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Research Advisor 

ABSTRACT 
 

 
Nanofabrication of Transition Metal Chalcogenides and Plasmonic Structures 

 
Christopher Leo Stender 

 
 

 The work described in this dissertation focuses on the development of a general approach 

to create nanoscale transition metal chalcogenide materials and new methods for controlling 

architecture of gold pyramidal structures.  In the former, we used chemical nanofabrication, a 

combination of top-down patterning and bottom-up solid-state synthesis, to achieve control over 

the shape, size, and ordering of the patterned nanomaterials.  We demonstrated orientational 

control over nanocrystals within sub-300 nm patterns of MoS2 and formed free-standing 

nanostructures of crystalline NiS2. In addition, crossed line arrays of mixed metal chalcogenide 

nanostructures were achieved, and TaS2 nanopatterns and nanotubes were made by the chemical 

transformation of tantalum oxide templates.  In the latter, a new apparatus was developed for 

tailoring specific features of the pyramidal structures.  We investigated how the optical 

properties were tuned upon progressively truncating the tip of the pyramids mesostructures 

affects.   
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1.1 General Overview 

Since the original concept of the transistor by Julius Lilienfeld in 1925 there has been a 

steady progression in the size reduction of the device that lead to modern day computers.  With 

smaller structures, there is an increased challenge for controlling architecture and placement on 

substrates.  Without precise management over the positioning of components the modern 

computer would not function.  Nanoscale materials and structures exhibit interesting and useful 

optical, electronic and physical properties for diodes, photodetectors, and chemical sensors.1-3 

There are two complementary strategies for organizing nanostructures on surfaces: (i) 

synthesizing the nanomaterials and then assembling them into useful architectures or (ii) growing 

the nanostructures directly at pre-defined locations.  The former approach relies on assembly 

methods such as fluidic-based assembly,4, 5 electric and magnetic field mediated assembly,6-8 

electrostatic assembly,9, 10 and template-based assembly.11, 12  

The construction of nanoscale devices relies on distributing preformed nanostructures 

onto a substrate, locating them in a scanning electron microscope and then attaching electrodes 

to the nanostructure.  It is more desirable to have well-defined locations of nanostructures to 

facilitate device construction for two reasons: (i) the elimination of an assembly step after the 

growth of nanomaterials, and (ii) and the arrangement of nanostructures on surfaces with a high 

level of precision. Assembly and generation of nanostructures has been achieved using a variety 

of serial tools such as focused ion beam milling (FIB), electron beam lithography (EBL), dip-pen 

nanolithography (DPN), and photolithography.  Serial methods such as EBL and FIB can 

generate feature down to about 20 nm and have the flexibility to pattern arbitrary shapes.13, 14  

While both methods offer shape and pattern flexibility, they have the drawback of being 
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inherently serial methods that are only able to pattern small areas (100 μm2).15-17  Advances in 

DPN have resulted in arrays of probes with 55,000 tips capable of patterning identical organic 

ink structures.18 Even with these improvements, the technique remains a slow serial process for 

placement and generation of nanostructures.  Serial methods are not scalable in any industrial 

sense and remain expensive methods for generating patterned nanostructures.  Nanosphere 

lithography and laser-assisted embossing can also generate sub-100 nm patterns in metals and 

semiconductors, and in a parallel manner. These patterns, however, are limited to simple 

geometries (hexagonally closed packed or honeycomb structures).19, 20  

The preferred method for nanostructure generation and assembly is a parallel approach, 

such as photolithography, where identical features can be patterned simultaneously.  

Unfortunately, standard photolithography is limited by the diffraction limit of the wavelength of 

light (λ/2), and is difficult to achieve structures much below 400 nm.  Phase-shifting 

photolithography (PSP) is a parallel fabrication method that takes advantage of the refractive 

index differences at the polymer/air interface of the patterned PDMS stamp and causes a node of 

zero light penetration in the near-field capable of generating structures down to ~30 nm.21, 22  

These techniques have been used to create nanostructures of Si and GaAs by chemical etching23, 

24 and to direct the growth of arrays ZnO nanowires and carbon nanotubes.25-27  

 

1.3 Goals and Organization of Thesis 

 The goals of this thesis are to develop new methods for generating and understanding 

confined crystal growth and to examine how architecture of mesostructures (100-1000 nm) 

affects optical properties.  Chapter 2 describes the instrumentation used for X-ray, electron beam 
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analysis and far-field spectroscopic studies of both patterned and free-standing nanostructures.  

This chapter also introduces lithographic techniques used for generating the various structures in 

the remainder of the thesis.  Chapter 3 discusses our development of new techniques for 

patterning and growing functional transition metal chalcogenide (TMC) structures of MoS2.  

This chapter highlights improvements for patterning and growth of TMC materials on substrates.  

Chapter 4 expands our capabilities of patterning TMC materials to include chemically converted 

free-standing mesostructures and heterogeneous arrays of different TMC materials.  Such 

heterogeneous arrays would not be possible using standard lithographic methods.  Chapter 5 

shows the extension of the method to include high temperature refractory metals, specifically Ta.  

This chapter also includes how to generate TMC inorganic fullerene-like nanotubes from 

amorphous Ta2O5 nanotubes.  Finally, chapter 6 examines how structure affects the optical 

properties of anisotropic, tipless pyramidal particles. 
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2.1 Introduction 

 Advances in nanofabrication have enabled generation of mesoscale (100-1000 nm) and 

nanoscale (1-100 nm) structures that exhibit interesting optical, electronic and crystal growth 

dynamics.  The growth of patterned crystalline nanostructures and characterization on substrates 

remains challenging because of the limited synthetic techniques for growing crystals on 

patterned surfaces, and the small sample amounts and for characterization.   

Electrons and x-ray photons are two probe sources for nanocrystal characterization. We 

have used transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), 

selected area electron diffraction (SAED), energy dispersive X-ray spectroscopy (EDS), 

scanning electron microscopy (SEM), glancing angle X-ray diffraction (GXRD), and X-ray to 

photoelectron spectroscopy (XPS) to characterize our nanopatterned substrates. 

X-ray and electron beam analytical techniques are ideal for crystalline nanostructures; 

however, examinations of polycrystalline noble metal structures require other tools for 

characterization of physical properties.  Probing the opto-electronic properties of arrays and 

single nanostructures has been accomplished using UV-vis spectroscopy to probe the electronic 

transitions of the crystal structure or element being examined.  Metallic single free-standing 

nanostructures are most commonly probed by a method that examines the light scattered off the 

nanostructures surface.  The scattered light carries information related to the plasmonic 

interactions on the surface of the particle and has been used to great extend in recent years for 

various sensing applications.28-32  Each set of techniques have their own advantages and 

disadvantages, but taken as a whole can give a complete picture of physical properties, determine 

empirical formulas, and probe electronic states of structures and arrays. 
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2.2 Analytical X-ray and Electron Techniques 

2.2.1 X-ray Diffractometry 

Crystalline, polycrystalline and nanocrystalline structures all have repeating unit cells and 

long range ordering that are unique signatures of compounds. In our studies, we used GXRD and 

its applications for structural analysis of patterned nanostructures on Si (100) substrates.  GXRD 

is useful technique for analyzing thin films and nanostructures on substrate because the geometry 

can be adjusted such that the X-ray beam will not penetrate the underlying substrate (Si) yet will 

still provide structural information about the thin film or patterned nanostructures.  Figure 2.2.1A 

illustrates a typical x-ray diffractometer with the inset demonstrating Bragg’s Law conditions for 

constructive interference.  Figure 2.2.1B shows a sample diffraction spectrum of patterned 3R-

MoS2 lines spaced by 2 μm.  

 

2.2.2 X-ray Photoelectron Spectrometer 

 To supplement GXRD analysis, XPS was used.  XPS is a technique that utilizes the 

photoelectric effect to determine elemental composition and empirical formulas of the 

nanomaterials.  The technique is widely versatile on substances from inorganic compounds to 

glue and biomaterials and is considered a nondestructive analytical technique to most materials.  

Although the penetration depth of the X-ray beam is on the order of several microns, only 

electrons excited in the first ~10 nm are ejected because electrons deeper within the material are 

recaptured or trapped.  The XPS used for our work has a monochromatic light source and a 

spectral resolution of ~0.25 eV.  Quantitative analysis of atomic percentages is 
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Figure 2.2.1.  A) Schematic Diagram of x-ray Diffractometer. Inset Bragg’s 
Law conditions. B) Diffraction pattern of 2 μm spaced 3R-MoS2 lines 
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Figure 2.2.2.  A) Schematic diagram of an XPS with inset showing 

characteristic Ta peaks. B) Full TaS2 nanotube XPS spectrum. 
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challenging using photoelectrons because of the small sample quantity relative to the underlying 

substrate.  Taking this difficulty into account, the XPS analysis was used only to determine 

oxidation states for the nanostructures studied.  Figure 2.2.2A shows a diagram of a typical XPS 

setup and 2.2.2B displays sample spectra from TaS2 nanotubes on Si.33  

 

2.2.3 Energy Dispersive X-ray Spectroscopy 

 EDS was used to verify the elemental content of the Ag2Se/NiS2 crossed heterogeneous 

arrays.  Similar to XPS, EDS uses the characteristic X-rays emitted from an atom that has had an 

inner shell electron ejected by a high energy charged particle beam and an outer shell electron 

relaxes to fill the hole.  Because all elements have a unique electronic structure the X-ray emitted 

through this process provides a characteristic signature used for elemental identification.  There 

are some difficulties associated with this method, however, namely that several elements have 

overlapping peaks, which make making it difficult or impossible to deconvolute spectra.34 Figure 

2.2.3 shows a typical EDS spectrum from a MoS2 thin film.  The spectrum illustrates the 

overlapping of the S and Mo characteristic peaks at ~2.3 eV. 

 

2.2.4 Scanning Electron Microscopy 

 Throughout this work, high resolution LEO 1525 SEM with a Schottky thermal emission 

gun with upper and lower SE detectors was used to examine the morphology and locations of 

patterned and free-standing nanostructures.  The LEO 1525 is capable of high-resolution (<10 

nm).  Figure 2.2.4 shows an SEM image taken at a tilt angle of 45° of NiS2 rings on a raised Si 

template. 
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Figure 2.2.3.  EDS spectrum of 90 nm thick MoS2 film (inset) 
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Figure 2.2.4.  SEM image taken at 45° tilt of NiS2 rings on top of raised Si rings. 
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2.3 Overview of Single Particle Optical Spectroscopy 

 Optical properties of nanoparticles (NPs) depend on material, size and shape of the 

structures.35  Originally, NPs were only able to be studied while in large arrays; however, recent 

advances have enabled optical studies of single nanostructures.36, 37  SPS allowed us to 

investigate the effects of subtle architectural changes on the optical properties of our pyramidal 

structures, namely the progressive truncation of the particle tips. 

 Single particle dark-field scattering spectroscopy of tipless pyramids (TL) was performed 

on a Nikon TE2000 inverted microscope coupled to a 550 mm focal length (f) imaging Triax 552 

spectrometer with f =10 cm convex lens.  Figure 2.3.1A provides a schematic representation of 

our SPS setup.  Figure 2.3.1B shows a typical spectrum after background subtraction and 

normalization of a θ=50° tipless pyramid (TL).  The Triax 552 has two exit and entrance ports 

enabling multiple source signals and detectors and is fitted with two LN2 cooled charge coupled 

device (CCD) detectors: one near-infrared (NIR) detector (1024x1, InGaAs, Jobin Yvon)) and 

one VIS imaging detector (1024x256, Symphony, Jobin Yvon).  A CoolSnap ES video camera 

by Photometrics was added to aid in identifying and aligning the nanoparticle. 

 The light is routed through the exit port of the microscope to the spectrometer and 

separated by a distance of 40 cm with a convex lens (f=10 cm) positioned at 20 cm from the 

spectrometer.  According to the lens equation: 

fSS
111

21

=+  
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Figure 2.3.1. A) Schematic diagrams of single particle scattering spectroscopy 

setup. B) Typical θ=50° TL spectrum, entrance slit width 1 mm and exit slit width 

0.6 mm to isolate the particle. 
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where f is the focal length of the lens, S1 is the distance from the microscope exit port to the lens 

and S2 is the distance from the lens to the spectrometer entrance port, changing the location of 

the lens causes the image on the CCD to be magnified or demagnified; if S1=S2, the image is not 

magnified on the CCD. 

The nanoparticles were drop coated onto a numerically annotated grid on ITO coated 

glass and allowed to settle for 15 min.  The substrate was then blown dry with N2 to avoid any 

salt crystallizing during the slow air drying process.  The sample was placed on an inverted 

microscope and illuminated with light from a halogen tungsten bulb through a dark field (DF) 

condenser (numerical aperture (NA)=0.80-0.95).  An oil immersion variable aperture (NA 0.5-

1.3) 100X was situated below the sample to collect the scattered light from the nanoparticles.  

The entrance slit was set to 0.6 mm with an exit slit width of 1.0 mm.  The grating was set to 

zero order position to project an image of a single TL onto the CCD.  A video camera was used 

to correlate the location of the particle from the SEM image with its projection on the VIS CCD 

detector.  The NA on the collection lens was set to be lower than that of the DF condenser lens 

such that only the scattered light would be collected.  The spectrometer grating was then set to 

disperse the first order diffracted light onto the CCD, and the nanoparticle spectrum was 

acquired over 2000 msec.  The background spectrum was taken under the same parameters from 

an open space near the nanoparticle to ensure accurate background spectra for subtraction.  Next, 

the lamp profile was obtained by increasing the NA of the objective lens to 1.3 for collection of 

the transmitted light for 20 msec.  The raw spectra were processed by removing the background 

scattering and correcting for the lamp spectral profile and CCD efficiency with the following 

formula: 
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SL
SBSPNS −

=  

where NS is the normalized scattering, SP is the raw particle, SB is the background, and SL is the 

lamp profile spectra. 

 

2.4 Overview of Lithography 

 Photolithography requires a mask to be placed between the light source and the substrate.  

Conventional photolithography uses a plate of quartz with patterned Cr features.  In contrast PSP 

uses an elastomeric polydimethylsiloxane (PDMS) phase-shifting mask that is placed into 

conformal contact with the photoresist.  We used variations of PSP to generate our micro and 

mesoscale structures. 

 

2.4.1 Materials 

Photolithography:  Negative tone-resist, Micro Resist Technology ma-405, positive tone-resist, 

Shipley 1805, and resist developers LDDTM-26W (for ma-405) and Microposit 351 (for Shipley 

1805) were purchased from MicroChem.  LDDTM-26W was used as received and Microposit 351 

was diluted with deionized water (1:5).  Photoresist remover 1165 was purchased from 

MicroChem.  4-methyl-2-pentanone (Sigma-Aldrich) was used to dilute ma-405.  Fluorosilane 

((tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane) was purchased from Gelest and used for 

silanizing photoresist masters on silicon substrates. 

Masks:  PDMS prepolymer kit (Sylgard 184) for preparing soft (s-) PDMS was purchased from 

Fisher Scientific.  We purchased the components of hard (h-) PDMS from Gelest.  To prepare h-

PDMS, first 3.4 g VDT-731 ((7.0-8.0% vinylmethylsiloxane)-dimethylsiloxane copolymer, 
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trimethylsolixy terminated, 800-1,200 cSt), 8-20 μL Pt-catalyst (platinum-divinyl tetramethyl-

disolixane complex in xylene, SIP6831.1, 2.1-2.4% Pt) where mixed thoroughly. Then, 1 drop 

modulator from an 18 gauge needle (2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane) 

was added and combined.  Last, 1 g HMS-301 ((25-30% methylhydrosiloxane)-

(dimethylsiloxane) 25-35 cSt) was inserted followed by application onto patterned wafer. 

Substrates: Si (100) 3”, P/B doped, 1-10 Ω-cm, 381 ± 50 μm, test grade wafers were purchased 

from Silicon Quest International.  Indium tin oxide (ITO) (150 nm) coated glass slides (0.4 mm) 

were purchased from Thin Film Devices. 

Chalcogenide Precursor Materials:  Mo, Ti, Cr, Ta, Ni and Ag e-beam materials were 

purchased from Kurt J. Lesker with purities >99.9%.  Carrier (Ar) and reaction gases (H2S) were 

purchased from AirGas and Matheson Tri Gas. 

 

2.4.2 Fabrication of Masters and PDMS Mask for Phases-Shifting Photolithography 

Figure 2.4.2 illustrates the procedure involved in fabricating photoresist masters and 

PDMS masks for PSP.  Positive-tone photoresist, (Shipley 1805) was spin-cast onto a Si (100) 

wafer at 4000 rpm and baked on a temperature programmable hotplate at 105 °C for 4 min.  The 

wafer was brought into contact with a Cr patterned quartz masks with the desired features (lines 

or circles of various spacings and sizes) and exposed to broadband UV light (~14 mW/cm2) 

using a Quintel 2000 mask aligner for several seconds.  The mask was then removed and the 
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Figure 2.4.2.  Fabrication schematic for generating PSP masks. 
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wafer was developed in a diluted solution of Microposit 351 to reveal the structures with the 

same spacing and architecture as the Cr mask. 

The elastomeric phase masks were prepared by molding and curing PDMS against 

photoresist masters with patterned features.  First, however, the masters were functionalized with 

a silane monomer to prevent PDMS adhesion to the Si substrate by placing the patterned wafer 

and a few drops of fluorosilane into a vacuum desiccator for 3 h.  A composite h and s-PDMS 

stamp was prepared by first spin coating h-PDMS onto the master, followed by curing for 2 min 

at 70 °C.  Then 3 mm of s-PDMS was poured onto the h-PDMS and cured for 4 h at 70°C. 

 

2.4.3 Fabrication of PSP Dot Master 

 Fabrication of masters with arrays of dots was prepared by molding PDMS to photoresist 

posts made using PSP line masks (Figure 2.4.3).  First, positive-tone photoresist was spun onto 

Si (100) wafers at 4000 rpm and cured for 4 min at 105 °C.  The PDMS line mask was then 

placed into conformal contact with the photoresist and exposed for several seconds to broadband 

UV light.  The mask was then removed, rotated 90° and reapplied to the photoresist.  After an 

additional exposure to UV light, the wafer was then developed in dilute Microposit 351 to reveal 

small (<250 nm) posts.  Posts were created at the intersections of the two line patterns that were 

rotated 90° relative to each other.  After development, the patterned wafer was placed into an 

oxygen plasma chamber to clean off residual photoresist.  The cleaned patterned stamp was then 

placed into a vacuum desiccator in the presence of fluorosilane for 3 h.  After application of the 

protective silane layer, h-PDMS was spun onto the wafer and cured at 70 °C for 2 min followed 

by application of 3 mm PDMS and further curing for 3 h at 70 °C.  The resulting PDMS stamp 
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Figure 2.4.3.  Fabrication scheme for generating PDMS dot masks.  First, 

PSP is used to expose a line pattern followed by rotation of the mask 90°, 

exposure and development.  PDMS is then cured on the patterned posts 

and the stamp is removed. 



 
 

35

was patterned with ~250 nm recessed pits spaced by 2 μm.  Unlike the more robust conventional 

photolighographically generated master can survive for many replications, dot masters are used 

only once to make a mold that can last several months.  

 

2.4.4 Fabrication of Metal Nanopatterns for Chemical Conversion and Etch Masks 

 Figure 2.4.4.1 outlines the procedure for generating patterned transition metal structures 

intended for chemical conversion.  First, dilute (1:3, ma-405 to 4-methyl-2-2pentanone) 

negative-tone photoresist (ma-405) was spun (2000 rpm) onto a Si (100) wafer or 1/2” square 

quartz chip and baked at 95 °C for 4 min.  The patterned PDMS master was then placed into 

conformal contact with the resist and exposed to broadband UV light for several seconds.  After 

exposure, the wafer/chip was developed, oxygen plasma cleaned for 1 min at 1 Torr and placed 

into an e-beam evaporation chamber.  Typically a thin adhesion layer (<5 nm) of Cr or Ti was 

deposited followed by 25-90 nm of the transition metal to be converted.  The patterned metal 

was revealed after lift-off of the photoresist. 

 Figure 2.4.4.2 shows the steps used to generate dot or parallelogram etch masks using 

positive-tone photoresist.  Positive-tone photoresist (Shipley 1805) was spin cast (5000 rpm) 

onto a Si (100) wafer and cured at 105 °C for 4 min.  After curing, the PDMS dot mask was 

brought into conformal contact with the resist, exposed to UV light, and developed to reveal 

small (<250 nm) photoresist posts.  The patterned wafer was then cleaned in oxygen plasma to 

remove residual photoresist left over after development.  The patterned substrate was then placed 

in a e-beam evaporation chamber followed by deposition of 20 nm of Cr or Ti.  After the 
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Figure 2.4.4.1.  Fabrication scheme for generating metal 

nanopatterns. 
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Figure 2.4.4.2.  Scheme of fabrication process for generating 

patterned metal film etch mask. 
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photoresist was lifted-off using 1165 remover (MicroChem), the patterned metal film was ready 

to use as an anisotropic etch mask. 

 

2.5 Summary 

Several advancements in fabrication and analytical techniques have enhanced our 

abilities to create and characterize functional nanoscale materials.  (1) We have developed a suite 

of techniques that combines top-down nanoscale patterning (PSP) and bottom-up methods 

(chemical conversion) to provide an approach for generating patterned and free-standing TMCs, 

and noble metal nanostructures.  (2) The development of sophisticated thin film analytical 

techniques such as, GXRD, has enabled the structural characterization of patterned 

nanostructures with low pattern densities (~2 μm spacings).  (3) Recent progress in optical 

spectroscopy has facilitated characterization of single nanostructures. 
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Chapter 3 

Confined Crystal Growth using MoS2 as a Model System38 

Adapted from: Adv. Mat. 17, 2837-2841 (2005) 
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3.1 Introduction 

We have developed a general strategy for patterning nanoscale crystalline structures on 

surfaces—in particular, metal sulfide nanomaterials—by combining top– down nanoscale 

patterning techniques with bottom–up chemical methods.  This chapter reports an approach to 

generate molybdenum disulfide (MoS2) nanostructures by the sulfidation of patterned sub-300 

nm features of molybdenum metal. Our method can be used to pattern arbitrary shapes of MoS2 

nanostructures with independent control over their width, height, and length. In addition, we can 

control the orientation of the crystals by placing the patterned substrates at different locations in 

the quartz tube furnace. These nanostructures can be fabricated with variable pitch, over large 

areas (cm2), and on a range of insulating and conducting substrates (e.g., sapphire, fused silica, 

and silicon).  

MoS2 is a layered semiconducting material that has shown promise in chemical sensors,39 

in solar cells,40 in catalysis,41-43 and for low-friction surfaces.44-46 Recent studies have suggested 

that reducing the size of the MoS2 crystals can improve their lubrication properties in bearings, 

O-rings, or other heavy-wear applications.47 The ability to pattern MoS2 nanostructures and other 

metal-sulfide materials on surfaces with specific sizes and shapes has the potential to optimize 

and improve their usefulness. MoS2 ribbons have successfully been grown on the step edges of 

highly oriented pyrolytic graphite by electrochemical methods.48, 49 Although the heating of 

MoO2 nanowires in H2S for several days could achieve increased lateral dimensions of MoS2 

ribbons, control of other aspects of this system, such as the height, the spacing, and the overall 

length of the ribbons, remains a challenge. 
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3.2 Experimental Methods 

 Fabrication of Arrays of Molybdenum Nanostructures: Phase-shifting photolithography 

(PSP) was used to generate sub-300 nm trenches in negative-tone photoresist (Microposit ma-

405) by exposing broadband UV light (365–436 nm) through h-PDMS (hard 

poly(dimethylsiloxane)) masks patterned with recessed features (lines, rings, or dots). The 

features in the h-PDMS mask were <200 nm in width (smallest was 100 nm; largest was <300 

nm) and 400 nm in height. Instead of producing features at the edges of the mask, which is 

typically observed in standard PSP, the nanopatterned mask generated features in negative 

photoresist that were identical in size and pitch to the h-PDMS mask.21 We then used an e-beam 

to deposit a thin (< 5 nm) Cr adhesion layer followed by 25–90 nm of Mo onto the patterned 

substrates. The photoresist was removed by agitation in acetone and 1165 developer.  

Chemical Conversion of Molybdenum Nanopatterns: Silicon substrates patterned with 

Mo lines, rings and dots were placed in a 2” diameter (13” length) tube furnace. Oxygen was 

purged from the system by five consecutive cycles of pumping down to <20 Torr and refilling 

with 99.99% Ar gas. The temperature was slowly ramped (2 °C min–1) to 850 °C under a flow 

of Ar (200 standard cubic centimeter per minute (sccm), PAr <690 Torr) and H2S gas (20 sccm, 

PH2S <70 Torr); samples were held at this temperature for 4 h. After 4 h, the chamber was purged 

for 20 min. with Ar gas (1500 sccm) and allowed to cool to ambient temperature over a 90 min 

period.  

Characterization of MoS2 Nanostructures: Field emission scanning electron microscope 

(FE-SEM) images were obtained on a LEO 1525 microscope. PXRD spectra were measured 
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using a Rigaku D/MAX 8 X-ray diffractometer. XPS spectra were taken using an Omicron 

ESCA Probe X-ray photoelectron spectrometer. 

 

3.2.1 Oxidation State Characterization of as Deposited Precursor Mo 

 We characterized the chemical composition of as-deposited Mo films to improve our 

understanding of how the nanopatterned Mo lines could be converted to MoS2 nanostructures. 

Upon their removal from the e-beam evaporator, the samples were immediately exposed to 

oxygen (from ambient conditions). We verified the presence of MoOx (mixture of Mo/MoO2) in 

the thin film Mo lines using XPS.  Figure 3.2.2 shows the XPS spectra of a Mo film after e-beam 

deposition and exhibits peaks indicative of mixed MoOx. Our MoOx peak (228.65 eV) is shifted 

by -1.25 eV from the reference value (229.9 eV) from MoO2 and +0.55 eV from the reference 

Mo peak (228.1 eV). Oxygen vacancies and small amounts of elemental Mo in the MoO2 lattice 

could be responsible for the shift toward elemental Mo. 

 

3.2.2 Generation of Mo Patterned Structures using PSP and Chemical Conversion to MoS2 

 Figure 3.2.3 outlines the procedure for patterning MoS2 nanostructures.  First, phase-

shifting photolithography was used to generate sub-300 nm trenches in negative-tone photoresist 

and is described in greater detail in section 2.4.4.21 We then deposited, by electron-beam (e-beam) 

deposition, a thin (< 5 nm) Cr adhesion layer followed by 25–90 nm of Mo onto the patterned 

substrates.  After removal of the photoresist, we placed the Mo patterns into a quartz-tube 

furnace (13 in. in length, 1 in.= 2.54 cm) for chemical conversion.  The temperature was slowly 

ramped (2 °C min–1) to 850 °C under a flow of Ar and H2S gas; the sample was held at this 
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Figure 3.2.2. XPS spectra of the Mo films after e-beam deposition exhibit 

peaks indicative of mixed MoOx (228.65 eV). 
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temperature for 4 h and allowed to cool to room temperature.  These reaction conditions are 

similar to previous studies that used H2S gas as the sulfur source for the conversion of MoO2/O3 

to MoS2. Notably, our reaction times are significantly shorter (4 h compared to 24–84 h). 48-50  

 

3.2.3 Structural Characterization of Patterned MoS2 and Thin Film 

 FE-SEM images of patterned Mo lines 90 nm in height (90 nm Mo lines) and the MoS2 

lines obtained after sulfidation are shown in Figures 3.2.4.1A–C. The MoS2 nanostructures in 

Figures 3.2.4.1B,C are morphologically distinct from each other. The former image depicts 

crystals that overlap and are oriented parallel to the silicon substrate, while the latter image 

shows crystals that are oriented perpendicular to the substrate. What is interesting is that the 

patterned Mo lines were subjected to identical reaction conditions (gases, temperatures) except 

for their position inside the tube furnace. Samples placed 9–10” downstream from the entrance 

formed MoS2 plates parallel to the substrate (200 nm in height), while samples 3–4” downstream 

produced MoS2 plates oriented nearly perpendicular to the substrate (50–150 nm thickness on the 

edge). 

To investigate how the conversion of Mo to MoS2 depended on the thickness of the initial 

Mo layer, we reacted patterns of 25 nm tall Mo lines (Figure 3.2.4.1D) with H2S in the furnace. 

SEM images reveal that the preferential orientations of MoS2 crystals formed 9–10” downstream 

from the entrance of the furnace (Fig. 3.2.4.1E) or 3–4” downstream (Fig. 3.2.4.1F) are similar to 

the MoS2 nanoplates formed from the 90 nm Mo patterns. Although the general morphological 

trends are the same for 90 nm and 25 nm samples (downstream MoS2 nanoplates are oriented 

parallel to the surface), there are two distinct differences in the sizes of the MoS2 nanocrystals: i) 



 
 

45

Figure 3.2.3. Schematic diagram outlining the procedure for patterning 

MoS2 nanostructures; h-PDMS: hard poly(dimethylsiloxane). 
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Figure 3.2.4.1. SEM images of lines of as-deposited Mo and MoS2. A) 90 nm tall Mo lines. 

B) MoS2 lines converted from (A) after reacting with H2S gas. The nanoplates are oriented 

parallel to the surface and overlap with each other. C) MoS2 lines converted from (A) with 

crystals oriented perpendicular to the surface. D) 25 nm tall Mo lines. E) MoS2 lines 

converted from (D) placed far downstream of the tube furnace entrance. F) MoS2 lines 

converted from (D) placed near the entrance of the tube furnace. 
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the MoS2 crystals formed from the 25 nm Mo samples that lie parallel to the surface do not 

overlap significantly with neighboring crystals; and ii) the thicknesses of the crystals oriented 

perpendicular to the surface are reduced substantially. Measured from SEM images, the MoS2 

nanoplates parallel to the surface had widths ranging from 100 to 200 nm, and the plates 

perpendicular to the surface had edge thicknesses of 5–15 nm. We propose that variations in the 

H2S concentration along the tube furnace or the decomposition of H2S gas along the length of the 

furnace contribute to the preferential orientation of MoS2 nanocrystals.  

Two possible mechanisms can explaining sulfidation of our as-deposited Mo metal 

nanopatterns: i) conversion of the MoOx present in the patterns to MoS2 crystalline 

nanostructures49 and/or ii) direct sulfidation of the Mo metal nanopatterns.51 For both 

mechanisms, there is a limited range over which the reaction conditions are optimal. We found 

that at higher temperatures (> 900 °C) and/or longer reaction times (> 12 h), the silicon substrate 

and the Mo patterns degrade; at lower temperatures (< 800 °C) and/or shorter times (< 4 h) the 

Mo patterns were neither fully converted to MoS2 nor highly crystalline.  

One advantage of our nanopatterning followed by chemical conversion method is that 

nanostructures other than straight lines can be generated. Figure 3.2.4.2 demonstrates that our 

technique can be used to pattern individual, 300 nm diameter MoS2 dots, as well as curved 

nanostructures. The MoS2 dots highlight that crystalline structures can be formed directly from 

amorphous Mo/MoOx materials. Interestingly, when the lateral size of the Mo patterns becomes 

larger than 300 nm, the MoS2 nanocrystals do not exhibit the dramatic orientational preference 

depending on their growth position in the furnace. MoS2 films and patterned microstructures 

consisted of a mixture of crystals oriented parallel and perpendicular to the substrate.  
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Figure 3.2.4.2. SEM images of A) MoS2 dots converted from 90 

nm tall Mo dots, and B) 25 nm tall Mo dots. C) Rings of MoS2 

nanostructures illustrate our ability to form crystals on curved 

patterns. 
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Figure 3.2.4.3. PXRD patterns of MoS2 nanostructured films where the majority 

of the nanoplates were oriented A) nearly perpendicular to the substrate, and B) 

mostly parallel to the substrate. Insets depict portions of the MoS2 nanostructured 

films. The contributions of the Cr2S3 under layer to the PXRD patterns are 

indicated, and the large intensity of the MoS2 (009) peak in (A) most likely is 

from the (11–6) peak of Cr2S3. 
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Powder X-ray diffraction (PXRD) spectra of patterned MoS2 nanostructures and MoS2 

nanostructured films are consistent with bulk 3R–MoS2 (Powder Diffraction File, PDF#00-017-

0744) comprised of Mo atoms trigonally coordinated with S atoms in a sandwich arrangement 

with three layers per unit cell. Because of the different orientations of the MoS2 nanocrystals in 

the nanocrystalline films, certain peaks are exaggerated in the PXRD spectrum. For example, the 

(003) peak is very small in films when a majority of the plates are oriented normal to the surface 

(Figure 3.2.4.3A); MoS2 films with a higher percentage of plates parallel to the surface exhibit 

the (003) peak (Figure 3.2.4.3B). Patterned MoS2 lines possessing crystals oriented parallel to 

the substrate show only a weak, single (003) peak. In most of the diffraction patterns, a large 

peak near 2θ = 15.9° is observed. It is possible that this peak is from a Cr2S3 layer (PDF # 03-

065-4651), which forms when the underlying Cr adhesion layer reacts with the H2S, since our 

reaction conditions are similar to those used to synthesize Cr2S3.52 

 

3.2.4 Optical Characterization and Empirical Formula Determination of thin film MoS2 

 We measured the optical properties of MoS2 nanostructures on quartz substrates by UV-

vis absorption spectroscopy. Figure 3.2.5.1 shows two distinct absorption maxima corresponding 

to the A1 and B1 exciton peaks in crystalline MoS2.49, 53 The position of the peaks for MoS2 

films formed by sulfidation of the 25 nm Mo and 90 nm Mo films were nearly identical (within 5 

nm).  To further verify the empirical formula of our metal chalcogenide thin film after sulfidation 

at 850 °C for 4 h we examined the oxidation states of Mo and looked for the presence of S using 

XPS.  Figure 3.2.5.2 shows detailed spectra of the Mo and S regions of interest.  The Mo 3d5/2 at 

229.1 eV indicates the presence of Mo in the 4+ oxidation state yielding MoS2 as our primary 

product.  In the spectra we noticed that the Mo 3d3/2 at 232.5 eV exhibits greater than expected 
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Figure 3.2.5.1. UV-vis absorption spectroscopy of MoS2 nanostructured films 

converted from Mo films that were 90 and 25 nm thick. The positions of the 

two exciton peaks, A1 and B1, are indicated by dashed lines. 
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Figure 3.2.5.2  XPS spectra of the Mo and S peaks for a MoS2 film. 
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intensity, plus we see an additional peak at 335.9 eV.  We hypothesize that Mo 3d3/2 peak from 

MoS2
 is overlapping with the Mo 3d5/2 peak from the 6+ oxidation state Mo of MoO3 and the 

peak at 335.9 eV is from Mo 3d3/2 of MoO3, which would account for the discrepancies in peak 

intensities and positions.  Indications of MoO3 present in the thin film sample were not evident in 

the GXRD spectra and we assume they are not crystalline in nature.  Examination of the S 

spectrum indicated the characteristic S peak position at 161.5 eV further confirms the presence 

of a metal sulfide.33 

 

3.3 Conclusions 

 In summary, we have demonstrated how soft-lithographic techniques can be used to 

generate patterns of MoS2 nanostructures with controllable orientation, height, width, and shape. 

Limitations of our strategy include: i) supporting surfaces for the nanostructures need to be stable 

at high temperatures (850 °C), and ii) toxicity of the sulfur source. Since most technologically 

relevant surfaces (e.g., Si, SiO2, and GaAs) can withstand such temperatures, this drawback is 

minimized. Also, careful gas-handling and proper exhaust equipment can alleviate concerns 

about H2S. These patterning methods, moreover, offer a general approach to create patterned 

metal oxide and chalcogenide nanostructures on surfaces, which can be integrated directly into 

device platforms. Our ability to control the orientation of the MoS2 nanocrystals may also be 

important in applications such as catalysis and sensors, which become more effective with the 

increased surface area of materials. 
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Chapter 4 

Chemical Nanofabrication54 
 

Adapted from J. Mater. Chem. 17, 1866-1869 (2007) 
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4.1 Introduction 

Transition metal chalcogenide (TMC) materials are important in a range of applications 

from solar cells55 to low friction surfaces46 to battery electrode materials.56 The ability to 

generate nanoscale structures of TMC materials offers new opportunities to optimize and 

improve their properties and to extend their usefulness. For example, fullerene-like TMCs (e.g. 

WS2, MoS2 and TiS2) intercalated with Li exhibit greater loading capacity and are less air 

sensitive compared to bulk crystals; such properties are important for battery storage capacity.57 

WS2 nanotubes exhibit a red shift in their band gap as the diameter of the tube decreases because 

of the increased elastic strain imposed on the molecular sheets,57 and their high aspect ratios have 

made them useful as tips for scanning probe microscopies.58 WS2 and MoS2 nanostructures have 

also demonstrated potential as additives to conventional lubricants by improving their general 

wear characteristics.59 

Similar to synthetic approaches, chemical nanofabrication—the combination of nanoscale 

patterning and chemical methods60—can also create new types of functional nanostructures with 

unexpected properties. Nanoscale solid state ionic conducting materials, such as Ag2S, have been 

used as a basis for quantized controlled switching and have achieved faster switching speeds as a 

function of size.61 Ribbons (5–50 mm wide) of Si and GaAs with thicknesses between 20–300 

nm can be repeatedly stretched and compressed with no loss of structural or electronic integrity 

and have potential for use in flexible electronics.62, 63 Nanoscale wells with zL volumes in silicon 

substrates have functioned as nanoscale beakers to grow crystalline CdS nanoparticles at room 

temperature.20 Single crystalline nanowires of Ag2Se and CdSe have also been synthesized by a 

low temperature chemical transformation of pre-formed Se nanowires.64 In addition, we have 
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found that a reduction in the size of Mo metal nanopatterns prior to their chemical conversion in 

H2S gas resulted in the preferential orientation of MoS2 nanocrystals within patterned MoS2 

structures.38 

 

4.2 Experimental Methods 

Fabrication of Arrays of Nickel and Silver Nanostructures: Phase-shifting 

photolithography (PSP) was used to generate sub-200 nm trenches in negative-tone photoresist 

(Microposit ma-405) by in a similar manner as list in for Mo.  We then used an e-beam to deposit 

a thin layer of Ti (~2 nm) 70 nm of Ni or 60 nm Ag onto the patterned substrates. The 

photoresist was removed by agitation in 1165 developer.  

Fabrication of Free-standing NiS2 Mesostructures:  PSP was used to generate sub-200 

nm raised parallelograms in positive tone photoresist (Shipley 1805) by exposing broadband UV 

light (365-436 nm) through h-PDMS mask patterned with recessed features (parallelograms).  

The features in the h-PDMS mask were 2 µm across the parallel sides, ~2.5 µm across the long 

points and ~1.5 µm across the short points and 400 nm in height.  As with standard PSP, features 

are created at the edges of the structures creating an outline of a parallelogram with the 

dimensions of the inlayed features.  I used an e-beam to deposit a thin layer (20 nm) of Cr to use 

as an etch mask.  The photoresist was removed by agitation in 1165 developer, followed by 

anisotropic etching the exposed underlying Si (100) substrate using aqueous KOH/IPA solution 

yielding trenches in the Si substrate.  The trenches are V shaped because they are stabilized 

along the Si (111) plane.  E-beam evaporation was used to deposit 70 nm of Ni into the trenches, 

followed by removal of the Cr etch mask and excess Ni.  The microscale Ni parallelograms were 
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chemically converted in the same manner of other Ni patterned arrays listed below.  After 

chemical conversion the structures were released from the Si (100) template by etching away Si 

substrate until the structures were released from the etched trenches. 

Chemical Conversion of Nickel Nanopatterns: Silicon substrates patterned with Ni lines, 

rings, parallelograms and dots were placed in a 1” diameter (12” length) tube furnace. Oxygen 

was purged from the system by five consecutive cycles of pumping down to <20 Torr and 

refilling with 99.99% Ar gas. The temperature was slowly ramped (2 °C min–1) to 400 °C under 

a flow of Ar (85 sccm, PAr <646 Torr) and H2S gas (15 sccm, PH2S <119 Torr); samples were 

held at this temperature for 12 h. After 12 h, the chamber was purged for 20 min. with Ar gas 

(1000 sccm) and allowed to cool to ambient temperature over a 90 min period.  

Chemical Conversion of Silver Patterns:  Silicon substrates patterned with Ni lines, rings, 

parallelograms and dots were placed in a 1” diameter (12” length) tube furnace. Oxygen was 

purged from the system by five consecutive cycles of pumping down to <20 Torr and refilling 

with 99.99% Ar gas. For chemical conversion to Ag2S the temperature was slowly ramped (2 °C 

min–1) to 100 °C under a flow of Ar (85 sccm, PAr <646 Torr) and H2S gas (15 sccm, PH2S <119 

Torr); samples were held at this temperature for 20 min. After 20 min, the chamber was purged 

for 20 min. with Ar (1000 sccm) and allowed to cool to ambient temperature over a 90 min 

period.  For conversion of Ag to Ag2Se the chamber was purged several times with Ar and 

evacuated to ~8 mTorr and held at 200 ºC for 20 min in the presence of sublimed Se vapor.  The 

chamber was then purged with Ar and allowed to cool to room temperature.  

Fabrication of Heterogeneous Crossed Arrays of NiS2 and Ag2Se Lines: PSP 

photolithography was used to pattern Ni line following the procedure listed for fabrication of Ni 
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Figure 4.2.2. (a) Schematic outline of the procedure to generate arrays of 

TMCs. (b) Scanning electron microscopy (SEM) image of an array of 

recessed rings in negative-tone photoresist. (c) SEM image of an array of Ni 

rings. (d) SEM image of an array of NiS2 rings after chemical conversion of 

Ni rings in (b). All insets are 4 μm x 4 μm. 
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nanostructures.  The arrays of Ni lines were chemically converted following the procedure listed 

for Ni nanopatterns.  Ag line arrays were added to the already patterned NiS2 structure using the 

procedure listed for patterning arrays of Ag nanostructures.  Chemical conversion of the Ag line 

arrays to Ag2Se was performed using the methods in the chemical conversion of Ag patterns.  

 

4.2.1 Fabrication of Ni Patterned Structures and Chemical Conversion to NiS2

Figure 4.2.2A outlines our procedure to pattern TMC structures composed of nanoscale 

crystals. We have illustrated this general approach by focusing on a specific metal, nickel, 

patterned on a Si substrate. First, phase shifting photolithography (PSP) with a h-PDMS mask 

patterned with recessed 3 μm circles was used to generate rings with sub-200 nm trenches in a 

negative-tone photoresist (ma N-405) (Figure 4.2.2B).65 We then deposited by e-beam 

evaporation a thin (~2 nm) adhesion layer of Ti followed by 70 nm of Ni to produce Ni rings 

after lift-off of the photoresist (Figure 4.2.2C). To convert the metal to its metal sulfide, we 

placed the nanopatterned Ni sample into a 1 in quartz tube furnace for 10 h at 400 ºC (2 uC 

min21) under a flow of argon (PAr ~646 Torr) and H2S (PH2S ~114 Torr) gases. The Ni rings were 

converted to NiS2 ring structures, whose widths were 260–290 nm and heights were 115–140 nm 

(Figure 4.2.2D). 

A variety of nickel chalcogenides (NiS, Ni3S2 and NiS2) are generally stable at room 

temperature using similar synthetic conditions as our studies.  Further analysis using XPS was 

performed to confirm the empirical formula the structural data suggests.  Figure 4.2.3 shows the 

spectra for the 400 nm spaced NiS2 lines.  The inset indicates an electron binding energy of 
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Figure 4.2.3.  XPS spectra of patterned 400 nm spaced NiS2 lines.  Inset shows 

characteristic Ni4+ peak of NiS2. 
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856.55 eV for Ni 2p3/2 peak and indicates an empirical formula of NiS2 further confirming our 

structural X-ray data. 

 

4.2.2 Structural Characterization of Patterned NiS2

Surprisingly, the NiS2 structures were composed of nanocrystals that overlapped with 

each other to form a continuous network (Figure 4.2.4). The edges of the crystals followed the 

direction of the patterned metal structures, both for curved (Figure 4.2.4A, insets) and straight 

patterns (Figure 4.2.4B). Figure 4.2.4B shows one dimensional arrays of NiS2 lines that are 

spaced by 400 nm. Although the crystals in these lines were also connected, on careful 

inspection, it was obvious that individual lines were not identical; the crystal facets had slightly 

different orientations along the patterned lines. To determine the crystal structure of the patterned 

NiS2 materials, we used GXRD. This technique allowed us to characterize the crystal structure of 

relatively low density nanostructures, and at the same time, preserve their integrity on a surface. 

GXRD spectra were consistent with bulk cubic NiS2 (PDF #01-089-3058, SG:Pa3) (Figure 

4.2.4C). In some cases, the X-ray angle of incidence was not steep enough, and we occasionally 

picked up peaks from the underlying Si substrate. 

In contrast to our previous work on MoS2 nanostructures,38 the crystals in the NiS2 

structures did not exhibit preferential orientation depending on their location within the tube 

furnace. It is possible that this difference is because of the different crystal structures, since 

synthetic MoS2 is a layered material with Mo atoms trigonally coordinated to S atoms in a 

sandwich arrangement with three layers per unit, while NiS2 is cubic with Ni atoms coordinated 
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Figure 4.2.4. (a) SEM image of arrays of NiS2 rings. The tilt angle is 45°. The 

insets depict how the nanocrystals within the NiS2 ring overlap with each other and 

follow the curved direction of the pattern. (b) SEM image of NiS2 lines generated 

on a 400 nm pitch. Each line is a continuous structure although the nanocrystal 

facets are oriented at slightly different angles along the line. (c) GXRD spectrum of 

nanopatterned NiS2 lines exhibiting characteristic peaks for cubic NiS2 (PDF #01-

089-3058). 
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to six S atoms in a pyrite lattice structure. Also, the crystals comprising the MoS2 structures were 

more discrete, while for NiS2, the overlapping nanocrystals formed continuous structures. 

 

4.2.3 Fabrication and Structural Characterization of Patterned Ag2Se 

 Our chemical nanofabrication approach to TMC nanomaterials can be readily extended to 

form metal selenide nanostructures. Instead of reaction of the patterned metal nanostructures in 

the tube furnace with H2S gas, we can expose them to Se vapor formed by sublimation of solid 

Se powder. This quasi-solid state reaction with solid Se has been used by others to synthesize 

one dimensional nanostructures.66 After carrying out PSP with h-PDMS masks patterned with 2 

μm lines spaced by 2 μm on negative photoresist, we deposited 60 nm of Ag and performed 

liftoff to generate lines of Ag. We then placed this substrate into the tube furnace with Se powder. 

The chamber was purged several times with argon gas and evacuated to ~8 mTorr and held at 

200 ºC for 20 min. Figure 4.2.5A depicts lines of Ag2Se that were formed after reacting the Ag 

lines with Se.  Noticeably, the structures do not exhibit well-formed facets like the NiS2 

structures. The GXRD spectrum revealed, however, that the Ag2Se structures were orthorhombic 

(PDF #01-089-2591, space group P2221) (Figure 4.2.5B). 

 

4.2.4 Fabrication and Elemental Analysis of Patterned NiS2/Ag2Se Heterogeneous Arrays 

 Because we use soft masks for photolithography, we can perform multiple patterning 

steps to create arrays of structures of different TMC materials on the same substrate. We have 

developed a two-stage conversion process to fabricate crossed arrays of different materials. This 

procedure can be summarized by four steps: (1) nanopatterning the first metal (M1) using PSP 
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Figure 4.2.5.  (a) SEM image of Ag lines converted to Ag2Se using quasi-

solid state reaction conditions. Inset shows a zoom-in of one of the Ag2Se 

lines. (b) GXRD spectrum of lines in (a) exhibiting characteristic peaks 

for orthorhombic Ag2Se (PDF #01-089-2591). 
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followed by deposition and lift-off; (2) converting M1 to its sulfide analog; (3) nanopatterning 

the second metal (M2) using PSP followed by deposition and lift-off; and (4) converting M2 to 

its selenide counterpart. 

We have carried out this procedure by first generating 250 nm lines of NiS2 on a 2 μm 

pitch. Then, we spin-cast negative-tone photoresist (ma N-405) over the NiS2 pattern and 

performed PSP with masks patterned with microscale lines having variable pitch and oriented 

perpendicular to the NiS2 lines. Even after evaporation of 60 nm of Ag followed by lift-off of the 

photoresist, the NiS2 structures were robust and stayed intact, which provides additional evidence 

that the structures were continuous.  This secondary patterning could not be achieved using 

standard Cr masks in contact photolithography because the hard contact would damage the 

substrates.  We then placed the NiS2/Ag crossed arrays into a quartz tube furnace along with Se 

powder source material and evacuated and heated the chamber to 200 ºC. Figure 4.2.6 shows 

arrays of lines of NiS2 crossed by lines of Ag2Se, which appear to be continuous across the 

intersection. The lines in the array can also be on any pitch because they are determined by the 

PDMS mask. We have demonstrated this versatility by patterning the Ag2Se lines on a 2 μm 

(Figure 4.2.6A) and 10 μm (Figure 4.2.6B) pitch.  EDX analysis indicated that each line was 

composed of the intended elements and that very little Se was incorporated into the NiS2 

structures under these conditions. 

 

4.2.5 Generation of Free-standing NiS2 Structures 

Because the NiS2 nanomaterials are continuous, it should be possible to release them 

from the surface to form free-standing TMC structures. For this case, we modified our 
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Figure 4.2.6.  (a) SEM image of lines of NiS2 crossed by lines of Ag2Se 

generated in a two-step process as described in the text. The Ag2Se lines are 

spaced by 2 μm. The inset shows that the Ag2Se lines remain continuous 

over the underlying NiS2 lines. (b) SEM image of lines of NiS2 crossed by 

lines of Ag2Se where the Ag2Se lines are on 10 μm pitch. 
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Figure 4.2.7.  (a) Schematic outline of the procedure to generate free-standing NiS2 

structures. (b) SEM image of NiS2 parallelograms within etched Si grooves. (c) SEM 

image of free-standing NiS2 structures after they have been released from the substrate 

by a brief anisotropic Si etch. (d) Large-area image of freestanding NiS2 

parallelograms. (e) Zoom-in of an individual NiS2 structure, which is robust and intact 

after removal from the template. 
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nanopatterning method but kept the chemical conversion conditions the same. Figure 4.2.7A 

outlines the procedure for creating free-standing NiS2 nanostructures. First, we performed PSP 

using h-PDMS masks patterned with recessed parallelograms on positive-tone photoresist 

(Shipley 1805) to produce outlines of the parallelograms supported on Si (100) substrates.21  We 

then deposited a thin (30 nm) layer of Cr and performed lift-off to form a Cr film with slots 

exposing the underlying Si. The sample was placed in an anisotropic Si etch (isopropanol–KOH, 

72 ºC), where the exposed Si was etched to form recessed ‘‘V’’ grooves, whose facets were Si   

(111) planes. We then deposited 50 nm of Ni into the grooves and removed the Cr film by wet 

chemical etching to form Ni rings inside the Si grooves. These Ni ring patterns were then placed 

into the tube furnace and converted to NiS2 (Figure 4.2.7B). These NiS2 structures supported by 

Si were subjected briefly (50–80 s) to an anisotropic Si etch to release the parallelograms (Figure 

4.2.7C–E). The free-standing structures can also be dispersed in solution or transferred to other 

substrates. 

 

4.3 Conclusions 

 In summary, we have demonstrated how chemical nanofabrication provides a general 

method to produce patterned and freestanding TMC nanomaterials.  We have used this bottom-

up meets top-down strategy to generate arrays of continuous NiS2 and Ag2Se structures with 

controlled shapes and sizes, crossed line arrays of NiS2/Ag2Se, and free-standing NiS2 structures. 

These types of TMC nanostructures cannot easily be obtained by other chemical or fabrication-

only methods. A limitation of our strategy for crossed arrays is that the metal sulfide 

nanopatterns must be stable in a Se-rich atmosphere (and at elevated temperature); any such 
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reactivity could be useful, however, to create patterned solid solutions. Also, one drawback of 

our technique to generate freestanding structures is that the TMC should be compatible with 

KOH etch solutions; however, a dry Si etch in XeF2 can also release the TMC nanostructures. 

Our ability to generate nanopatterned arrays of different TMCs, and in addition, freestanding 

TMC nanostructures, will certainly open new scientific prospects and contribute to emerging 

technologies based on TMCs. 
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Chapter 5 

Solid-state Chemistry of TaS2 Nanostructures 

Adapted from: J. Solid State Chem. 181, 1621-1627 (2008) 
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5.1 Introduction 

 Metal chalcogenide materials are important in a broad range of applications from solar 

cells67, 68 to catalysts42, 69 to low-friction surfaces.46, 70 In particular, transition metal 

chalcogenides (TMCs) have demonstrated promise for battery electrode materials,56, 71 

photovoltaic devices,40 and photocatalysts.43, 72  Reducing the size and controlling the shape of 

TMCs to nanoscale dimensions has resulted in enhanced properties compared to bulk.  For 

example, fullerene-like TMC nanotubes (e.g. MoS2, TiS2, and WS2) are more air-stable and show 

a greater loading capacity of Li.73  Both characteristics are important for battery storage 

capacity.57 In addition, HfS2 nanotubes show photoluminescence that is blue-shifted compared to 

the bulk.74  Spherical inorganic fullerene TMC materials, such as WS2, also demonstrate superior 

wear resistance and longer lubrication lifetimes compared to TMC powders.47, 57  Hollow MoS2-

nanoparticles can exhibit an order of magnitude lower frictional coefficient than bulk sputtered 

MoS2 and are more stable because of their closed cage configuration.75 

Other layered TMC materials, such as TaS2, TaSe2, and NbSe2, show complex electronic 

properties such as superconductivity and charge density wave (CDW) behavior.76-79 In the case 

of NbSe2, the superconducting transition temperature (Tc) can be reduced by decreasing the 

number of layers.80  NbSe2 nanostructures consisting of ca. 12 layers have shown a slight 

decrease (0.3 K) in Tc.81  Conversely, TaS2 nanowires have exhibited an elevated Tc compared to 

the bulk (0.6–3.4 K).82  Confining the size or reducing the dimension of the materials has also 

facilitated investigations of new mesoscopic phenomena.  For example, one-dimensional (1D) 

chains of TaS3, NbSe3 and TaSe3 have been especially important in studying CDW behavior in 

reduced dimensions.83-85  Nanowires and ribbons made from NbSe3 demonstrate an order of 
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magnitude suppression in the resistivity around the CDW transition temperature compared to 

bulk NbSe3 from size effects, and wires consisting of less than 2000 chains show insulating 

behavior at low temperatures (<50 K).66, 86 Also, in 1D TaS3 nanostructures, CDWs were 

responsible for ohmic conduction at low temperatures.87  Despite the intriguing possibilities of 

observing quantum-size effects on superconductivity, there are few reports on different synthetic 

methods to nanoscale diselenide materials.76, 79, 81, 85, 88-90 

Using broad classifications, there are three different routes to generate nanoscale TMC 

materials: (1) chimie douce (soft chemical) synthesis, (2) solvothermal methods, and (3) 

hightemperature solid-state reactions. MoS2 nanoclusters have been synthesized within inverse 

micellesr, and MoS2, MoSe2, WS2 and WSe2 nanoparticles have been grown starting from 

transition metal (M) carbonyl and chalcogen (E) precursors.91 Nanoparticles produced using 

solution-based methods, however, are generally amorphous and require further annealing 

treatments to improve crystallinity. Although solvothermal methods can produce improved 

crystalline materials compared to chimie douce processes, a challenge is size control.92-95 An 

advantage is that a variety of binary (e.g. NiSe2, CoSe2) and ternary metal chalcogenides (e.g. 

Ag8SnS6, and Ag8SnSe6) can easily be grown using solvothermal chemistry.96-99 Under high-

temperature conditions, inorganic fullerene-like nanoparticles and multiwalled inorganic 

nanotubes have been produced, such as WS2 nanotubes starting fromWO3-x particles58 and MoS2, 

WS2, and MoSe2 particles and nanotubes from the decomposition of ammonia salts ((NH4)2ME4) 

or metal trichalcogenides (ME3).100-104 None of these methods, however, can facilitate the 

assembly of nanoscale TMC materials into specific locations on a substrate. Such control is 

critical for investigation of their properties at the single nanostructure level and also for direct 
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integration into devices. Early efforts for organizing MoS2 nanowires have used the step edges of 

a graphite surface as a template,48, 49 although the structures are usually transferred to a different 

substrate for chemical sensing and other applications. 

 

5.2 Experimental Methods 

Fabrication of Arrays of Tantalum Nanostructures: Phase-shifting photolithography (PSP) 

was used to generate sub-200 nm trenches in negative-tone photoresist (Microposit ma-405) by 

in a similar manner as list in for Mo.  We then used an e-beam to deposit a thin layer of Ti (~2 

nm) 50 nm of Ta onto the photoresist patterned fused silica substrates. The photoresist was 

removed by oxygen plasma followed by sonication in DI water.  

Chemical Conversion of Tantalum Nanopatterns: Fused silica substrates patterned with 

Ta lines were placed in a 1” diameter (12” length) tube furnace. The patterned Ta was oxidized 

under atmospheric gas conditions at 650-850 ºC for 10 h.  After confirmation of Ta oxide 

formation the substrates where placed back into the tube furnace and oxygen was purged from 

the system by five consecutive cycles of pumping down to <20 Torr and refilling with 99.99% 

Ar gas. The temperature was slowly ramped (2 °C min–1) to 950 °C under a flow of H2S gas (15 

sccm) and ~3 Torr pressure; samples were held at this temperature for 12 h. After 12 h, the 

chamber was purged for 20 min. with Ar gas (1000 sccm) and allowed to cool to ambient 

temperature over a 90 min period. 

Anodization of Ta2O5 nanotube:  Ta sheets were placed in a solution consisting of 50 ml 

of H2SO4 and 3 ml HF (49%) with a Pt counter electrode.  The Ta sheet was anodized at 30 V for 

10 minutes.  The sheet was then rinsed with DI water into a beaker and yielded 80 nm diameter 
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~13 μm long tubes of Ta2O5.  The tubes were vacuum filtered and rinsed 10 times with 18 

MΩ water to ensure removal of acids.105  

Conversion of Ta2O5 to TaS2: The tubes were ground with a mortar and pestle for ~5 min 

to separate the tubes and then placed into a 1” quartz tube furnace.  Oxygen was purged from the 

system by five consecutive cycles of pumping down to <20 Torr and refilling with 99.99% Ar 

gas.  The temperature was slowly ramped (2 ºC min-1) to 650 ºC under a flow of H2S gas (15 

sccm) and ~3 Torr pressure; samples were held at temperature for 1-48 h.  After, 1-48 h, the 

chamber was purged for 20 min with Ar gas (1000 sccm) and allowed to cool to ambient 

temperature. 

 

5.2.1 Fabrication of Patterned Ta Lines on Fused Silica 

 Although we have highlighted the advantages of this chemical conversion approach to 

generate TMC nanomaterials, there are two potential limitations: (1) the metal deposited by e-

beam must not damage the photoresist template and (2) the substrate supporting the metal 

nanopatterns must not react with the chalcogen source. The former is problematic primarily for 

refractory metals (such as Ta, Nb, and Mo), which can cause significant heating of the e-beam 

chamber during deposition. The elevated temperatures cause the photoresist polymer to crosslink, 

and standard lift-off in organic solvents cannot be easily used to produce the metal nanopatterns. 

We overcame this challenge by first exposing the photoresist to oxygen plasma and then 

sonicating the substrate in water. Ta nanopatterns were fabricated using this modified approach 

to lift-off. 
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5.2.2 Investigation and Analysis of Temperature Effects on the Crystal Structure of Ta2O5

 In contrast to the Mo system, which could be converted directly to MoS2 from the as-

deposited Mo nanopatterns, the Ta patterns did not converted to TaS2 without an intermediate 

oxidation step.  Not surprisingly, we found that the oxidation temperature (650–850 ºC) had a 

significant impact on the crystallinity and morphology of the tantalum oxide (Figure 5.2.3). As 

the temperature increased from 650 to 750 ºC, the characteristic peaks of orthorhombic Ta2O5 

(Pmm2, PDF #00-025-0922) increased in intensity while the FWHM decreased. Such changes 

are characteristic of improved crystallinity, although no marked differences in morphology were 

observed in SEM images (Figure 5.2.3, insets).  Under an increased oxidation temperature of 850 

ºC, the Ta2O5 lines were faceted and adopted an alternate orthorhombic structure (Ibam, 

PDF#00-054-0514). The lateral dimensions increased from ~225 to ~280 nm. 

 

5.2.3 Chemical Conversion of Ta2O5 Annealed Nanowires to TaS2 Nanowires 

 Figure 5.2.4 shows crystalline TaS2 structures obtained after heating polycrystalline 

Ta2O5 (650 ºC) in H2S at ~3 Torr at 950 ºC for 12 h. We observed that using the oxides 

generated at lower temperatures yielded more continuous TaS2 nanopatterns than those from 

more crystalline Ta2O5 materials (850 ºC). Similar to 2H-MoS2, 2H-TaS2 is a layered material 

with Ta atoms sandwiched between two layers of trigonally coordinated S atoms. It is 

noteworthy that the TaS2 lines were oriented near perfectly with the c-axis perpendicular to the 

fused silica substrate. The intense and narrow (002) peak along with the weak (101) and (104) 

peaks in the GXRD spectra (P63/mmc, PDF#01-080-0685) verified the crystal orientation 
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Figure 5.2.3.  GAXD spectra and SEM images of lines of (A) nearly 

amorphous Ta2O5 oxidized at 650 °C, (B) crystalline Ta2O5 oxidized 

at 750 °C, and (C) Ta2O5 oxidized at 850 °C. Note that (B) and (C) 

exhibit different crystal structures. 
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Figure 5.2.4.  GAXD spectra and SEM images (insets) of near perfectly 

oriented TaS2 lines with the c-axis perpendicular to the substrate. 
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relative to the substrate. We attribute the broad peak at ~22º to the polycrystalline silica substrate   

(the (100) peak is at 22.4º, PDF#01-070-3315). Some etching of the fused silica was also 

observed under the TaS2 nanostructures after the reaction.  

 

5.2.4 Chemical Conversion of Ta2O5 Nanotubes to TaS2 Fullerene-like Nanotubes 

 To understand the conversion dynamics of the TaS2 nanotubes the progression of 

sulfidation at various reaction times (1-48 h).  Figure 5.2.5.1 shows the GXRD spectra of the 

different reaction time intervals (1, 4, 12, 24, 48h) with the inset showing typical TaS2 nanotubes 

reacted for 12 h.  No apparent change was noted in SEM images of different reaction time 

intervals.  It was determined that at shorter reaction (<12 h) times large amounts of crystalline 

Ta2O5 remains unconverted and correspond to orthorhombic Ta2O5 (PDF#00-025-0922, SG: 

Pmm2).  At longer reaction times (>12 h) the relative intensities in the Ta2O5 peaks decreases 

through 48 h and appears to be a diffusion limited process, although there is some crystalline 

Ta2O5 remains in the X-ray samples.  Examination of the FWHM for the Ta2O5 peaks in the 48 h 

reaction time yields an average crystal size under 10 nm.  The nanotubes X-ray spectra 

correspond to 2H-TaS2 (PDF#01-071-3686, SG: P63/mmc). 

 We examined the empirical formulas of the time trial nanotubes (Figure 5.2.5.2) using 

XPS.  Interestingly, GXRD did not indicate any structural formations other than the increasing 

crystallinity of TaS2 and decreasing amounts of Ta2O5, XPS spectra indicate the emergence of 

two distinct oxidation states of Ta.  The characteristic Ta peaks (4f7/2 and 4f5/2) in TaS2 and 

Ta2O5 overlap generating the observed spectra at 1 and 4 h, where the characteristic 4f7/2 peak 

occurs at ~26.6 eV.  At reaction times 12 hours or longer the emergence of lower 
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Figure 5.2.5.1.  GXRD spectra of TaS2 nanotubes converted at different time intervals 1, 

4, 12, 24, and 48 h.  Inset shows an SEM image of 80 nm diameter TaS2 nanotubes. 
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Figure 5.2.5.2.  XPS spectra of TaS2 nanotubes converted at 

different time intervals 1, 4, 12, 24, and 48 h. 
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oxidation state Ta is apparent with the appearance of an additional 4f7/2
 at ~23.0 eV.  We 

hypothesize this is because either the formation of amorphous unsaturated TaOx or the 

incomplete sulfidation of Ta2O5 to TaSy.  

 In contrast to the surface-patterned, chemical transformation method to TaS2 

nanomaterials (Figure 5.2.4), the conversion of Ta2O5 nanotubes did not exhibit well-faceted 

edges. Both the reactions, however, produced the same hexagonal crystal structure (P63/mmc), 

although the temperatures required to produce the TaS2 nanomaterials were different. In the 

nanotube’s approach, inorganic fullerene-like nanotubes were grown at 650 °C from Ta2O5 

precursor, although no conversion was observed from the nanopatterned Ta2O5 structures until 

950 °C. 

 

5.3 Conclusion 

 TMC nanomaterials can be generated on surfaces and through conversion of anodized 

oxide nanotubes with control over their size, shape, and crystal structure.  Such flexibility 

offered by chemical nanofabrication and conversion of oxide methods opens new possibilities to 

study finite-size effects, especially as a function of well-controlled sizes, on correlated electron 

phenomena in TaS2 and NbSe2.  Moreover, TMC materials patterned over multiple length scales 

can enhance applications where large surface areas are important, such as in chemical sensing 

and catalysis. Because multiple, different TMC nanomaterials can now be easily patterned on a 

single substrate, opportunities for multiplexed sensing and broadband absorption for 

photovoltaics can also be envisioned.  Moreover, we anticipate that these new types of patterned 
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and crystalline nanomaterials will enable unique prospects for interrogating solid solutions and 

solid-state chemical reactions at the nanoscale. 
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Chapter 6 

Optical Properties of Tipless Pyramids 
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6.1 Introduction 

 Noble metal nanostructures exhibit strong shape and size dependant surface plasmon 

resonances.  Because of their easily tunable properties, they have found use in a broad range of 

applications such as, optics106, 107, photothermal cancer treatments,108, 109 biological diagnostics110 

and catalysis.111  

 A wide variety of sizes and shapes of noble metal nanostructures have been generated by 

either: (i) solution based synthesis or (ii) template based fabrication.  Solution-based synthesis 

uses surfactants or metal ions such as silver 112 that can stabilize specific crystal faces selectively 

to generate nanorods,113, 114 prisms,115 and tetrahedra, and many other shapes.114-116  

 Our approach uses template-based nanofabrication to control the structure of the 

nanopyramids systematically such that we can manipulate shape, size and thickness individually.  

Fabrication can also achieve high monodispersity depending on the perfection of the template 

because a substrate and mask layer determines the nanoparticle shape and size.  Other 

approaches, such as nanosphere lithography, use particle-based masks where the interstitial 

spaces between spheres determines the size of the resulting triangles and prisms.117, 118 Spherical 

particle based shadow masks have also been used to generate nanocresents by depositing metal 

onto polystyrene spheres followed by releasing the structures.119, 120 

 The anisotropic pyramidal shape of our nanoparticles offers a platform for understanding 

how specific structural features affect the multipolar plasmon resonances.  Theory has predicted 

that there are several ways to tune the multipolar resonances of the gold pyramids (thickness, 

truncation, and size).  We have previously shown that decreasing the height of the tipless 

pyramid should cause a red shift of the quadrupole peak.121 Here we examine the effects that 
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progressively truncating the tip has on the optical properties.  This chapter examines a 

modification to our PEEL30 method where we have demonstrated an approach to generate tipless 

(TL) nanopyramids with variable degrees of tip truncation.  We have determined that progressive 

tip truncation results in a linear blue-shifting of all visible plasmonic resonances.  Previously we 

discovered that our anisotropic pyramidal particles have orientation-dependent spectra and 

multipolar plasmon resonances.121 

 

6.2 Experimental Methods and Discussion 

Fabrication of Tipless Pyramidal Mesostructures:  PSP was used to generate sub-250 nm 

posts in positive tone photoresist (Shipley 1805) by exposing broadband UV light (365-436 nm) 

through h-PDMS mask patterned with recessed posts.  Unlike standard PSP, features are an exact 

copy of the structures in the h-PDMS (<250 nm posts).  I used an e-beam to deposit a thin layer 

(20 nm) of Cr or Ti to use as an etch mask.  The photoresist was removed by agitation in 1165 

developer, followed by anisotropic etching the exposed underlying Si (100) substrate using 

aqueous KOH/IPA solution yielding trenches in the Si substrate.  The etched pits are pyramidal 

shaped because they are stabilized along the Si (111) plane.  The template was place on a tilting 

rotational stage (TRS) and attached to an e-beam deposition system.  The TRS was set at various 

angles (θ=30-55°) and spun at ~800 rpm while depositing 80 nm Au.  The deposition of 80 nm 

of Au results in a tipless pyramid (TL) thickness of ~60 nm.  After deposition the Cr etch mask 

and Au hole film are removed using Cr etch (Transene).  The TLs were solublized by 

isotropically etching the Si template with XeF2 (6 cycles of 100 s, 3 Torr XeF2 and 10 Torr N2) 

and sonicated in water. 
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 Single Particle Scanning Spectroscopy on Mesoscale TLs:  The TL was drop cast onto 

prepared ITO coated glass slides with numerically enumerated grids and dried with N2.  Suitable 

TLs are located and imaged using a SEM (LEO 1525).  The sample was placed on an inverted 

microscope and illuminated with light from a halogen tungsten bulb through a dark field (DF) 

condenser with a 100X variable oil immersion condenser lens situated below it.  Specifics of the 

instrumentation setup are list in Chapter 2.  A video camera with was used to correlate the 

location of the particle from the SEM image to its projection on the VIS CCD detector. 

 

6.2.1 Fabrication of Tipless Pyramids 

Figure 6.2.2.1 depicts the variation of our PEEL method to generate TL structures, where 

the e-beam deposition step now occurs on a tilted rotating stage instead of line of sight e-beam 

deposition.107  Figure 6.2.2.1A shows a scheme of the custom-built stage that enables rotational 

depositions at any angle between 0-90° and extends the flexibility of our fabrication process. The 

rotational stage is placed directly above the evaporation source material to ensure even 

deposition on the template, and deposited a thickness (t=60 nm) of Au where the substrate was 

fixed at an angles (θ) ranging from 30-55° and spun at ~800 rpm, to produce TL structures.  The 

inset shows how the Cr etch mask is used as a shadow deposition mask to enable the generation 

of TL particles.  Figure 6.2.2.1B indicates the representative particle heights at θ=30, 35, 45, 50, 

55º.  The change in height with the increasing deposition angle can be explained by considering 

the geometry of the shadow deposition mask.    As expected, changing the θ generates larger top 

openings with a roughly linear relation.  Isotropic XeF2 etching and sonication were used to 

release the TL from the etched Si template.  Figure 6.2.2.1C shows the TLs after deposition of 
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Figure 6.2.2.1.  A) Diagram of TRS, B) representation of fine 

architectural control, C) harvested TL deposited at θ=45°, D) pyramids 

in template before harvesting. 
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Au at 45º and removal of the Cr etch/deposition mask but before they are released from the 

surface.  We found by depositing at lower angles we can also make tipped pyramids (WT) but 

with square bases.  Figure 6.2.2.1D shows the uniformity achieved in TLs generated at θ=45º, 

which is directly related to the uniformity of the shadow mask.    The TLs were then released 

from the substrate and deposited on ITO coated glass.  

Our fabrication methods also grant us a high degree of size control.  Since nanostructures 

optical properties are dependent on size this adds another level of flexibility to our process.  

Figure 6.2.2.2 demonstrates the flexibility and size control by showing several TLs where the 

size of the photoresist post for the particles on the top of the column are smaller than the posts 

used at the bottom of the column, all images are 850 nm sq.  All depositions for column A, B and 

C were held constant at 45, 50 and 55°, respectively.  Figure 6.2.2.3 summarizes theoretical 

expectations based on a 500 nm etched pit with varying hole sizes and deposition angles. 

 

6.2.2 Optical Characterization and Refractive Index Studies of Tipless Pyramids 

To understand how shape affects optical properties, we investigate spectra for individual 

particles with dark field scattering microscope coupled to a UV-Vis spectrometer.122  In our 

optical studies we maintained a base size of 350 nm while varying the deposition angle (θ).  

Maintaining the same base size was important because a nanoparticles plasmonic features exhibit 

size dependent properties.35 

Figure 6.2.3.1 shows dark field scattering spectra obtained from individual TLs on ITO 

(n=1.80) coated glass slides with varying amounts of truncation, where the surrounding index of 

refraction (n) is 1.65 in order match the RI of the ITO coated glass as closely as possible.  As 
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Figure 6.2.2.2.  SEM images of TL deposited at θ=45° (A), 50° 

(B),and 55° (C) with progressively larger shadow mask hole sizes. 

Images are 850 nm x 850 nm. 
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Figure 6.2.2.3. Theoretical architectural changes based on 500 nm 

etched pit with varying shadow mask hole sizes. 
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Figure 6.2.3.1.  A) Scattering spectra for TL with major resonances 

labeled and SEM images. B) Optical trends observed for resonant 

features. 
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seen in the insets of figure 6.2.3.1, low deposition angles (θ≤30°) result in square based pyramids 

with tips, while higher angles (θ≥30°) generate TL with progressively more ring like structures.  

In our studies all pyramids thicknesses were 60 nm.  The 350 nm square based WT (θ=30º) 

exhibited spectra with three resonances (~585, 650, and 760 nm).  Interestingly, the square based 

WT exhibit sharper resonances than we observed in our previous work with circular based WT, 

where a broad convoluted resonance ~600 nm was observed.36, 121 Additionally, the 650 nm 

resonance labeled as peak 1 appears in all square based pyramid spectra.  Further, the resonance 

labeled as peak 2 only appears in TL and may be an interaction between the upper and base 

square rings.  Figure 6.2.3.1B tracks the trends of both observable peaks labeled (1 and 2) of the 

TLs as they shift to bluer wavelengths as the deposition angle (and the hole size) increases with  

peaks 1 and 2 shift from 650 nm to 570 nm and 830 nm to 710 nm.  The shift to bluer 

wavelengths can be understood by considering that as we truncate the pyramids we are 

effectively decreasing the surface area, volume and sharp edges for the surface plasmon 

interactions to occur, thus confining the plasmons to smaller areas and higher energies. 

To determine how the resonances of TLs change under different dielectric environments 

(n), we surrounded the particles with oils of different n (Figure 6.2.3.3, 6.2.3.4).  Such 

wavelength shifts can also be used to determine the refractive index sensitivity, which often 

compressed to a single value called a figure of merit (FOM).123  The FOM is determined by the 

following:  

FWHM
nFOM Δ

Δ
=

λ
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Figure 6.2.3.3.  Sensitivity to dielectric environment study of 
TL and observed resonance shifts for θ=35, 45, 50, 55º. 
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Figure 6.2.3.4.  Sensitivity to dielectric environment 
study of square based WT and observed resonance 
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where Δλ is the change in energy (eV), Δn is the change in refractive index units (RIU) and 

FWHM is the average of full width at half maximum (in eV).  We observed that plasmon for 

resonances at lower wavelengths peak 1 (~550-600 nm) showed relatively low refractive index 

sensitivity (AVG=81 nm/RIU, over all particles) while the resonances at longer wavelength 

(peak 2, ~640-750 nm) demonstrated a higher degree of sensitivity (AVG=175 nm/RIU, over all 

particles).  The TLs with θ=55° have a third resonance (peak 3) which occurs with in the visible 

region.  The third resonance (~852-927 nm) demonstrated the highest sensitivity to refractive 

index changes (210 nm/RIU) (Figure 6.2.3.3). 

When the shifts are calculated in eV, we find similarly high sensitivities.  Table 6.2.3.1 

summarizes the results of our refractive index studies for TPs with varying angles of deposition.    

The FOMs varied from 0.8-5.7.  All spectra were converted to eV for FOM determination, where 

resonances were fit to a Gaussian to determine peak position and FWHM measurements.  We 

found that the lower wavelength resonance (peak 1) exhibited less sensitivity to RI as the θ 

increased (148 nm/RIU for θ=35° and 42 nm/RIU for θ=55°).  We hypothesize that this effect 

results from the TLs approaching the ideal case of the flat, thin ring.  Such a structure would 

likely have a low FOM because it would be nearly two-dimensional. Complex structures 

(pyramids, rods, stars) tend to have higher FOM32 than simpler structures (spheres) because 

localized field enhancements occur at sharp features in nanostructures.30, 119, 123  This trend 

should hold true for TLs which have sharp corners as well.  We examined all resonances to better 

understand trends and found that for TLs, as θ increased to 55° the FOM increased to 2.3 for the 

peak 2 resonances (~640-750 nm).  The third resonance (peak 3) in the TL θ=55° spectra yields a 

FOM of 5.7 because of its higher sensitivity, 210 nm/RIU compared to 143 nm/RIU.  We have 
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Table 6.2.3.  Summarizes FOM and RI sensitivities 

observed for square based WT and TL pyramids. 
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observed the FOM increases with in deposition angle (θ) indicating that our thinner particles are 

more sensitive to changes in their dielectric environment.  This behavior may signify an optimal 

deposition angle for high figures of merits based on a particular resonance feature.  

 

6.3 Conclusions 

 This new extension of PEEL allows us to determine the relative contributions of the 

structural features of our complex particles.  Our new method affords us an advantage over 

synthetic methods by allowing incremental structural changes that would be challenging or 

impossible in solution based synthesis.  We have demonstrated a method to examine multipolar 

mixing of complex modes in TLs.  This method allowed a systematic investigation of the 

contribution of one structural element (tip) to the LSP resonance of these particles.  We found 

that the observed plasmon resonances experienced shifting to bluer wavelengths as the structures 

were progressively more truncated.  Additionally, we discovered new resonances not found in 

circular base pyramids WT and attributed them to square base.  This work has added to our 

knowledge of how architectural changes affect nanostructures optical properties and has enabled 

us to better design particles for specific uses such as photothermal therapy.108 
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Appendix 1 

LA/CVD Furnace Construction 
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LA-assisted growth is a useful synthetic technique owing to the generation of clean, 

highly crystalline nanostructures.51, 124  The target materials are usually doped with transition 

metals that act as catalytic seed particles and thus facilitate the growth of nanostructures as the 

ablated material cools.125, 126 Figure A1 provides a schematic diagram of the system we built.  

While many different pulsed laser sources can be used in laser ablation (Nd:YAG, CO2, Eximer), 

a 20 ns pulsed KrF eximer laser was chosen for our source because of its tunable output, 

adjustable repetition rate, and flexibility for uses with other on going projects.  Because the laser 

pulse source can degrade the integrity of the target overtime, we designed an electronically 

controllable mirror system that can scan the beam across the target surface during ablation 

(Figure A1A).  To make the CVD compatible with corrosive precursor materials, we selected all 

stainless steel parts and fitting (Figure A1B).  For flexibility in controlling the flow rates of the 

precursor and inert gases, mass flow controllers (MFCs) with different flow rates were selected 

(Figure A1C) (20-1000 sccm).  MFCs are computer-controlled valves that allow for precise 

monitoring and control of the gas flow rates.   The highest flow rate MFC is usually reserved for 

the inert carrier gas and the lowest for toxic gases.  The carrier gas can be thought of as the 

“solvent” for a gas phase reaction and all other gases as “reagents.”  VCR fittings were chosen 

because they provide an excellent seal against gas leaks and can be taken apart easily for 

instrument modification or maintenance, unlike standard ferrule fittings.  The system operation is 

controlled by a computer, which allows precise control over the amounts of gas in the reaction 

gas mixture in order to optimize reaction conditions.  A vacuum pump on the system outlet 

allows for pressure control and method to purge the system of excess oxygen (Figure A1D). 
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Figure A1.  Diagram of LA/CVD 
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Appendix 2 

Tilting Rotating Stage Construction 
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Figure A2: Diagram of Tilting Rotational Stage 
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