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Abstract 

A novel lithographic fabrication method is used to fabricate nanopillars arrays of 

anisotropic Ag and TCO electrodes. Optical and electrical properties of the electrodes 

including bandgap, free carrier concentration, resistivity and surface plasmon frequency 

of different electrodes can be tuned by adjusting the dimensions and geometry of the 

pillars. Given the ability to tune the nonlocal responses of the plasmonic field 

enhancements, we attempt to determine the nature of the effective refractive index profile 

within the visible wavelength region for multi-layer hybrid nanostructures.   Knowledge 

of the effective optical constants of the obtained structure is critical for various 

applications.
 

nanopillars of TCO\Ag core shell structures have been successfully 

fabricated.  The Maxwell-Garnett mixing law has been used to determine the optical 

constants of the nanostructure based on spectroscopic ellipsometry measurements.  

Simulated reflection spectra indicate a down shift in the Brewster angle of the pillars 

resulting from the reduction in the effective refractive index of the nanostructure.  Two 

plasmonic resonances were observed, with one in the visible region and the other in the 

IR region. Plasmon hybridization model is used to describe the behavior of metal and 

metal oxide core shell nanostructured electrodes. Different charge density distributions 
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around the pillars determine the plasma frequency which depends on the core and 

surrounding media dielectric constants. Finite Difference Time Domain (FDTD) 

simulation of different structures agree well with experiment and  help us to understand 

electric field behavior at different structures with different geometries and dielectric 

constants. 

Plasmonic Ag nanopillar arrays are effective substrates for surface enhanced Raman 

spectroscopy (SERS). An enhancement factor up to 6 orders of magnitude is obtained. 

Monolayers of C60 is deposited on the Ag nanopillars and the interface of C60/Ag is 

studied which is important in optoelectronic devices. Electron delocalization between 

C60 and Ag is confirmed. 
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Chapter 1. Introduction 

1.1 Nanoscale devices and their fabrication 

Fabrication and synthesis of nanoscale devices, control over their properties, and their 

characterization have gained increasing attentions over the past few decades.  

Tremendous applications of nanostructured devices in materials science,
1
 biology,

2
 

optics,
3
 information technology,

4
 renewable energy (solar energy and batteries), 

5
environment (sensing),

6
 space sciences

7
 and many more have made these devices of 

great interest to the broad scientific and technological community.  Various techniques 

for fabrication of nanoscale structures including ion beam lithography,
8
 synthesis of 

nanoparticles in different shapes and order,
9
 clusters,

10
 imprinting, pulsed laser ablation,

11
 

self-assembly,
12

 chemical vapor deposition (CVD) which is extensively used for carbon 

nanotubes,
13

 physical vapor deposition (PVD) in the fabrication of island metal 

nanostructures,
14

 glancing angle deposition (GLAD)
15

 and synthesis of Si and Ti oxide 

nanoparticles through sol-gel processes,
16

 have all been extensively studied; however 

there is still a need to increase the control of the fabrication of structures to affect the 

tuning of their optical, electrical and mechanical properties to targeted values for specific 

applications.  Since the properties of nanoscale devices and structures are different from 
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those of bulk materials, characterization techniques should be developed in order to fully 

understand these properties.  It is of great importance to fabricate and characterize 

nanoscale devices that can deliver different properties depending on their application.  

Using random walk theory, it is possible to show that periodic nanostructures can 

enhance charge collection efficiencies in photovoltaic devices; however, in order to 

enhance the absorption efficiency and antireflection properties, aperiodic structures give 

better results.
17,18,19

  To date, the combination of both structures in organic solar cells has 

not been possible and attempts to do so can lead to imbalanced charge transport since 

hole mobility is much higher than electron mobility in most organic materials.
20

  

Therefore nanostructured electrodes in solar cells should be optimized to fulfill specific 

conditions required to improve efficiencies. 

The nanostructured electrodes can be zero, one, two or three- dimensional based on their 

structural complexity.  Zero-dimensional nanostructures are just nanospheres.  One-

dimensional nanostructures are nanotubes, nanowires or spheroids (prolate and oblate) 

while a sheet of graphene, nanoplates and nanobelts are two dimensional (2-D) 

nanostructures.  In three dimensional (3-D) nanostructures, however, all three dimensions 

are nanoscaled, so that atomic-scale or hierarchical porosity, colloids and free particles in 

porous composites are considered to be 3-D nanostructures.
21

  

One can also classify the nanostructured electrodes based on the number of directions 

along which charge transport can take place or based on their interaction with light.  A 
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hexagonal grating is a one dimensional nanostructure based on its geometry, but because 

of how it diffracts light, it can be considered to be a 2-D nanostructure as well. 

1.2 Nanostructured plasmonic devices 

A collective oscillation of free electrons in the conduction band of a metal at its interface 

with a dielectric is called a surface plasmon.
22

  If the frequency of oscillation is in 

resonance with incident light at the interface, the electromagnetic field of the light can be 

enhanced up to a few orders of magnitude depending on the shape and dimension of the 

nanostructures and can be finely tuned to different resonance frequencies from the UV to 

the IR which leads to a wide range of applications. Once free electrons are displaced from 

their neutral positions, electromagnetic fields are produced to pull the electrons back to 

their original locations.  This resembles a  simple harmonic oscillator with a resonance 

(Plasma) frequency given by
23

  

0

2
2




m

Ne
P            (1-1) 

Here N, e, m and 0 refer to free carrier concentration, electron charge, electron mass and 

vacuum permittivity. A surface plasmon is a collective oscillation of free electrons at the 

Figure 1.1 Collective oscillations of electrons at the interface of a metal (blue) 

and dielectric generates surface plasmon 
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surface of a metal at a metal/dielectric interface.  Once surface plasmons (SPP) couple 

with light at their resonance frequency, a surface plasmon polariton wave is excited. 

(Figure 1.1)  At resonance, the momentum of the light and the momentum of the surface 

plasmon wave match, and thus the energy of incident light transfers to the surface 

plasmon.
24

  The electric field enhancement at the interface depends on the dielectric 

constants of the metal and the dielectric medium.  According to Maxwell’s equations and 

the boundary conditions, the electric field should be zero at the interface.  By applying 

appropriate boundary conditions in Maxwell’s equations, one can find a dispersion 

relation that is given by 

21

21









c
         

(1-2)
  

where 1,2are the dielectric constants of metal and dielectric.
25

  and c are frequency 

and speed of light. Surface plasmons can enhance the electric field of the incident light by 

orders of magnitude.  The plasmon propagation length is given by 

 
K

LSPP



2

1
                    (1-3) 

 Here K   is imaginary part of the wave vector.  SPPL  is the distance where SPP intensity 

decays to 1/e of its original value.  Since loss in the metal is high, the plasmon 

propagation length inside the metal will be short and the plasmon decays rapidly.
26

 

A number of methods can be used to match the momentum.  A diffraction grating is a 

common approach; once the wave vector of diffracted light matches the wave vector of 

the surface plasmon, a surface wave is excited.  In order to satisfy this condition, the 
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pitch of the grating (center to center distance between adjacent features) should be on the 

order of incident light wavelength.
27

 Another technique to excite surface plasmon is to 

use single or multilayer waveguide structure. Light can be coupled into the waveguide 

metal/ dielectric interface using Attenuated Total Reflection (ATR).
28

 Metal 

nanoparticles can also excite surface plasmons.
9
 Interaction of a metal nanoparticle with 

incident light excites the surface plasmon along the surface of nanoparticle; however, this 

method is not reproducible and requires expensive lithography schemes to allow for 

fabricated substrates to have reproducible surface plasmon resonance. 

 As mentioned earlier, the geometry of the plasmonic nanostructure has a great influence 

on its optical properties.  A metal nanosphere because of its symmetrical shape has only a 

dipolar mode and upon incidence of light, only one resonance frequency will be 

observed
29

 while a nanorod has two different resonances one along the shorter axis 

(transverse mode) and one along the longer axis of symmetry (longitudinal mode).
30

  

Fabrication of more complex nanoparticles including core shells
31

 and nanostructures of 

practically arbitrary shape have garnered lots of interest recently.
32

  Different core shell 

structures with dielectric cores or embedding media generate additional resonances that 

can be tuned from the visible to the far IR.
33

 More details on core shell structures are 

presented in Chapter 4. 

 Adjacent metal nanoparticles interact with each other and there will result a coupling 

frequency other than original nanoparticle resonance frequency.
34

  The frequency and 

strength of the coupling frequency depends on the gap between the particles and their 

surrounding medium. Recently, lots of research has been underway to study a plasmonic 
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dimer that is a combination of two nanoparticles.  It has been shown that a single dimer 

can enhance the electromagnetic field more efficiently than arrays of coupled 

nanoparticles.
35,36

  It is also shown that for particles in two dimensional arrays, each 

particle interacts with neighboring nanoparticles which can enhance the electric field 

even further and can lead to coherent surface plasmon coupling.
37

 

Once a nanoparticle is excited by light, depending on the polarization of light different 

distributions of polarization charges are induced at the surface of particle and thereby 

generate dipole moments.  In this case, electrons are in phase with incident light and 

electrons act as simple harmonic oscillators. However, larger or core shell particles 

exhibit higher order oscillations that contribute to quadrupoles and other high order 

moments.
38

  For elongated nanoparticles such as prolate and oblate spheroids and 

nanorods, dipole moments can be generated along either axis of the particle, depending 

on the polarization of light.  For larger aspect ratio (length of nanorod/diameter), higher 

order plasmonic modes along the long axis of the particle appear.
39

 

1.3. Finite Difference Time Domain (FDTD) 

FDTD is a time domain Maxwell equations solver on a discrete spatial grid.  Using 

Fourier transforms, the frequency response of complex structures can be obtained.  In a 

non-magnetic system, the Maxwell equations are given as follow: 

H
t

D






                 
(1.4) 

      ED r0
                

 (1.5)   

E
t

H






0

1


                (1.6)   



21 

 

 

 

 

 

 

 

 

 

 

 

 

 

Here H, E and D are the magnetic, electric and displacement fields respectively.    r  is 

the relative dielectric constant and 0 is permittivity of free space and is defined as D/E.  

For a wave that travels in the z direction in an infinite structure, the E and H fields are 

only functions of x and y resulting generally in either TE or TM polarized fields.  FDTD 

is then able to solve 2-D or 3-D dimensional structures in dispersive and nonlinear media.  

In our FDTD simulations, we used Lumerical, a commercially available FDTD program 

that also allows for importing the refractive index and extinction coefficient of many 

materials.  One can also use the materials database in the Lumerical software library.  In 

Figure 1.2 Yee cell used in FDTD simulation 
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any case, the optical constants of the materials should be fitted using available models 

such as the Lorentz oscillator, Drude model and other dispersion laws; we have used a 

multicoefficient model that gives the most accurate results. The optical constants of 

different materials in our studies were measured using spectroscopic ellipsometry. 

Yee cell (lattice) is the basic grid used in FDTD simulation.  The magnetic field and 

electric field allow for construction of the edges and surface normals (Figure 1.2).
40

  

In the Yee Algorithm electromagnetic fields E and H are offset in space which means that 

at time t the electric field is calculated and then using the calculated E field, the H field at 

time step t+1/2 can be found.  For this reason, a discrete mesh should be considered in the 

simulation in order to find the electromagnetic fields. 
41

  The mesh in spatial coordinates 

should be smaller that the smallest feature in the structure based on spacing and structure 

geometries.  The mesh also should be constructed to support light propagation at the 

wavelength of interest.  It is recommended that the scale of the spatial mesh be one 

twentieth of the shortest wavelength of the light source. The temporal mesh size is also 

important; as information will be stored at each cell of time and then will be delivered to 

the next one.  The rate of information transport should not exceed the speed of light 

otherwise causality can be violated.  The time scale is given by the Courant condition as 

follows
42
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where s lies between 0 and 1.   The Courant factor determines the size of time scale in the 

simulation.  In our simulations it was fixed at 0.9 unless the electromagnetic fields 
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diverged as evidenced by the total energy of the simulation being larger than injected 

energy.
43

 In this case one should decrease the Courant factor until the fields properly 

converge. 

1.4 Goals and motivations 

Metal and metal oxide electrodes play a significant role in many state-of-the-art 

technologies including photonics,
44

 membranes,
45

 biological supports,
46,47

 sensing,
48,49

 

electrochromics,
50

 and in various green technologies, such as photocatalytics,
51,52

 Li-ion 

batteries
53

 and photovoltaics.
54,55

  There is strong on-going effort in these areas to create 

one- and 2-D electrode structures that provide tunability in key electrode properties.  

Tailored nanostructured interfaces enable modification and tunability of the optical 

transparency, band gap, carrier concentration and mobility, and low tortuosity for 

improved electrode – hole transport characteristics.  Organic photovoltaics (OPVs) suffer 

from low carrier mobility and insertion of nanostructured ITO in the active layer of 

organic solar cells may act to balance the carrier transport.  Nanostructured ITO can 

increase the effective mobility of holes by creating a shorter path for the holes to reach 

the anode.  Tailored active layer electrode interfaces can also enable optimization of 

exciton generation and dissociation within the space – charge uncertainty limits along 

with selective charge transport, possibly improving charge collection from both electron 

and hole rich regions.
56

  Enhanced surface area in nanostructured ITO also enables easy 

access to analytes in electrochemical sensors and other applications.  Further advantages 

can include improved light harvesting efficiency in OPVs using these structures, along 

with enhanced mechanical stability and shorter radial diffusion distances.   
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A versatile and powerful new lithographic fabrication method has been used to fabricate 

a number of nano-architectured ordered 1-D indium tin oxide (ITO) and silver (Ag) 

electrodes.  By careful tuning of the dimensions of the nanofeatures in the electrodes, the 

surface area can be enhanced as desired, in-turn changing resistivity and free carrier 

concentrations accordingly.  Absorption spectra of the samples show the existence of a 

new optical bandgap, in addition to the bulk bandgap, which is smaller.
57

  Nanostructured 

electrodes show enhanced transparency compared to their planar counterparts and 

demonstrate typical surface plasmon characteristics.  The resonance frequency can be 

tuned as well by changing the dimensions of the nanofeatures in the electrodes.  Such a 

process allows facile integration with existing TCO and device manufacturing 

methodologies, lower operating and start-up materials cost and provides the potential for 

high throughput manufacturing, including roll-to-roll production.  The dimensions and 

distribution of the patterns in the nanostructured electrodes (NSEs) are easily tunable by 

simply varying the primary mold structure and then the deposited metal or metal oxide 

layer thickness, which in turn allows a greater control over the optical and electrical 

properties of the NSEs.  Demonstration of a suitable approach that allows production of 

high aspect ratio NSEs with tunable optical and electrical properties with features below 

100 nm and covering device relevant areas of a few square centimeters is an important 

milestone in this area of research.  The key goal is to achieve tunable and reproducible 

large area electrode interfaces that would facilitate systematic study of interfacial 

electrical and optical transport phenomena.  The existence of void volume in the pillar 

arrays reduces the effective refractive index of the electrode and hence can be useful for 
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antireflection coatings.
58

 These structures are fabricated using a modified imprinting 

process, resulting in a thermoplastic nanostructured scaffold that can be subsequently 

coated with a wide variety of metal and metal oxides using traditional deposition 

techniques.  Plasmonic core shell electrodes are also fabricated and their optical and 

electrical properties are extensively studied. Finally, plasmonic Ag/polymer core shell 

electrodes are used as an effective surface enhanced Raman spectroscopy (SERS) 

substrate and we achieved surface enhancement factors up to 6 orders of magnitudes.
59
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Chapter 2. Fabrication of metal oxide 

electrodes and their application in organic 

solar cells 
 

Over the last decade a variety of methods have been reported for fabrication of 1D 

nanostructured metal and metal oxides. Along with the oblique incidence deposition 

technique
60

 and traditional photolithography,
61

 bottoms up approaches such as solution 

phase and hydrothermal growth of crystalline rods,
62,63

 oxidation
64

 or anodization of 

metal foils,
65

 and vapor phase growth of titania nanostructures
66,67

 have been reported.  

Patterning of oxides with sub - 500 nm structures has been demonstrated using PDMS 

and perfluoropolyether based soft lithography.
68

  Recently, a transfer molding approach 

for the fabrication of large area nanostructured oxides including TiO2, SnO2 and 

organosilicates has also been reported.
69

  In contrast to these strategies, the creation of 

various metal and transparent conducting oxide (TCOs) nanopatterns using a high aspect 

ratio thermally stable polymer nanostructure as a common scaffold holds a number of 

inherent advantages.  A modified imprinting process is used to fabricate thermoplastic 

nanostructures that can be further coated with a wide variety of metal and metal oxides 

using traditional deposition techniques.  Such a process allows facile integration with 

existing the TCO and device manufacturing methodologies, lower operating and start-up 

materials cost and providing the potential for high throughput manufacturing including 

roll-to-roll production.  The dimensions and distribution of the patterns in the 

nanostructured electrodes (NSEs) are easily tunable by simply varying the deposited 
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metal or metal oxide layer thickness, which in turn allows a greater control over the 

optical and electrical properties of the NSEs.  Demonstration of a suitable approach that 

allows production of high aspect ratio NSEs with tunable optical and electrical properties 

with features below 100 nm and covering device relevant areas of a few square 

centimeters is an important milestone in this area of research. 

2.1 Fabrication of nanoarray electrodes 

 

Interest in patterning polymer based nanodevices and creating sub - 100 nm metal and 

TCO based NSEs has led us to modify traditional imprint lithography techniques to 

enable the creation of an array of sub - 30 nm diameter polymer nanostructures.
70

 We 

have developed a thermally stable optically transparent large area nanostructured scaffold 

that can be used for fabrication of various metal and metal oxide electrodes of interest via 

Figure 2.1 (A) Schematic presentation of nansostructured electrode fabrication and (B) 

SEM micrograph and dimensions of mold, imprinted nanostructured PAN, Ag, ITO and 

IZO arrays. 
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traditional thermal, sputtering, e-beam and chemical vapor deposition routes. In this 

approach, a hard Si or SiC master fabricated by e-beam lithography is used to directly 

imprint a desired large area nanopattern onto polyacrylonitrile (PAN) film.  PAN is a 

transparent thermoplastic polymer that can be partially cross-linked to create a thermally 

stable scaffold structure. The composite film is then cured at ~ 200 °C to complete the 

production of nanostructured PAN films.  Silver, indium tin oxide and indium zinc oxide 

are then coated with different thickness onto the PAN structure.  Conformal coatings of 

Ag and TCOs are then obtained to create the representative NSEs reported here.  The 

template used and the printed PAN structures are shown in Fig. 2.1.  The molding process 

takes advantage of the anti-wetting behavior of PAN on the nanostructured master 

enabling an imprinting technique that works with little or no applied pressure.  Low-

pressure printing helps to preserve the hard master for fabrication of hundreds of 

structures without defects making this process quite cost effective.  In this chapter, we 

discuss the fabrication of several scalable NSEs and the dependence of their electrical 

and optical properties on the nanostructure dimensions of the Ag and TCO 

nanostructures.   

High molecular weight polyacrylonitrile (PAN) is used to prepare the scaffold 

using a modified imprinting process.  PAN nanostructures are stable under deposition 

conditions used in this report and remain colorless until heated to 200°C.  Two silicon 

molds, one containing holes of ~110 nm in diameter, 250 nm in depth and a 180 nm 

center to center spacing and the other with holes of ~125 nm in diameter, 400 nm in 

depth and a 200 nm center to center spacing were prepared using conventional e-beam 
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lithography.  These molds were commercially obtained from the Nanofabrication Facility 

at the University of California at Santa Barbara (UCSB). The molds are 1cm×1cm in size 

with the nanoholes arranged in a square grid pattern.  Different diameters in the two 

molds enabled fabrication of nanostructures with varying surface area while keeping the 

nanopillar number density constant (number density ~ 1/L
2
, where L is the center-to-

center spacing in the square grid of nanoholes).  The size parameters measured over 5 

frames of 50μm × 50μm scanning electron microscopy (SEM) images show very good 

uniformity and a narrow size distribution.  The FFT of the mold image clearly shows a 

high degree of ordering with a perfectly square lattice.  The horizontal and vertical 

streaking within the FFT image is due to the source image dimension not being an integer 

multiple of the lattice constant.  Following the approach shown in Figure 2.1, we first 

fabricated the PAN nanostructures.  Solvent removal and curing of PAN shrinks the 

nanopillars up to ~ 15 nm in diameter inducing visible deformation.  An FFT of an SEM 

micrograph of the PAN nanopillars shows frequency noise around the spots due to this 

deformation and somewhat larger dispersion.  The height of the PAN nanopillars was 350 

– 400 nm, often a significant reduction from the depth of the holes in the molds possibly 

due to shrinkage and an incomplete filling of the mold because of solvent pressure inside 

the semi hemispherical cavity.  In Figure 2.1 we also show SEM micrographs of 3 

representative NSEs deposited with 100 nm silver, 150 nm ITO and 190 nm IZO.  The 

number density of the fabricated nanopillars estimated from the SEM images, ~2.5×10
9
 

per square centimeter agrees well with the calculated node density in the molds.  We note 

that the deformations in the PAN nanopillars are partially healed during the deposition 
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process.  In addition some of the deformation observed in the images of the PAN 

nanostructure could be a result of charging while imaging in the SEM and may not have 

any influence on the overall shape of the final pillar structures. All chemicals and 

materials were obtained commercially and were used as purchased without further 

purification.   

 For ITO deposition we used RF sputtering and a target of In2O3 – SnO2.  The tin 

concentration was 10 %, and the purity of the target is 99.99% (Plasmaterials Inc).  We 

used an Oxford Ionfab 300 Plus Ion Beam Sputtering system with argon as the working 

gas.  Pressure was held at 5 mTorr, with gas flows of 12 sccm oxygen and 33 sccm 

Argon.  The deposition rate is dependent on sputter power and oxygen pressure; the 

optimized rate was 0.3 A/s.  In all cases the substrate was kept at room temperature and 

XRD shows that the final film is amorphous.  The current and voltage were 40 mA and 

1200 V respectively.  The Ar beam has a diameter of 3 cm which leads to a power 

density of 6.8 W/cm
2
.  The target-to-substrate distance was 23 cm and the total deposition 

time was one hour and 30 min to get 150 nm ITO.  For IZO deposition, we used RF 

magnetron sputtering at 13.56 MHz (Dressler Cesar RF power generator) superimposed 

at 1:1 ratio onto DC magnetron sputtering (Advance Energy DC Pinnacle Plus) with a 

conventional magnetron sputtering source (Onyx 2 MagII, Angstrom Sciences, Inc). A 

99.99% pure, 10.16 cm diameter target of In2O3-ZnO (87% to 13 % by wt) was used as 

sputter source.  The substrate to target distance was 7.6 cm and pressure was held at 2 

mTorr, with gas flows of 0.06 sccm oxygen and 14.4 sccm argon. Power density applied 

to the oxide target was 0.37 W/cm
2
. During deposition, oxygen partial pressure measured 
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by an MKS quadrupole residual gas analyzer mass spectrometer (RGA) was around 1%.  

Prior to deposition, the system was equilibrated with a 12 minutes burn-in period, with a 

total deposition time on the order of 5 to 10 minutes.  In order to deposit silver, we used 

DC sputtering with a 99.99% pure target (Kurt J. Lesker). The rate of deposition was 1.7 

A/s, and the pressure was about 10
-7 

torr prior to deposition but during deposition it 

increased to 6×10
-3

. Argon is the working gas and the rate of flow was 0.05 ml/min, with 

a sputtering power of 150W.  Deposited film thicknesses were measured with a Sopra 

GES5E ellipsometer; detailed spectroscopic ellipsometry and data analysis will be 

presented in Chapter 3. 

2.2 Surface area enhancement factor 

The geometrical surface area enhancement factor has been estimated via SEM image 

analysis using ImagJ software.  If we assume h, d and L are height, diameter and pitch 

respectively of the pillars then geometric surface area enhancement is 
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Depending on the thickness and the material deposited, these parameters will change and 

different surface enhancement factors may be obtained.  Within the nanostructured ITO 

electrodes, a maximum surface area enhancement factor of 11 was achieved.  Figure 2.2 

shows the enhancement factor vs. l and k, which clearly shows that Af  increases 

monotonically with aspect ratio, l.  Furthermore, Af decreases with increasing pitch, 

owing to fewer pillars and increased inter-pillar spacing.  Surface area enhancement can 
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be beneficial in solar cell applications, with a positive influence on charge collection 

processes and via more efficient light harvesting, but with the drawback of increased 

resistivity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The resistivities of NS ITOs with different pillar heights are shown in Table 2.1.  Even 

after normalizing the resistivity with Af  , the nanostructured samples are less conductive, 

which we attribute to less ITO thickness on the pillar side-walls. More details on 

resistivity measurements of the electrodes will be provided in chapter 3. 

 

 

  

Figure 2.2 a) Surface area enhancement factor vs k = (L-d)/d and l = h/d b) 

schematic of ITO nanopillars on PAN layer c) the definition of the pitch L in a 

square grid
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Table 2. 1. Resistivity and surface area enhancement factor for NS ITO with different ITO 

thickness 

All SEM micrographs were imaged using a Hitachi S-4800 Type II ultra-high resolution 

field emission scanning electron microscope.  Top view and cross sectional images of 

nanostructured samples were collected at 5k, 10k, 20k and 40k magnification under 15kV 

acceleration voltage.  Only PAN samples were coated with 2nm Pt (platinum); to avoid 

overcharging while imaging, an extra carbon tape was used on all samples.  Fig 2.3 

shows PAN pillar images at 5k and 40k magnification.  5 – 6 frames of images collected 

at 40k magnification were used for estimation of geometrical parameters using ImageJ.  

The scale printed on images such as Fig. 2.3 was used to set the scale in ImageJ as a 

global parameter.  Images were appropriately thresholded and converted to binary 

images.  Top view of the pillar was fitted to an ellipse, whereas the cross-section was 

fitted into two parts, with an ellipse for the hemispherical top and a square for the bottom. 

surface area was estimated using the cross-sectional diameter and height of the 

nanopillars, the diameter of the hemispherical top and the center-to-center pitch.  5 – 6 

frames of images at 40k magnification generally provided a sample of ~ 600 – 700 

nanopillars and the statistical uncertainties were determined by the experimental standard 

deviation of the mean.  To validate our approach for measurements of these parameters, 

we used commercially available traceable calibration gratings.  Table 2.2 shows the 

estimated values using ImageJ analysis and the values supplied by the manufacturer.  The  

ITO thickness (nm) 150 150 290 320 
Resistivity/f ( Ω/□) 100 111 200 250 
Surface area 

enhancement 
1 5.4 7.8 10.2 
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half width at half maximum in the Gaussian distribution plot has been used as the error in 

the mean values of diameter, height and pitch. 

Table 2.2  Test results on SiO2 calibration grids (note: the manufacturers do not quote any 

error or distribution values for the listed dimensions) 

Calibration 

gratings 
Manufacturer Quoted dimension (nm) Estimated values using ImageJ 

APCS-0001 
Veeco, 

traceable 

180nm hemispherical 

bottom holes 
181  8.2nm 

APCS-0099 TopoMetrix 

600nm x 600nm square 

holes 

900nm pitch 

596  10.2nm x 600  8.2nm, 

894.596  16.2nm pitch 

 498-011-500 
Veeco, 

traceable 
180nm and 300nm depth 

182.4  6.2nm 

and 296  10.2nm 

 

2.3 Light harvesting in organic solar cells using a nanostructured ITO 

Grating   

In recent years, the ever-increasing demand for low-cost renewable energy has been the 

driving force for an all-out effort toward improving the efficiency of organic photovoltaic 

Figure 2.3 (A – B) Top and cross-sectional (inset) views in SEM micrographs of 

PAN nanopillars collected at different magnifications.  (C – D) SEM micrograph of 

mold at different magnifications.  E and F are FFTs of SEM images from mold and 

PAN nanopillar arrays respectively. 
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devices (OPVs).  OPVs possess many advantageous properties such as light weight, low 

processing temperature, mechanical flexibility and ease of fabrication.
71,72

  A recent 

report of world record efficiency of 12.0% by Heliatek has rejuvenated optimism for 

incorporating OPVs in a commercially viable roll-to-roll process.  Part of this excitement 

is due to OPV's unique behavior at high temperatures and low light conditions, making 

this 12.0% efficiency comparable to about 14% to 15% efficiency for traditional solar 

technologies like crystalline silicon and thin film PV.  Whereas those technologies 

experience significant loss in cell efficiency with rising temperatures and decreasing solar 

irradiation, organic cells increase their efficiency under these conditions, leading to much 

higher energy harvesting in real life environments.  Due to large absorption coefficients, 

generally in the order of 10
5
 cm

-1
, 

73
 organic conjugated polymers are suitable for many 

light absorption applications.  Although such high absorbance is suitable for making 

OPVs thinner than their inorganic counterparts, this is actually required due to poor 

charge transport properties, and exciton diffusion lengths on the order of a few 

nanometers.
74,75

  To improve the performance of OPV devices a great deal of effort is 

being put into ameliorating these drawbacks by implementing a number of design, 

materials and electrode modifications.  One of the key features being tested is to enhance 

the absorption of photons in relatively thinner OPV active material by efficient photon 

harvesting.
76

  Significant effort is now being invested in various energy harvesting 

technologies, in particular new photon harvesting methods compatible with possible OPV 

roll-to-roll processing.  One possible solution is the application of gratings embedded in 

the electrodes, which can provide both harvesting and a higher surface area.  Such a 
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nanostructured electrode with a regular period will provide enhanced photon harvesting 

as well as more efficient charge collection at the electrode interfaces, commensurate with 

a random walk model.
17

 

In photovoltaic (PV) devices upon absorption of light, an exciton (bound electron-

hole pair) will be generated. An electron will generally be excited into the lowest 

available state (at equilibrium) while a hole will be generated by the vacancy created by 

the electron excitation. Depending on the materials, the interaction between the hole and 

the electron can vary.
74

  In organic active layers, the exciton generally behaves as a 

Frenkel exciton which is very strongly bound since distance between the hole and the 

electron is small, while excitons in the case of inorganic PV materials are much less 

strong and are known as Wannier excitons.
77

 The exciton diffuses into the active layer to 

reach the interface where it can dissociate into a free electron and hole. Due to the strong 

interaction between the electron-hole pairs, some excitons will radiatively or 

nonradiatively recombine before they reach the interface. This recombination process is a 

significant contributor to reduced efficiency.  The exciton diffusion length in organic 

active layers is between 10-70 nm
78

 which is smaller than the thickness of the layers; 

however reducing the thickness of the layers leads to less absorption of incident light. 

Nanostructured active layers can overcome these problems by increasing the surface area 

of the active layer while also permitting thickness reduction. 

  In this section we investigate the fabrication of linear and hexagonal gratings 

made of ITO and their influences on photon absorption as well as the spectroscopic 

properties of relatively thin OPV active layers. 



37 

 

 

Nanostructured gratings have been fabricated using a nanoimprinting technique 

that uses silicon gratings as molds to create linear, hexagonal and rectangular grating 

structures on polyacrylonitrile (PAN).
70

 Several hexagonal (Fig. 2.4 A) and linear (Fig. 

2.4 B) grating electrodes were fabricated with 150 nm ITO deposited on top of the PAN 

scaffold.  30 nm PEDOT:PSS was spun coat on top of the O2 plasma cleaned ITO 

gratings.  Different thicknesses of PCBM:P3HT were deposited as the active bulk 

heterojunction (BHJ) absorbing layer.  Finally a layer of Al was deposited as the 

electron-collecting electrode.  Schematic and SEM images of top- and cross-section 

views are shown in Fig. 2.5.  Delamination of the ITO from the PAN scaffold evident in 

the SEM image occurred during preparation of the cross sectional sample of the 

nanostructured solar cell.  The electrical resistivity of the samples was measured using a 

collinear four-point probe.  The transmission spectra were recorded using a Cary 5000 

spectrophotometer, whereas scattering spectra were recorded with an Ocean Optics 

spectrometer fitted with an integrating sphere.  

Figure 2.4 SEM image of 150nm ITO deposited on A) hexagonal PAN grating (inset shows a 

top view) and B) a linear grating. 
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Electrical and optical properties of these grating electrodes are strong functions of the 

feature dimensions and periods of the nanostructures.  Different dimensions and 

geometries of the gratings result in different surface area enhancement factors, strongly 

influencing the resistivity of the grating electrodes. 

Figure 2.6 A shows transmission spectra of planar and grating ITO electrodes. The 

oscillatory behavior of grating transmission as a function of wavelength shows diffraction 

of light at specific wavelengths.  

 

 

 

 

 

Figure 2.5 Cross sectional SEM image of the organic solar cell (ITO gratings \ PEDOT:PSS \ 

P3HT:PCBM \ Al); inset shows the top view image of the cell.  The white box and coordinate 

designation indicated were used as the unit cell for all FDTD simulations. 
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The oscillation period is smaller for shorter wavelengths.
79

  Absorption spectra of planar 

and grating samples are shown in Figure 2.6 B.  The planar reference sample has no 

absorption beyond 610 nm but samples with different ITO gratings have an additional 

peak at 680 nm and 709 nm for hexagonal and linear gratings, respectively.  Raman, et. 

al.
80

 theoretically predicted the existence of this new peak at around 700 nm.  In their 

work rigorous coupled wave analysis (RCWA) was used to simulate the results in a 

Figure 2.6 A) Specular transmission of hexagonal ITO grating; B) absorption spectrum of 

PCBM: P3HT on PEDOT: PSS coated ITO hexagonal and linear gratings; C) absorption 

enhancement factor vs light wavelength for different gratings. 
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square lattice grating.  Analysis showed that this extra peak contributes to a significant 

increase in the short circuit current of the solar cell.  

The change in the absorption of the different materials can be explained by the 

dependence of the guided modes on the refractive index and wavelength, whereby light 

can be coupled into the guided modes and hence have significantly increased optical path 

length.  Furthermore, light can be coupled into diffraction modes that are not within the 

loss cone of the active region.
81

 

Let us define the absorption enhancement factor as the ratio of absorbed light in the 

active layer with grating to that in the flat active layer, f. From Figure 2.6 C one can see 

that the hexagonal grating at 680nm results in f = 3.17 more enhancement, while for the 

linear grating the peak is at 710nm with f = 3.22 times.  The total enhancement over the 

entire spectrum for linear and hexagonal gratings is 22 % and 17.6 %, respectively.  

The finite difference time domain (FDTD) simulation package Lumerical FDTD 

has been used to simulate the optical properties of the solar cell.  A hexagonal lattice of 

holes with 350 nm diameter, 350 nm depth and 700 nm periodicity is used as the 

structure.  Periodic boundary conditions in the x and y directions and a perfectly matched 

layer (PML) in the z direction are used.  To achieve the best agreement with experiment, 

one also needs to include the solar power spectrum into the simulation.  Figure 2.7 shows 

the power spectrum of the sun that has been used in the simulation.  
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Figure 2.7 Solar spectrum vs. wavelength for AM1.5. 
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Figure 2.8 shows the electric field intensity distribution of incident light in the x-z and x-y 

planes of nanostructured grating (A and B) and planar (D and C) samples, respectively.  

One can see that the E-field intensity periodically increases by about 50% in between the 

holes compared to the field for the planar sample where there is no enhancement.  

Since the hexagonal structure contains symmetric holes, the absorption spectrum of the 

sample is polarization independent.  Simulated absorption spectra of the reference planar 

sample and hexagonal grating sample are shown in Figure 2.9.  Recall that a small 

additional absorption peak beyond 660 nm can be seen in experimental data for the 

structured sample.  Another key advantage of using a nanostructured electrode is reduced 

reflection.  The textured surface of ITO, once filled with a relatively lower refractive 

Figure 2.8 Electric field intensity distribution for grating (A and B) and planar (C and D) 

solar cells. 
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index OPV active layer, presents an opportunity for tuning transmission and scattering of 

light inside the cell.  This is particularly useful for the nanostructured hybrid (Ag \ ITO) 

plasmonic electrodes we have reported earlier.  Details of the ellipsometry study on these 

plasmonic electrodes with ITO shells can be found in Chapter 3. 

To determine the exciton generation rate in the active layer, one needs to calculate the 

optical power absorbed in the layer. Once this is found, the generation rate at frequency ω 

and position r can be calculated using 
82
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where ħω is the energy of the photon and P is absorbed optical power at point r and 

frequency  .  We have assumed that each photon that is absorbed generates an electron-

hole pair.  In our simulation we use a plane wave that is weighted by an AM1.5 solar 

Figure2.9 Simulated absorption spectra of planar (flat) sample and hexagonal grating 

sample 
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spectrum.  The total generation rate is calculated by integrating over all frequencies. 

Figure 1.9 shows the 2D exciton generation rate profiles in the grating sample.   

 

 

From Fig.2.10 A and Fig. 2.10 B one can see that a significant concentration of 

excitons is generated at the interface between the BHJ/PEDOT:PSS layer and the top 

electrode layer where the electric field is more enhanced   Fig. 2.10 D shows a 1D plot of 

(A) 

Figure 2.10 Generation rate profiles of the active layer in A, B, C) y-z, x-y and x-z 

directions; D) 1D profile of the generation rate inside the active layer vs. position - - the 

thickness of active layer in the grating structure is increased to have the same volume of 

absorbing material. 
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the generation rate versus z (inside the active layer).  If we draw a line at point x = 0 of 

Fig. 2.10 A, Fig. 2.10 D is obtained.  The large gradient in the generation rate at both 

interfaces is evident which is due to the change in refractive indices of the materials. In 

the simulation in order to maintain the same active layer volume, we have increased the 

thickness in the grating sample to compensate for the ITO walls in the grating. 

If we assume that all photogenerated carriers are collected by the electrodes and 

contribute to the photocurrent, then the short circuit current density Jsc will be given by 
82

 




dIQE
hc

eJ AMsc )()( 5.1
                                                                   (2.3) 

where e, h and c are the electron charge, Planck’s constant and the speed of light in free 

space, respectively;  IAM1.5 is the AM1.5 solar spectrum and QE() is the quantum 

efficiency of the cell. In this formula recombination loss and any other possible loss 

sources are neglected, which is the case under ideal conditions, but for actual conditions 

any loss sources should also be taken into account. 

The simulation predicts a short circuit current density of the reference flat sample 

of 6.6 mA/cm
2
.  The corresponding number for the grating sample is 7.31 mA/cm

2
 , 

which represents a 11 % enhancement in the total Jsc . 
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Chapter 3. Optical and electrical 

characterization of metal and metal oxide 

nanopillar arrays 

3.1 Structural and compositional properties of nanostructured TCOs 

All thin film TCOs reported here were fabricated on top of an unheated PAN scaffold or 

planar film as substrate without any post annealing.  The coating structure, as examined 

by X-ray diffraction (XRD), was found to be amorphous for all TCO on PAN on glass 

samples within both the nanostructured and planar regions.   Broad low intensity humps 

in the XRD spectra (Fig. 3.1) of ITO samples at 2  22.5 and 31.5 with a full width 

half maximum of >5 indicate that the materials deposited are amorphous, which was 

also confirmed by scanning transmission electron microscopy.  For IZO samples broad 

peaks at 2  33 - 35 also indicate the amorphous nature of the films.
83,84

  

 

 Figure 3.1 XRD spectrum of planar and nanostructured ITO samples 



47 

 

Energy dispersive X-ray spectroscopy (EDXS) with high resolution SEM imaging on thin 

microtomed samples was used to determine the elemental composition of the as deposited 

nanostructured ITO and IZO electrodes.  X-ray photoelectron spectroscopy (XPS) was 

done on representative samples to further confirm the atomic ratio of various elements in 

ITO and IZO NSEs.  Figure 3.2 a shows a SEM image of a ~1µm thick microtomed slice 

of sample ITO8; all four main elements of the NSE were mapped along the nanopillar 

length: indium, tin, oxygen and carbon.  Indium, tin and oxygen are identified throughout 

the pillar with carbon content significantly increasing in the uncoated PAN region.  

Shown together with the SEM images, the EDXS line scan along the pillar quantifies the 

doping level of tin to the sum of indium and tin as 8% - 9% atomically; the composition 

is homogeneous along the length of the pillar.  XPS measurements on the nanostructured 

and planar regions of the NSEs show a very similar composition and confirm that the 

overall bulk composition is similar to that determined by the EDXS line scans.  It is 

important to note that the high homogeneity in atomic concentration of In, Sn and O 

throughout the pillars confirms that the observed differences in the optical and electrical 

properties are not due to compositional inhomogeneity. 
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Figure 3.3 shows a scanning electron micrograph (SEM) side view of an ITO/Ag/ITO 

nanopillar array and corresponding energy-dispersive X-ray spectrum of the sample, 

confirming presence of Ag, In and Sn within the pillars. 

 

Figure 3.4 (a-c) shows SEM micrograph of three representative IZO mitres prepared 

using a 124 nm diameter mold.  Six different IZO samples, including 1 planar IZO coated 

Figure 3.2 EDXS signal mapping from multiple line scans of elements C, In, Sn and O.  

The solid line is the average of 115 line scans.  SEM image of a ~1m thick microtomed 

slice of ITO4 is shown on the left; scan line direction is indicated.  Composition calculated 

from the averaged scan lines shows the composition of the nano and planar region to be 

1.792In/0.098Sn/2.908O and 1.802In/0.102Sn/2.91O respectively. 

Figure 3.3 (a) SEM image (side view) of a cross section of ITO/Ag/ITO nanopillar 

array sample; (b) EDS spectrum recorded over the side of the pillars, the key peak 

positions are indicated.  The survey spectrum is shown as inset. 
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PAN control sample were fabricated.  Each of the nanostructured samples were produced 

with different diameters and aspect ratios, controlled by deposition time.  Owing to 

volumetric shrinkage of the PAN nanostructured precursor, the final IZO nanomitres 

have average diameters and heights found to be 1708 nm, 1859 nm, 18010 nm, 

1909 nm, 2008 nm, 1609 nm, 19510 nm,  

 

29012 nm, 33012 nm, and 35311 nm respectively, designated as IZO2 to IZO6 from 

first to last; the planar IZO on PAN structure is denoted as IZO1.  The estimated 

geometrical surface area enhancement factors for these samples are 1, 5.70.1, 6.50.1, 

7.60.2, 8.50.2, and 9.10.3 from IZO1 to IZO6 respectively.  Representative SEM 

micrographs and histograms of diameters estimated using ImageJ are shown in Figure 3.4 

D.  

Figure 3.4 A) – C) SEM micrographs of printed IZO electrodes with different diameter 

and heights; insets show the cross sectional view along with average size parameters.  D) 

Histograms showing the average diameter and distributions of the printed nanopillars.  

Inset shows photographs of planar IZO on glass, PAN on glass, and of nanomitre IZO on 

PAN on glass (IZO5).  The 1cm  1cm nanostructured region is visible at the center of the 

electrode. 
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3.2 Transmission and reflection spectroscopy 

 The optical properties of all NSEs reported here showed significant differences from 

those of planar bulk film electrodes, most notably higher transparency. 

 

The optical transmission (T), reflection (R) and extinction coefficient (k) spectra of 

representative nanostructured IZO samples are compared with those of a planar sample in 

Fig. 3.5(A-C). Transmission and reflection measurements were performed using a Cary 

5000 UV-Vis-NIR Spectrophotometer.   

Figure 3.5 A) Reflection, B) band gap energy, C) extinction coefficient and D) transmission 

spectra of IZO nanopillars (IZO4 and IZO6) compared with IZO planar sample (IZO1) 

coated under identical conditions.  Inset in (C) shows the extinction spectra of 

nanostructured and planar IZO samples within the visible and NIR region. 
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Reflection measurements were performed with the same instrument and with the VW 

Absolute Specular Reflectance Accessory used to measure reflection off the sample 

(Figure 3.6).  A pair of matched mirrors are used for reflectance calibration and the angle 

of incidence is fixed at 7.2 degree. 

In the reference configuration the instrument reads the ratio:  

         (3.1 ) 

where the R values are reflectivities of the mirrors and I is the intensity of the beam.  In 

the sample configuration, the ratio can be written as: 

        
(3.2) 

Here  is the reflection off the sample and the power of 2 is due to the double bounce.  

If we assume R100 is 100% then 

.          (3.3) 

 

321100 *** RRRIR 

2

321 **** sasample RRRRIR 

2

saR

2

sasample RR 

Figure 3.6 VW configuration used for absolute reflection measurement 
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Although interference oscillations are present due to finite film thickness and an index of 

refraction mismatch between IZO and PAN on glass substrate, the film transmission 

normalized to the NSE is ~80 – 85% for visible light.  Extinction coefficients observed 

are as low as 0.2 within the visible regime making these structures potential candidate 

electrodes for photovoltaic applications provided they have sufficient conductivity.
85,86

  

Since the aspect ratios of the mitre structures are relatively small (0.9 to ~2), the relative 

positions of the two dipole modes involved in absorption in the infrared, one along the 

axial direction of the rod (longitudinal mode) and the other, perpendicular to it 

(transverse mode) are expected to be close.  However, given the fact that the wall-to-wall 

separation is very small, interactions between the transverse modes may dominate.  

According to an ellipsoidal particle model, developed based on classical Mie theory, the 

resonance frequency for the two modes can be determined from the plasma frequency 

and the aspect ratio of the two axes
87

 

 

(3.4) 

 

 

where ε0 is the permittivity of free space, m* is the effective mass of electrons in IZO, ε 

is the high- frequency permittivity of the IZO, e is the elementary charge and εd is the 

permittivity of the surrounding medium.  The SPR frequency ωr is written in terms of the 

plasma frequency ωp, the shape factor K(t,l), ε, and εd, where subscript t denotes 

transverse mode and subscript l denotes longitudinal mode.  The shape factor Kl of the 
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longitudinal mode can be calculated from the knowledge of the aspect ratio l.  The model 

clearly shows that for smaller aspect ratio structures the two modes are very close and 

that the absorption in the near-IR is dominated by the transverse mode.  The shift in the 

IZO peak around 2–2.5 m towards higher wavelength follows the trend of increasing 

diameter rather than aspect ratio, indicating stronger influence from the transverse mode. 

3.2.1 Optical band gap calculation 

The absorption in the ultraviolet region is dominated by band gap absorption resulting in 

reduced transmission.  The absorption coefficients are calculated from R and T and the 

optical band gap (Eopt) is determined by the Tauc relation: 

  opt

x Eh          (3.5) 

where h is Planck’s constant and  is the photon frequency.  Although for most 

amorphous semiconductors, indirect optical transitions are allowed with x=0.5, it has 

been shown for both ITO and IZO that the electron momentum is largely conserved and a 

direct band gap model (x=2) offers a good description of the optical band edge.
86,88

  Fig. 

3.5B shows the plot of 2
 vs photon energy for all IZO samples and the x-axis intercept 

of a linear fit to the absorption data yields the optical band gap.  The optical band gap 

energy steadily shifts from 3.54 eV for the planar sample to 3.27 eV in the IZO NSE with 

largest aspect ratio.  Although this red-shift is relatively small, it is important to note that 

this shift increases with increasing surface area.  In all samples a sub - band-gap 

absorption tail is observed typical of amorphous material.  
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Table 3. 1 Geometrical parameters estimated using ImageJ from SEM micrographs of ITO 

and IZO nanostructure arrays.
 

  Sample 
Diameter 

(nm) 

Height 

(nm) 

Aspect 

ratio 

Pitch 

(nm) 

Surface area 

enhancement factor 

IZO1 

(planar) 
n/a n/a n/a n/a 1 

IZO2 1708.4 1609.2 0.940.1 1968.4 5.70.1 

IZO3 1859.2 19510 1.0540.11 1948.2 6.50.1 

IZO4 18010 29012 1.610.16 2009.2 7.60.2 

IZO5 1909.8 33012 1.740.15 1989.4 8.50.2 

IZO6 2008.2 35311.4 1.770.13 20210.2 9.10.3 

      

ITO1 n/a n/a n/a n/a 1 

ITO2 1584.2 150.44 0.950.05 1948.2 5.40.1 

ITO3 1666.4 180.46.2 1.090.08 1968.4 5.90.1 

ITO4 1706.2 220.26.8 1.290.09 1968.2 6.50.1 

ITO5 1736.6 265.69.2 1.540.11 1988.4 7.10.1 

ITO6 1807.2 288.210 1.60.12 1948.4 7.80.2 

ITO7 1827.4 296.810.2 1.630.12 2008.6 7.70.2 

ITO8 1867.4 310.412 1.670.13 2029.2 7.90.2 

ITO9 1808 328.214 1.820.16 1988.2 8.20.2 

ITO10 1888.2 370.412.8 1.970.15 2048.2 8.70.2 

ITO11 1968.4 44916.2 2.290.18 2048.2 10.20.3 
 

3.2.2 Estimation of carrier concentration from transmission and reflection spectra: 

Using a nearly-free-electron model of doped semiconductors, we find the following 

relationship between the absorption coefficient  and the room temperature carrier 

density N associated with the doping: 

 2
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where e is the electron charge, m* is the effective mass of conduction band carriers, ε0 is 

the vacuum permittivity, n is the index of refraction and c is the speed of light.  The 

scattering time τ is related to the mobility μ = eτ/m*.  R and T are the reflectance and 

transmittance respectively.  By fitting the infrared absorption coefficient to λ
2
 

dependence, one can extract the parameter N/τ.  To fully determine the carrier density and 

mobility, a 4-probe resistivity measurement can be made and the relation 1/ = σ = Neμ 

employed.  Figure 3.7 shows an example of ITO spectra to calculate N/τ.   

 

Using e = 1.602  10
-19 

C, m
*
 = 0.35me = 3.188  10

-31 
kG, n = 2.0, 0 = 8.854 10

-12
 F m

-

1
, c = 2.998  10

8 
ms

-1
,  = 5  10

-15
 s, the estimated carrier concentration values from the 

fit in Fig. 3.7 are 4.24  10
20 

cm
-3

 and 8.37  10
20 

cm
-3

 for plane ITO (ITO-1) and 

nanostructured ITO (ITO-2) respectively, both on PAN films.  However, the use of a 

single point value of the real part of the refractive index n and possible contribution from 

the PAN layers in the absorption coefficient makes these estimates high by >10 – 20%. 

Figure 3.7 By fitting the infrared absorption coefficients (solid lines) with a 2
 

dependence (dashed lines), one can determine the ratio of the carrier density N to the 

scattering time . 
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Reconstruction of reflectance and transmittance spectra was performed using methods 

described in Stockett’s thesis which treats a 4 layer model consisting of glass, PAN, ITO 

and air.  Each of the layers are separately measured using spectroscopic ellipsometry 

within the wavelength region of 250nm to 850nm, fitted to the model and reconstructed 

to cover the entire range of wavelength used for the spectroscopic measurements.  Figure 

3.8 gives an example of the reconstructed reflectance and transmittance spectra for ITO4.  

 Carrier concentration within this set of IZO NSEs increases with increasing surface area 

in the nanostructured samples from 4.610
18

cm
-3

 in IZO1 to 6.210
19

cm
-3

 in IZO6.  Due 

to the increase in surface area the sheet resistance (ohm/square) of these electrodes 

increases from 302/ for the planar structure (IZO1) to 45010/ in IZO6 with the 

largest surface area.  The surface area enhancement factor of ~10 in IZO6 indicates that 

the increase in resistivity is due to increase in surface area vis-à-vis enhanced 

contribution from the relatively thinner side walls in high aspect ratio structures.
   

Figure 3.8 Example of reconstructed transmittance and reflectance curve.
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Figure 3.9 shows an SEM micrograph of a representative ITO pillar structure NSE that 

was prepared using the 124 nm diameter template.  Eleven different ITO nanostructures, 

including one planar ITO coated PAN sample were fabricated with different diameters 

and aspect ratio.  Similar to IZO NSEs several ITO NSEs were fabricated with average 

estimated surface area enhancement of 1 (planar structure), 5.40.1, 5.90.1, 6.50.1, 

7.10.2, 7.80.2, 7.70.2, 7.90.2, 8.20.2, 8.70.2 and 10.20.3 designated as ITO1 to 

ITO11 from beginning to end.  The planar ITO on PAN structure is denoted as ITO1.  

A)          B) 

Figure 3.9A shows an SEM image of a representative ITO NSE.  The dimensions and 

surface area enhancement factor for each sample are listed in Table 1.  It can be seen that 

ITO nanopillars are more cylindrical than those for IZO.  Figure 3.9B shows 2
 vs photon 

energy for ITO4.  Interestingly, an extra band gap appears in the nanoregion of the ITO 

NSEs compared to planar samples; this behavior is very similar to that in the IZO NSEs 

 Figure 3.9  A) SEM micrograph of ITO nano pillars with a diameter of 170 ± 8.8 nm and 

height of 442 ± 10.6  nm; inset shows a cross section image; B) band gap energy of ITO 

nanopillars (ITO1 – ITO3) compared with ITO planar samples (ITO4 – ITO6) coated 

under identical conditions. 
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but there also exists a higher energy bandgap in the ITO NSEs that behaves similarly to 

bulk planar ITO structures in-line with the reduction in optical band gap in various 

nanostructured ZnO samples.
89

  The second bandgaps are within the range of 3.54 – 3.64 

eV and are similar to reported values for the fundamental absorption edge or intrinsic 

bandgap in ITO.
90

  Both the intrinsic and nanostructure induced optical bandgaps seen in 

ITO NSEs show consistent trends albeit in opposite direction with increased surface area 

(see Fig. 3.10B).  Whereas the intrinsic band gap in ITO NSEs increases with increased 

surface area, the optical bandgap found only within the nanostructured region decreases 

in both IZO and ITO NSEs.  Interestingly, in the case of ITO NSEs interpolation of the 

linear region of the plots of these two band gaps intersect at f ~ 4.5, a blocked region of f 

by the PAN polymer scaffold.  Optical bandgaps measured from the planar region of the 

NSEs surrounding the nanostructures show similar bandgap (within ±0.02eV) as in ITO1 

and IZO1 indicating that the differences in optical bandgaps are most likely due to 

differences in nanostructures.  As indicated before the free carrier concentration 

measured from the low energy region of the optical spectra increases with increasing 

surface area in both the IZO and ITO NSEs.  The intrinsic bandgap in ITO increases with 

increasing carrier concentration (see Fig. 3.10C) whereas the low energy bandgaps found 

in the nanoregions of both IZO and ITO decrease, both linearly with an N
2/3

 dependence 

in an apparent Burstein-Moss type shift reminiscent of a three-dimensional parabolic 

band material.
91
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This effect can be interpreted by simultaneous appearance of band gap shrinkage, caused 

by many body effects along with band gap widening similar to the traditional Burstein-

Moss shift. 

     A)     B)       C) 

 

3.3 Analysis of resistivity of metal oxide nanopillars arrays 

Carrier concentrations and resistivity of different ITO NSEs behave very similar to those 

of IZO samples and increase with surface area enhancement.  With increasing f, carrier 

mobility is expected to decrease due to different scattering processes, in turn increasing 

resistivity of the samples.  Note that volume and mass of the electrode material in these 

electrodes increase hand-in-hand with increasing surface area.  The surface area increase 

in a  PAN nanostructure scaffold is ~4.5 times to that of a planar structure.  Any NSE 

built on this scaffold has surface area increase higher than 4.5 times and the increase in 

volume in these NSEs can be generally described as (fNSE – fPAN scaffold)×A×t where A is 

the area of a planar electrode and t is the average thickness.  It is important to note that 

the thickness t is not uniform throughout the nanostructured area and is different at the 

Figure 3.10 Resistivity calibrated with surface area enhancement factor, f (A), and bandgap 

values (Eopt) (B) plotted against f for amorphous ITO and IZO NSEs. C shows the optical 

band gap related to fundamental absorption edge of ITO versus N
2/3

.  Solid and dashed lines 

in Fig. 3.10A and 3.10B are just a guide to the eye.  The solid red line in Fig. C is a linear fit. 
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top of the pillars than on the sides.  Figure 3.10A shows the trend in resistivity in different 

IZO and ITO NSEs reported here.  Resistivity of both IZO and ITO increase with 

increased surface area as expected.  However, there is also a 10-fold increase in the 

resistivity after the resistivity value measured using the 4-point probe method is divided 

by the factor f.  It is our hypothesis that the latter increase is due to the thinness of the 

sidewalls of the nanopillars.  
 

3.4 Ellipsometry principles  

Spectroscopic ellipsometry is a powerful tool that can be used to study optical, electrical 

and structural properties of stacks of thin films.  The accuracy of the results derives from 

the performance of several measurements over a broad spectral region.  Using this 

technique, accurate measurement of the thickness and roughness of the films as well as 

their optical constants including refractive index and extinction coefficient is feasible.  

Furthermore, by using appropriate physical models, information on the electrical 

properties as well as the structure and morphology of the different layers can be obtained.  

In spectroscopy ellipsometry, broadband light is incident on the sample with the s and p 

polarized light reflected from the sample being analyzed at each wavelength in order to 

determine the optical constants of the sample.  Reflection coefficients for s and p 

polarized light differ in phase and amplitude.  The fundamental ellipsometry equation is 

given as  

s

p

r

r
i  )exp(tan ,        (3.7) 
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where rp and rs  are reflection coefficients of p and s polarized light.  

amplitude ratio of reflection coefficients, while 

ψ and Δ change according to the properties of the sample.
92

  When measuring a highly 

absorbing sample, the extinction coefficient will be large.  In metals n is low and k is 

large, therefore reflection coefficients for different polarizations of light are similar; and 

ψ is relatively constant but Δ varies.  In low or non-absorbing materials, ψ changes due to 

large reflection. 

3.4.1 Ellipsometry models for TCOs and metals 

Since TCOs have dramatically different optical properties in different wavelength 

regions, one should use particular care in choosing appropriate dispersion models for 

fitting ellipsometry data.  ITO and IZO have significant absorption in the UV due to 

interband transitions; however in the visible region they are almost transparent with low 

absorption.   

The Cauchy law is a powerful method for the characterization of insulators and 

semiconductors or transparent materials in the UV/VIS spectral region if the effect of 

atomic polarization can be neglected.  According to the Cauchy law, the refractive index 

and extinction coefficient of the layer is defined as
93

 

                                                                       (3.8)  

 

where A, B, C, D, E and F are Cauchy coefficients and the parameters in k provide the 

absorption in the film.  Since ITO is nearly transparent in the region of interest, E and F 

were taken to be zero, and D was the only fitting parameter for k.  To fully describe the 

42 //  CBAn 
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ITO layer, a Lorentz oscillator and Drude term were included in the dispersion model in 

order to account for interband transitions and free electrons.  

Various optical models are available to describe the dielectric constant of materials as a 

function of frequency.  However, the presence of a high density of optical states in the 

vicinity of plasmonic structures alters traditional optical processes including absorption, 

reflection and transmission, such that none of the traditional optical models can 

singularly describe the nanostructured hybrid material systems reported here.  We have 

therefore integrated relevant standard optical models in a hierarchical fashion to 

adequately describe optical properties of these structures.  Within the confines of the 

Sellmeier dispersion law a material is usually modeled as a collection of atomic dipoles 

whose electron clouds are displaced from their respective nuclei by the oscillating E-field 

of light, resulting in a collection of oscillating dipoles.
94

  These oscillating dipoles are 

modeled as Lorentz oscillators with zero broadening such as:  

          (3.9) 

Here the Ak terms are constants and the various k
2
 terms are indicative of the different 

resonance energy of each Lorentz oscillator.  Since there is no broadening associated with 

the Lorentz oscillators in the Sellmeier description, near the SPR energies (as  

approaches k), each term nears ±∞ indicating that additional factors must be 

incorporated to account for SPR in metals.  The near resonance dispersion of metals and 

TCOs with relatively large free carrier concentration can be best described by the Drude 

model which will be discussed later in this chapter.  The Lorentz law is usually used 
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when the material is absorbing light, with amplitude, broadening and center frequency 

energy as fit parameters.
95

 

3.4.2 Clausius-Mossotti relation and effective medium theories 

The optical E-field in a medium will further polarize the molecules and induce an internal 

electric field due to intra-molecular interactions within the polarized molecules; therefore 

the local electric field applied to each molecule is a superposition of the external and 

internal fields.  The Clausius-Mossotti relation describing the total local electric field is 

given by 

            (3.10) 

where P is the polarization vector and is integrated over the dipole moments of all of the 

molecules.  We usually write  

 ,          (3.11) 

where r  is the relative permittivity of the material.  After some substitutions, the 

Clausius-Mossotti relation is generally written as  

           (3.12) 

Here α is polarizability of the material and N is the number of molecules per unit 

volume.
96

 The optical properties are then usually derived using Mie theory for dielectric 

particles within an embedding medium.  Other assumptions often include non-interacting 

nanostructures and structure dimensions much smaller than the wavelength of the light.  

For structures that are closely spaced, such as ours, interactions must be taken into 
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account and the structures can be considered to be coupled to each other.  For these 

interacting structures Mie theory fails to accurately predict the behavior of the system.
34

 

When small particles are present inside a medium, polarization charges will be induced at 

the surface of the particles that in turn create an internal field inside the medium; this is 

referred to as the local field correction.  Dielectric polarization is then defined as 
97
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where  is the polarizability of a particle, N is the particle number density, and E is the 

applied field.  Then according to the well-known Clausius-Mossotti relation, the 

dielectric constant of the material,  will be given by  
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.          (3.14) 

In the case where there are two different phases, a and b, in the dielectric medium, then 

the effective dielectric constant of the medium will be given as
98

  

hb

hb

a

ha

ha

a

h

h ff












2
)1(

22 












 ,         (3.15) 

where the subscript h refers to the host material and fa is the fraction of the volume taken 

up by phase a.  In Maxwell-Garnett (MG) effective medium theory, the volume ratio of 

the particles is much smaller than the volume ratio of the host and by assuming  

we get  
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Bruggemann
99

 proposed an effective medium approximation (EMA) by assuming h 

and therefore  
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a ff .       (3.17)   

3.4.3 Spectroscopic ellipsometry of metal and metal oxide plasmonic nanopillars 

arrays 

The ellipsometric data were taken using a Sopra GES5E ellipsometer.  Planar control samples 

(Sample A) and nanostructured samples (Sample B) were fabricated under the same conditions.   

In this study 65 nm of ITO was deposited on the PAN layer, subsequently coated with 12 nm of 

Ag and then an additional 45 nm of ITO.  The thicknesses in the nanostructured sample (Sample 

B) are less than those in planar ones (Sample A).  The thickness of the deposited ITO on the 

sidewalls of the pillars is less than that found on top of the pillars, and was generally less than the 

targeted thickness.  SEM images of Sample B are shown in Figure 3.11 (a, b).  

 

 

 

 

 In modeling ellipsometry data the base transparent polymer is used as the substrate, the substrate 

layer obeying a Cauchy dispersion law, while a mixed layer of Ag and ITO and a top layer 

Figure 3.11 A) Top view and B) side view SEM images of Sample B - inset left: schematic 

of Sample B (PAN\ITO\Ag (11.8 nm)\ITO (72.8 nm) from the fit, inset right: different 

layers in the fitting procedure for Sample B. 
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consisting of porous ITO are described by Lorentzian dispersion relations.  A schematic of the 

proposed model is depicted in Figure 3.11(b) inset.  In the UV-VIS region of the spectrum, only 

one Lorentzian oscillator is needed and the number of oscillators generally must be increased for 

larger wavelength regions
100,92,101

.  The Drude model is used in metals or doped semiconductors 

to describe free carrier absorption.  Since ITO is not highly conductive and free carrier 

concentration in ITO is relatively low, the plasma frequency of ITO is located in IR region of the 

spectrum.  The real and imaginary parts of the dielectric constant according to the Drude model 

are given by
102

 

                                                                  

and                                                                     (3.18)  

    

 

where EP is plasma frequency of the material which lies in far UV for noble metals like Ag, and 

EΓ is broadening.  From the fit parameters, the plasma frequency is located at 0.76 eV which is far 

in the IR and not in the wavelength region of interest, therefore it has little impact on the optical 

properties in this region.     

Using the Lorentz dispersion relation, the complex permittivity of the material is given by
101
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The fitting parameters are  (dimensionless), the amplitude, E0, the energy of the center 

wavelength (eV) and Γ, the width of the peak (eV).  From the fit , E0 and Γ for the top ITO layer 

are 0.14, 4.16 eV and 1.72eV, respectively.  The corresponding values for the mixed ITO\Ag 

layer are 1.29, 2.7eV and 0.7eV. 

Effective medium theory generally assumes that dipole inclusions in the host medium will be 

polarized by an incident electric field.  The interaction between the dipole moments of the 

inclusions leads to a macroscopic polarization.  The general form of the polarizability is given as 

         

                                              (3.20) 

         

where a, b and c are lengths of the principal axes of the ellipsoid in different directions and s and 

h refer to inclusion and host, respectively.
103

 The parameter Li is a depolarization factor for each 

Cartesian direction that varies between 0 and 1 and depends on the shape of the inclusions.  The 

depolarization factor is used to describe the three dimensional microstructure of the pillars.  For a 

spherical inclusion, the depolarization factor is Lx = Ly = Lz = 1/3.
104

  Furthermore, a screening 

parameter i can be defined as (1–Li)/Li.  When Li = 0, screening of the incident field is infinite 

and there are strong interactions between the inclusions, however there is no screening for the 

orthogonal polarization.  As an example, a long nanowire has a zero depolarization factor and an 

infinite screening parameter with strong interaction between the wires while the orthogonal 

polarization has no effect; conversely Li = 1 corresponds to zero screening of the incident 

field.
105,106

 When the electric field is parallel to the surface, it pulls the free charge carriers away 

from the metal surface and will be completely screened once it becomes normal to it.  The 
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depolarization factor can then be defined as the ratio of the induced internal electric field to the 

polarization of the medium in the presence of an electric field. 

Deposition of 10 nm Ag on ITO pillars will result in non-continuous islands of Ag with lower 

density of islands on the sidewalls and spacing in between the pillars that are dependent on the 

deposition rate.  A low deposition rate can increase the density of the islands on top of the pillars.  

Since the fraction of Ag islands compared to ITO is low, the Maxwell-Garnet effective medium 

approximation is used to model the ITO\Ag layer in the structure.
107

  

In this model PAN is used as the bottom dispersive layer with a refractive index of 1.501 at 

632.8nm and fit using a Cauchy dispersion model.  The mixed layer Ag\ITO is modeled 

according to the Maxwell-Garnett effective medium approximation as mentioned earlier with 

ITO and Ag as the two different phases in the mixture.  The obtained ratio of ITO to Ag from the 

fit is 90/10, which is reasonable due to the non-continuity of Ag.  The depolarization factor is a 

free parameter in the fit and found to be close to zero (~ 0.05) in the z direction.  Since the 

structures are 2D, the x and y directions are degenerate, and the depolarization factors for x and y 

are 0.475 which is the case for prolate spheroids approaching a cylindrical shape.
105

  This shows 

that the pillars are uniaxially anisotropic.  The generalized Maxwell-Garnett expression for 

inclusions consisting of oriented ellipsoids is
107

  

                                                                                                                          

                                                                                                             (3.21) 

where εeff is the effective dielectric constant for ITO\Ag layer.  Using the depolarization factors 

for each direction and the dielectric constants of the mixed phases, the effective dielectric 

constant in each direction can be calculated. 
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According to the Lorentz-Lorenz equation
108

: 

 

                                                                     (3.22) 

 

where εeff is the effective dielectric constant for porous ITO layer.  In (3.22), if we take εvoid  = 1, 

the first term on the right hand side can be omitted and then the void fraction, f, will be given as 

  

                                                                                                     (3.23) 

 

In our study fvoid is around 57.6%, which was confirmed by analysis of SEM images using 

ImageJ .  We first calculated the area fraction of the pillars in the sample and then used a cross-

sectional SEM image to determine the pillar height.  It is then straightforward to find the volume 

fraction of the pillars in the sample; optimal thresholding is crucial for obtaining accurate results.   
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The fitted and measured ellipsometric cos and tan values are shown in Figure 3.12(a); the 

goodness of the fit is 96.7%.. Figure 3.12(b) shows the refractive index and extinction coefficient 

for the top ITO on both samples.  One can see that the effective index is much less than that of the 

ITO layer, a clear indication of voids in the top layer.  The reduction in refractive index is from 

2.44 to 1.41 at 0.35m; the corresponding Brewster angles are 67.7 and 54.65, respectively.  A 

huge reduction in the refractive index of structured ITO has been observed previously.
60

  The 

refractive index and extinction coefficient of ITO\Ag mixed layer in sample B is shown in Figure 

3.13. 

The absorption feature around 430nm is the Ag surface plasmon resonance (SPR) band and n and 

k intersect at 695 nm, corresponding to longitudinal SPR frequency of prolate Ag particles.  Ag 

particles support collective oscillation of free electrons at the interface with a dielectric.
109

   

 

 

Figure 3.12 (a) Calculated and measured cos and tan of Sample B at angle of incidence of 75.03 

degree; (b) Refractive index and extinction coefficient of the top layer in Samples A (nplanar, kplanar) 

and B (n, k). 



71 

 

The SPR frequency depends on the refractive index of the surrounding medium; since ITO has a 

higher index of refraction than air, the SPR frequency redshifts.  Complete SPR characterization 

and FDTD simulation of the samples will be described in Chapter 4. 

The free carrier concentration in each layer in the model is calculated using Drude model. 

According to Drude  

                                                                                    (3.24) 

 

Here h is plank’s constant (6.6310
-34

 m
2
kg/s), m* is effective mass of carriers (3.18810

-31
 kg 

for ITO and 7.7410
-31

 kg for Ag), e is electronic charge (1.60210
-19

C) and 0 (8.85410
-12

 F/m) 

is the free space permittivity.  Using this equation, the free carrier concentration according to 

obtained Drude frequencies are 3.7610
28

 /m
3
 and 1.4710

26
 /m

3
 for Ag and ITO respectively. 

The simulated reflectance spectra of both samples for different polarization states are given in 

Figure 3.14.  The simulation has been done with Semilab’s Spectroscopic Ellipsometry Analyzer 
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Figure 3.13 Refractive index (n) and extinction coefficient (k) of mixed ITO\Ag layer. 
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(SEA) software and shows that Sample B is in general less reflective.  The strong antireflection 

effect in this sample comes from the reduction of the refractive index.  Similar effects have been 

observed for GaSb pillars.
105

  Figure 3.14(a) shows experimental and simulated reflection spectra 

of Sample A for an angle of incidence of 7.2, with excellent agreement between the two.  Figure 

3.14 (b) shows reflection spectra of Sample A for s and p polarized light at 75.03.   One can see 

that there is no feature in the visible region of the spectrum.  Figure 3.14 (c) shows the reflection 

for different polarizations as a function of the angle of incidence (AOI) for the same sample.  The 

experimental and simulated reflection spectra of Sample B are shown in Figure 3.14 (d).   The 

reflection spectrum of Sample B at an angle of incidence of 75.03 shows two minima 

corresponding to the reflection of s and p polarized light at m and m, 

respectively (Figure 3.14e).  Both minima can be attributed to plasmonic absorption in the sample 

and the reflected light polarization is dependent on the shape of the pillars.
110,111

Note that the 

pillars are ellipsoids with long and short axes.  Oblique incident light illuminating the pillars from 

the top can excite different surface plasmons depending on the polarization.  These two resonance 

modes correspond to plasmonic absorption in Ag.  One can see that the effect for p polarized light 

is much less pronounced, which is generally the case for a surface plasmon resonance as p 

polarized light can’t efficiently excite it.  There is a red shifted plasma frequency in Sample B at 

1150 nm in the NIR region (Chapter 4).  
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The red shift in the plasmonic wavelength can be attributed to less free carrier absorption 

in the sample due to the presence of ITO.  Figure 3.14f shows simulated reflection for s and p 

polarized light versus the angle of incidence for Sample B, at m.  As shown, the 

Brewster angle at which the reflection of p polarized light vanishes is down shifted from 68 in 

Sample A to 54.65 in Sample B, in good agreement with experimental observations.  This is a 

direct consequence of the change in the effective refractive index of the nanopillar layer.  

Reduction in the Brewster angle due to change in pillar heights and duty cycle has previously 

been observed.
112,113
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Figure 3.14 (a) Simulated and experimental reflectance spectra for Sample A for 7.2 angle of 

incidence; (b) simulated reflectance spectra of Sample A for p and s polarized light at 75.03 

incidence angle; (c) simulated reflectance spectra of Sample A for p and s polarized light 

versus incidence angle at m and correspondingly for Sample B in (d), (e), and (f). 
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In Fig. 3.15 the directly measured ellipsometric quantities, the tan(ψ) and cos(Δ) are shown as a 

function of wavelength (photon energy) and  stage rotation angle.  The diffraction-like patterns 

show structural dependence of the optical spectra depending on sample orientation. Once the 

incidence light is comparable to the nanoscale features in the sample, diffraction should be taken 

into account and ellipsometric data should be fitted using the rigorous coupled wave analysis 

(RCWA).  The work in this specific part of measurement still is in progress. 

 

 

 

 

 

 

 



76 

  

Figure 3.15 Tan (Psi) and Cos( Delta) of IZO nanopillars at different photon energy 

and stage rotation angles.  190 nm ITO was deposited on the PAN pillars for this 

specific measurement (with no Ag). 
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Chapter4. Hybrid nanostructured 

plasmonic core-shell electrodes 

 Large area nanostructured hybrid silver and indium tin oxide (ITO) arrays with 

feature sizes below 100 nm have been fabricated.  The optical and electrical 

properties of these core shell electrodes including the surface plasmon frequency 

can be tuned by suitably changing the dielectrics and their dimensions.  The 

surface plasmon wavelength of the nanopillar Ag changes from 650nm to 690nm 

depending on the dimensions of the pillars.  Adding layers of ITO to the structure 

shifts the resonance wavelength toward the infrared region by an amount 

depending on the sequence and thickness of the layers in the structure.  

Jiang et al.
114

 showed that in (Au core)-(Ag shell) nanorods the plasma frequency 

can be tuned by varying the core and shell thickness and is tailored in the visible 

to NIR region.  Oldenburg et al.
115

 reported a large change in the plasma frequency 

in metallic shell-semiconductor core particles.  They showed that by changing the 

aspect ratio and thickness of the core and shell, the plasma frequency shifts from 

the visible to the IR.  Metal and metal oxide based TCOs can be coated with 

different thickness onto the PAN structures to create nanostructured electrodes.  

Note that these electrodes are of the core-shell nature by definition with a polymer 

(PAN) core and a TCO shell.  However, the dielectric function of PAN is 

relatively low and causes a weak modification in the optical properties of 

nanostructured TCOs.  In this chapter, we report fabrication of several scalable  Ag 
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and TCO based core-shell NSEs with alternate Ag  or TCO layers; their electrical 

and optical properties will be discussed. 

4.1. Electrode Fabrication: 

ITO nanostructured electrodes of 1cm × 1cm area were fabricated by depositing 

ITO via a sputtering technique.  The nanopillars have a diameter of 120 nm and a 

height of 250 nm; the error is the width at half maximum in the Gaussian 

dispersion profile computed using ImageJ.  The center-to-center pitch in this 

structure was 200 ± 2.4 nm resulting in an average wall-to-wall distance of ~80 

nm.  A large area top view and profile view scanning electron microscope (SEM) 

image of nanostructured ITO (NSITO) is shown in Fig. 4.1.  This structure was 

created by depositing 150nm ITO onto PAN nanopillars resulting in 30nm thick 

coating on the sidewalls and 180nm coating on top of the pillars and a plain region 

at the base of the pillars.   

                                                                     

 

Figure 4.1 Top view and side view SEM images of NS ITO.180nm ITO deposited on 

polymeric pillars 
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4.2. Optical and electrical properties of core-shell electrodes 

 The surface area in the NSITO in Fig. 4.1 is 5-6 times larger than the plain ITO 

with 180nm thickness and is mostly due to the sidewall region of the nanopillars.  

Quantum confinement of the free carriers in ITO is expected within the 30nm thick 

shell and contributes significantly to the overall optical and electrical properties.  

NSITO is more transparent across the entire spectrum and shows lower specular 

reflection.  The band edge of NSITO is red shifted and shows a second smaller 

optical band gap at ~3.25 eV in addition to the bulk optical band gap at 3.55 eV.  

The bulk optical band gaps of 3.4 to 3.7 eV have been reported in the literature.  

Recently we have shown that the optical band gap can be fine tuned by changing 

the shell thickness on the sidewall.
57

  The carrier concentration is ~ 5 – 6 times 

larger than that of the planar sample and depends strongly on the shell thickness.  

The resistivity of a 1cm × 1cm area NSITO is higher than that of the planar 

electrodes, but scales with the surface area enhancement factors indicating that the 

actual device using these NSITOs could be prepared with smaller active areas.  In 

devices such as organic solar cells, the nanostructured electrodes indirectly 

organize the active material into nano scale features with dimensions close to the 

exciton diffusion lengths of common bulk heterojunction materials.  

To further investigate the role of the core layer on the optical properties of the 

nanostructured electrodes we developed an array of electrodes with a traditional 

ITO/Ag core shell type configuration within the pillars in different orders.  Figure 

4.2 shows extinction spectra of several different
 

nanostructured core shell 
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electrodes.  As expected, the optical characteristics of these electrodes are strong 

functions of the geometry of the pillars and surrounding dielectrics.  Detailed 

modeling and electrical characterization has been performed and results ind icate 

that by changing the core dielectrics optical and electrical properties can be 

modified.  We have also fabricated devices with the ITO/Ag/ITO structure.  The 

optical band gap of the ITO/Ag/ITO NS sample is blue shifted compared to the 

planar sample.  It changes from 3.7eV for NS to 3.17eV for the planar electrodes.  

There is a second band gap for both planar and NS samples around 3.13ev.  Band 

gap changes are believed to be due to changing morphologies and surface 

microstructures. The change in the optical band gap of the electrodes upon 

changing the sequence of the layers could be because of strain induced by the 

change in grain size of different layers and many body interactions.
57
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Figure 4.2 shows extinction spectra of different core shell electrodes.  One can see 

that the plasma frequency can be tuned by changing the surrounding medium.  For 

comparison, we have also plotted the extinction spectrum of 10nm Ag deposited 

on the PAN pillars.  There is a maximum in the extinction spectrum of the 

Ag/PAN core shell electrode around 492nm (2.52 ev) and 690nm (1.8 ev).  The 

surface plasmon hybridization model will be applied to study different modes of 

surface plasmons.  

The lower frequency resonance tends to red shift with increasing thickness of the 

Ag.  This property can be used in organic solar cells to increase light absorption in 

the active layer by tuning the plasmon frequency accordingly. The surface 

plasmon frequency red shifts tremendously by adding layers of ITO which is a 

Figure 4.2 Extinction spectra of multilayer core shell nanostructured electrodes 
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direct consequence of plasmon hybridization which will be discussed in detail 

below. 

 As mentioned earlier the resistivity of NSITO is higher than that of a planar 

sample and depends on the surface area enhancement but by adding a thin layer of 

Ag underneath the ITO layer, we can reduce the resistivity from 1800 to 65 Ω/□. 

As expected, with increasing conductivity, the transmission decreases. A 

PAN\ITO\Ag (1800 Ω/□) bilayer electrode has higher resistivity compared to 

PAN\Ag\ITO (65 Ω/□) and consequently its transmission is higher (extinction is 

less). 

 

 4.3 Plasmon hybridization model 

The plasmon hybridization model is a powerful tool to invest igate plasmonic 

behavior of core-shell particles.
116

 Different geometries can be used to explain the 

change in the surface plasmon frequency upon changing the core and shell 

Figure 4.3 SEM images of different core shell electrodes. a and d show top  and 

side view of  PAN\Ag\ITO b and e show PAN\ITO\Ag and c and f show 

PAN\ITO\Ag\ITO  

(a) (b) (c) 

(d) (e) (f) 
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properties.  The bonding and antibonding of plasmon modes in different layers 

induce hybridization frequencies that are dependent on layer thicknesses and 

properties.  The charge densities on the inner and outer sides of the layers  will 

result in bonding (lower frequency) and antibonding (higher frequency) plasmon 

modes.
117

 The bonding plasmon frequency is due to symmetric coupling between 

the plasmons of the cavity and the particle.  In Mie theory, the sphere and cavity 

plasmon frequencies are given by 

 

                                  and                                                         (4.1)                       

 

where l refers to the multipole index, which is equal to one for dipole moments 

and ωB is the bulk plasma frequency of the metal which is derived using the Drude 

model.
118

 Since the coupling between the surfaces charges of the cavity and 

spherical plasmons are anti-symmetric, the resulting plasmon mode will be an 

antibonding plasmon that lies in a higher frequency range than the cavity and 

particle plasmons.  The hybridization frequencies are highly sensitive to the 

thickness of both core and/or the shell surrounding the metal layer.  Using the 

kinetic energy of the conduction electrons in the metals and the Coulomb potential 

energy of the induced surface charges, one can calculate bonding and antibonding 

plasma frequencies. In a spherical geometry  
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where x is the ratio of inner and outer radius (aspect ratio of the nanoshell) .
118

  

This equation gives the plasmon hybridization frequencies of a metallic nanoshell 

embedded in air.  If the embedding medium changes, the dielectric constant of the 

medium also needs to be taken into account.  The inclusion of a dielectric in the 

core of the nanoparticles or the surrounding medium induces screening charges on 

the metal-dielectric surfaces which are polarization charges due to interaction of 

the electric field and the dielectric medium.
119

 In this case, the plasmon 

frequencies are a linear combination of the particle and cavity plasmon 

frequencies.   

 

 

 

 

 

 

 

 

 

Figure 4.4 shows the energy diagram of plasma hybridization in a coreshell 

particle.  Clearly, the cavity plasmon energy is much higher than that of the 

Fig 4.4 Plasmon hybridization in metallic nanoshell consisting of bonding and antibonding 

frequencies which are hybridized frequencies of sphere and cavity plasmons 
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particle.  Different induced charges on the inner and outer surfaces of the shell 

leads to a shift of plasma frequencies compared to particle and cavity frequencies.
 

In this geometry, the small difference between inner and outer radii results in 

strong interaction between the sphere and cavity plasmons so that large blue and 

red shifts occur in the bonding and antibonding plasma frequencies with respect to 

individual plasmons.  

4.3.1. Ag nanopillars 

Deposition of a very thin layer of Ag on the pillars creates noncontinuous small 

particles of Ag.  The fundamental plasma frequency of Ag nanoparticles changes 

with size of the particles.  Small Ag nanoparticles on glass substrates can be 

fabricated using RF sputtering and depending on the size of the nanoparticles, the 

surface plasmon frequency can be tuned.
109

 Depositing 10nm Ag on glass results 

in an SPR wavelength of 454nm.  One can see that in Figure 4.2 the extinction 

spectrum of 10nm Ag on the pillars shows a local maximum at around 2.52 eV 

(490 nm), which is referred to the plasma frequency of Ag particles. In a thin 

metallic nanoshell of Ag, the particle can be considered as a cavity inside a metal 

and a metallic sphere.  Aforementioned formulations are for a metallic shell in a 

cavity with a dielectric constant of 1. If we assume B 

spherical plasmons will be c = 6.21eV and s = 4.5eV.  However, in the present 

work, the cavity core is not the vacuum.  If we assume 2.2c  , which is the 

dielectric constant of PAN
58

, c = 5.3eV and 5.4s eV. 
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Hybridization of sphere and the cavity results in two fundamental frequencies of 

which were explained in the previous section.  Nanopillars are assumed to be 

particles that are elongated in one (z) direction perpendicular to the polarization of 

light.  Once spherical particles deform toward elongated spheroids depending on 

the orientation of the particles, the plasmon frequency will change.  For an Ag 

nanoshell with inner and outer radii of 60 and 65 nm, one can compute the 

bonding and antibonding frequencies.  The bonding and antibonding frequencies 

are 1.78 eV (697 nm) and 7.6 eV (163 nm), respectively.  These frequencies are in 

good agreement with our experimental data, since the angle of incidence is normal 

to the substrate and the surface of the pillars (parallel to long axis of the pillars).  

The electric field is perpendicular to the short axis of the pillars so the 

longitudinal component of the surface plasmon which corresponds to the length of 

the pillars is not excited; however changing the angle of incidence can excite it 

and depending on the polarization of light, there can be a red or blue shift in the 

SPR frequency. 

In a simple harmonic oscillator model, the plasma frequency is proportional to the 

restoring force between the polarized charges.  When the electric field is parallel 

to the long axis of the pillars (p polarization), induced surface charges are 

generated at the top and bottom of the pillars.  While the charge density is low, the 

separation between opposite charges is large (long axis of the pillars) which 

reduces the restoring force and consequently reduces the plasma frequency.  The 



87 

 

situation for the transverse polarization is reversed and results in a blue shift in the 

plasma frequency.
119

  

4.3.2 Effect of Core and embedding dielectric constant 

ITO/Ag core shell nanopillars structures have been investigated using the same 

strategy.  130 nm ITO is deposited on the PAN pillars followed by deposition of 

10nm Ag.  The ITO coating is not conformal around the pillars and in the spacing 

between them.  The core shell particle can be separated into cavity (ITO core) and 

solid prolate spheroid (Ag).  The plasma frequencies of the cavity and particle for 

a spherical particle is given by 
119

 

  
))1(/( lll sEBs  

    and   (4.3)              

))1(/()1( lll csBc  
                               

 where the S,B,E and c subscripts refer to particle, bulk, embedding medium and 

cavity properties respectively.  If we assume a thin metal nanoshell in vacuum 

(, then the equation reduces to the well-known Mie theory plasmon 

frequencies mentioned earlier. However in a cylindrical geometry, solutions to the 

Laplace equation are Associated Legendre functions and are functions of aspect 

ratio of the pillar.  In ITO\Ag coreshell pillars, if we assume εc (dielectric constant 

of ITO
58

) ωs and ωc will be 3.083 ev (402 nm) and 2.57ev (483 nm) respectively. 

The tunable hybridized frequencies arise from interaction between sphere and 

cavity frequencies. The strength of the interaction determines frequencies of the 

hybridized plasmons which can be controlled by thickness of the layers.  
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4.3.3 Illumination of nanostructured core shell electrodes at oblique angles  

Extinction coefficient spectra of ITO/Ag core shell pillars at different angle of 

incidence for zero and 90 degree. 

 Upon illumination of the pillar at an angle different from normal incidence, an 

ellipsoid cross section of the pillar will be excited.  

 With increasing the angle of incidence, once the polarization of light is parallel to 

the long axis of the ellipsoid due to low density of polarized charges and longer 

distance between them, the energy of plasmon is reduced and there is a red shift in 

SPR frequency compared to normal incidence as it can be seen in fig 4.5 a; 

however for incident light with opposite polarization, polarized charges will be 

formed along the minor axis and causes a blue shift in plasmon frequency (fig 4.5 

b). 

Dielectric constant of core influences the anti bonding plasma frequency. 

Dielectric constant of ITO is much higher than that of PAN. Dielectric charges ar e 

Fig 4.5 Extinction coefficient of ITO/Ag core shell pillars at different angle of 

incidence for different polarization a) parallel to the substrate b) perpendicular to 

substrate 
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induced on the inner surface of Ag nanoshell. Polarized charges will reduce the 

effective oscillating surface charges on the Ag nanoshell which in turn causes a 

red shift in SPR frequency. 

Since Ag shell around the pillars is very thin compared to ITO core, the interaction 

between sphere and cavity plasmons is strong and a strong red shift in bonding and 

antibonding hybridized frequency is observed. 

Extinction coefficient of core shell structures with different core and embedding 

medium at 60 degree angle of incidence for different polarizations of light is 

plotted in fig 4.6. Since at this angle plasmon mode at longer axis of the pillar is 

excited, bonding frequency hybridized plasmon is more pronounced. One can see 

that for different polarizations higher frequency (antibonding) plasmon doesn’t 

change the intensity however there is a significant change in intensity for lower 

frequency (bonding) plasmon since dipole moment in this case is larger. In 

transverse (90 degree) polarization of incident light, bonding frequency has a 

Figure 4.6 Extinction coefficient spectra of a) Ag/ITO and b) ITO/Ag coreshell 

nanopillars at different polarization of light. Bonding and antibonding hybridized 

plasmons are more separated at transverse (90 degree) polarization
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higher intensity than parallel polarization. In this case bonding and antibonding 

frequencies are more separated.  

Symmetric core shell structures were fabricated by depositing 10 nm of Ag 

sandwiched between two ITO layers. The dielectric constants of the top ITO layer 

were calculated using Lorentz-Lorenz mixing law. Here we assume ITO pillars are 

in the form of inclusions inside air. There is a maximum in the extinct ion 

coefficient at 1.07 ev. One can also see a local maximum around 1.82 ev which is 

very similar to bonding hybridized plasmon of Ag/PAN nanopillars. In a 

heterostructure, dipole and quadrapole moments of the pillars are different 

however in this geometry since the dielectric constants of core and embedding 

medium are the same, the net dipole moment is zero and dipoles can’t be excited 

by light; therefore antibonding plasma frequency vanishes however bonding 

frequency is still observable.
120

This can be seen in absorption spectrum of the 

symmetric structure as the high frequency plasmon mode which is shorter than 

690nm doesn’t exist as its not the case for un symmetric coreshell electrodes.  

4.4 FDTD Simulation of different core/ shell nanopillars arrays 

Finite Difference Time Domain (FDTD) is used to simulate the field distribution 

around the individual pillars. Periodic boundary condition at x and y direction and 

perfectly matched layer (PML) in z direction is applied. Incident light is polar ized 

along x direction and propagates in z direction. Electric field distribution around 

PAN pillars coated with random sized Ag particles is shown in figure 4.7 at 1.8 ev.  
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Dielectric constants of different materials have been experimentally measured 

using spectroscopic ellipsometry. Maxwell- Garnet effective medium 

approximation is used to find the ratio of Ag and ITO in the core shell structu res. 

Figure 4.8 shows the simulated and experimental transmission spectra of planar 

ITO/Ag/ITO sample.  

 

 

 

 

 

 

 

 

Fig 4.7 XY and XZ distribution of Electric field component of light at bonding frequency 

(1.8 eV) of PAN/Ag 

Figure 4.8 Simulated and experimental transmission spectrum of planar ITO/Ag/ITO 

multilayer structure which shows excellent agreement between the two. The mismatch in 

the shorter wavelength region might be due to the non uniformity of the sample.
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The broadening in the experimental data is due to inhomogeneous property of the 

sample but they are still in excellent agreement.  

Schroter et al.
121

 solved the Maxwell equations for a cylindrical metal shell with a 

dielectric core.  For the lowest order surface plasmon mode the obtained electric 

field in the radial and z direction are as follows 
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Solutions to the Maxwell equations for a metallic core-dielectric shell have been 

solved and radial component of electric field is given by 
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Figure 4.9 Electric field distributions around the pillars in an ITO/Ag/ITO 

multilayers structure in A) 690 nm B) 1200 nm 
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β is propagation constant, 
2/122 )( kjj   , ck /  ,  is the SPP resonance 

frequency, )(1 xI  and )(1 xK  are modified Bessel functions of first and second kind. 

A and B parameters are complex constants for each medium.
122

  

 

By choosing the appropriate materials and thickness, the amplitude of the electric 

field in the dielectric region is three orders of magnitude larger than that in 

metallic region.
122

  

As mentioned in chapter 3, effective permittivity of the top layer in these 

structures will be less than the permittivity of the bulk materials and it depends on 

the volume ratio of the pillars. The plasma frequency of the structure will decrease 

from the value of the bulk material depending on the volume ratio as well.
22

 

Maxwell equations solutions in cylindrical coordinate with appropriate boundary 

conditions are modified Bessel function and Hankel function depending on the 

materials properties in core and shell layers.
123

 Tangential components of the 

electric field and the magnetic field must be continuous at the interface.  

Figure 4.10 Electric field distributions around the pillars in PAN/Ag/ITO core shell 

structure at two different wavelengths left) 690 nm right) 1050 nm. 
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One can see that by increasing the wavelength of the incident light (figures 4.9-

4.10), there is more enhancements in the electric field of light,  that agrees with 

experiment and shows that these electrodes are suitable for IR applications.  

Reactive Ion Etching (RIE) is used to remove top part of core shell nanopillars 

(hemisphere in schematic shown in figure 2.2). As mentioned earlier in this 

dissertation, sputtering doesn’t create a conformal coating on the pillars. The 

hemisphere on the top of pillar is coated with thicker ITO compared to the walls. 

Argon and CF4 are used as the reactive gases to etch the ITO and Si. The etch rate 

is about 10 nm/min. Figure 4.11 shows a SEM image of nanopillars covered with 

130 nm ITO, 10 nm Ag and 50 nm Si as the very top layer. Non continuous Ag 

islands are shown in with white color in the image. Core shell type geometry of 

the structure is evident in the image. 

 

 

 

 

 

 

 

 

 

 

Figur4.11 SEM image of etched PAN/ITO/Ag/Si nanopillars 
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Charge density distribution amplitude around the pillars for 50 nm Ag coated on 

the pillars is calculated using FDTD simulations.  

 
 

 

As one can see from the figure 4.12 (left) at lower frequency ( 690 nm)which 

corresponds to bonding hybridized plasmon, distribution of charge carriers around 

the pillars has a symmetric profile in contrast to higher antibonding frequency 

which leads to an anti symmetric profile. In coreshell structures, cavity and sphere 

plasmons induce primary charges on both surfaces of metal. Each plasmon also 

generates secondary charges on the other side of the interface. The interaction 

between the plasmons is written as the Coulomb interaction between induced 

charges. In a symmetric alignment of polarized charges, Coulomb potential is 

repulsive since they are of the same polarity however secondary induced charges 

attract each other. However the attractive interaction is larger than the repulsive 

potential and favors a symmetric alignment of the charges with a lower energy.
124

 

In an antisymmetric distribution of charges, however, the net potential is repulsive 

Fig 4.12 Simulated 2 D distribution of charge density for left) bonding (697 nm) and 

right) antibonding (163 nm) hybridized plasmon frequencies
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and corresponds to a higher frequency. Also since only dipole moments are excited 

by light, there are 2 nodes around the circumference of the nanopillars. According 

to plasmon hybridization model, the number of nodes along circumference is 2l 

which as mentioned earlier l is multipolar order.  
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Chapter 5. Plasmonic Ag nanopillars and 

their applications in surface enhanced 

Raman scattering 

5.1 Surface enhanced Raman scattering 

Fluorescence spectroscopy is often used to detect impurities,
125

 but one of the main 

problems with this technique is that it is does not provide sufficient information to 

determine the molecular identity of the impurity.  Infrared and Raman spectroscopy, on 

the other hand, provide information regarding the chemical bonds present in the detected 

material, but Raman, in particular, is ordinarily very weak.  However, the initial 

observation of surface enhanced Raman scattering (SERS) from a roughened Ag surface 

in 1974 provided a way to greatly enhance the Raman response,
126

 and considerable 

research attention has been devoted to determining the mechanism by which the surface 

enhancement takes place.  

Since its discovery, SERS has drawn substantial attention due to its potential to overcome 

the low sensitivity that plagues traditional Raman spectroscopy.
127

 SERS not only 

improves the surface sensitivity but also facilitates the study of various interfacial 

processes by enhancing the Raman scattering from analytes on metal/semiconductor 

surfaces.
128,129 

With potential applications in fields ranging from plasmonics to 

diagnostics,
130

 the SERS effect is predominantly an electromagnetic effect arising from 

an increase in the local optical field due to multiplicative amplification of the excitation 

laser and the re-radiated Raman scattered light.
131

There are two different mechanisms 

commonly used to explain the origin of SERS.  Surface plasmon resonance (SPR) is 
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often agreed to be the primary cause of enhancement in signal.  Noble metallic 

nanostructures support a collective oscillation of free electrons at the interface with a 

dielectric medium.  Incident light can excite this surface wave, causing the metal to be 

highly polarized. Enhancements in SERS intensity up to 10
10

 has been reported
132

 which 

can significantly increase the Raman signal of molecules adsorbed on the surface.  

Raman enhancement through electric field enhancement is not dependent on the adsorbed 

molecule and will result in signal enhancement of any species on the metal surface.  

Nanostructured metal/metal oxide surfaces often lead to surface plasmon resonance 

formation and a coupling between the localized surface plasmon polaritons (SPP) and 

electromagnetic radiation incident on the substrate surface resulting in intense absorption 

in the near-IR and visible-near UV region, and enhancement of the Raman scattering 

signal intensity by many orders of magnitude.
133,134,135

 For surface nano-features smaller 

than the incident optical wavelength, the surface plasmon resonance normal modes of 

oscillation are resonant with both the excitation and scattered photons.
136

 The frequency 

of the surface plasmon resonance depends on the dielectric constants of the metal/metal 

oxide and the dimensions of the nano-features that are responsible for the SERS effect.  

The SERS intensity decreases significantly with nanostructures that are either 

significantly larger than ~100 nm or smaller than ~10 nm.
137

 However, SERS 

enhancement also depends greatly on the geometrical configuration of the nanostructures 

and their inter-structure interactions.  The fact that the nanostructure plasmon resonance 

allows direct coupling of light to the resonant electron plasmon oscillation has spurred 

tremendous efforts in the design and fabrication of highly enhancing substrates based on 
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nanostructured films and metallic nanoparticles in both engineered and random arrays.
138

  

The most established substrates are those that are sprayed with Ag or Au colloids, 

resulting in intense SERS signals at the narrow junctions between the particles.  Junctions 

between aggregated nanoparticles are believed to be SERS “hot spots” where large field 

enhancements occur, allowing in some cases for single molecule detection.  Although 

spraying Au or Ag colloids on a substrate provides extremely high enhancement factors 

at local “hot spots”, it has thus far been difficult to achieve reliable, stable, and uniform 

SERS signals spanning a wide dynamic range on large area substrates using this 

method.
139,140 

Furthermore, such substrates suffer from limited stability and 

reproducibility and in general, are not amenable to large-scale production of SERS based 

sensors.
141

  More reliable and uniform surface enhancements are expected from substrates 

containing anisotropic nanostructured plasmonic materials. Anisotropic metallic 

nanostructures allow: (1) tunable plasmon absorption bands that can be achieved by 

adjusting the nanostructure aspect ratio and separation to be in resonance with common 

laser radiation sources used for Raman excitation in order to optimize the electromagnetic 

enhancement mechanism;
142

 (2) symmetry breaking leading to more complex plasmon 

propagation, potentially giving more intense electromagnetic field generation from the 

structure and in gaps formed between these materials;
143

 (3) designer assembly of various 

nanostructure formations that enables analyte molecules to adsorb preferentially in the 

fractal space between nanostructures or in SERS “hot spots”, giving rise to large field 

enhancement;
144

 (4) anisotropic nano-objects that have shown interesting size and shape-

dependent properties, thus motivating interest in their controlled assembly into functional 
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architectures for SERS.   We have discussed above that such large area metal and metal 

oxide nanostructures can be fabricated in a reproducible way using a modified 

nanoimprinting technique.
57,58,70 

 The second frequently discussed mechanism for SERS 

is through chemical enhancement, which is most commonly due to charge transfer 

(CT).
145

 In the CT model the electronic structure of the adsorbed molecule is influenced 

by the metal surface resulting in an increase in its molecular polarizability and thus 

Raman cross section.  Even though research on SERS has progressed markedly during 

the last few decades, a remaining challenge is the fabrication of highly reproducible 

SERS substrates with large enhancement factors.  An ideal SERS substrate would contain 

a large number of scattering points which are highly uniform and on a size scale to allow 

for the interaction of the surface plasmons.
146

 Metal nanoparticles can enhance the 

Raman signal significantly due to localized surface plasmon resonance.  Fabrication of 

the nanoparticles is relatively straightforward, easy and low cost.  Single metal 

nanoparticles can enhance the Raman signal over 1 million times;
147

however using 

aggregated nanoparticles that are in close proximity can lead to even greater 

enhancements.
148

 The main problem with metal nanoparticles and their aggregates is the 

fabrication method and reproducibility.  Since they are synthesized in the liquid phase it 

is difficult to maintain their preferred size distribution.
149

 Highly uniform SERs substrates 

can be fabricated using lithography tools like electron beam lithography,
150

 nanosphere 

lithography
151

 and nanoimprinting.
152

  These methods can be used to control the size and 

shape of the nanostructures.  Another technique for fabrication of SERS active substrates 

is self-assembly.
153

  By changing the deposition time, the concentration of particles in the 
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suspension and deposition conditions, nanostructure thickness and shape can be 

controlled. 

5.2 Raman spectroscopy  

Raman spectroscopy is based on the inelastic scattering of photons of incident light from 

a specimen.  In inelastic scattering of light, the frequency of scattered light is different 

from that of the incident light, due to interaction with the vibrational states of the 

molecules in the sample.  While no real light absorption occurs, the incident photon can 

excite a vibration in the molecules on the substrate at specific frequencies corresponding 

to the molecular structure, while the remaining photon energy goes into the inelastically 

scattered photon, which is at a lower energy.  In a similar way, if the molecule is already 

in an excited vibrational state, the energy of this vibration can be given to the inelastically 

scattered photon, which is now at a higher energy.
154

 If the frequency of the emitted light 

is higher than that of the incident light, we have anti-Stokes Raman scattering, while if 

it’s lower, then it is Stokes Raman scattering.  The frequency shift or shifts (if there are 

several distinct vibrations) contain information about the vibrational and in some cases 

rotational states of the molecules.  This spectroscopic technique can be readily applied to 

materials in different phases (i.e. solid, liquid, gas…). 

5.3 Optical properties of Ag nanopillars  

The optical properties of all NSEs reported here showed significant differences from 

those of planar bulk film electrodes, most notably higher transparency.  For example, the 

Ag NSEs with a 47 nm Ag layer showed a >6x increase in transparency within the 

wavelength range of 300 nm – 500 nm as compared to a planar 47 nm Ag film (see 
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Figure 5.1).  The dominant mechanism behind the enhanced transmission in Ag NSEs is 

most likely the excitation of standing surface plasmon polariton (SPP) Bloch waves on 

the periodically nanostructured interfaces of the Ag film.  Since the SPPs of the 

nanostructured metal interfaces are strongly coupled to each other and to free space; they 

appear to be mostly responsible for the observed extraordinary optical transmission.
155

  A 

key fact is that this tendency is known to be associated with the periodicity of the 

nanostructure
156

 and one may optimize the periodicity to achieve maximum transparency 

at a given wavelength.  These NSEs also show strong plasmonic responses both in the 

visible and NIR region.  Our finite difference time domain (FDTD) simulations indicate 

that the strong absorption in the NIR region is due to the plasmon resonance along the 

height of the pillars and can be tuned by changing the height, with increased height 

shifting the resonance towards longer wavelengths.   

Figure 5.1 Left: SEM micrograph of a silver NSE with 47 nm silver layer coated on 

top of PAN nanostructures.  The Ag nanopillars have a diameter of 152 ± 6.2 nm, 

height of 360 ± 10  nm and a center-to-center pitch of 200 ± 7  nm.  Right: 

Comparison of absorption spectra between nanostructured and planar regions in 

an Ag electrode; the inset shows a photograph of the sample 
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For inter-pillar interactions, periodicity and diameter influence the lower wavelength SPP 

resonance; several Ag NSE structures with varied diameter and pitch have been 

fabricated to confirm the generality of this behavior.   

 

The Ag NSE shown in Figure 5.1 has 13 larger surface area than its planar counterpart 

(< 0.5 Ω/� with a resistivity of < 2 Ω/�; the blueish area in the Figure 5.1 inset 

photograph of the Ag NSE sample is a 1cm × 1cm nanostructured area.  These electrodes 

show promise for potential photonic and energy applications e.g. SERS sensors, organic 

inverse bulk heterojunction cells, OLEDs etc.  The combined effects of SPP induced 

absorption and near field enhancement, photon concentration from broadband scattering 

in these sub-wavelength periodic structures as well as the access to a large metal 

electrode interface area within the photoactive organic materials exciton diffusion length 

provide for selective optimization of PV performance based on engineering the 

nanostructure array.  This work extends the use of these substrates for SERS experiments 

and demonstrates their use on deposited layers of C60, an important interfacial material in 

organic optoelectronic devices.  Fabrication of the SERS substrates using our novel 

nanoimprint technique is relatively easy, fast, and reproducible which makes it a great 

fabrication tool for this purpose.  

5.4 Experimental 

Materials. H2SO4 (98%, EMD), HClO4 (Macron Chemicals, 70%), Na2SO4 (Macron 

Chemicals, 99.7%), Tl2SO4 (Sigma Aldrich, 99.995%), PAN (Mw 150,000, Sigma 

Aldrich), DMF (Sigma Aldrich, 99.9 %) and C60 (Sigma Aldrich, 99.5%) were used as 
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received.  Electrolyte solutions were made in water (>18 MΩ resistivity, <8 ppb total 

organic content) purified using a Waters Milli-Q UV Plus purification system.  

Thiophenol (Sigma Aldrich, >99%) was purified by vacuum distillation prior to being 

made into a 5 mM solution in ethanol (Decon Labs, 200 proof).  The Ag target is 99.99% 

pure (Kurt J. Lesker); thiophenol monolayers were made by immersion of the metal (Ag 

& Pt) coated PAN on glass substrates for one hour followed by rinsing with ethanol. 

5.4.1 Ag nanopillar fabrication 

 Nanopillars of polyacrylonitrile (PAN) are fabricated on glass substrates.
70

 A 15 weight 

percent solution of PAN in dimethylformamide (DMF) is prepared using an oil bath at 

165
◦
C under stirring at 300 rpm.  PAN is spun cast onto a silicon mold consisting of 

nanoholes 120 nm in diameter, 250 nm in depth and on a 200 nm center-to-center pitch.  

After removing the residual solvent from the PAN by annealing at 150C, the pillars are 

then delaminated from the mold and transferred to a glass substrate which is covered by a 

planar layer of PAN.  Different thicknesses of Ag are deposited on the pillars using the 

DC sputtering method; the deposition rate is 1.7 Å/s and the working gas is argon.  Planar 

reference samples are fabricated under the same conditions in the absence of nanopillars.  

In order to compare the SERS response of the pillars with different dimensions, 10 and 

50 nm of Ag are deposited on the PAN pillars.  At or below 10 nm thickness of Ag, the 

sample is not coated uniformly and PAN pillars are covered with non-continuous islands 

of Ag, hence the Raman signal is not reproducible and due to non-continuity of the 

sample, we were not able to accurately determine surface area via underpotential 

deposition (UPD) on a 10 nm sample. Scanning electron microscopy (SEM) images of 
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the samples (Figure 5.2) are used to find the geometrical surface area enhancement factor 

(SAE) which is the ratio of nanostructured sample area compared to a planar reference 

one.  Using a top-down view SEM image one can measure the diameter and area fraction 

of the pillars.  The height of the pillars is measured using a profile view SEM image.  

ImageJ was used to process the images and calculate the SAE.  The effective surface area 

of the silicon mold containing the nanopillars is 1 cm
2
 yielding a total number of 

nanopillars of ~2.5×10
9
.   

 

Figure 5.2 (A) SEM micrograph of a 50 nm Ag coated nanopillars (inset shows a top view of 

the same image); (B) Absorption spectra of 50 nm and 10 nm Ag deposited on PAN 

nanopillars.  Inset shows a schematic representation of Ag coated nanopillar cross section.  

Deposition of 10 nm Ag on the pillars creates small islands of Ag on the pillars.  Absorption 

peaks for 50 nm Ag are much more pronounced than those for 10 nm Ag coated pillars 

A variety of materials can be deposited onto the pillars.  Depending on the thickness of 

the deposited material, SAE will change, reaching a value as high as 11 in some 

structures.
57

 In our SERS study, the effective area of the sample was 0.7 cm
2
 with 

~1.78×10
9
 pillars.  The schematic in Figure 5.2B) shows the dimensions of the Ag 

nanopillars used to calculate the total area of the sample.  If we assume that the diameter 

and height of each pillar are d and h, respectively, and that the effective surface of the 
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sample has a diameter of D, the total surface area of the sample, including side walls of 

the pillars, is then given by A = πD
2
/4 + N*(πdh) = 2.18 cm

2
 showing 3.11 times 

enhancement in the surface area compared to a planar sample. Here N refers to number of 

pillars. 

5.4.2 Surface plasmon resonance (SPR) of Ag nanopillars 

Substrates with Ag nanoparticles of 25 to 103 nm diameter have been previously 

reported.  These substrates were fabricated by depositing thin layers of Ag of different 

thicknesses.  The SPR wavelength for these substrates can be tuned from 428 to 606 nm 

depending on the substrate, dimensions and annealing temperature.
109

 Figure 5.2B) shows 

absorption spectra for nanopillars coated with 10 and 50 nm of Ag.  The absorption peak 

at 602 nm is due to interaction between the pillars.  The smaller and broader peak at 475 

nm is the SPR frequency of individual Ag nanopillars.  

5.4.3 Electrochemistry 

Surface areas of Ag- and Pt-coated nanopillars were determined using cyclic 

voltammetry.  A BAS 100W electrochemical workstation (Bioanalytical Systems, Inc.) 

was used with a Pt wire loop as the counter electrode and an Ag/AgCl reference 

electrode.  A PTFE sandwich cell was used which provides a 0.713 cm
2
 geometric area 

for the working electrode.  The absolute surface area of PAN coated with 50 nm of Ag 

was determined following procedures outlined previously.
157

 Ag-coated PAN surfaces 

were used as the working electrode and were cycled at 100 mV/s between -200 mV and -

750 mV vs Ag/AgCl in 0.75 mM Tl2SO4/0.25 M Na2SO4/1 M HClO4.  The amount of 

charge passed upon Tl monolayer UPD is measured by integration of the stripping wave.  
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The surface area is calculated using 136 µC/cm
2
 for Tl monolayer deposition as reported 

by Bewick and Thomas.
158

  Surface areas of these Ag-coated PAN nanopillars were 

determined to be 2.04 ± 0.35 cm
2
 in good agreement with the estimates above.  In a 

similar manner, the surface area of Pt-coated PAN nanopillars can be determined using 

the charge passed during hydrogen chemisorption.  For this, Pt-coated substrates were 

cycled at 100 mV/s between -200 and +1200 mV vs Ag/AgCl in 1M H2SO4.  The charge 

passed upon monolayer hydrogen adsorption was converted to a surface area using 226 

µC/cm
2
 as reported by Hubbard et al.

159
  Surface areas measured on these Pt-coated PAN 

nanostructures were 2.12 ± 0.61 cm
2
.  

5.4.4 Raman Spectroscopy 

An Excelsior diode-pumped laser at 532 nm (Spectra-Physics) was used as the Raman 

excitation source with 13–150 mW of power at the surface (controlled using ND filters.)  

The exciting beam was incident on the substrate at 30° with respect to the xy plane 

producing an ellipse of dimensions ~0.4 mm x 0.2 mm.  Scattered light was collected at 

60° from the xy plane using a Nikon 50-mm focal length, f/1.2 camera lens and focused 

onto a 19-µm entrance slit of a single grating monochromator (HORIBA Jobin Yvon iHR 

320) with a 1200 groove/mm grating blazed at 500 nm coupled to a Newton EM-CCD 

detector (Andor Technology DU971P-BV).  Rayleigh scattered light was rejected with a 

532 nm Razors Edge long wave pass filter (Semrock).  Peak fitting of Raman spectra was 

performed with Grams 32 software (Galactic) using a 100% Gaussian peak shape.  

Spectral peaks for C60 were fit on the basis of values reported by Dong et al.
160

  Peak 

frequencies were constrained to within ±5 cm
-1

 of these values, relative intensities to 
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within ±20%, and FWHM values to within ±10 cm
-1

 of their reported peaks.  Background 

amorphous carbon modes were fit using four broad Gaussian bands in a manner 

previously outlined by Ferrari and Robertson with peak frequencies constrained to ±20 

cm
-1

 of their values, intensities to ±50%, and FWHM values to within ±50 cm
-1

.
161,162

  

Fits were deemed acceptable for χ
2
>0.99. 

5.5 Finite difference time domain simulations 

Finite difference time domain (FDTD) software, commercially available from Lumerical, 

was used to simulate the electric field enhancement in these nanopillar arrays.  One 

nanopillar is simulated, with Bloch boundary conditions used in the x and y directions 

and a perfectly matched layer (PML) boundary condition in the z direction.  As noted 

above, the 10 nm Ag coatings consist of islands on the PAN pillars; therefore, in the 

simulation, the PAN pillar is decorated with small Ag nanoparticles.  In contrast, the 

sample with 50 nm Ag has a continuous Ag coating that is not conformal everywhere.  

The sidewalls of the pillars are coated with a thinner Ag layer than the target thickness, 

and the Ag is thicker on top of the pillars than in the spacing plane between them.  Figure 

5.3 shows the simulated electric field distribution for 50 nm Ag nanopillars.
57

 The angle 

of incidence is 30 and the electric field is in the x direction.  The duration of the 

simulation pulse is 3.51 femtosecond.  The existence of hot spots on the edges of the Ag 

is evident.  There is no enhancement in the electric field component of the light inside the 

PAN layer.  Extra features at PAN/Ag and Ag/air interfaces are due to the discontinuity 

between the dielectric constants of the materials, as expected from the boundary 

conditions of Maxwell’s equations.  



109 

 

  Since the imaginary part of the dielectric constant of air is zero, light propagates a 

longer distance in air than in Ag or PAN.  At the bottom of the pillars, the E field is more 

confined at the interface of PAN/Ag, whereas on the top of the pillars, light is more 

localized at the Ag/air interface .The time dependence of the electric field is shown in 

Figure 5.4B).  Electric field propagation for the point on the top of the Ag pillar at Point 

A is shown in black.  As expected from Figure 5.3A), the electric field in the center of the 

pillar is smaller than at the edge of the pillar (Point C in blue).  The blue line shows the 

change in the real part of the electric field in the x direction at the edge of the Ag pillar. 

Figure 5.4B) shows evidence for oscillation of the electric field and after a few 

femtoseconds the pillar is polarized, which is a result of surface plasmon propagation.  

The electric field then reaches its maximum at about 15 fs and then gradually decays.    In 

between the pillars (Point B in the inset in Figure 5.4b), the electric field decays more 

slowly than at the top of the pillar.  Furthermore, the field is larger in that region which 

means there is strong interaction between the pillars. 

 

Figure 5.3 (A) xy and (B) xz distribution of plasmonic E-field amplitude on the pillars 

when excited with light incident at an angle 30° relative to the x-axis.  The false color 

bar represents corresponding E-field amplitude. 
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Small nano-islands on the 10 nm Ag coated pillars result in a non-uniform 

distribution of hot spots on top of the pillars (see Figures 5.5A) and 5.5B)).  On the 

bottom of the pillars, light is more localized at the interface of Ag/PAN and extends in 

between the pillars due to non-continuous islands of Ag at the base of the pillars. 

In order to better describe the electric field behavior in different parts of the sample, 1D 

plots of the E field are shown in Figure 5.6A). Peaks in the electric field on top of the 

pillar are due to various hot spots caused by Ag islands.  There is strong enhancement in 

Figure 5.4 (A) 1D representation of E-field intensity at different regions of the sample 

at y=0 (xz plane) and (B) time dependence of the electric field at various points on the 

nanopillars coated with 50 nm thick Ag. 

Figure 5.5 Distribution of plasmonic E-field amplitude on (A) xz and (B) xy (3D 

representation) planes of the pillars when excited with light incident at an angle 30° relative 

to the x-axis 
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the electric field at the bottom of the pillar in the space between the pillars. Figure 5.6B) 

shows the change in the real part of the time dependent electric field in the x direction for 

different regions of the pillar.     

 

 

 

 

 

 

 

 

 

 

.  On top of the pillar the electric field oscillates and after reaching a maximum, decays to 

less than half its initial value and then begins to increase until it reaches a secondary 

maximum and eventually decays.  The distribution of hot spots on top of the pillar causes 

variations in the enhancement of the electric field. The simulated normalized electric 

field intensity versus the radius of the Ag pillars is shown in Figure 5.7A). 

The incident wavelength is fixed at 532 nm as this was the wavelength used for excitation 

in our experimental Raman work.  The polarizability of the pillar changes with radius and 

is weakly oscillatory.  The SPR frequency of the structure is dependent on the geometry 

and dimensions of the pillars; as the radius increases the SPR frequency red shifts as 

Figure 5.6 (A) 1D representation of E-field intensity at different regions of the sample 

at y = 0 (xz plane) and (B) time dependence of the Ex-field at various points on the 

nanopillars coated with 10nm thick Ag.  The E-field fluctuates on top of the pillars due 

to hot spots from islands of Ag. 
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expected.  Figure 5.7B) shows the simulated normalized electric field at the interface 

between silver and air at a constant radius of 75 nm versus the height of the pillar.  

 

The aspect ratio of the pillar affects the SPR frequency, which also depends on the 

polarization of the light.  Furthermore, the incident wavelength should be in resonance 

with SPR to be able to excite it.  Depending on the polarization and angle of incidence of 

the light, the longitudinal frequency of surface plasmon resonance can be excited, which 

is attributed to the nanopillar length and its aspect ratio.  The longitudinal surface 

plasmon frequency redshifts with increasing nanopillar length.  The SPR frequency can 

be detected as a minimum in reflection spectrum.  With increasing nanopillar height, the 

SPR frequency will red or blue shift depending on the polarization.  Further, with 

increasing height, the dips in the reflection spectrum broaden. 

The enhancement factor (G) due to SPR can be expressed by the following formula
163

 

 
 

4
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Figure 5.7  Change in plasmonic E-field on top of Ag coated pillars with A) varying 

thickness of Ag in z-direction and B) versus varying thickness of Ag in x-direction 

(changing radius, figure B). 



113 

 

where Eloc(r, )  is the local electric field at point r and frequency ω.  The origin of the 

power of four in the formula is due to the fact that SPR effects both incident laser light 

and scattered light intensities.  From the simulation shown in Figure 5.3, the electric field 

enhancement factor is 

4

E

Eloc
 where locE  is average E-field amplitude in the xy plane 

at the top of the pillar.  Comparison of the simulated E-field intensity between 

nanostructured and planar substrates, predicts a factor of 4.5×10
4 

in Raman signal 

intensity enhancement for the nanostructured Ag substrate. 

5.6 Surface enhanced Raman scattering studies on Ag nanopillars 

Figure 5.8 shows the Raman spectra of Ag-coated PAN nanopillars with (red trace) and 

without (black trace) a thiophenol monolayer (ML), along with the spectrum from a 

thiophenol ML on Pt-coated nanopillars (blue trace).   

Figure 5.8  Raman spectra of (a) Ag-coated PAN nanostructure without thiophenol 

ML, (b) thiophenol ML on Ag-coated PAN and (c) thiophenol monolayer on Pt-coated 

PAN nanostructures. 
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The most prominent features of the spectra from the Ag-coated substrates are the large 

broad bands centered near 1350 and 1580 cm
-1

.  These bands are ascribed to the D and G 

bands, respectively, of amorphous carbon (a-C).
161,164 ,165

  This a-C arises from 

carbonization of PAN at the Ag/PAN interface as previously reported by Xue and 

coworkers
166

.  The carbonization process has been ascribed to formation of an Ag-nitrile 

surface complex that activates the PAN leading to C≡N bond cleavage, eventually 

resulting in the production of coupled aromatic heterocycles that further degrade to a-C.  

Quantification of the surface enhancement factor (SEF) for these surfaces is 

accomplished by normalization of the Raman scattered signal levels of a vibrational band 

of an adsorbed thiophenol ML at the Ag-coated pillars to that from the Pt-coated pillars.  

This approach is predicated on the assumption of a unity enhancement factor for the Pt-

coated substrates as previously described by Taylor.
157,159,167

  The ν(C-C) ring mode
168

 at 

997 cm
-1

 was chosen for this analysis because of its high intensity and its lack of spectral 

overlap with the a-C background.  

The signal intensity (S) in surface enhanced Raman scattering is given by
157,169

   

                               (5.2) 

where βs is the Raman scattering cross-section of the adsorbate, Ds is the molecular 

number density of the adsorbate on the surface, AD is the geometric surface area sampled, 

PD is the incident laser power density, t is the integration time, Ω is the solid angle of 

collection of the Raman scattered radiation, T is the monochromator transmission factor, 

Q is detector quantum efficiency, F is the transmission of the edge pass filter, and f is the 
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surface area enhancement factor, the ratio of nanostructured sample area compared to a 

planar reference one.  

Here, f is determined as the ratio of the true surface area measured using electrochemical 

UPD of a metallic monolayer to the geometric area defined by the area of the working 

electrode from cyclic voltammetry.  When considering the ratio of scattering intensities at 

Ag and Pt, the sample independent factors cancel, leaving only Ds, PD, t, and f to 

consider.  Here, we use the values of Gui et al.
170

 for the surface number density (Ds) of 

thiophenol on our substrates.  These values of 0.544 nmol/cm
2
 for Ag (111) and 0.45 

nmol/cm
2
 for Pt (111) are based on Auger electron spectroscopy.  

Table 5.1 summarizes collection parameters and signal and background intensities for 

thiophenol adsorbed on both Ag- and Pt-coated nanopillar arrays.  The calculated SEF for 

the Ag-coated pillars is shown with the SEF for Pt set to unity as reported by Taylor.
157

  

Relative to Pt,  

Table 5.1 Experimental signal, background, and SEF values for thiophenol monolayer.  

 

 

a
Signal intensity taken at 997 cm

-1
. 

b
Background intensity taken as root-mean-squared intensity at 800 cm

-1
. 

c
S/N calculated as signal intensity (S) divided by noise intensity (N) where N is approximated as N = (S 

+ B)
1/2

 using the background intensity (B) 

 

Pillar 

Coating 

PD 

(mW) 
t (s) 

Signal Intensitya 

(Arb. Unit) 

Background Intensityb 

(Arb. Unit) 
S/N f 

DS 

(nmol/cm2) 
SEF 

Ag 25 10 3.8 (± 0.7) x 107 1.6 (± 0.2) x 107 5200 ± 300 2.9 0.54 7.4 (± 0.2)  x 105 

Pt 150 3600 4.2 (± 0.2) x 103 1.0 (± 0.3) x 104 13 ± 2 3.0 0.45 1 
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the Ag-coated nanopillars exhibit a SEF on the order of 10
6
, consistent with values 

observed from previously reported structured surfaces on which the structure was both 

ordered
171,172,173,174,175

 and disordered.
176,177,178,179

  

The difference between experimental and simulation surface enhancement factors is 

usually attributed to charge transfer between the molecule and nanostructured surface.  A 

charge transfer intermediate state effectively enhances the Raman signal through an 

electron mediated resonance effect.
180

  Furthermore, a phase shift at the interface of the 

metal nanostructure and the dielectric may cause an additional enhancement in the 

electric field
181

.  In addition, simulated enhancement factor reported here is 

underestimated as this is calculated over a 2 D cross section in xy plane. As 

thesenanostructured substrates may be of use for plasmonic enhancement of light 

absorption in organic solar cells, SERS was used to gain insight into the interfacial 

chemistry between the nanostructured Ag and C60, a commonly used electron acceptor 

material.  Figure 5.9 shows the Raman spectrum from a 5 ML C60 film on Ag-coated 

nanopillar substrate (black trace).  The results of spectral peak fitting of the C60 (green 

traces) and a-C (blue traces) modes at the buried Ag/PAN interface are also shown.  The 

sum of these fits (red dashed trace) is overlaid on the raw spectral data for comparison.  

Of particular interest is the fit of the Ag (2) band at ~1470 cm
-1

 to two components, one at 

1472 cm
-1

 and one at 1466 cm
-1

.  The former band is assigned to the native C60
160

, but the 

lower frequency band, which decreases in frequency by 6 cm
-1

, is attributed to the anion 

radical of C60 resulting from charge transfer from Ag to the C60 film.  Previous studies 

have shown the magnitude of this frequency decrease to be correlated with the extent of 
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electron doping of C60,
182,183,184,185,186

 with a decrease of 6-7 cm
-1

 corresponding to 

transfer of one electron per C60. Thus, the presence of this lower frequency component in 

the spectrum clearly indicates electron sharing/delocalization between the Ag SERS 

substrate and the C60 film.  Assuming equal surface enhancement, the ratio of integrated 

intensities of the two Ag (2) bands is 4:1, suggesting that ~80% of the C60 molecules are 

in the reduced state. 

 

Beyond electron transfer, no other spectral changes are observed suggesting that no 

further reaction chemistry occurs.  This is in contrast to the behavior of C60 with other 

low work function metals such as Al, whose deposition has been shown to induce 

reactions leading to a-C.
187

 Although in the present study, it is impossible to distinguish 

Figure 5.9  Raman spectra of (a) C60 deposited on Ag coated PAN nanostructures 

(black trace) overlaid with fit (dashed red trace), (b) fit results attributed to -C from 

Ag/PAN reaction at the interface (blue trace) and (c) bands fit for C60 and C60•- (green 

trace).  
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a-C originating at the Ag/PAN interface from that resulting from C60 degradation, the 

absence of any additional reaction product bands that are observed for Al deposition is a 

good indication that Ag-to-C60 electron transfer does not induce further reaction 

chemistry.  
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