

(appendix), used to pattern silver bullseye (fig. 1a,b) or nanohole structure (fig. 1c). 

Ultrasmooth patterned silver films with precisely nanostructured surfaces were produced 

as shown in fig. 1. As the films were fabricated for thermal emission, these structures 

were peeled off on metal foils using electrodeposition. For closed structures like bullseye, 

the patterned silicon was coated with desired metal, followed by further 

electrodeposition. Fabrication of more open structures, like the nanohole array shown in 

fig. 1c, was accomplished by fabrication of a sacrificial template on silicon, followed by 

thin-film deposition, electrodeposition, and liftoff. Smooth peelable metal foils patterned 

with desired nanostructures were then characterized for their optical properties. 
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a

b

c

Fig. 1. (a) Scanning electron micrograph of a silver bullseye structure fabricated using template stripping 

on electroplated silver foil (b) grazing angle SEM of the same structure (c) Silver nanohole structure, 

fabricated using nanosphere lithography, on silver foil.  
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Optical characterization of bullseye structure was carried out to quantify the “beaming” 

effect in the visible. An inverted optical microscope illuminated the bullseye with white 

light. The reflected signal was collected through the microscope objective and imaged 

onto the input of a fiber-optic-coupled ultraviolet-visible spectrophotometer. An aperture 

(300µm) between the sample and the objective limited the collection angle to +/- 1.2° 

from normal. The reflectivity was normalized with the signal collected from a flat portion 

of the silver film next to the bullseye. The data collected has been shown in fig. 2. 

Nominal variations in the depth of the fabricated bullseye sample produced large 

variations in coupling efficiency of incident light to surface plasmon polaritons. The 

depth of the concentric silver rings was varied between 50-100nm, resulting in variations 

in magnitude and breadth of the reflectivity. The observed dip in reflectivity of the 

sample, as shown in fig. 2a, quantifies the SPP coupling and hence the absorption of light 

in the fabricated structure. This reflectivity dip/absorptivity (1-R) peak equals the peak in 

emissivity of the sample as a consequence of Kirchoff’s law. Therefore, the sharp 

absorption peak of incident light into SPP waves is expected to be emitted as a beam of 

light, when SPP waves are thermally excited on the patterned silver sample (as shown in 

chapter 4). Since the coupling between incident light and SPP waves determines the 

profile of thermally emitted beam, reflectivity (fig. 2a) was used to optimize the structure 

of the patterned bullseye. The optimized bullseye structure had a depth of 70nm, 

estimated from the grazing angle scanning electron micrographs. The absorptivity of the 

optimized sample has been shown as the red curve in fig. 2b. While the beam profile was 

determined from measurements with collection aperture of 2.4°, when similar 

measurements were made with 1mm pinhole (collection angle of 8°), no reflectivity dip 

was observed. Since the beam profile is narrow both in spectrum (9nm) and space (<8°), 

a sharp thermal beam (peak wavelength 585 nm) is expected on heating this bullseye 

structure on silver foil. 

While the characterized structures have the desired optical properties at room 

temperature, thermal stability of metallic nanostructures fabricated in aluminum, silver 

and gold is insufficient for emission at visible wavelengths. In particular, the high surface 
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mobilities of these metal ions   

     

 

a 

b 

Fig. 2. (a) Reflectivity measurements on silver bullseye structures with nominal variations in groove height. 

(b) Reflectivity/ absorptivity of optimized bullseye structure. 
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Fig. 3. Scanning electron micrographs of proposed 

structure for controlling the spin of the emitted thermal 

radiation by using a (a) clockwise spiral (b) anti-clockwise 

spiral structure. (c) Polarization of the light may be 

modified by using an elliptical structure as shown. 

Asymmetry of the structure can be changed to change the 

polarization of the emitted radiation.  

can cause a complete collapse of metal nanostructures, even at moderate temperatures, 

much below their melting points. Therefore, these patterned structures on metal foils 

were coated with thin films (~10nm) of hafnium oxide using atomic layer deposition. The 

oxide coating arrested the grain growth in the materials, prevented metal diffusion on the 

surface and hence protected the metal nanostructures from destruction at higher 

temperatures. The thermally stable oxide coating also protected the nanostructures from 

oxidation. To test the thermal stability of the hafnia coated samples, the metal foils were 

heated at 585° in high vacuum (>10-8 torr). No change in pressure over the sample was 
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observed, which points to the enhanced thermal stability. Also the patterned metal 

nanostructure had no visible degradation after the thermal treatment. 

While the proposed plasmonic structures show potential for good spectral and spatial 

control over the emitted thermal radiation, plasmonic light sources with desired spin and 

polarization have also been researched[5-10]. All the proposed chiral metamaterials used an 

external illumination light source and only incident light with the desired polarization 

was coupled by the designed nanostructures. It has not been realized that the same 

strategy can be exploited for selectively outcoupling SPP waves with the desired 

polarization. Here we propose and fabricate right and left handed spiral structure (fig. 3a, 

3b) as chiral metamaterial to selectively emit light with left and right handed spin 

respectively. This strategy can also be extended further to control the polarization by 

using asymmetric shape like an ellipse (fig. 3c) which can be modified to change the 

polarization of emitted light. We fabricated these structures recently and they are 

currently being investigated for their desired optical properties. 

Therefore, we have demonstrated thermal plasmonic light sources with good control over 

spectral and spatial profile of the expected beam. Room temperature absorptivity 

measurements demonstrate excellent coupling between incident light and SPP waves 

(fwhm of 9nm, angular divergence <8˚).  We have also proposed and fabricated spiral and 

elliptical structures as chiral metamaterials for controlling the spin and polarization of the 

thermally emitted radiation. Such excellent control over spectral linewidth, angular 

divergence and spin/polarization has never been researched in thermal emission of real 

materials, especially at visible wavelengths (high frequency). 

Omnidirectional absorber/emitters using refractory metals 
 

The present research has so far focused on controlling the absorption/emission of 

thermally excited sources for application as efficient emitters. Another aspect of thermal 

emission modification is the development of omnidirectional absorbers for 

thermophotovoltaics to absorb incident solar radiation.  Most real materials act as 
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“greybodies” and reflect, or scatter some fraction of incident radiation. Metals in 

particular have large reflectivity, especially at visible and NIR wavelengths. While other 

carbon based absorbers can also be utilized for absorbing incident light[22], it is 

advantageous to use different surface texturing on the same metal foil, eg. tungsten, to 

absorb and emit light preferentially. This would prevent any structural collapse or  

  

a

b

dc

Fig. 4. (a) SEM image of tungsten wedges fabricated over a 2cmX2cm area using modification of template 

stripping process (b) high resolution scans of the same structure (c) large area fabrication of tungsten 

pyramids for thermal emission modification (d) high resolution scan of the same sample 
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Fig. 5. (a) Absorption spectra of unpatterned tungsten and tantalum thin films at normal incidence[23] (b) 

SEM image of tungsten nanopyramid structure for omnidirectional absorbance/emission in the visible. (c) 

tantalum nanopyramids. Absorptivity measurements in the visible on (d) tungsten nanopyramid (e) 

tantalum nanopyramid structures shown in fig. 5b and 5c, respectively. The red, blue, and black curves are 

different regions on the nanopyramid sample with nominal variations in packing density. 
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cracking on surface due to different thermal expansion coefficient, especially for 

application at high temperatures. Thus the TPV module would consist of a metal foil, 

with omnidirectional absorber for incident radiation patterned on one side, and a selective 

emitter (photonic or plasmonic) on the other side. Similar surface texturing on refractory 

metal surfaces can also be useful for the development of efficient metal emitters which 

have surface-enhanced absorption/emission in the visible, and low intrinsic absorption in 

the infrared wavelengths. Such refractory emitters can be studied for applications as 

efficient incandescent light sources. 

While there are advantages for utilizing surface texturing on metal surfaces to increase 

their bulk absorption, high reflectivity of metals presents a major challenge. The 

reflection from the metal surface originates from high impedance mismatch between the 

metal and the free space. Since high reflectivity results in low bulk 

absorptivity/emissivity (1-R), shiny metal surfaces in visible wavelengths need to be 

tailored to reduce the large impedance mismatch. Some previous work suggests that 

texturing the metal surface as close packed tapered nanostructures would reduce the 

refractive index or impedance mismatch at the interface, and make the transition for light 

more “softer”[11, 12, 22, 24, 25]. While such structures have been fabricated using templating 

on an anisotropically etched silicon substrates[2, 26] in gold and other noble metals, similar 

templating cannot be done with refractory metals (tungsten, molybdenum, tantalum) 

because of their adhesion with silicon. We developed a new fabrication strategy based on 

template stripping method developed in chapter 5. Since a multilayer stack of materials 

can be template stripped off a silicon template, we used patterned silicon and evaporated 

a thin layer of gold on it. Since gold thin films have the lowest surface roughness 

amongst the metal films investigated for template stripping (chapter 5), the desired 

refractory metal (tungsten) is sputtered on top of the gold film. This multilayer stack is 

then peeled off the silicon template, and the top gold layer is chemically etched away to 

reveal smooth patterned film of sharp wedges (fig. 4a,b) or pyramid arrays (fig. 4c,d) in 

tungsten. The gold film is used here as a non-stick surface, with high surface energy for 

conformal deposition of desired metals. This methodology has been extended further for 
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fabrication of antireflective and highly absorbing metal-semiconductor-transparent 

conducting oxide films(not shown here). These patterned multilayer stacks can be glued 

to a flat rigid substrate like glass, or on peelable flexible substrates like epoxy, for 

application in solar cells. 

While the large pyramid array shown in fig. 4c,d may be useful for absorption 

enhancement in the infrared, subwavelength, close packed pyramid arrays[12] need to be 

fabricated for absorption/emission in the visible wavelength. The choice of metal was 

made based on the absorptivity in the near-infrared wavelengths. For a TPV absorber, the 

metal needs to have good absorption in the visible and the near-infrared wavelengths. 

However, an efficient incandescent source should have high emission in the visible and 

negligible emission in the near-infrared, where the human eye is insensitive. Therefore, 

tungsten and tantalum were chosen as metals for efficient TPV absorbers and 

incandescent emitters, respectively, based on the absorption spectrum of thin films (fig. 

5a, from ref. 23).  

Monodisperse polystyrene nanospheres were synthesized (~450nm) and a monolayer of 

close packed spheres was spin coated on a cleaned silicon wafer. The spheres self 

assembled in a FCC close packed geometry, and then were heated, followed by etching 

using oxygen plasma, to shrink the spheres. The patterned and etched spheres were then 

used a mask for chromium deposition, and the formation of nanohole arrays using liftoff. 

The nanohole array was then anisotropically etched in potassium hydroxide, to produce 

close-packed, subwavelength inverse pyramid patterns on silicon. This pattern was then 

used as a mold to make patterned tungsten (fig. 5b) and tantalum (fig. 5c) nanopyramid 

arrays, using the same procedure as in fig. 4. 

Nanopyramid arrays in refractory metals were successfully fabricated using the new 

fabrication scheme described above. These arrays were then characterized to determine if 

they have the desired optical properties. Using an inverted microscope with a 100X 

objective with large collection angle (N.A. 0.9), an image of patterned pyramids was 

analyzed in a UV-Visible spectrophotometer (see methods section). The absorption 
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spectrum obtained clearly indicated enhanced absorptivity/emissivity in the visible region 

(fig. 5d,e). Since the absorption enhancement occurs mainly in the visible[12], these 

structures can be expected to absorb/emit similar to the metal thin film, in the near-

infrared wavelengths. Therefore, these patterned pyramid arrays need to be investigated 

as efficient TPV absorbers/incandescent emitters in tungsten and tantalum, since they 

have the desired optical properties. 
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Fig. 6. EFM scans on tungsten pyramid structure showing high electric field intensity at the sharp tips (a)  

and (b). The scan angles are  rotated 90 degrees with each other showing large enhancement at tip. The 

high intensity on one pyramid face changes with the scan angle, showing the tip interacts with the face 

causing high electric field. (c) High-resolution scan with the tip 15nm above the scanned surface, showing 

extreme confinement of the electric field at the tip. (d) EFM scans on tungsten nanopyramid structure (e) 

high resolution scan of the same sample. 
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Besides the gently tapered geometry, these pyramids fabricated from anisotropically 

etched silicon have smooth sides and sharp tips. These sharp pyramid tips (fig. 4b,c fig. 

5b,c) made of refractory metals can have large induced charges and huge electric field 

intensities, on applying finite bias voltage. This property can be exploited in applications 

of tungsten and tantalum sharp tips for field emission. Since these are prepared 

reproducibly from cheaply fabricated substrates, they can have an impact on practical 

applications. To characterize the sharp tips and large induced local electric fields, we 

used an AFM probe with a finite bias voltage (the metal sample is grounded). The bias 

voltage induces charges locally, and the local electric field is monitored using the change 

in frequency of the tapping AFM head. Such electrostatic field microscopy (EFM) scans 

map the strength of the local electric field. Fig. 6a shows an EFM scan on tungsten 

pyramid, with a bias voltage of 5V and tip height of 100nm. This scan shows very high 

electric field intensities (1.4933×108 V/m, see appendix section) at the tip (bright tip), but 

also predicts high electric field on one of the pyramid face. However, this effect arises 

because the fabricated metal samples have similar dimensions as that of an AFM tip. Due 

to the size and shape of the tip, this “bright” face turns “dark” and another face becomes 

“bright”, on changing the scan angle by 90 degrees (fig. 6b). Therefore, finite size and 

asymmetry of the AFM tip was found to be responsible for this artifact. Probing the tip of 

the pyramid using a high resolution scan (bias voltage 5V, tip height 15nm), fig. 6c 

reveals extremely high electric fields localized to spots size(<100nm, see appendix 

section for converting frequency shifts to electric fields) limited by the resolution of the 

EFM probe. Hence, high local electric field intensities were mapped in tungsten pyramid 

arrays, near the sharp pyramid tip. Probing tungsten nanopyramid samples with low (fig. 

6d) and high resolution scans (fig. 6e) also demonstrates similar electric field 

enhancements, with tip asymmetry effects. Hence, EFM scans reveal the potential of 

application of these structures as field emission probes, or substrates with enhanced local 

electric field intensities. 
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Material and Methods: 
 

Fabrication of ultrasmooth bullseyes, nanohole arrays, spirals and elliptical structures was 

done using the methods described in chapter 5 (ref. 2), on electrodeposited metal foils. 

For fabrication of refractory metal nanostructures and semiconductor multilayer stacks, 

the desired pattern was first fabricated in a silicon wafer. The wafer was then cleaned 

using freshly prepared 1:1 piranha solution (hydrogen peroxide: sulfuric acid), followed 

by thermal evaporation of a thin layer of gold (typically ~15-20nm). The desired 

metal/semiconductor multilayer structure was then sputtered on top of the gold layer, 

using an AJA sputterer. The desired stack was then peeled off the silicon wafer using a 

UV cured epoxy adhesive. Finally, for refractory metal nanostructures, the top layer of 

gold was etched off using the gold etchant GE-6 (Acton technologies). 

Optical characterization of nanopyramid structures was carried out using a Nikon 

inverted microscope (TE200) with a 100X objective (N.A. 0.9), coupled to an imaging 

monochromator (TRIAX 320, Jobin Yvon). The large collection angle of the objective 

was chosen to collect even scattered light from these nanopyramid structures. The 

spectrum was measured with a liquid-nitrogen-cooled spectroscopic CCD camera 

(Princeton Instruments). A clear image of the nanopyramid sample was first formed on 

the imaging slit on the entrance of the monochromator, and the reflection spectrum was 

measured. This was normalized using reflection from a silver mirror to obtain reflectivity 

(R). Since there was no measurable transmission through the thick metal film, absorbance 

of the sample (A=1-R) was obtained as function of wavelength. 
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Appendix 
 

Peelable, smooth, single crystal metal films 
 

 

Surface plasmon polaritons (SPP) are hybrid electron-photon waves that can exist on the 

surface of metals. SPP propagation is hindered by ohmic resistance to electron 

conduction, scattering and radiation of hybrid waves due to roughness and grain 

boundaries. The goal to enhance propagation lengths of these hybrid waves, especially at 

visible frequencies, can be met by patterning metal films which are smooth, patterned and 

single crystalline. Here we present a simple way of growing single crystalline metal films 

on patterned smooth silicon crystals at elevated temperatures, which can be peeled off 

using an adhesive. This process of making smooth patterned metal film has been 

described in this thesis, along with their applications in renewable energy generation. 

Thus, this work is an important step towards the goal of utilizing these cheap, 

ultrasmooth, patterned single crystalline metal films in plasmonic solar cells and thermal 

plasmonics. 
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Metal films of gold, silver and copper can be grown on smooth, patterned silicon wafers 

and peeled off by using adhesives to reveal ultrasmooth patterned metals[1]. This strategy 

can significantly reduce SPP scattering and increase their propagation length. However, 

the deposited metal films are still polycrystalline, and grain boundary scattering occurs 

for these samples, reducing the propagation of SPP[1-3]. It was pointed out that before 

template stripping, the metal films can be annealed to increase the grain sizes. Annealing 

not only increases the grain sizes, but also leads to strongly textured films as shown in the 

x-ray diffraction scans of as-deposited and annealed gold film in fig. 1.  

 

Au(111) a 

Au(222) 

Au(311) 
Si (004) 

Au(200) 
Fig. 1. (a) X-Ray diffraction pattern 

of as-deposited gold films on silicon 

(100) substrate. (b) diffraction 

pattern for the same sample after 

annealing in nitrogen at 500˚C for 5 

minutes. The samples show 

significant texturing and all other 

peaks besides Au(111) family of 

planes is significantly suppressed. 

Au(111) b 

Au(222) 

Si (004) 
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The same methodology has been extended to grow single crystal thin film of metals on 

silicon substrate, which can be peeled to reveal patterned, smooth single crystal metal 

substrate for application in plasmonics and metamaterials. 

 

a

 

cb

Fig. 2. (a) Scanning electron micrograph of as-deposited silver film at room temperature. Non-

specular x-ray micro-diffraction image of the sample at (b) low and (c) at large angles. The rings 

formed in the image show that the films formed are polycrystalline.
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a

 

b c

Fig. 3. (a) Scanning electron micrograph of single crystal silver film deposited at 500˚C. Non-

specular x-ray micro-diffraction image of the sample at (b) low and (c) at large angles. The 

single dot formed in the image strongly suggests that the films formed are single crystals. 

Silver films were grown in a sputtering chamber at 6mtorr argon pressure, and 15W 

power applied to sputtering target. The substrate was maintained at 500˚C, which resulted 

in single crystal silver metal films as shown in fig. 3[4]. However, these films grew as 

discontinuous single crystal islands of metals. To make the silver films continuous, more 

silver metal (amorphous) was sputtered at identical conditions, the substrate being 

maintained at room temperature. This was followed by annealing of films at 500˚C for 10 

minutes. The single crystal islands shown in fig. 3 act as seeds for crystal growth, and 

now the entire deposited film grown was single crystalline, as shown in fig. 4. 
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a

 

b c

Fig. 4. (a) Scanning electron micrograph of single crystal silver film deposited at 500˚C, followed 

by room temperature deposition, and annealing to form continuous films. Non-specular x-ray 

micro-diffraction image of the sample at (b) low and (c) at large angles. The single dot formed in 

the image strongly suggests that the films formed are single crystals. 

 

To confirm our findings, we carried out specular (fig. 5) and in-plane x-ray diffraction 

(fig. 6) on these metal films to confirm that indeed these films are single crystalline, with 

Ag(002) orientation. In-plane xrd data also shows the perfect four fold symmetry, and 45 

degree rotation with the silicon substrate, which is consistent with the data observed with 

specular xrd and SEM images. 
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Fig. 5. X-ray diffraction patterns of single crystalline silver films shown in fig. 4. The specular 

out-of plane x-ray scan suggests that the films may be single crystalline, with Ag (002) 

orientation. 

 

The top side of these desposited films is rough, but template stripping these films reveals 

the ultrasmooth side which was in contact with the substrate. This smooth, peelable 

single crystalline metal film can enhance SPP propagation length and provide valuable 

patterned metallic substrates for applications in plasmonic solar cells thermal plasmonics. 
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Fig. 6. X-ray diffraction patterns of single crystalline silver films shown in fig. 4. The in- plane x-

ray scan shows that the films are single crystalline, formed with a 45 degree rotation with the 

silicon substrate. The scan also shows a perfect four-fold rotation symmetry, consistent with out-

of plane scans for Ag(002) films and with SEM data obtained on the films 
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Converting frequency shifts in EFM data to electric field intensities 

 

The frequency shifts obtained from the EFM data were converted to electric field intensities 

using the procedure followed in reported literature[1]. Frequency shifts were plotted with 

different applied voltages on the tip as shown in figure below: 

 

 

Using 2''
0 )(

4
φ−−≈−=Δ Tip

o VC
k
ffff , we extracted the capacitance , and using it in 

equation

''C

TipVC
k

f
f

''
0

2Δ≈Δφ , we get the electric field intensities from EFM scans similar to those 

shown in chapter 6, fig. 6a and b.  Since the induced potential φ  is applied between the tip and 

the sample, the induced electric fields are calculated as 
tipHeight

φ
.Using this method, the 
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frequency shift scales were found to be linearly related to the electric field intensities, and the 

actual electric field estimated were reported in chapter6. Huge electric field intensities were 

mapped (1.4933×108 V/m, chapter 6, fig. 6a,b) using the EFM scans, on the tungsten pyramids. 

The field intensities were localized to spot sizes below the resolution limits of the EFM scans 

(<100nm, chapter 6, fig. 6c) 

 

[1] E. M. Muller, J. A. Marohn, Advanced Materials 2005, 17, 1410. 
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