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Abstract 

 

Loss Compensation in a Plasmonic Nanoparticle Array 

 

Shannon Marie Miller, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Andrea Alù 

 

The problem of heavy material and radiative losses in plasmonic devices has held 

back their implementation for compact and high-speed data storage and interconnects.  

One of the most interesting solutions to this problem currently under exploration is the 

addition of a gain material in close proximity to the metallic nanostructures for loss 

compensation.  Here the physics of light transport in a nanoparticle array, and the 

operation of gain media in contact with the structure, are described and analytically 

modeled.  A two-dimensional array of closely spaced gold nanoparticles has been 

fabricated by focused ion beam milling, and its electromagnetic response in the presence 

or absence of a dye coating has been simulated in preparation for pump-probe optical 

testing.  The compensation of losses via a fluorophore coating has been proven for the 

first time in this geometry, for a physically realized sample. 
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INTRODUCTION 

The properties of plasmonic structures could provide the answer to many 

questions in the search for faster and more compact devices for information processing 

and transfer. Their development is the focus of much current research within the field of 

nanotechnology.  A surface plasmon polariton (SPP) is a wave that travels along the 

interface between a metal and a dielectric, via the oscillation of conduction electrons.  

These evanescent waves were at one time thought to be useless for practical applications 

at communications or visible frequencies, since heavy material and radiation losses cause 

the waves to die out after propagating only a few microns.  However, as nanoscale 

technology has developed, the fascinating potential of plasmonic effects for deep 

subwavelength localization of electromagnetic fields and thus light control below the 

diffraction limit has come to light, with applications in waveguiding
1
, metamaterials

2
, 

metasurfaces
3,4

, nano-antennas
5,6

 and even nano-lasers
7
 (spasers).  The issue of losses has 

not disappeared with these new discoveries, and indeed has restricted plasmonics to very 

few practical implementations up to now.  But several methods to cope with the problem 

have been devised, most notably embedding a gain material within the device.  In this 

work, loss compensation via a dye coating on a real two-dimensional plasmonic 

nanostructure is described. 
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RELATED WORK 

Several strategies are helpful in combating plasmonic losses, including adjusting 

the waveguide design to maximize the effect of gain materials present
8
, improving 

fabrication methods to reduce size variations and surface roughness, and as previously 

mentioned incorporating gain materials in the design.  In this work the properties of 

various gain media available for this application are explored, and the application of a 

gain coating to a specific device geometry–a metallic nanoparticle array–is considered. 
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Chapter 1: Plasmonic loss compensation  

The leading strategy for mitigating plasmonic losses is to place a gain medium in 

close proximity to the metallic structure, such as fluorescent (dye) molecules
9–11

, 

quantum dots
12–14

, or another semiconductor nanostructure
15,16

.  With the help of energy 

pumping from an external source, these gain media can enable loss-free or even active 

operation.   

FLUORESCENT MOLECULES 

The type of luminescence exhibited by fluorophores takes place when the orbiting 

electrons of a molecule relax to the ground state after being excited to a higher quantum 

state.  The active spectrum of a fluorescent substance is generally broadband in 

comparison to that of other options such as quantum dots, with a FWHM of 20 to 30 

nm
17

.  When this gain spectrum overlaps with the operating bandwidth of a device, e.g. 

near the plasmonic resonance of the structure, and under pumping, resonant energy 

transfer occurs from the dye molecules to the metallic nanostructure
18

.  The limitations of 

this technique are that the solution or polymer in which the dye molecules are bound 

must be highly concentrated for the desired gain effect, and that photobleaching quickly 

destroys the effectiveness of the dye
19

.  This bleaching is the permanent dissociation of 

the fluorescent molecule when it absorbs a large amount of energy, usually within a few 

minutes given the laser excitation intensity commonly used in plasmonic experiments. 

QUANTUM DOTS 

Quantum dots provide luminescence via the generation and recombination of 

electron-hole pairs in the discretized density of states of a group of just tens of atoms 

acting as a pseudo-molecule.  Combining quantum dots with plasmonic structures has 

been shown to dramatically narrow and increase the intensity of their photoluminescence 
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spectrum
14

.  Although quantum dots are not subject to photobleaching like dyes and are 

thus a more promising long-term solution to plasmonic losses
20

, they are more difficult to 

implement than dye molecules because of their narrow gain bandwidth (typical FWHM 

of 5 nm
21

) and extreme sensitivity to various tuning mechanisms.  The narrow emission 

peak is determined not simply by the material properties and size of the quantum dots, 

but also by adjacent structures via the Purcell effect
14

. 

SEMICONDUCTOR NANOSTRUCTURES 

Lastly, net gain can be achieved with built-in semiconductor nanostructures--that 

is, active materials serving as device components rather than simply coating or being 

embedded into the device.  The key to their effectiveness is designing the structures to 

confine most of the propagating mode to the gain medium rather than the metal, so that 

modal gain can be achieved with relatively small amounts of material gain.  For example, 

quantum wells beneath a gold film, or a CdS nanowire on a silver film enable plasmonic 

waveguiding
16,22

.  These structures are promising for integration with silicon 

microelectronics, and some of them, such as quantum wells and quantum dots, can be 

electrically pumped. 
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Chapter 2: Fluorophores and nanoparticles 

 Despite the limitations mentioned previously, fluorescent molecules have been 

used heavily in both simulated and actual loss-compensated plasmonic nanostructures.  

This is likely due to the high level of gain obtainable with dyes (for example, 10
3
 cm

-1
 or 

more using Rhodamine 6G)
10

 and the simplicity of their implementation.  Plasmonic 

nanostructures often require complex and newly developed fabrication methods, making 

the addition of quantum dots or other nanostructures to designs that much more difficult.  

Thus for the present early prototyping stages in loss compensation, fluorophores are often 

the method of choice. 

It has long been known that metals act as quenchers to fluorescent molecules; this 

quenching is the result of a nonradiative resonant energy transfer between the dye and the 

metal.  Thus in studies applying these dyes to plasmonic nanostructures it was quickly 

determined that only the gain material in very close proximity to the metallic structures 

was useful in signal amplification, and that the presence or absence of gain far from the 

metal has no significance.
10

  Maximizing the metallic surface area in close proximity to 

the gain material is therefore important in any realistic design.   

ISOLATED NANOPARTICLES 

One plasmonic nanostructure that has long been of interest for a number of 

reasons is the spherical metallic nanoparticle.  The plasmonic resonance of an individual 

nanoparticle is a similar but distinct effect from a surface plasmon on a bulk material.  

The frequency of this resonance is dependent not only on material properties but also on 

the size and shape of the nanoparticle and the electromagnetic properties of its 

surroundings.  Some of the advantages of the nanoparticle geometry include maximized 

surface area and extreme local field enhancement (only heightened by adding sharp 
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corners or tips to the nanoparticle).  Metallic nanoparticles can be synthesized by 

straightforward chemical methods, and the plasmonic resonance frequency of a spherical 

particle can be directly predicted using Mie theory, as detailed in Chapter 4.   

 

Figure 1: Illustration from Ref. 10 showing the experimental setup, in which the green 

laser pumps both the silver-R6G sample and a probe laser built with R6G.  

The squares and diamonds represent the Rayleigh scattering from two 

separately mixed samples, showing different outcomes from pumping 

possibly due to the presence of different numbers of adsorbed dye molecules 

per nanoparticle. 

 As a basic test of the effectiveness of dye in nanoparticle loss compensation, 

aggregated silver nanoparticles and Rhodamine 6G were combined in solution, and the 

Rayleigh scattering of the liquid in a 1 mm cuvette was measured with pumping from a 

532 nm source (near the peak of absorption for R6G).
10

  The same source was used to 

pump an R6G laser used to probe the reflectivity of the silver-R6G mixture.  For 

comparison, the same measurements were made using a pure nanoparticle solution and a 

pure dye solution, with no noticeable enhancement in scattering.  The mixture of the two, 
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however, showed a six-fold increase in Rayleigh scattering from that of the silver 

aggregate alone. 

 

Figure 2: A calculated three-dimensional radiation pattern from Ref. 5 for a leaky-wave 

nanoantenna consisting of silver particles of radius 50 nm and spacing 10 

nm, which operates in the near-infrared regime. 

LINEAR NANOPARTICLE CHAINS 

With the concept effectively proven, the application of dyes for loss compensation 

in realistic device designs could be investigated.  The idea of guiding waves along a chain 

of subdiffraction metallic nanoparticles had been proposed as early as 1998
23

, but not 

implemented due to high signal damping in this geometry and the lack of developed 

fabrication methods.  Nearly ten years later, an exactly solvable model for plasmonic 

propagation in nanoparticle chains embedded in a gain medium was presented by 

Citrin
24

, showing that with a conservative estimated gain (Im[ε] = -0.05), low attenuation 

could be achieved.  The theory of propagation along linear nanoparticle chains was 

thoroughly described by Alù and Engheta
1
 in the same year, and a design incorporating a 

surrounding gain medium has since been offered
25

.  The linear nanoparticle chain 
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geometry has also been suggested as an optical leaky-wave nanoantenna
5
, with leaky 

modes considered to be eigenmodes of the structure with complex wave numbers whose 

real part is smaller than that of the wavenumber in vacuum.  Given a low enough 

imaginary part of the wave number, the chain can produce a conical beam of radiation 

that is very directive. 

HIGHER-DIMENSIONAL NANOPARTICLE ARRAYS 

A two-dimensional array of gold nanoparticles was fabricated and shown to have 

interesting properties as well, most notably the ability to reduce radiation loss using out-

of-plane interactions between the nanoparticles
26

.  In this study, large-scale arrays of 100 

nm square gold nanoparticles of varying depth and lattice spacing of 400 nm were 

fabricated in a silicon template and then transferred to a polyurethane matrix on a glass 

substrate.  It was found that the interaction of particles in the array significantly increased 

local fields as compared to the same nanoparticles in isolation.  The narrowed resonance 

linewidth corresponded to a longer plasmon lifetime in the array, and lower scattering 

and higher absorption were observed. 

The implementation of nanoparticles in an ordered three-dimensional lattice has 

been studied but not yet physically implemented.  For example, a bulk metamaterial with 

near-zero permittivity and low losses could potentially be formed with metallic 

nanoshells encapsulating dye-infused dielectric cores
27

. 

PROMISING EXPERIMENTAL RESULTS 

Thus far only theoretical studies and simulations have been discussed, save the 

proof-of-concept study of nanoparticles and dye in solution
10

; this is because as yet very 

few physical experiments applying loss compensation to nanoparticle structures have 

been reported.  Those that have occurred, however, have been successful.  Gold 
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nanoparticles inside dye-doped silica shells showed enhanced transmission in the peak 

emission range of the dye, corresponding to strong fluorescence quenching due to the 

resonant energy transfer between the dye and nanoparticles
18

.  With much heavier dye 

doping (an estimated 2.7x10
3
 molecules of Oregon Green 488 dye per 14 nm gold core), 

another team demonstrated not just lossless but highly active plasmonic behavior
17

, 

which has been dubbed a lasing spaser
7,28

.  Another success was the application of gain 

media to a structure that was essentially the inverse of a nanoparticle array—a double 

silver fishnet that served as an optical negative index metamaterial
2
.  In a delicate and 

risky fabrication process, the usual alumina spacer of the fishnet structure was replaced 

with Rhodamine 800 (Rh800) dye-doped epoxy, which also coated the top of the 

structure.  When characterized by far-field transmission and reflection measurements first 

without and then with pumping, the structure was active in a 16 nm spectral range, with a 

sum of transmitted and reflected field intensities reaching nearly 1.23 times that of the 

incident beam.  To date, no similar experiment using an array of nanoparticles has been 

reported. 
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Chapter 3: Plasmonic properties of metallic nanoparticles 

Now that the reader is familiar with the reasons for current interest in metallic 

nanoparticles for creating plasmonic devices, let us consider how to analytically model 

their plasmonic behavior.   

MIE THEORY 

This discussion will focus on a nanoparticle with a metallic core of radius a, 

enclosed by a dye-doped shell of outer radius as.  An excellent approximation of the 

resonance frequency of a nanoparticle can be found by treating it as an infinitesimal 

electric dipole and studying its electric polarizability, provided that the nanoparticle is 

much smaller than the wavelength of operation such that 0 0, 1sk a k a  , where  

0 0 0k    is the wave number in the surrounding host medium.  Here it is assumed 

that the particle is near its dipolar resonance, a requirement for the operation of 

plasmonic devices relying on the radiative coupling between nanoparticles.  This ensures 

that both the near field and the far field of the particle are dominated by the dipolar term, 

making it sufficient to consider only this term even when the center-to-center distance of 

two particles is very small.
1
 Assuming also that the nanoparticle is non-magnetic and 

symmetric, the magnetic polarizability mm  and the coupling effects described by 

electromagnetic polarizability em  can be ignored in the model.   

Then by relating the Mie TM
r
 spherical harmonic for n = 1 to the dipolar field 

generated by 0 = eep Ε , the electric polarizability of the particle can be expressed in 

terms of its Mie scattering coefficient 
1

TMc . 

 0
13

0

6 TM

ee

i
c

k


     (0.1) 
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The first-order Mie scattering coefficient can be expressed as  

 

 1
1

1 1

TM
TM

TM TM

U
c

U iV
 


  (0.2) 

 

The maximum absolute value of this coefficient, 
1

TMc = -1, corresponds to the 

dipolar resonance of the particle, and occurs when 
1 0TMV  .  Note that this leads to a 

nonzero imaginary part of the polarizability even for a lossless material, which 

corresponds to the radiation loss.  This loss enables the coupling between nanoparticles in 

chains or arrays.  The matrices 
1

TMU and 
1

TMV  can be written for a core-shell particle as 

follows: 
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1 1 0

1 1 0 1 0 00

s s s s s

s s s s s s s s s s s s

k a y k a y k a

k a j k a k a y k a k a y k a              

 (0.3) 

Here it is assumed that the materials are non-magnetic, so that the relative 

permeabilities are equal to one.  The permittivity, wave number, and radius for the 

metallic core of the particle are expressed as ε, k, and a, and for the shell as εs, ks, and as.  

The expressions j1() and y1() are spherical Bessel functions of the first and second kind.  

With this formulation the critical level of gain (described by Im[εs]) needed, for various 
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shell thicknesses, to compensate losses in the nanoparticles could be determined, as 

described in Chapter 5. 

GUIDING PROPERTIES OF NANOPARTICLE CHAINS 

Given a reliable model for the electric polarizability of each nanoparticle, the 

analysis can be expanded to characterize the waveguiding properties of a linear chain of 

such particles.  If an infinite, periodic chain of nanoparticles lies along the z axis, the 

dipole moment of the sphere at z = 0 can be written as 0 ee locp E .  Here locE  is the 

local electric field acting on the point z = 0 if the particle were removed, consisting of 

both the external field and the scattered fields from nearby particles.  Applying the Bloch 

theorem to this periodic array, the dipolar moment of each element can be expressed as

0

i Nd

N e p p , where   is the wave number for propagation and radiation along the array.   

As derived in Ref. 1, the dispersion relations for the longitudinal (particles 

polarized along the length of the chain) and transverse (particles polarized normal to the 

chain, see Figure 3) propagation modes can be written as 

 

 

   

     

3 1

3 2

3 2 1

3 2 1

L:  3 , ,                         and

3
T: , , ,

2

ee

ee

d f d id f d

d f d id f d d f d

  

   

 

 

  
 

    
 

  (0.4) 

 

where the normalized parameters 0d k d , 0/ k  , and  3

0 0/ 6ee eek    have 

been used.  The functions Nf  are defined by  

        1 1
, Li Li

j d j d

N N Nf d e e
 


  

    (0.5) 

where  LiN x is the polylogarithm function, used in its iterative integral form so that the 

dispersion relations are convergent for real and complex values of β and can be solved 

efficiently in standard mathematical software
1,24

.   
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For real values of the wave number guided modes necessarily require 

1 / d   , implying a limit on the interparticle distance for waveguiding.  The 

guided bandwidth narrows whenever this spacing is increased or the particle size is 

diminished.  

 

 

Figure 3: Conceptual image of a chain of gold nanoparticles with a wave propagating in 

transverse mode, emphasizing the close spacing of the inclusions and their 

size relative to the signal wavelength supported. 

An intuitive understanding of longitudinal versus transverse propagation along the 

chain can be gained with an analogy to lumped circuit components
1
.  When waves 

propagate in the longitudinal mode, the particles may be thought of as series 

nanoinductors surrounded by parallel nanocapacitors, forming an L-C transmission line 

that supports forward-wave behavior.  For transverse polarization the inductive and 

capacitive components are exchanged, resulting in a one-dimensional backward-wave 

transmission line akin to a negative index metamaterial.  Although both modes of 

propagation are interesting for study and design, backward-wave behavior necessitates 

higher levels of gain and places more stringent requirements on the ratio a/as (see Figure 

5), so the longitudinal mode is more promising. 
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In summary, the gain materials available for plasmonic loss compensation include 

fluorophores, quantum dots, and other semiconductor nanostructures.  Although the two 

latter options may be more reasonable for practical devices, fluorescent dyes are most 

convenient for initial prototyping studies.  The properties of metallic nanoparticles offer 

great potential for plasmonic device designs but also a great challenge in loss 

compensation.  Now that an understanding of the mechanisms of gain as well as the 

physics of propagation in nanoparticle arrays has been developed, the creation of an 

actual device could be endeavored. 
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EXPERIMENTAL METHODS 

 With the goal of testing loss compensation via an applied gain material in a real 

plasmonic structure, a series of experiments were conducted.  First the feasibility of gain 

coatings for metallic nanoparticle arrays was analytically modeled in Mathematica.  Next 

an array was designed for actual fabrication via dip-pen nanolithography or focused ion 

beam milling, and finally arrangements were made to optically test the properties of the 

structure before and after applying a coating of dye as a gain material. 
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Chapter 4:  Analytical Simulations  

Using Mathematica, a study was conducted to determine both the potential and 

the limitations of the gain shell scheme for metallic nanoparticle structures.  The 

calculations were based on Mie theory and coupling via dipolar radiation as previously 

discussed in Chapter 4.  First, a realistic model for the permittivity of silver was derived 

from experimentally obtained values
29

 for the material’s frequency-dispersive index and 

wave vector.  Then this permittivity was used to find the polarizability of a spherical 

silver nanoparticle as determined by the first-order Mie scattering coefficient.  A 

plasmonic device or metamaterial composed of these nanoparticles would generally 

operate near the peak of this polarizability spectrum, where the radiation of the particles 

is maximized for inter-particle coupling, but the losses, represented by the imaginary part 

of the polarizability, are also maximized.  Hence the next step was to model the effect of 

a gain shell on the imaginary component of the polarizability of the sphere; this was done 

by adding a material layer with a constant negative imaginary permittivity to the Mie 

scattering coefficient formulation.  The constant gain approximation is of course only 

valid within a narrow bandwidth for real gain materials, but in this way the variables of 

relative core/shell thickness and gain value could be isolated for study at a single 

frequency.  Considering the gain threshold to be reached when the imaginary part of the 

sphere polarizability equals zero (lossless case, showing that losses are fully compensated 

but the core-shell structure is not yet active), the minimum gain and shell thickness were 

determined for spheres between 10 and 100 nm in radius.  The resulting curve in Figure 4 

demonstrates that loss compensation is possible with the use of realistic gain materials at 

relatively slim thicknesses that allow the metallic nanostructure to dominate the 

properties of the device. 
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Figure 4: Threshold gain level εg for loss compensation in coated nanoparticles of varying 

size, plotted versus the core/shell thickness ratio. 

Next the possibility of integrating these core-shell particles into a practical 

structure was investigated.  In previous works by the group
1,5

, linear chains of metallic 

nanoparticles were found to be potentially useful as subdiffraction optical transmission 

lines or leaky-wave antennas—with the expected limitation of very short propagation 

distances before the signal would be overcome by ohmic and radiative losses.  Thus it 

was of interest to apply the gain shell design to the periodic linear chain structure.  In 

work performed by Xing-Xiang Liu, the propagating wave number β was found 

numerically for 10 nm silver core particles with varying gain values and gain material 

thicknesses.  It was demonstrated that guided modes for the linear chain near the particle 

resonance, can be fully loss-compensated using physically realizable gain materials (0.02 

< εg < 0.165).  
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Figure 5: In this plot the solid and dashed red lines represent the upper and lower limits 

of the guided modes for a linear nanoparticle chain with 10 nm silver cores.  

The black line marks the particle resonance, so that a practical choice of 

gain material and thickness can be made for a desired frequency of device 

operation. Differences in critical gain εg and bandwidth can be seen for the 

longitudinal (a) and transverse (b) polarizations. 
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Chapter 5: Sample Fabrication 

Given the promising results of particle chain simulations, it was of interest to 

explore whether these designs could be implemented and tested with current 

technologies.  The leading methods of nanoscale fabrication still do not lend themselves 

well to creating an isolated chain of closely spaced metallic nanoparticles on an 

insulating substrate.  Although it is possible even with photolithography methods to make 

metal islands of less than 100 nm, the spacing of these inclusions is dictated by the 

diffraction-limited process, so that it is generally much too wide for significant 

interactions between the particles to occur.  Another question arising was how to test the 

plasmonic activity of the  particle chain if it could be built—to send a light pulse from 

one end of the chain and measure it at the other would essentially require two NSOM 

(near-field scanning optical microscopy) tips working in tandem.  Given the limitations 

of existing equipment for testing, the decision was made to instead create a two-

dimensional array of nanoparticles, so that its properties could be investigated through 

normal incidence pump-probe optical experiments.  Additionally, although initial 

investigations were performed with silver, it is noted that silver nanostructures in storage 

will oxidize (tarnish) and lose their functionality quickly.  With the consideration that 

several months would likely pass between the creation of the nano-array and the 

opportunity to test it, gold, although more lossy, was chosen to replace silver in the final 

structure.  Two promising methods to achieve this structure were DPN (dip-pen 

nanolithography) and FIB (focused ion beam) milling.   

Dip-pen nanolithography, or nano-ink printing, is a bottom-up system for building 

nanostructures by depositing materials from a single AFM (atomic force microscopy) tip 
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or from an array of these tips.  The technique was studied and tested, but not used for 

final sample creation; it will be described further at the end of this chapter. 

 

 

Figure 6: (a) 1x1" glass substrate with Au thin film ready for milling; (b) rendering of the 

sample geometry showing the pyramidal shape of the gold inclusions; (c) 

wide view of a finished 75x75 µm sample showing pattern repeatability; (d) 

close-up of the inclusions showing small gaps and consistent dimensions 
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FOCUSED ION BEAM MILLING 

Focused ion beam technology is an established method for performing scanning 

ion microscopy, lithography, ion implantation, and localized milling. FIB milling was 

chosen as an accurate, reliable top-down method for sample preparation. An FIB system 

can reach engraved feature sizes of 5-20 nm, allowing for the narrow particle spacing and 

strong dipole interaction desired.
30

 FIB systems, as the name implies, operate using a 

focused beam of ions (generally gallium) to image or alter the sample. At high beam 

currents the energy of accelerated ions exceeds the critical displacement energy of 5 to 20 

eV for atoms of the material, allowing the beam to dig a trench along its path.
31

 The 

structures for this project were fabricated using the Nova 600 Nanolab from FEI 

Company, housed at the CINT facility (Center for Integrated NanoTechnologies) in 

Albuquerque, New Mexico. 

Although the FIB process is direct, without a complicated series of resists, film 

deposition and lift-off, its efficiency is limited by the fact that features must be formed in 

series, not in parallel. The single beam of ions must carve out each design component one 

at a time. Depending on the material being milled, its depth, and the desired feature sizes, 

a recipe will be developed consisting of beam current, aperture, dwell time, and number 

of passes. In this case a high accelerating voltage of 30 kV is necessary to displace the 

gold, while one of the lowest probe currents available (10 pA) is needed to achieve the 

less than 25 nm gaps shown in Figure 6. Longer dwell times lead to less accurate milling, 

so the number of passes must be high for fine features. In addition, the inherent problem 

of redeposition—that is, ions removed by FIB reattaching nearby on the surface—

presents a greater challenge for denser arrays and thicker films. Thus, although the 

narrowest line that could be milled using the Nova 600 is 5 nm, in this case a wider gap 

was necessary to eliminate bridging between the nanoparticles. The resulting recipe 
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produced 15x15 µm of the pattern per hour of milling time. This was an acceptable rate 

of progress for prototyping a new design, but would be very impractical for large-scale 

production. One method of reducing redeposition and accelerating etching times is 

reactive ion assisted milling, in which reactive gases are injected very near the working 

area and continuously evacuated (preventing redeposition) via the chamber pump.
31

 This 

option was not available at the time of these experiments but will be explored in the 

future.  

First, standard 1 mm thick microscope slides of soda lime glass, refractive index 

1.57, were cut into thirds and cleaned with mild solvents in preparation for metal film 

deposition. The relatively large substrate area of 1x1” was chosen for ease of use with the 

optical mounts that would be used for testing. A better substrate for a plasmonic laser 

experiment would be sapphire due to its high thermal conductivity, but it was impractical 

to use such a costly material for this early test. Electron beam evaporation was used to 

deposit a 5 nm adhesion layer of titanium followed by a 150 nm gold film on the slides. 

The surface of each slide was cleaned with acetone, methanol, and isopropyl alcohol and 

dried under nitrogen in preparation for milling. Conductive tape was placed on all four 

sides of each sample, electrically connecting the gold film to the sample holder in the FIB 

chamber to dissipate charges during fabrication (See Figure 6a). Each film was inspected 

under SEM (included in the Nova 600 system) and the array placement was chosen to 

avoid any inconsistencies or contaminants on the surface. Milling was accomplished in 

several sessions, as the system allows the user to keep a record of the position of 

operation on the substrate. To ensure that the beam focus was exact and the pattern edges 

were crisp, the grid was milled in 5x5 µm sections. For this work, two large (75x75 µm) 

arrays of 160 nm gold cubes were fabricated. This array size was requested by the 

experimental team contacted for pump-probe optical testing, simply because a smaller 
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array might have been impossible to find on the 1x1” substrate with the optical 

equipment available.  

The final samples obtained show a consistent pattern over the entire area, save for 

minor overlap errors due to imprecise stage movement control. The cubes in the array 

have rounded corners due to the nature of milling a relatively thick film. The groove 

created by the ion beam has a “V” shape—in order to reach the substrate and separate the 

cubes, some extra material is removed at the top. 

DIP-PEN NANOLITHOGRAPHY 

An alternate method of sample preparation, explored in parallel with FIB milling, 

is dip-pen nanolithography (DPN).  DPN is an emerging nanofabrication method in 

which an atomic force microscopy (AFM) tip or tip array is used to print nanostructures 

with various inks, such as molecules in solution or nanoparticles.  This technology has 

great potential for not only fabricating structures on a nanoscale unreachable by most 

other techniques, but also making these structures available for practical applications by 

allowing large arrays to be fabricated rapidly.  To the author’s knowledge DPN has not 

yet been used for any application in plasmonics. 

The DPN method can be used to build metallic nanostructures in three different 

schemes: molecular templating, etching, and direct printing.  Metallic nanoparticles are 

rather difficult to uniformly coat onto AFM tips due to their relatively large size (the end 

of an AFM tip measures a few nanometers in radius) and lack of chemical affinity to the 

tip surface.  But using molecular templating, metallic nanoparticles can be assembled on 

the substrate in controlled numbers and locations.  This is accomplished by first writing a 

pattern to the surface using a molecular ink that bonds well to the metal used (e.g. SAMs 

[Self-Assembled Monolayers] of a thiol on gold), and then flowing a solution of the 
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metallic nanoparticles over the substrate.  In one recent work, gaps achieved between 

features were as small as 12 nm, well below the size of the AFM tip itself.
32

  A top-down 

alternative to this templating method is to print the pattern onto a substrate already coated 

with a metallic film, and use the SAMs as etch resist while removing the surrounding 

metal.  This technique has been demonstrated to achieve well-defined features as small as 

40 nm
33,34

.  Limited success has also been seen in direct printing with 5 nm gold 

nanoparticles on a hydrophilic silicon dioxide surface, under controlled conditions of 

temperature and humidity.
35

 

 

 

Figure 7: Examples of dip-pen nanolithography via (a) molecular templating, 20 nm gold 

nanoparticles on a gold substrate, Ref. 32; (b) SAMs as etch resist, 50 nm 

gold dots on a silicon oxide substrate, Ref. 33; (c) direct printing of 5 nm 

gold nanoparticles on a treated silicon dioxide substrate, Ref. 35.  Scale bars 

are 500 nm, 1 µm beyond inset, and 2 µm, respectively. 

Preliminary tests were performed using the NanoInk DPN 5000 System newly 

installed at the Center for Integrated Nanotechnologies (CINT) Gateway facility in Los 

Alamos, New Mexico.  Since a relatively low resonance frequency was desired for later 

testing with a dye coating, large gold nanoparticles of diameter 150 nm were necessary; 

thus the possibility of printing directly with gold nanoparticles was quickly discarded in 
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this case.  The resolution of the molecular templating and etching techniques seemed 

comparable and experiments with molecular patterning for other applications were 

ongoing at the CINT lab; therefore the molecular templating method was explored for the 

creation of the nanoparticle array.   

 

 

Figure 8: NanoInk illustration of molecular printing from an AFM tip 

The molecular ink chosen for templating was 11-

mercaptoundecyltrimethoxysilane.  Silanes bind strongly to glass substrates, and the 

hydrophilic thiol group at the opposite end of the molecule binds strongly to gold.  The 

relatively long-chain compound was chosen over shorter molecules because longer 

molecules are known to form more consistent and dense SAMs.
36,37

  It was prepared 

within a glove box as a 1% solution in toluene, which was usable for about one day if 

stored in the ultra-low humidity glove box environment.  Before any printing could be 

performed, the printing tips and printing surface (a glass coverslip, chosen because its 

surface is generally smoother than that of a slide) had to be thoroughly cleaned.  This was 

done not just to remove contaminants, but also to prepare the surface chemistry essential 

to successful nano-printing.  To ensure good wetting of the ink onto the tips and the 

substrate, both surfaces were made hydrophilic via piranha cleaning (a bath of sulfuric 
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acid and hydrogen peroxide).  This could also be accomplished by plasma cleaning, 

which is equally effective but more repeatable, but was not available on site for these 

experiments.  Next the AFM tips were inked by repeated immersion in the silane 

solution, and finally a series of calibration tests were performed.   

These tests were meant to establish a recipe for a given ink and substrate 

combination, so that precisely repeatable patterns could be created by using the same 

dwell times and scanning speeds, as well as the same temperature and humidity settings 

in the chamber housing the NanoInk system.  A set of dots or lines was printed, using 

longer dwell times for larger diameters or thicknesses, and then scanned for viewing 

using the same tip at a speed rapid enough that additional ink was not deposited.  At this 

point however, the experiments were cut short, because vibrational and electrical noise in 

the lab interfered with the tests, and standard lab procedures for tip and substrate cleaning 

were not yet established, leading to further inconsistencies.  Thus the calibration tests and 

creation of samples could not be completed before the available time for the lab visit 

ended. 
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Chapter 6: Full-Wave Simulations 

Simulations of the nanoparticle array were performed using CST Microwave 

Studio, release version 2012.08.  The structure was built up from its basic components in 

order to verify that the S-parameter and field results were reasonable at each step.  First 

an array of gold inclusions in free space was simulated, using dispersive permittivity 

values from Johnson & Christy
29

 and a plane wave frequency sweep.  The inclusion’s 

shape, though slightly pyramidal due to deep FIB milling, was approximated as a cube of 

the same volume since the rounded corner features were much smaller than the operating 

wavelength.  The array resonance frequency was found to be 422 THz, red-shifted from 

the single particle resonance of 490 THz due to the close spacing and thus coupling 

between inclusions.  Then the array was modeled with a 2 nm thick dye coating on the 

upper surfaces of each inclusion—approximating a single molecular thickness of dye 

molecules bonded to the gold.  Dyes and other gain materials are commonly modeled 

using dispersive and negative values for the imaginary part of the permittivity, but CST 

software does not directly support simulation with such materials. In order to simulate an 

active material in CST software, the workaround described in Geng & Ziolkowski
38

 was 

implemented, in which a lossy material is created first, and then negative epsilon values 

are inserted by altering the software command history. Since exact parameters were not 

available for the dye, a permittivity spectrum was created with a minimum value of -0.15 

as observed in related literature, and dispersion in both the real and imaginary parts, as 

shown in Figure 9.  The resulting S-parameters show increased transmission at the 

resonance, and though somewhat counterintuitive, increased reflection as well—this is 

because, as observed in physical tests by the Shalaev group
2
, the anomalous dispersion of 
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the dye material near its peak gain creates an increased mismatch with air as compared to 

the index mismatch far from the peak fluorescence.   

 

  

Figure 9: (a) Dispersive values of permittivity for the dye material, with maximum gain 

represented by Im[ε] = -0.15; (b) S-parameters showing the effect of adding 

the dye coating.  

Finally, the array with dye coating was simulated on a glass substrate with index 

1.57 as provided by the manufacturers of the actual glass slides used for sample 

preparation. See Figures 10 and 11. With plane wave excitation from above the substrate, 

it was expected that the presence of the glass would decrease transmission and increase 

reflection overall, as well as causing a minor shift in the array resonance via the Purcell 

effect. Although a standard microscope slide has a thickness of 1 mm, by repeated 

simulations at different thicknesses it was determined that there was no change in the S-

parameters for additional thicknesses beyond about twice the wavelength of operation. To 

reduce the complexity of the mesh and thus the simulation time, a thickness of 1415 nm 

was used.   
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Figure 10: Electric field amplitude in one unit cell of the nanoparticle array near (a) and 

far (b) from the resonance, showing local field enhancement around the 

inclusion, and increased transmission and reflection in the presence of an 

active gain material. 

It may be noted that the 5-nm-thick titanium adhesion layer is absent from these 

simulations.  The layer was initially included using a Drude-Lorentz dispersion model, 

but the software yielded unrealistic S-parameters with broadband total reflection.  This is 

physically unrealistic, not only because titanium has no greater index mismatch with air 
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at these frequencies than that of gold, but also because the adhesion layer is so thin that 

photon tunneling further reduces the reflection.  Considering too that some or all of the 

titanium may have been milled away along with the gold in the areas between the 

inclusions, the layer was omitted from the model. 

As mentioned previously, CST Microwave Studio does not easily simulate 

designs with active materials. Another effect of this issue is slow convergence of the S-

parameters and field amplitudes.  The results shown were obtained by simulating with as 

many as 58 frequency samples, whereas the same structure with lossy material in place of 

the dye reached convergence with 10 to 20 sample points.  Even after so many iterations, 

the S-parameter spectra have strange artifacts of peaks and noise in the region of 

anomalous dispersion.  To circumvent this problem, time domain simulation at a single 

frequency was also attempted; but it was found that all negative epsilon values were 

ignored in the dispersion curve fitting process of the software for time domain modeling, 

so that any effects of gain disappeared.  This may have been due to in the fact that CST is 

not meant to operate with active materials and instability issues may arise.   

To accelerate the simulations, suitable boundary conditions for metallic 

waveguides were used for the unit cell, so that two of its sides were modeled as a PEC 

(perfect electric conductor) and the other two as PMC (perfect magnetic conductor).  This 

is equivalent to unit cell boundary conditions modeling Floquet periodicity, but only in 

the case of normal light incidence and a symmetric inclusion. 
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Figure 11: Power flow through a unit cell of the nanoparticle array near (a) and far (b) 

from the resonance.  Note that because of the activity of the gain material, 

some power flows backward out of the structure at 376 THz. 

Although the field plots and S-parameters evidence the effects of gain, they are 

not entirely conclusive in proving loss compensation.  The 3D plots give only a 

qualitative picture of field and power levels in the array, and due to the issues with S-

parameter convergence the values of reflection and transmission taken at a single 

frequency can be unrealistic.  In order to quantitatively demonstrate the effects of gain, a 
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comparison test was devised.  The structure was simulated first with a non-dispersive 

gain material with ε = 2.5 - 0.15i, and then with a lossy material in place of the dye, 

having the opposite parameter ε = 2.5 + 0.15i.  In this way the reflection coefficient at the 

air to dye interface remains the same, but the field level inside the structure should have 

an increased amplitude in the case with gain.  To clearly see this effect, data post-

processing tools in CST were used to obtain field level data at a single frequency for each 

case.  In Figure 12 it is clear that there is greater power flow through the structure when 

the gain material is present, proving that some ohmic and radiation losses are 

compensated.  It is noted that this difference does not necessarily represent complete loss 

compensation and certainly does not show active operation for the whole structure.  

However, based on the results of similar tests
2,18

, the estimate of Im[ε] = -0.15 is a 

conservative one.  As Chapter 8 will explain, it is possible that the dye will provide much 

higher gain in a physical test.  

 

  

Figure 12: Comparison of electric field (a) and power (b) levels with an active coating 

and with a lossy coating of conjugate permittivity.  The air-to-metasurface 

interface is marked by a vertical line at z = -840 nm.   
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CONCLUSIONS 

Plasmonic devices offer potential solutions to a wide range of issues in the quest 

for smaller and faster devices in optical computing and communications, but their full 

implementation has been held back by the heavy material and radiative losses that are 

ever present in such designs.  Therefore, in recent years much effort has been devoted to 

developing practical methods for loss compensation, through both design optimizations 

and the addition of gain media, including fluorophores, quantum dots, and other 

semiconductor nanostructures. These active materials have been studied and simulated, 

but have hardly begun to be tested in functional devices. 

In this work, the possibility of loss compensation using gain materials has been 

demonstrated in CST Microwave Studio for a physically realizable structure – a closely 

spaced nanoparticle array. First the resonance and propagation characteristics of 

plasmons in coated nanoparticle structures were analyzed. The resonance of an individual 

particle was modeled by relating its electric polarizability to its fundamental Mie 

scattering coefficient, and the polylogarithm function was applied to the dispersion 

relations for guided modes along a chain of nanoparticles, so that the guided wave 

numbers could be found efficiently.  With promising analytical results for linear chains of 

loss compensated core-shell nanoparticles, the effort was launched to physically 

implement and test such a design.   

Two methods of nanoscale fabrication were attempted to verify these concepts 

experimentally: the painstaking but reliable route of focused ion beam (FIB) milling, and 

the potentially time-saving process of dip-pen nanolithography (DPN), which is still in its 

developmental stages.  Using FIB milling, large and consistent arrays of 160 nm gold 

cubes with less than 25 nm interparticle spacing were fabricated on glass substrates.   
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In preparation for gain material coating and optical pump-probe testing, an array 

was simulated in CST Microwave Studio. It was built up from its basic components so 

that the results could be verified at each step, and a gain medium was added using a 

negative, dispersive value for the material's permittivity. The positive effect of the gain 

coating–increased transmission and reflection near the plasmonic resonance and gain 

peak–was indicated by changes in the S-parameters and field plots of the structure. It was 

further verified by comparing the field and power levels inside two structures–one with 

an active coating, an one with a lossy coating having the same reflection coefficient.   

Thus the feasibility of a gain coating for loss compensation in a physically 

realized nanoparticle array has been proven, and the structure is ready for coating and 

optical testing as described below.  To the author's knowledge the implementation of a 

gain coating in such a two-dimensional nanoparticle array has not been investigated by 

full-wave simulations before this work, let alone physically built or tested.  
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FUTURE WORK 

To further verify loss compensation for the nanoparticle array that has been 

fabricated, a dye coating will be applied and the structure will undergo pump-probe 

optical testing. In the following chapters, the proposed work to complete these efforts in 

the near future is described in detail. 
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Chapter 8: Dye application  

A novel and remarkably simple method to coat the nanoparticle array with dye is 

proposed: rather than first dispersing the fluorescent molecules in another medium, they 

can be directly chemically bound to the surface of the gold. Thiol compounds readily and 

strongly bind to uncoated gold surfaces, and with the correct choice of this short linking 

molecule–often included in a fluorophore labelling kit marketed for life sciences–the 

surface of each gold cube can be functionalized with amine groups. There are, in turn, a 

number of fluorescent dyes on the market which are amine reactive, such as Alexa Fluor 

700, which will bind to the functionalized surface
39

.  The process, since it was originally 

developed for use with biological samples, does not involve hazardous chemicals or 

extreme reaction temperatures.  This method could be highly beneficial for increased gain 

effects, since the dye molecules can be densely packed in a self-assembled monolayer on 

the plasmonic array, and each fluorophore will lie a nanometer or so from the gold.  

Close proximity between the dye and the nanoparticles has been proven vital for the 

resonant energy transfer modeled as gain
10,18

, and the local field enhancement effects of 

metallic nanostructures have resulted in gain coefficients up to seven times stronger than 

those of the gain medium alone
2,18

, due to this close interaction.  Further, the clustering of 

many fluorophores around a single nanoparticle has been shown to produce gain strong 

enough to support lasing
10,17

.  One potential drawback is that the dye will be less 

protected from photobleaching as compared to being bound in silica, for example
40

. 

An alternative method of applying a dye coating to the structure is to spin-coat a 

material containing fluorophores onto the sample. This material could be a polymer or 

epoxy, which typically produces a much thicker coating layer than the method just 

described, on the order of at least a micron. Although this would allow larger numbers of 
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dye molecules to be bound to the structure, the thickness of the coating poses two 

questions: How would the optical properties of the array be affected by the presence of 

the dielectric, as well as the dye?  And how effective would the fluorophores in the upper 

portion of the layer be in signal amplification, since their proximity to the gold 

nanoparticles would likely not be close enough for the resonant energy transfer needed?  

A more tightly controllable technique is the chemical addition of a silica layer containing 

the dye, whose nanoscale thickness can be tailored in the reaction
18,40

.  Some question 

remain, however, as to whether a silica shell of, say, 20 nm thickness would actually 

increase the number of fluorophores available for loss compensation as compared to a 

single molecular layer of dye on the gold surface. This is due to the necessity of close 

proximity between dye and nanoparticle for nonradiative resonant energy transfer – as 

close as 4 nm according to Ref. 18. 

 

  



 38 

Chapter 9: Pump-probe testing 

The final stage of verifying loss compensation in the nanoparticle array will be a 

pump-probe optical test.  Such an experiment requires two laser sources, one tuned to the 

absorption peak of the gain material and the other tuned to the desired operating 

frequency of the device–an optimum point in the overlap of the gain emission spectrum 

and the plasmonic resonance of the nanoparticle array.  The intensity of the pump beam 

must be high enough to cause population inversion in the dye, but low enough to avoid 

excessively rapid photobleaching.  The sources must be pulsed, not continuous, both for 

clarity of the testing results and for photobleaching and thermal management 

considerations.  The experimental setup is designed so that the beams are coincident on 

the sample, but not at the same time.  A delay, on the order of tens of picoseconds, 

between the pump and the probe pulse is built in to allow the dye emission to reach its 

maximum before measurement; this delay can be optimized in order to observe the 

strongest effects of gain
2
. 

Prior to the application of the dye, the far-field transmission and reflection 

characteristics of the nanoparticle array with and without pumping will be recorded as 

controls.  The unpumped spectra with the dye coating should match these measurements 

well, ruling out local heating effects and any unwanted changes to the testing conditions.  

Finally, the transmission and reflection spectra will be measured with pumping and 

compared with the other spectra to quantify the effects of gain. The pumped 

measurements could be repeated to determine the influence of heating and 

photobleaching on the results, and the entire range of tests could be performed on several 

different areas of the 75x75 µm samples to statistically verify the outcomes.   
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As observed in the CST modeling results, it is expected that both the transmission 

and the reflection will increase in the region of peak gain, because the change in 

refractive index of the dye layer will increase the impedance mismatch between air and 

the structure
2,41

.  If the sum of the transmitted and reflected pulse returns the amplitude of 

the input pulse, then the material and radiative losses will have been fully compensated.  

If the total field amplitude is greater than that of the probe pulse, then the dye-coated 

array will have shown active behavior.   

 

 

Figure 23: Illustration from Ref. 41 of the pump-probe theory of operation: the strong 

pump pulse achieves a population inversion in the gain material, and with 

the proper delay of the weaker probe signal, gain will be observed in the 

field amplitude of the transmitted probe pulse. 

This experiment will be one of very few reported to date applying a coating to a 

physically realized plasmonic nanostructure for loss compensation or gain, and the only 

test using a two-dimensional gold nanoparticle array. 
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