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Développement d'une technique de nanolithographie à haute résolution sur 
des surfaces non-planaires utilisant une électro-résine évaporée 

Les systèmes de lithographie de faisceau d'électrons utilisés pour la 

structuration des structures extrêmement petites sont un outil très important 

pour des technologies de nana-fabrication. La miniaturisation continuant du 

dispositif électronique et photonique, mène à une densité de rétrécissement et 

croissante constante de modèle. Les effets physiques fondamentaux tels que le 

bruit de grenaille, qui en lithographie correspond aux fluctuations statistiques 

dans le nombre d'électrons ont contenu dans un faisceau, ont un impact 

important sur les tailles de dispositif réalisables aussi bien que leur rugosité. 

Beaucoup de différents paramètres dans le processus de lithographie doivent 

être tenus compte en déterminant ces limites fondamentales, y compris la dose 

d'exposition de la résistance, résistent à l'épaisseur, à l'énergie de faisceau, etc. 

Un modèle de bruit de grenaille a été développé afin de calculer les doses 

d'exposition minimum exigées pour le faisceau d'électrons de structuration 

résiste aux noeuds de technologie de 50 nanomètre et ci-dessous tout en 

maintenant la qualité raisonnable des modèles. Les doses doivent augmenter 
rapidement avec réduire la largeur des raies, ainsi les contraintes imposantes 

sur une série de systèmes de lithographie de prochaine génération, tels que les 

systèmes massivement parallèles du faisceau d'électrons (MPEB). Les résultats 

modèles sont appliqués à la caisse particulière de systèmes de MPEB pour la 

structuration des circuits intégrés sur des gaufrettes de semi-conducteur. Un 

ensemble global de résultats est obtenu indiquant le nombre minimum de 

courant de faisceaux d'électrons et de faisceau d'électrons qui sera 

exigé pour répondre à des standards industriels. 

La lithographie de faisceau d'électrons de haute résolution pose des contraintes 

strictes sur la résistance utilisée pour modeler, à savoir la nécessité de 

travailler avec très des couches minces afin de réaliser les résolutions les plus 
élevées. Un nouveau et intéressant isogone résiste est étudié dans ce travail, le 

QSR-STM basé par stérol résiste. Les résultats d'optimiser les propriétés de 

résistance et le processus de développement sont présentés avec des résultats 

pour optimiser la sensibilité et le contraste de ceci résistent. 

La polyvalence de préservation et se développante dans les applications a été 



l'un des critères les plus importants en optimisant le QSR-5™ résistent. Les 

démonstrations incluent modeler un plat de zone sur le bout d'une fibre optique 

pour l'application potentielle dans le système optique intégrâtes. On décrit une 

application très peu commune de modeler les deux côtés d'un silicium et une 

membrane de nitrure de silicium dans un pas à pas qui pourrait être utile pour 

la fabrication des dispositifs à grande vitesse d'effet de champ tels que les 

doubles transistors de porte (DGT). Les résultats de simulation de Monte Carlo 

pour le cas de la longueur réalisable de porte avec des membranes de silicium 

et de nitrure de silicium sont également discutés. Les résultats du 

conformabilité et de la structuration sur des V-cannelures sont également 

présentés. Les processus de la fabrication des structures metamaterial de haute 
résolution sont discutés avec les résultats préliminaires de mesure par 

l'intermédiaire d'ellipsometry. 



Développement d'une technique de nanolithographie à haute résolution sur des 

surfaces non-planaires utilisant une électro-résine évaporée 
Abstract 
Electron beam lithography systems used for patterning of extremely small 

structures are a very important tool for nanofabrication technologies. The on going 

miniaturization of electronic and photonic device, leads to a constant shrinking and 

increasing pattern density. Fundamental physical effects such as shot noise, which 

in lithography corresponds to the statistical fluctuations in the number of electrons 

contained in a beam, have a major impact on the achievable feature sizes as well as 

their roughness. Many different parameters in the lithography process must be 

taken into account in determining these fundamental limits, including exposure 

dose of the resist, resist thickness, beam energy, etc. A shot noise model has been 

developed in order to calculate the minimum exposure doses required for patterning 

electron beam resists at technology nodes of 50 nm and below while maintaining 

reasonable quality of the patterns. The doses must increase rapidly with reducing 

linewidth, thus imposing constraints on a variety of next generation lithography 

systems, such as massively parallel electron beam (MPEB) systems. The model 

results are applied to the particular case of MPEB systems for the patterning of 

integrated circuits on semiconductor wafers. An overall set of results is obtained 

indicating the minimum number of electron beams and electron beam current that 

will be required to meet industry standards. 

High resolution electron beam lithography poses severe constraints on the resist 

used for patterning, namely the need to work with very thin layers in order to 

achieve the highest resolutions. A new and interesting conforma! resist is studied in 

this work, the sterol based QSR-5™ resist. The results of optimizing the resist 

properties and the development process are presented along with results for 

optimizing the sensitivity and contrast of this resist. 

Preserving and developing versatility in the applications has been one of the most 
important criteria in optimizing the QSR-5™ resist. Demonstrations include 

patterning a zone plate on the tip of an optical fiber for potential application in 

integrated optics. A very unusual application of patterning both sicles of a silicon 

and a silicon nitride membrane in a single step are described which might be useful 

for the fabrication of high speed field effect devices such as double gate transistors 
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(DGT). The Monte-Carlo simulation results for the case of the achievable gate length 

with silicon and silicon nitride membranes are also discussed. The results of 

conformability and patterning on V-grooves are also presented. The processes of 

fabrication of the high resolution metamaterial structures are discussed along with 

the initial measurement results via ellipsometry. 
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I. INTRODUCTION 

The key technology process step for the semiconductor industry has always been 

lithography, the technique by which patterns are produced which physically 

distinguish or "mask off' the desired and undesired regions of a semiconductor 

wafer for further processing. Lithography technology has been developing since the 

1960s to make the tiny electronic devices that form the basic circuit elements in 

today's computer chips and other electronic devices. Through the integration of 

active and passive device elements such as transistors, resistors, capacitors, and 

diodes, desired logical functions of an electrical circuit could be performed efficiently 

for developing semiconductor devices of high complexity. The small scale integration 

(SSI) of devices in the early history of integrated circuits (ICs) was observed to 

roughly double in terms of the number of integrated components approximately 

every two years by Gordon E. Moore which has been famously coined ever since as 

"Moore's law" (MOORE,1965]. So far optical lithography has been used ubiquitously 

for manufacturing of ICs. The dominance of optical lithography in production is the 

result of a worldwide effort to improve optical exposure tools and resists [CHIU et 

al., 1997]. Although lithography system costs (which are typically more than one 

third the costs of processing a wafer to completion) increase as minimum feature 

size decreases on a semiconductor chip, optical lithography remains attractive 

because of its high wafer throughput. Unfortunately, the materials needed for lenses 

and other optical components used in optical lithography are not effective at short 

wavelengths. One typical limitation often quoted is that patterns cannot be smaller 

than 100 nm. The theoretical limit appears to be approximately 65 nm using an 

exposure wavelength of 193 nm (LAVALLEE et al., 2002]. To achieve patterns 

smaller than 65 nm, the industry can no longer rely exclusively on optical 

lithography. Alternate methods being considered include electron-beam (e-beam) 

lithography, ion beam lithography, extreme ultra violet lithography and X-ray 

lithography. All of these are referred to as next generation lithography techniques. 

Electron beam lithography (EBL) has been primarily utilized in the semiconductor 

industry as a standard method for fabrication of critical level masks used in optical 

lithography. EBL is a high-resolution patterning technique in which high energy 

electrons are focused into a narrow beam and used to expose electron sensitive 

resists. The EBL method does not limit the obtainable feature resolution by 
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diffraction [SNOWEL et al., 2002], because the quantum mechanical wavelengths of 

high-energy electrons are exceedingly small of the order of 0.01 nm, which makes it 

suitable for nanofabrication. Nanofabrication processing is a progression of 

microfabrication processing. Nanolithography is one of the important tools for 

nanofabrication and developments in this field will determine the speed and density 

of future electronic devices. EBL technology offers a number of significant 

advantages for nanofabrication with respect to optical patterning and these are 

summarized as follows: 

1. Precise contrai of the energy and dose delivered to a resist-coated wafer; 

2. lmaging of electrons to forma small point of< 10 nm as opposed to a spot of 

500 nm for light; 

3. No need for a physical mask; only a software pattern is required; 

4. The ability to register accurately over small areas of a wafer; 

5. Large depth of focus because of continuous focusing over varying topography. 

II. MOTIVATION AND OBJECTIVES 

The above mentioned advantages of EBL and the present trends of developing 

practical applications of EBL provided motivating factors for this project. There are 

basically three major objectives of the thesis. 

1. Determine the fundamental shot noise limits on the exposure throughput of electron 
beam lithography systems. 
As the critical dimensions required for patterning continue to decrease, fondamental 

physical effects begin to have a major impact on useful lithography parameters. lt is 

important to attempt to determine what fondamental factors might limit the 

minimum achievable linewidth of patterns, and the spacing of these lines fabricated 

by EBL when using conventional polymer resists. One such physical effect studied 

in this thesis is shot noise originating in the lithography system electron source. The 

study described in this work is aimed at determining the influence of the shot noise 
effect on the critical dimension (CD) and the linewidth roughness (LWR) while using 

a new approach. Also in this study we investigate the ultimate resolution that can 

be achieved before the shot noise becomes a limiting factor. The shot noise issue has 

a major impact on the achievable linewidth roughness for a given set of lithography 

process parameters, including exposure dose of the resist, resist thickness, beam 
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energy, etc. The objective of the study included developing a shot noise model for 

lithography. First, the shot noise model is described with important definitions of 

the parameters. Then simulations are performed for different linewidths and 

exposure doses to determine the LWR due to shot noise. The work also included 

comparing the LWR results from simulations with the experimental determination of 

LWR at different linewidth and exposure doses for two electron beam resists. Finally 

the simulation results are applied to the case of massively parallel electron beam 

lithography systems to determine the number of parallel beams actually required in 

order to meet both the shot noise resist sensitivity constraints and viable overall 

write times. 

2.Investigate the novel dry resist for electron beam lithography on ultrasmall surfaces. 
The application of nanometer scale EBL requires a reliable ultrahigh resolution 

resist. Electron beam resists are the recording and transfer media for EBL. The 

important considerations for high resolution electron beam resist include sensitivity, 

tone and etching resistance. The shot noise modeling results clearly show that a 

resist with small molecular dimensions will be necessary for ultrahigh resolution 

lithography. There have been various attempts towards the development of high-

sensitivity e-beam resists [FOGLIETTI et al., 2001, BABIN et al., 1996 and KOOPS et 

al., 1996] and their improvement by various methods. The present work describes a 

method for patterning structures using a recently developed etch resistant polymer 

(LAVALLEE et al., 2002] on a substrate with sub-micrometer scale resolution, via 

the deposition of a layer of a sterol based heterocyclic compound with unsaturated 

bonding capable of cross-linking. Contrary to the conventional resists that require 

being spin coated, the sterol based resist can be evaporated on any substrate 

eliminating these problems. Furthermore, its molecular nature makes it a suitable 

candidate to investigate high resolution patterning. This sterol based resist, QSR-5™, 

is commercially available but is not a mature resist, as it has only recently become 
available and is intended for research applications. The study included investigation 

of the properties of the QSR-5™ resist as some of the properties were totally unknown 

before this study. Atomic force microscopy measurements of remaining resist 

thickness after lithography and wet development are performed. This helped us in 

determining the contrast and sensitivity of QSR-5™. 
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The objective of this work also included exploration and optimization of the use of the 

QSR-5™ resist. While the solvent QSR-S™D is the commercially available developer 

for QSR-5™ resist, there is still much scope to improve the sensitivity of QSR-5™ by 

optimizing the development solution. The investigation of improvement in the resist 

contrast and sensitivity is carried out by changing the developer concentration as well 

as modifying the chemical composition of QSR-5™. 

3. Demonstrate the non-planar surface patteming using QSR-5™ 

Wide application versatility has been one of the most important design criteria in the 

evolution of QSR-5™ resist. The main advantage of QSR-5™ is its surface 

conformability which is interesting to explore and investigate. The main objective is 

to establish the fabrication steps necessary for the different possible devices along 

with demonstration experiments for some of the applications. The study involved 

the use of sterol based resist for nanofabrication on ultra-small surfaces such as an 

optical fiber tip, a laser diode facet and the cleaved surface of a GaAs wafer. The 

double-gate (DG) metal-oxide-semiconductor field-effect-transistors (MOSFETs) have 

strong potential for ultra-small CMOS devices. A detailed explanation of the 

patterning of silicon and silicon nitride membranes using QSR-5™ resist is 

presented. These results may be useful for the fabrication of high speed field effect 

devices. 

The work also involved fabrication of V-grooves in Si by anisotropie wet etching and 

patterning across the grooves using the evaporated sterol based resist in order to 

show the ability of conforma! coating of sterol based resist followed by a 

demonstration of lithography on this very non-planar surface. 

Among various applications of sterol based resist for nanofabrication, the work 

include fabrication of metamaterials. In the past few years, new developments in 

structured electromagnetic materials have given rise to negative refractive index 

materials which have both negative dielectric permittivity and negative magnetic 

permeability in some frequency ranges. The single split resonator (SRR) is the basis 

of most of the metamaterials exhibiting negative magnetic permeability today 

[SHELBY, 2001]. The study here involved the fabrication of chromium SRR 

structures on glass substrates using sterol based negative electron beam resist. The 

investigation of the use of the QSR-5™ resist for pattern transfer to the metal layers 
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was also investigated. Ellipsometer measurements of these SRR structures are 

presented with possible application to an optical filter. The aim is to show how the 

plasma etch resistance of QSR-5™ can be used to fabricate this type of device and is 

studied here for demonstration purposes only. 

III. OUTLINE OF THE THESIS 
Chapter 1 discusses the electron beam lithography technology, its history and 

current status. The first part of the chapter describes various types of resists 

available for EBL. The second part of the chapter discusses different resist 

deposition techniques. 

Chapter 2 discusses the shot noise model. The first part discusses different 

parameters of the shot noise model. The simulation results are presented for 

different linewidth and dose values. The second part of the chapter involves 

comparing model results with experimental results. In the last part of the chapter 

the results of the model are applied to the case of massively parallel electron beam 

systems in order to determine the number of parallel beams required to meet bath 

shot noise constraints and variable overall write times. 

Chapter 3 discusses the sterol based resist QSR-5™ properties. The first part of the 

chapter describes the chemical and physical properties of the QSR-5™ including the 

deposition procedure and demonstration of conformai coating. This section also 

describes the exposure conditions used for all the tests performed. The second part 

of the chapter discusses the development tests with three different developers. The 

third part of the chapter involves an atomic force microscopy study to determine 

contrast and sensitivity of the QSR-5™ resist. The study of stability of contrast and 

sensitivity is also presented. The last part discusses the results of the tests of 

improvement of the sensitivity and contrast by changing the developer concentration 

and chemical composition of QSR-5™. 

Chapter 4 discusses non-planar fabrication. The first part describes the fabrication 

procedure for a zone plate on the tip of an optical fiber and for a diffractive element 

on a laser diode facet. The second part discusses the procedure for patterning on 
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silicon and silicon nitride membranes using Monte-Carlo simulations as a modeling 

tool to complement the experimental results. This part also describes the results of 

patterning on a silicon substrate previously patterned with V-grooves. The last part 

of the chapter discusses the fabrication procedure for metamaterials. It also 

describes the possible application of this fabrication process with an optical fil ter. 

The results of the etching tests and ellipsometer measurements are also presented. 

Finally, Chapter 5 presents conclusions drawn from the present work and suggests 

future directions for this research. 
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CHAPTER 1 

HISTORICAL OVERVIEW OF ELECTRON BEAM LITHOGRAPHY SYSTEMS 

1.1 Evolution of electron beam lithography 
Electron beam technology was first developed for scanning electron microscopy and 

EBL (EBL) emerged from that technology. Scanning EBL uses a finely focused beam 

of electrons to make changes in the surface of the material [DEJULE, 1996]. The 

beam is scanned across the surface and sequentially writes a desired pattern in the 

surface. [PFEIFFER et al., 1988] The shorter wavelength of electrons provides better 

resolution than optical exposure systems. Basically, an e-beam system consists of a 

source of electrons, an electrostatic deflector system called a beam blanker to 

quickly turn the beam off and on, focusing optics and a second deflector system for 

moving the beam. The important parameters defining writing strategy are beam 

shape, beam scanning and stage technologies. Table 1.1 shows the comparison of 

different parameters of the e-beam lithography systems. 
Table 1.1 COMPARISONS OF E-BEAM LITHOGRAPHY SYSTEM PARAMETERS 
Beam Source Scan 
Lanthanum hexaboride (Lab6) Vector 

Moderately high esolution: 1 Onm-1 µm Writes only exposed area 
Moderate current density Advantage for sparse patterning 
Relaxed vacuum requirements Allows for on-the-fly dose 

modulation for direct write 
Thermal field emission (TFE) 

High resolution:Snm to 0.lµm Raster 
High current density Regular continuous method 
High vacuum requirements Simple design 

Cold field emission 
High resolution 

Drawbacks: Short term noise 
Long term drift 

Beam Shape Stage movement 
Spot (Gaussian) Step-and write 

Serial writing Step-and -write 
Accuracy due to mechanical 

Variable shaped beam (VSB) stability 
Limited parallel writing 

Write on-the-fly 
Cell projection Continuous writing motion 

Customized apertures Complex system electronics 
Full parallel writing 
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The first large-scale industrial application of EBL exploited the ability of electron 

probe systems to directly generate patterns at high speed under computer control. 

EBL was first used to fabricate photo-masks for conventional optical lithography. 

However, the ultimate goal is to write directly on the wafer. The term "direct write" 

refers to the use of this technique for direct patterning of devices as opposed to 

mask making followed by pattern transfer onto the wafer by optical means. A look at 

the history of electron tool development can provide some insights into the future of 

this technology. Figure 1.1 illustrates the evolution of EBL [PFEIFFER, 2005], 

highlighting the exposure efficiency as measured in pixel/shot as a function of time, 

from early scanning electron microscopy type systems to massively parallel 

projection of pixels in electron projection lithography. 
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Figure 1.1 Evolution of electron beam lithography 
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The evolution started with the early SEM type electron beam systems. Figure 1.2 

illustrates the beam characteristics of three Scanning Electron Microscope (SEM) 

type lithography systems [PFEIFFER, 1978]. With the Gaussian round beam 

method, one pixel is exposed at a time. This method affords optimum pattern 

flexibility, but strictly limited to serial exposures. The size of the round beam, 

defined as a half-width of the Gaussian distribution, represents the spatial 

resolution and is typically 4-5 times smaller than the minimum pattern feature 

[PFEIFFER, 1975]. The fixed square beam projects 25 pixels in parallel [PFEIFFER, 

. 1975]. The size is identical with that of smallest pattern feature. The resolution is 
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given by the edge slope of the beam profile. The parallel projection of a fixed number 

of pixels increases the exposure speed, but restricts pattern flexibility. Pattern 

elements of non integer spot sizes cause spot-overlap and variations in the exposure 

dose. 

In the variable shape systems the size and shape of beam spot can be tailored to fit 

the various pattern elements. 

l>ATTERN GE:~ttON 
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Figure 1.2 The beam characteristics of three SEM type lithography systems 

The edge slope of the current density profile represents the electron optical 

resolution, determined by the smallest pattern feature and the required pattern 

fidelity. The maximum size of the spot is no longer restricted to the minimum 

pattern feature, and 100 or more points can be projected in parallel. 

Despite many years of intense development [McCORD et al., 1997], single beam 

Gaussian and shaped beam tools have not made significant progress towards 

becoming robust manufacturing systems. These tools have not kept up with the 

pace of the optical tool development, with regard to throughput. They are less 

competitive with optical systems today than they were decade ago. Attempt to 
increase the throughput of these systems could not keep pace with the relentless 

pixel growth dictated by Moore's law [MOORE, 1965]. Early attempts to improve 

throughput with full chip e-beam projection systems failed, because the systems 

suffered from large off-axis aberrations of the electron optics, which severely 

restricted the useful field size. Eventually the inventions of SCattering with Angular 
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Limitation Projection Electron Lithography (SCALPEL) [BERGER et al., 1990] at 

Lucent and Projection Reduction Exposure with Variable Axis Immersion Lenses 

(PREVAIL) at IBM brought EPL within range of use in Integrated Circuit (IC) 

production. Both concepts involve the projection of sections of a chip pattern, or 

"subfields", small compared to the size of the chip, but large compared to pattern 

features, through a 4x mask onto a wafer; the complete IC chip pattern is then 

generated through accurate stitching of the subfields. The SCALPEL proof-of-

concept [BERGER et al., 1990] was the first to implement sequential illumination of 

the mask in an e-beam reduction projection system by mechanical scanning of 

reticle and wafer at 4: 1 speed ratio underneath a stationary beam. PREVAIL 

[DHALIWAL et al., 2001] carries this concept further by combining electronic beam 

scanning with continuous stage motions. This approach provides the significantly 

larger effective field size needed to achieve commercially viable throughput levels. 

But both SCALPEL and PREVAIL are mask-based technologies, emulating optical 

steppers. Now the question is how can that level of exposure parallelism be achieved 

in maskless lithography? (PFEIFFER, 2005]. The answer is with a "programmable 

mask," which replaces the static mask of a stepper. Electrostatic blanking plates 

switch the individual beamlets on and off as required to form the IC pattern while 

the entire array of beamlets is scanned across the wafer. This multiple electron 

beam approach promises significantly improved throughput over the single-beam 

systems used in direct-write applications today. There are two approaches to 

multiple beam lithography [McCORD, 1997]. In the multi-column approach, each 

beam is separately focused by its own optical column. This would most likely be a 

micro-column small enough to make it possible for large numbers of columns to 

simultaneously expose the same wafer. In the multi-source approach as shown in 

figure 1.3 individual beamlets share a common set of optics i.e. lenses, focusing, 

deflection, alignment, etc. The beamlets could be created either by illuminating a 

photocathode with multiple laser beams, by flood electron illumination of an array of 
apertures with individual blanking electrodes, or by an array of field emission 

sources. 
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Figure 1.3 Multiple source e-beam systems 

Sorne of the above mentioned techniques for improvement in throughput, are best 

suited for either low or high voltage operation, for this reason it is important to 

investigate the tradeoffs involved with beam voltage selection. Jackel et.al [JACKEL 

et al., 1984] concluded that for nanometer EBL the use of very high (>50 keV) or 

very low (<2 keV) electron energy is optimum. The range of backscattered electrons 

which may cause proximity effect increases with increasing accelerating voltage 

until some maximum is reached where the very high voltage electrons are so deep in 

the substrate that the backscattered electrons do not escape back to the resist. A 

high voltage operation allows the use of conventional single layer resists, but suffers 

from proximity effect and wafer heating. On the other hand, low energy electrons 

deposit most of their energy in the resist while high energy electrons lose most of 

their energy in the substrate. Law energy electrons have very small range of 

scattering, which eliminates the need of proximity correction and improves the resist 

sensitivity at low voltage operation. One serious drawback of the low voltage 

operation is the lack of penetration into the resist, which limits imaging in the resist 

thickness of < 100 nm. The important tradeoffs of using high or low voltage are 

summarized in figure 1.4. Above 50 keV, conventional single layer resists can be 

used; below 2 keV, no proximity correction is required. Bearn voltages between 2 
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and 50 keV will require both specialized resists and proximity correction, so this 

region should be avoided for manufacturing. Above 100 keV, resist and wafer 

heating will cause problems with linewidth control and placement. Surprisingly, 

throughput is one parameter that is not greatly affected by the accelerating voltage. 

However in order to make all the above mentioned systems a commercial reality, a 

great deal of innovation, research, and development are still required. 
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Figure 1.4 Major issues concerning beam voltage 

1.2 ELECTRON BEAM RESIST 

A few years ago it was still possible to treat the resist requirements for high 

sensitivity and high resolution as two separate cases, divided between commercial 

applications, such as mask making and small scale patterning for research. More 

recently the separation between these two domains has disappeared [LIDDLE et al., 

2003]. This has been driven primarily because of the continuing reduction in feature 

size accompanying the process of the semiconductor industry. In addition, as optical 

lithography becomes more difficult and costly, there is a strong possibility that 

electron beam systems will be used directly for mass production of ICs [BROERS et 

al., 1988]. These factors mean that electron beam resists are now required to 
provide high resolution and high speed simultaneously. The role of resist in the 

lithography process is seen to be two fold. First, it must respond to the exposing 

radiation to forma latent image of the circuit pattern described in the mask which 

can subsequently be developed to produce a three dimensional relief image. Second, 

the areas of resist remaining after development (the exposed or un-exposed as the 
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case may be) must protect the underlying substrate during subsequent processing. 

The common resist requirements are adhesion, sensitivity, contrast, resolution, 

etching resistance and shelf life. 

As a variety of substrates such as metal films, insulating and semiconductor 

materials are involved in semiconductor processing, the resist must possess 

adequate adhesion to the substrate to withstand all the processing steps. Poor 

adhesion leads to marked undercutting, loss of resolution and in the worst case 

complete destruction of the pattern. In some cases adhesion can be enhanced 

between resist and substrate with adhesion promoters. 

Sensitivity is conventionally defined as the input incident energy (measured in terms 

of energy or number of charged particles per unit area) required to attain a certain 

degree of chemical response in the resist that results in the desired image relief after 

development. In electron beam systems for IC manufacturing low doses are critical 

for a number of reasons. The resolution in e-beam systems is linked to the beam 

current through the space-charge effects. Electron-electron interaction in the beam 

causes blurring of the image, which increases with increased beam current [RAI-

CHOUDHURY,1997]. The development of more sensitive material can therefore be of 

benefit in two ways, for a fixed beam current throughput can be increased or for a 

given throughput beam current can be decreased and resolution improved. 

Unfortunately highest resolution resists are usually least sensitive. If a very 

sensitive resist has a critical dose of 0.1 µC/cm2 and a pixel is 0.1 µmon one side 

then only 62 electrons are needed to expose the pixel [RAI-CHOUDHURY, 1997]. At 

this sensitivity even a small change in the number of electrons will cause variation 

in the dose delivered to each pixel. 

The resist contrast is a measure of how non-linear the response of the development 

process is to chemical contrast produced in the material after exposure and is 

essential in determining how small an image modulation can be successfully 

converted into an actual developed resist image. Contrast is determined by the 
nature of the development process. A higher contrast resist will usually have wider 

process latitude as well as vertical side wall profiles. Low contrast values are useful 

if topographie control of the resist surface is desired. Resists with higher contrast 

result in better resolution than those with lower contrast. For a positive resist, the 

contrast is related to the rate of chain scission and rate of change in solubility. For 
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negative tone resists, the contrast is related to the rate of cross-linked network 

formation at a constant input dose. 

The resolution capability of the resist, defined as the smallest linewidth to be 

consistently pattern is intimately linked to bath sensitivity and contrast through the 

image formation process. 

Etch resistance refers to the ability of resist to withstand the etching environment 

during the pattern transfer process. The resistance of the resist must be sufficiently 

high to allow precise transfer of the resist image. Most common method of pattern 

transfer is wet chemical etching which places emphasis on the adhesion and 

chemical stability of the resist. The need to pattern fine features on the substrate 

has led to the development of anisotropie etching methods such as reactive ion 

etching, plasma etching, ion milling and sputter etching which are all dry etching 

processes. The physical and chemical properties of the resist play an important part 

in determining dry etching resistance and may present a fundamental limit. 
The shelf life of the resist is defined as the length of time the resist can be stored, 

under specified conditions, and still meet performance parameters. Resists with 

longer shelf life are preferred in the industry. Usually, lower storage temperature will 

extend shelf life. 

1.2.1 TYPES OF RESIST MATERIAL 

As the incident electrons interact with resist material through elastic and inelastic 

processes, energy is transferred from the traversing electron to the resist material. 

The resist contains radiation sensitive chemical groups which respond to the 

incident radiation to form a latent image that could be developed into pattern relief 

i.e. radiation induced chemical reactions such as cross-linking and/ or chain 

scission enable exposed regions to be differentiated from unexposed regions by 

modifying molecular weight distributions within the patterned film. As shown in 

figure 1.5 the electron irradiation breaks polymer chains, leaving fragments of lower 
molecular weight for positive tone resist. A developer solution selectively washes 

away the lower molecular weight fragments, thus forming a positive tone pattern in 

the resist film. 
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Figure 1. 5 The two types of resist mate rial 

On the other hand chain scission could also induce cross-linking events by 

generating radicals within the resist, increasing the molecular weight distribution in 

the exposed regions for negative tone resist. Bath positive and negative tone resists 

can be sub divided into two categories depending upon the basic nature of their 

design, one component systems and multi component systems. Chain scission 

imaging methods are classical approaches for obtaining images in single 

components resist systems. In multi component systems a sensitizer molecule 

causes dissolution modification in the exposed regions of the polymer matrix. 

The most important factors in meeting advanced mask-fabrication specifications are 

to achieve better resolution and to improve the CD uniformity of the resist images. 

Thus it is necessary to understand the mechanism of latent image formation 

obtained in different kinds of organic and inorganic resists during electron beam 

patterning. Sorne of these conventional resist schemes are described in the following 

paragraphs. 

1.2.2 ORGANIC RESISTS 

Electron beam resists consisting of carbon, oxygen, hydrogen, nitrogen and/ or 

sulfur are classified as organic resists [Jeyakumar et al., 2003). These resists are 
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polymer materials which are soluble in numerous casting solvents used for 

deposition. The resist polymers used in EBL include acrylates, sulphones and 

epoxies. Different resist materials based on these polymers are further discussed in 

the following paragraphs. 

The development of electron beam systems used for photo mask fabrication has 

been focused on improving the sensitivity, resolution and etch resistance of the 

resist materials. Among the first resists used for this application were members of a 

family of positive tone resists. Hatzakis [HATZAKIS, 1971] investigated the first 

positive tone electron beam resist. This was Poly (methyl methacrylate) PMMA. It is 

capable of high resolution and has great exposure latitude. Despite many attempts 

to synthesis better electron beam resists, the performance of PMMA is so good that 

it is still widely used for high resolution EBL. The electron beam irradiation induced 

chain scission mechanism in this system is shown in the figure 1.6 [WILSON, 1983]. 

The main chain scission event occurs between the main chain carbon and carbonyl 

carbon ejecting a methyl radical (CO2CH3). This radical further decomposes to form 

CO2, CO, CH3 and CH3O as volatile products. 

Figure 1.6 Electron beam irradiation mechanism of PMMA 
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Finally through hydrogen abstraction the main chain radical forms a comparatively 

stable C=C double bond. Therefore distinction between exposed and unexposed 

regions is realized by changing the molecular weight distribution of polymer. 

Even though acrylates have demonstrated high resolution, structural modification of 

the polymer backbone requires high electron beam dosage. The sensitivity of PMMA 

can be further enhanced by copolymerizing PMMA with polymeric acid (PMA) and 

polymethacrylic anhydride (PMAN) [HATZAKIS, 1971]. The sensitivity of PMMA can 

be enhanced from 50 to 20 µC/cm2 at 20 keV with inclusion of 20mol% PMA in 

PMMA. Formation of a terapolymer consisting of PMMA-PMA-PMAN at a molecular 

composition of 70-15-15 has been shown to increase sensitivity to 10 µC/cm2 

[MOREAU et al., 1980]. The sensitivity enhancement is attributed to higher chain 

scission efficiency of the different acrylic groups incorporated in the polymer matrix. 

One of the important PMMA derivatives is PMMA-a these are based on incorporation 

of PMMA with highly electron withdrawing groups such as halogens at the position 

of acrylate moiety to assist in stabilization free radical [MOREAU,1987, KAKUCHI, 

1978, WILSON et al., 1983]. In the 1970's such structural modification led to PMMA 

derivatives that afforded resist formulations with sensitivities as low as 1 µC/cm2 at 

10 keV [MASTUDA, 1977]. The sensitivity of acrylate polymers can also be enhanced 

by varying the development protocol and developer concentration. 

PMMA can also act as a negative tone electron beam resist. When exposed to more 

than 10 times the optimal positive dose, PMMA will crosslink [RAI-CHOUDHURY, 

1997]. lt is easy to see this effect after having exposed one spot for an extended time 

(for instance, when focusing on a mark). The center of the spot will be cross-linked 

leaving resist on the substrate while the surrounding area is exposed positively and 

is washed away. In positive mode PMMA has an intrinsic resolution of less than 

10 nm [RAI-CHOUDHURY, 1997]. In negative mode, the resolution is at best 50 nm. 

Despite their excellent sensitivity and resolution PMMA type resists suffer from poor 

resistance to corrosive etching conditions and alternative materials were sought. 
Another example of chain scission resist is poly (1-butene sulphone), known as PBS. 

Polysulphones are alternating copolymers of sulfur dioxide and a small chain olefin. 

The polymers have been researched since the 1930's due to their low material cost 

[AGARWAL et al., 2002]. In 1970 brown and O'Donnell reported that 

poly (1-butene sulphone) is degraded with high efficiency when exposed to electron 
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beams. The discovery lead to the use of PBS materials for micro electronic 

applications. PBS undergoes efficient main chain scission at the carbon-sulfur bond 

upon exposure to electron beam radiation to produce, as the major scission product, 

sulfur dioxide and the olefin monomer. The radical formed during exposure rapidly 

depolymerizes into smaller fragments and evolves volatile species. These resists 

exhibit electron beam sensitivity of approximately 3 µC/cm2 at 10 keV and have 

been used with Cr wet etch processes to produce photo masks [RAI-CHOUDHURY, 

1997]. 

However as the industry began migrating to dry etch processing of the Cr as well as 

smaller feature sizes a new resist was needed because of the performance of PBS 

was no longer acceptable with regard to etch resistance, resolution, CD linearity and 

uniformity. 

One approach to improving the etch resistance of PBS type resist was the 

incorporation of novolac resins into the formulation, as in the PMPS poly(methyl 

pentene sulfone) resists developed by Bell lab and the SNS (sulfone/ novolac system) 

resists developed by IBM in the 1980's [L.THOMPSON et al., 1983,Y.CHENG et al., 

1983]. The inclusion of Novolac allowed aqueous base development of patterned 

resist, because the olefin sulfur acted as a dissolution inhibitor in the unexposed 

regions, while unzipped polymer allowed solubilization of the phenolic matrix in the 

base. But the novolac matrix absorbs a large fraction of the energy of the exposing 

electrons. This energy is thus unavailable for chain scission reaction by the olefin 

sulfones, which in turn makes SNS materials less sensitive than PBS. A solution is 

the bi-layer resist approach developed at IBM [HATZAKIS, 1988]. This approach 

involved use of polysiloxane as imaging top layer combined with dry development. 

However the research continued on a lower cost, simpler single layer resist 

approach. An alternative way to improve the etch resistance of PBS polymer was 

reported by workers at RCA [THOMPSON, 1983] for polysulfones based on 

vinyltrimethylsilane. The chemical structure of the resist is shown in the figure 1. 7. 
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Figure 1. 7 Chemical structure of PBS resist with polysulfones based on 
vinyltrimethulsilane. 
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Oxygen plasma resistance is presumably derived from the conversion of Si to SiO2. It 

is claimed that the material will withstand etching of 2.5 µm thick polyimide films, 

although very few processing details have been reported. 

The first negative tone electron beam resist material with useful sensitivity was 

based on utilizing the radiation chemistry of epoxy as polymeric patterning medium 

[KILLICHOWSKI et al., 1982]. Electron beam induced structural transformation of 

the polymer is based on a ring opening event of epoxy moiety. An initiating species 

generated by electron beam exposure may be an anion, anion radical, a cation or 

cation radical [WILSON, 1983]. The initiator attacks an epoxy moiety to cause a ring 

opening event. The linear oxygen anion can then open a second epoxy group 

generating cross-linking between the two species that can lead to a further ring 

opening event. The chain propagation continues until the oxygen anion is quenched 

with radical species. Thus epoxy based polymers exhibit very high sensitivity as a 

single radiation induced initiator event can result in numerous cross-linking events. 

There are three copolymers of epoxy based resists: 

(1) A copolymer of glycidyle methacrylate and ethylacrylate (COP) 

This is a very high speed resist with sensitivity 0.3 µC/cm2 at 10 keV with relatively 

poor resolution of 1 µm. [REICHMANIS et al., 1987]. The cross-linking occurs by 

cationic initiation and chain reaction. The cross-linking continues after exposure. 

Therefore the size of feature depends on the time between the exposure and 

development. COP also has relatively poor plasma etch resistance and requires 

spray development to avoid swelling. 

(2) A copolymer of glycidyl ether and Novolac. 

SU-8 resist is commonly utilized in micro electromechanical systems (MEMS) 

fabrication as a negative tone optical resist for obtaining high aspect ration 

structures greater than 20: 1 [SHAW et al., 1997]. Minimum linewidths of 30 nm 

with exposure doses of about 100 µC/cm2 at 40 keV accelerating voltage have been 
obtained using 150 nm thick SU-8 films [AKTARY et al., 2003] 

(3) A copolymer of Novolac and ethylacrylate (ETPR) 

ETPR resist consists of glycidyl ether novolac resin which is sensitized with an 

onium salt, triphenylsulphonium hexafluronatimonate. Resolution down to 250 nm 
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features were observed in 700 nm thick films for ETPR resists [CHIONG et al., 

1990]. 

The recent trend is to use plasma assisted dry etching and therefore more resistant 

materials have been sought. Polystyrene and its chlorinated derivatives form the 

basis of a good reactive ion-resistant electron beam resists. One major disadvantage 

of using this resist is that its sensitivity to electrons makes it difficult to inspect the 

features with a scanning electron microscope. The resist lines shift and swell under 

high magnification SEM viewing, so it is necessary to judge the resist resolution by 

inspecting the etched patterns. 

A major improvement in the throughput of high resolution EBL is necessary to make 

this process commercially competitive with photolithography in a production 

environment. Chemical amplified resists (CAR) are now rivaling PMMA as candidates 

for high resolution EBL at low (~ 5 keV) and high (> 50 keV) energies. In comparison 

to PMMA the high sensitivity of CAR may substantially increase the throughput of 

any direct write EBL system. 

Recently there has been significant interest in the use of CAR for electron beam 

writing application because of their high resolution, high sensitivity, high contrast 

and good etch resistance. They commonly contain three components: an alkaline 

soluble base polymer, an acid generator and a cross-linker in negative type resist or 

dissolution inhibitor in a positive type resist. Acid is generated by energy transfer 

during exposure. After exposure and acid generation a post exposure bake step is 

performed to catalyze a reaction between the base polymer and the cross-linker or 

between the base polymer and dissolution inhibitor. The deprotection reaction 

switches the solubility of the polymer in an aqueous base while regenerating the 

acid that can further "amplify" the reaction within polymer matrix [ITO, 1997]. 

A summary of important properties exhibited by several CAR resists is listed in the 

Table 1.2 [FEDYNYSHYN et al., 1990, NOVEMBRE et al., 1996, HUDEK, 1997, HUQ, 

1995]. lt can be observed that these resists can provide high resolution while 

requiring low exposure doses. Almost all chemically amplified resists can be imaged 

well below 100 µC/cm2 , which provides a major advantage for obtaining high 

throughput processing. 
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Table 1 .. 2 SUMMARY OF IMPORTANT CHEMICAL AMPLIFIED RESISTS 

SAL605 1.6 50 20 450 

AZ DX-561 12 200 30 1000 

ARCH 10 100 50 350 

While CAR has served the semiconductor industry very well right from its invention 

in early 1980, in terms of resolution and sensitivity, it is apparent that by 2016, 

when the 22 nm technology node is expected ta be in production, the very attributes 

of this concept that made resist based on it become the work horses of the industry 

for 25 years will unfortunately become resolution limiting due ta uncontrollable 

diffusion, image spreading or resist blur and shot noise. A growing body of 

experimental evidence suggests that CAR have an intrinsic bias that limits 

resolution [OKOROANYANWU, 2004]. 

1.2.3 INORGANIC RESISTS 

Patterning films consisting of atoms besides carbon, oxygen, hydrogen, nitrogen 

and/or sulfur are classifi.ed as inorganic resists [Jeyakumar et al., 2003]. 

Amorphous chalcogenide glasses attracted considerable attention as negative tone 

electron beam resists in the early 1980's [SINGH et al., 1982, 1983]. In this resist 

system, a 70 nm thick As2S3 layer was deposited followed by immersion in an 
aqueous solution of silver nitrate for 1-2 min ta grow a 1 nm thick electron sensitive 

Ag2S layer on top of the As2S3 film. The silver migrates into the As2S3 bottom layer 

upon electron beam exposure forming exposed regions that are highly resistant ta 

development. After the resist development using standard TMAH developer the 

patterns were transferred through the polyimide layer using an 02 reactive ion etch 
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with a flow rate of 20 sccm/min at 20 mTorr. A sensitivity of 5000 µC/Cm2 at 

50 keV with a resist resolution of 30 nm was reported. Another chalcogenide glass 

investigated in mid 1980s was a germanium- selenium amorphous resist deposited 

through sputtering and electron beam evaporation [KUMAR et al., 1987]. 

After the deposition of Ge-Se, a sensitizing silver layer of about 10nm in thickness 

was formed by immersion in an AgNO3 solution. A 70 nm thick Ge-Se with 5 nm 

thick sensitizer layer exhibiting a sensitivity of about 1000 µC/cm2 at 25 keV has 

been reported [ CHEM et al., 1986]. It was also found that pattern fidelity mainly 

depends upon lateral diffusion of the sensitizer. The limitations were imposed on the 

utilization of the resist scheme by the radical diffusion of the sensitizer and the high 

resolution electron beam dosage required to initiate imaging reactions. 

One more interesting inorganic electron beam resist technique uses metal halides 

and oxides such as AbO3, AlF3, MgF2, NaCl, KCl, and CaF2 [FUJITA et al., 1995]. 

The resist materials volatilize completely under electron beam irradiation. A high 

current density of electrons causes the dissociation of these materials at doses 

around 10 to 20 µC/cm2. At lower doses AlF3 acts as a negative tone resist which 

can be developed in water [KRATSCHMER et al., 1986]. Metal fluorides have become 

of interest for micro fabrication technology for the following reasons. 

1) They can be prepared by vacuum evaporation as uniform films. (Either 

crystalline or amorphous) [SULLIVAN et al., 1982, MURAY et al., 1984]. 

2) They have excellent electrical insulating properties and have been used in 

fabrication of MIS devices [ASANO et al., 1983]. 

3) Under certain electron beam exposure conditions they can act as self-

developing, high resolution positive resists or can be converted into 

nanometer scale metal structures [KRATSCHMER et al., 1986]. 

4) The reason for very resolution is that these materials are modified by the 

primary beam of electrons and are insensitive to much larger spread of 

secondary electrons. 

A1F3 evaporated in thin films of 20-80 nm thickness have been used as self-

developing positive resists at an exposure of 20 C/cm2 and also as a negative resists 

forming metallic Al structures at an exposure dose of 3 C/cm2. This resist exhibits a 

etch rate at least five times lower than polymer resists used in similar applications. 

A resolution of about 20 nm at 100 keV incident electron energy has been achieved 
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[KRATSCHMER et al., 1986] by development in water. Recent research in metallic 

compound resists is concentrated on mixing AlF3 and LiF3 to reduce exposure dose 

to provide more uniform films and to lower electron exposure energy to levels 

available in common e-beam exposure tools [20 keV to 50 keV]. A resolution of 5 nm 

has been achieved at 30 keV exposure energy with line dose of 100 nC/cm2 [FUJITA 

et al., 1995]. The highest resolution patterns were formed in NaCl crystals where 50 

keV energy was used to drills holes of approximately 1.5 nm diameter [ISAACSON et 

al., 1981], but patterns could not be transferred to any useful material. 

Calcium fluoride (CaF2), unlike other materials used as inorganic resists such as 

LiF(AlF3), has relatively low etch rate to water which implies the possibility of 

forming a mask layer for wet chemical etching process. At a line dose of 0.1-4 

µC/cm2 positive line patterns of 70 nm pitch with linewidth of 30nm were obtained 

for 50 keV accelerating voltage [HONGO et al., 1996]. 

The metal halides resist systems suffer strongly from outgassing of multiple 

components that can cause degradation of the electron column. ln addition these 

materials suffer from granularity and previous attempts to write sub 100 nm 

linewidths in them have resulted in extremely rough edges and considerable with 

variation. 

Another unique method of patterning inorganic resist films is through electron beam 

irradiation of molecules those are physically adsorbed on a substrate [MITCHELL et 

al., 1999 and 2002]. The successful results demonstrated in electron induced 

decomposition of adsorbed molecules involves exposure of titanium isopropaxide 

[Ti (QC3H1)4] which is converted to a nonvolatile titanium oxide. A 5 A0 thin film of 

titanium isopropoxide has exhibited a sensitivity of about 23 µC/cm2 at 10 keV 

incident electron energy. Even though the resist exhibits high sensitivity to electron 

beams, the process is hindered by requirement of ultra high vacuum tools. 

The most common inorganic electron beam resist has been Hydrogen Silsesquioxane 

(HSQ). HSQ is an oligomer composing of a caged Silsesquioxane along with linear 
Si-O network. Avery thin HSQ layer of 20 nm on top of a 180 nm under layer has 

demonstrated resolution on the order of 50 nm at 1, 2 and 3 keV acceleration 

voltage [JEMIESON et al., 2002] with dose of 50 µC/cm2. 20nm patterns have been 

fabricated at 50 keV accelerating voltage using 90nm thick film with dose of 

1400 µC/cm2 [MOLLARD, 2002]. 
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Fabrication of metallic nanostructures in a direct write technique is another 

inorganic resist application as it omits vacuum film deposition and therefore 

constitutes a simplification of the conventional lithography method. One of these 

techniques, the silicide direct write EBL process (SIDWEL) was developed [DROUIN 

et al., 1997, BEAUVAIS et al., 1997] to take advantage of the excellent resistance of 

some silicides to chemical etchants used in microelectronics. ln this process, a thin 

metallic film such as Cr, Cu, Ni, Pt, or Pd typically of 20 nm thickness is deposited 

on a silicon substrate or Si layer. Lithography is performed with low energies usually 

between 1 keV and 3 keV. AU the energy is lost near the metal silicon interface, 

enabling formation of silicide at the interface. After exposure a wet etching is 

performed on the sample to remove unreacted metal. The fabrication of silicide 

structure less than 50 nm wide was previously demonstrated with this technique. 

Recently many researchers have included nano-particles in an organic resist in 

order to increase the etch resistance while retaining high resolution patterning and 

high sensitivity properties [MERHARI et al., 2002, ISHII et al., 1997]. The 

nano-particles studied in detail so far have been fullerenes and silica included in a 

chemically amplified resist matrix. A resolution of 50 nm was demonstrated with 

ZEP520 / silica nanocomposite system while retaining the high sensitivity property 

ofpolymer. 

1.3 RESIST DEPOSITION TECHNIQUES 

There are many resist coating process including spin coating, vacuum evaporation, 

plasma deposition, monolayer self-assembly etc. Of these spin coating is the 

dominant resist coating process, so its advantages and disadvantages are presented 

here. Also the vacuum evaporation process is an integral part of the work presented 

in this thesis so it is described in the following section. 

1.3.1 SPIN COATING 

The spin coating process used to deposit resist onto wafers is one of the most 

mature processes in modern semiconductor manufacturing [BERGER et al., 1990]. 

As shown in figure 1.8, spin coating encompasses the dynamics of centrifugal 

forces, rheology of viscous polymers and the dynamics of solvent transport. As the 
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industry advances to smaller devices, the limited depth of focus tolerance for 

lithography processes requires increasingly uniform resist layers. There are only two 

parameters, the resist solution viscosity and spinning speed, which strongly 

influence the layer formation. Therefore, the process optimization focuses only on 

these two parameters. A variety of film thicknesses can be deposited by spin coating, 

due to film thickness being roughly inversely proportional to the square root of spin 

speed. Spin coating presents some major disadvantages and they are becoming 

more important as substrate sizes increase and resist costs rise. First of all, as 

substrate sizes get larger, the throughput of the spin coating process decreases. 

Large substrates cannot be spun at a sufficiently h igh rate in order to allow the film 

to thin and dry in a timely manner resulting in decreased throughput. 
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Figure 1.8 Steps involved in spin coating process 
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The biggest disadvantage of spin coating is the formation of an edge bead. Edge 

beads are due to the properties of the fluid coating the substrate and therefore occur 

regardless of substrate geometry. These properties, including viscosity and surface 

tension, dictate a constant contact angle at the solid-liquid-gas interface. 

Furthermore due to the increased friction with air at the periphery of the substrate, 

the fluid in the bead dries first, causing the remaining resist to flow over the step 

and dry, increasing the edge bead effect [SMITH et al., 2002]. Another disadvantage 

of spin coating is its lack of material efficiency. Typical spin coating processes utilize 

only 2-5 % of the material dispensed onto the substrate [LINDER et al., 2004], while 

the remaining 95-98 % is flung off into the coating bowl and disposed. But the 
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prices of the raw resist are increasing substantially, and disposa! costs are 

increasing as well. Finally it is very difficult to spin coat resist on a non-planar 

surface such as a cleaved edge of a semiconductor substrate. 

1.3.2 VACUUM EVAPORATION 

Vacuum evaporation represents one of the oldest of thin film deposition techniques. 

Evaporation is based on the boiling off (or sublimating) of a heated material onto a 

substrate in a vacuum [HON GO et al., 1996]. The basics setup of the evaporator is 

as shown in figure 1.9 High-purity films can be deposited from high-purity source 

material. 

eu ~nt ttod 
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Figure 1.9 Basic setup of the evaporator [MADOU, 2001] 

Typical systems make use of Joule effect evaporation to heat the source material in 

a crucible. There are many advantages in using evaporation for resist deposition: the 

source material to be vaporized may be a solid in any form and purity; it is possible 

to obtain a highly uniform film deposition; the line-of-sight trajectory and "limited-

area sources" allow the use of masks to define areas of deposition on the substrate 

and shutters between the source and substrate to prevent deposition when not 

desired; the deposition rate monitoring and control are relatively easy; it is the least 
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expensive of the PVD processes; and finally deposition becomes possible on non-

planar surfaces. 

1.4 Conclusion 

Inorganic resists provide higher etch resistance properties but exhibit much lower 

sensitivities as compared to organic resists. There does not yet appear a clear trend 

as to which technology will prove practically and economically viable for the future 

generations of sub 25 nm device geometries. lt is apparent, however, that resists 

share many common features irrespective of the exposure technology with no one 

resist having all desired properties. Designing an optimum resist for a given 

technology is, at best, accomplished by a compromise of all the desired properties. 

Spin coating is most dominant process used for resist deposition but it suffers from 

problem like edge bead effect, resist loss etc. Also it is very difficult to spin coat 

resist on non-planar surface. On the other hand vacuum deposition is inexpensive 

and reliable process for resist deposition. 
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CHAPTER2 

FUNDAMENTAL SHOT NOISE LIMITS ON THE EXPOSURE THROUGHPUT OF 
ELECTRON BEAM LITHOGRAPHY SYSTEMS 

2.1 INTRODUCTION 

The International Technology Roadmap for Semiconductors (ITRS) [ITRS Roadmap, 

2005] places stringent requirements on the lithography, required to address the next 

generation of technology nodes for integrated circuit fabrication. One such 

requirement is controlling the linewidth roughness (LWR). The ITRS quantifies the 

linewidth roughness as 3 times the standard deviation of the linewidth variation. 

Figure 2.1 illustrates in a summary fashion the required linewidths in resist for the 

future technology nodes as well as the acceptable limit on linewidth roughness 

which is typically required to be less than 8% of the resist linewidth by the ITRS. It 

can be seen that for 10 nm linewidths in the resist, corresponding to the 18 nm 

node, the LWR must be less than 1 nm. 

Gate length and LWR for resist patterning 
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Figure 2.1 Plot of printed gate length and linewidth roughness required for sub-100 nm 
technology nodes 
This places severe constraints on the lithography process, requiring control of the 

process far exceeding what is achievable today. LWR has attracted much attention in 

recent years because of its influence on the device characteristics, the permissible 

variations of critical dimensions (CD), and resolution limit of the lithography process 

[YOSHIZA W A et al., 2000]. A number of reports have considered the possible causes 
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of LWR from the viewpoint of molecular structure, [YOSHIMURA et al., 1993], 

[YAMAMOTO et al., 1996] acid diffusion, [REYNOLDS et al., 1999], [ITNI et al., 1997] 

shot noise, [HENKE et al.,1999, NAKAMURA et al.,1998, SMITH,1986, RAU et al., 

1998] aerial-image quality including mask roughness, [PALMATEER et al., 1998], 

[HINSBERG et al., 1998], [YOSHIZAWA et al., 2000], [REYNOLDS et al., 1999], 

[HINSBERG et al., 1999] and the development process [REYNOLDS et al., 1999], 

[NEUREUTHER et al., 1988]. The shot noise issue has a major impact on the 

achievable linewidth roughness for a given set of lithography process parameters, 

including exposure dose of the resist, resist thickness, beam energy, etc. lt has been 

well known for many decades that the statistical fluctuations in the number of 

electrons contained in a beam are related to the square root of the total number of 

electrons that it contains [SMITH, 1986]. Several papers have discussed this subject 

from a theoretical point of view including the statistical analysis of the shot noise for 

various types of lithography processes [TURNER et al., 1991], the modeling of the 

line edge roughness for chemically amplified resist with low energy electron 

exposure [WASKIEWICZ et al., 1991], the three dimensional Monte-Carlo simulation 

modeling for chemical amplified resist, and the development of an analytical model 

of shot noise [NAKASUGI et al., 2002]. Several experimental studies have also been 

carried out, which include a study of the edge roughness for very high resolution 

patterning by EBL (10 nm linewidths) [KOTERA et al., 2002], edge enhancement 

techniques for reducing the line edge roughness (LER) [YOSHIZAWA, 2000], a study 

of the acid diffusion effect in chemically amplified resists on LER [KRUIT et al., 

2004] and mechanisms of LWR transfer to underlying layers by plasma etching with 

very thin resists [YAMAZAKI et al., 2003]. 

The principle objective of the study described in this chapter is aimed at determining 

the influence of the shot noise effect on the critical dimension (CD) and the linewidth 

roughness (LWR) of QSR-STM resist. As mentioned earlier there are various reports 

regarding shot noise effect on resist materials but most of the papers discuss the 
results of shot noise model by taking into account the chemical amplified resist 

materials. So in this thesis our attempt is to understand and investigate the shot 

noise effect on molecular resist such as QSR-5™ and other resist materials. Also in 

this study we investigate the ultimate resolution that can be achieved before the 

shot noise impact dominates. The fundamental nature of the shot noise is such that 
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it imposes a base line value on exposure fluctuations. In addition ta this, it has been 

shown that any other fluctuations or blurring effects will not improve the situation, 

but will in fact result in greater values of LWR of the exposed patterns 

[NEUREUTHER et al., 1988]. It is thus of great interest ta study shot noise as it 

represents the ultimate limit in exposure "smoothness" that can be achieved by 

electron beam lithography. 

ln the following section we will first describe the model for the shot noise effects that 

relates ta the achievable LWR. We will then compare the model results ta the 

experimental measurements performed on the two e-beam resists. Finally by 

applying these results ta a specific case of massively parallel electron beams within 

the known constraints on the overall patterning time for mask blanks and integrated 

circuits, we will determine the number of parallel beams actually required in order 

to meet both the shot noise resist sensitivity constraints and viable overall write 

times. This latter limit follows from the requirement that the patterning must be 

performed in a reasonable amount of time. The definition of reasonable can vary 

depending on the application; however there is always an upper limit on the total 

time required that is imposed by the lithography tool stability or the need to obtain a 

useful pattern within a commercially viable time constraint. 

2.2 SHOT NOISE CALCULATION 

Shot noise is a type of electronic noise that occurs when the finite number of 

particles such as electrons, that carry energy which is small enough ta give rise ta 

detectable statistical fluctuations in a measurement. Shot noise is a Poisson process 

and the charge carriers which make up the current will follow a Poisson 

distribution. Everhart [EVERHART et al., 1984] developed a fundamental 

relationship between the dose Q delivered ta the resist, the number of electrons N 

striking the unit cell and dimension of the unit cell lp. If the resist requires a dose of 

Q coulombs/cm2 , it also requires a minimum number of electrons Nm ta strike and 
lose their energy in each unit cell so that each unit cell receives the minimum 

necessary exposure on statistical grounds. Sa if lp is the unit cell linear dimension 

and e is electronic charge, 

38 



(2.1) 

Equation 2 .1 states that the exposure dose must always exceed a minimum value 

and the smaller the unit cell dimension the larger that minimum value must be. 

From equation 2.2 if lp = 10 nm, Q = 1 µC/cm2 , e = 1.6 X 10-19 we get Nm = 6.25. It 

means that for 1 µC/cm2 charge applied on a unit cell of dimension 10nm the 

minimum number of electrons will be 6.25. if the dimension of the unit cell lp is 

10 nm and the dose is 10 µC/cm2 then the number of electrons will be 62.5. Using 

equation 2.2 the calculation is performed to determine the number of electrons for 

specific exposure doses. 

If we consider the actual number of electrons absorbed per unit cell area during 

fixed period of time there will be a variation in the number of electrons as a result of 

statistical fluctuations. We assume that the arrival of electrons is a random event, 

thus rms deviation from N, the so called the standard deviation ais given by 

(SMITH, 1986], 

(2.2) 

TABLE 2.1 CALCULATION OF NUMBER OF ELECTRONS AND SHOT NOISE 

Dose # electrons # electrons per # electrons) 
(µC/cm2) per unit cell unit cell of (10 nm cell) of 10nm side 1nm side 

1 6.25 0.39 2.5 
5 31.25 1.95 5.6 

10 3.91 7.9 
15 93.75 5.86 9.7 

20 125 7.81 11.2 
50 312.5 19.5 17.7 
100 39.l 25.0 

1000 390.6 79.1 
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Thus the shot noise is given by the square root of the number of electrons. From 

equation 2.4 and 2.5 the number of electrons and corresponding shot noise for the 

different doses can be calculated. The results of dose values from 1 µC/cm2 to 

1000 µC/cm2 for two different unit cell dimensions are shown in the Table.2.1. 

For a 1 µC/cm2 dose with 10 nm unit cell dimension the number of electrons is 6.25 

and the shot noise is 2.5, thus with a 40 % variation in the number of electrons per 

cell. But as the dose value increases from 5 µC/cm2 to 1000 µC/cm2 the relative 

fluctuation in the number of electrons decreases. For example for a dose value of 

1000 µC/cm2 with 10 nm unit cell dimension, the number of electrons and the shot 

noise is 6250 and 79 respectively, so the fluctuation in the number of electrons is 

just 1.25%. This table clearly illustrates the impact of shot noise on the conditions 

that are typical of those used for the lithography of nanostructures. 

2.3 SHOT NOISE MODEL 

The shot noise model developed in this thesis for electron beam resist is based on 

some straightforward principles. This model has been implemented using the 

mathematical software MATLAB. Figure 2.2 shows the schematic of the flow of the 

proposed model of resist exposure. A detailed explanation of each item is given in 

the following section. The resist is assumed to be a negative tone resist. The 

exposure field is divided into a matrix of points for modeling. A Box-Muller 

transformation [BOX et al., 1958] is used to generate a Gaussian distribution of 

random numbers from a linear random distribution. A Box-Muller transformation 

allows us to transform uniformly distributed random variables to a new set of 

random variables with Gaussian distribution. This random distribution is then 
normalized in width by multiplying the distribution by the square root of the average 

number of electrons expected at one point in order to obtain a Poisson distribution. 

For each point in the matrix a random number is generated and once these random 

numbers of electrons are generated, the same Box-Muller transformation is used to 
generate a Poisson type distribution of chemical reaction spreading between cells of 

matrix of points used by the model. It is also assumed that the development process 

can be adjusted via its basic parameters (eg. developer solution, development time 

etc.) to achieve optimal results. One fundamental hypothesis of the model is that 

any hole in an exposed region is fatal flaw (i.e. exposed resist that remains 
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underdeveloped).This is certainly the case for any microelectronic application, for 

example in gate fabrication for extremely small transistors, where any hole along the 

length of the gate would be fatal. 

Exposure field 

Exposure field of matrix 

Box-Muller transformation and 
Poisson distribution 

Generating random number of electrons 
Distribution of electrons in the matrix 

SHOT NOISE 
Calculation 

Number ofuncertainties 

Impact of neighbouring unit cell 
1 

Spreading between the unit cells 

Develo1>ment threshold 
Development of the pattern 

Measuring linewidth and LWR 

Figure 2.2 The schematic of the flow of the proposed model of resist exposure 

Thus we assume that the parameters of the development process can be adjusted 

(for example by increasing the development time) to ensure that an exposed area will 

be fully developed. In the model, this is done by measuring the minimum dose 

obtained within the exposed area, and adjusting the development threshold to 80% 

of this minimum value (a value of 80% is chosen to allow for some reasonable 

process tolerance).Thus all regions of the resist, inside or outside the exposed area, 

that receive an exposure level greater than this value will be developed. As described 
a bit further on, each electron interacting with the resist will cause resist exposure 

outside of its immediate impact area. If the minimum dose is measured inside the 

exposed pattern is very low, there will result a lowering of the development threshold 

and thus increased impact on areas outside the exposed area (increasing the 

linewidth and potentially its roughness).With this approach, the only holes that can 
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appear inside an exposed area are due to shot noise, when the latter is so 

pronounced that some regions in the exposure pattern receive zero electrons. Finally 

it is assumed that every electron incident on the resist is effective in causing 

exposure, which would not be the case when the incident electron energy increases. 

2.3.1 EXPOSURE FIELD 

The exposure field consists of a matrix of dimension (200, 200). Figure 2.3 

illustrates this in detail. As shown, the pattern area has a centre point at the 

coordinates (100,100). The length of the pattern area consists of 100 matrix points, 

extending between y=50 and y= 150. The pattern area is divided into unit cells 

shown by dashed lin es in figure 2. 3. The dimensions of both the length of the 

pattern area and the unit cells are directly dependent on the address value. The 

address value is expressed in nanometer (nm) units. 

2(ID..--........--........ 

100 

100 

120 

100 

00 

00 

40 

20 

20 40 GO 00 120 140 100 100 200 

Figure 2.3 The exposure field showing matrix of dimension (200, 200) 

The address value is either 1 nm, 0.5 nm, or 0.25 nm for the simulations discussed 

here. Clearly from this description, the length of the exposed pattern in these 

simulations is not independent of the address area. 

When the address size is 1 nm, the pattern area necessarily has a length of 100 nm 

and it is divided into square unit cells of dimension 1 nm, irrespective of the 
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linewidth dimension. The following table shows different values of address size with 

respective values of unit cell dimension and length of the pattern. 

TABLE 2.2 DIFFERENT ADDRESS VALUES WITH RESPECTIVE UNIT CELL DIMENSIONS AND 
DIMENSIONS OF LENGTH OF THE PATTERN. 

10 1 1 100 

10 0.25 0.25 25 

The number of unit cells across the width of the exposed pattern, also depends on 

the address size and the linewidth (which is specified in nm). The following table 2.3 

shows the number of unit cells for different linewidth and address size values. 
TABLE 2.3 DEPENDENCY OF NUMBER OF UNIT CELL IN HORIZONTAL DIRECTION ON 
LINEWIDTH AND ADDRESS SIZE. 

10 1 10 

20 0.5 40 

2.3.2 BOX-MULLER TRANSFORMATION AND POISSON DISTRIBUTION 

There is uncertainty in the appearance of actual number of electrons due to the shot 

noise. The Matlab environment produces a linear random number generation (in the 

range of O to 1) so that we use a Box-Muller transformation is used to generate 

random numbers. A Box-Muller transformation allows us to transform uniformly 

distributed random variables to a new set of random variables with a Gaussian 

distribution. 
The most basic form of the transformation is as shown below [BOX et al., 1958] 

X1= ( -2 loge U1) 112 Cos 21t U2 (2.3) 

X2 = ( -2 loge U1) 112 Sin 21t U2 (2.4) 
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ln this case U 1, U2 are independent random variables from the same rectangular 

density function on the interval (0, 1) and X1, X2 will be a pair of independent 

random variables from the same normal distribution with mean zero and unit 

variance. 

For each cell based on average number of electrons it should receive, we apply the 

Poisson distribution using the random number we generated to determine the 

number of electrons each cell will receive. 

The Poisson distribution [RAU et al., 1998] gives probability Pn that in an experiment 

a unit cell is hit by exactly n electrons, if the average number of electrons to hit the 

unit cell is µ then the equation is as shown in 2.3 

(2.5) 

2.3.3 THE CONCEPT OF RANGE 

lt is assumed that when an electron is exposed in the resist, its impact in exposing 

the resist, through a variety of means, spreads symmetrically around its impact 

point forming a radius of action with a Gaussian distribution. This radius of action 

is called the range, identifi.ed as the parameter a. This range of electron exposure in 

the resist is determined by following factors [BROERS et al., 1996]: 

a) de-localisation of the exposure process as determined by the range of the coulomb 

interaction 

b) straggling of secondary electrons 

c) molecular structure of the resist 

d) molecular dynamics of the development process 

e) diffusion of acid in chemical amplified resist 

For molecular resists this range value is typically on the order of 1 nm to 5 nm while 

for organic resists like PMMA this value is more in the range of 10 nm to 15 nm 

[BEAUVAIS et al., 2005]. 

We consider three range values 1 nm, 5 nm, and 10 nm which include molecular 

resists as well as organic resists. We calculate the range parameter a from the 

Gaussian distribution by using the following equation: 
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1 a=---- (2.6) 

If the values of CJ' = 1 nm, 5 nm, 10 nm the respective values of a = 0. 707, 0 .1412, 

0.0707. 

For a better understanding of the range parameter figure 2.4 shows electrons with 

range values of 1 nm, 5 nm, 10 nm. For illustration purpose, we assume that each 

unit cell, shown by dotted lines, has dimensions of approximately 6 nm. 

0 
1nm 

-----, 
1 
1 
1 
1 
1 
1 

0 
5nm 

Concept of range 

-----, 
1 
1 
1 
1 
1 
1 

Impact on neighboring cell 

0 
10nm 

----, 
1 
1 
1 
1 
1 

Figure 2.4 Concept of range and impact of the neighboring unit cell 

These unit cells are exposed by the electrons of different range values. We also 

assume that the electrons will be spread in the unit cell in such a way that each 

unit cell will be completely filled without any hales. With this assumption, when a 

unit cell is exposed with electrons of range value 1 nm, approximately 12 electrons 

are required to completely fi.11 a unit cell. If the electrons have a range of 5 nm then 
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the number of electrons required to completely fill a unit cell is approximately 4. If 

instead, the electrons with a range of 10 nm are exposed in a unit cell then only one 

electron is sufficient to completely expose this unit cell. Clearly, by increasing the 

range of the electrons, a decrease of the total number of electrons required to fill the 

unit cell is observed. This is the reason that as the range value increases the 

exposure dose value decreases. 

2.3.4 IMPACT ON NEIGHBORING CELL 

When a unit cell is exposed by electrons of different range values, some electrons 

may have an impact on the neighboring unit cell. To study this effect we consider 

the case of the impact on neighboring cells as shown in figure 2.4. We assume that 

there are two unit cells of approximately 6 nm in width. We also assume here that 

the electrons exposed with different range values on the unit cell will completely fill 

the unit cell without any hales. With this condition the electrons are exposed on one 

of the unit cell with the range values of 1 nm, 5 nm, and 10 nm. For all these range 

values, the electrons not only completely fill one of the unit cells but also have a 

longer range effect as they fill part of the neighboring unit cell. Also the electrons 

have an impact on the edge of a unit cell. This may result in increasing the linewidth 

roughness. 

2.3.5 DEVELOPMENT THRESHOLD 

Now that we have the exposure distribution, we can calculate the threshold level at 

which the resist is to be developed. In order to determine the minimal exposure dose 

required to have a complete filling of the exposed resist area, the assumption is 

made that a contrast of 20% or better is required. This assumption reflects the need 

for having a sufficiently wide process window during the development of resist in 

order not to cause point defects in the exposed area. In figure 2.5, we consider the 

exposure field with an exposed pattern divided into small unit cells. 
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Figure 2.5 Adjusting the development threshold 

This is similar to the discussion of the exposure field from section 2 . 1.1, only in this 

case we show a three dimensional representation of the edge of the exposure field 

where the number of each electrons impacting each cell is represented by the height 

of the 3D bar. In Figure 2.5 (A) all the unit cells are filled with a sufficient number of 

electrons for proper development. The development threshold level is shown by the 

red color line which is located at a level 20 % below the exposure level of the cell 

having required the smallest number of electrons in the exposure area. Thus the 

pattern obtained after development will be a fully exposed line. Figure 2.5 (B) shows 

another situation where one of the unit cells receives very few electrons . So in this 

situation if the threshold development value remains the same as of the threshold 

development value of figure 2.5(A) then the unit cell will be result in an empty space 

after development. To avoid this situation the threshold development can be 

adjusted to the level to which the unit cell is above threshold as shown by the red 

line in figure 2. 5(B). 

2.3.6 MEASURING THE LINEWIDTH AND LINEWIDTH ROUGHNESS 

As shown in figure 2. 6 below, the average wid th between the two edges of the line 

obtained after development gives the linewidth value. The roughness of a line edge 
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can be described as the deviation of the real line edge from this average value and is 

commonly quoted as a 3 times the standard deviation (a) of the linewidth variation. 

\ 

) 
f 

Figure 2.6 Measurement of linewidth and linewidth roughness 

2.4 COMPUTER PARAMETERS 

The computer model uses several parameter values as input, as described in the 

following table. 
TABLE 2.4 INPUT PARAMETERS FOR SIMULATION 

INPUT PARAMETERS DESCRIPTION 

Linewidth Width of the line in nm unit. 

Address size Number of unit cells for calculation. 
One of the value froml, 0.5,or 0.25 

Gaussian range lt is the range value. One of the value 
from 0.707, 0.1412, 0.0707 

Exposure dose Exposure dose expressed in µC / cm2 

Number of iterations Number of iterations determines the 
minimal exposure dose required in 
order to obtain either the complete 
filling of the exposed area or the 
absence of roughness in the exposed 
patterns (LWR). 
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The simulation also supplies a series of output parameters, described in the 

following table. 

TABLE 2.5 OUTPUT PARAMETERS FOR SIMULATIONS 

OUTPUTPARAMETERS DESCRIPTION 

Average Linewidth Linewidth measured after simulation. 
It is average value of the linewidth for 
number of iterations 

Average 3sigma This is the standard deviation value 
of edge roughness. 

Gaussian range This is the value of range. lt shows 
the number of cells accounted for the 
range value. 

Exposure dose Exposure dose expressed in µC/cm2 

Filled percentage This is the percentage of the line filled 

2.5 RESULTS FROM THE MODEL 

In the next section we will present the simulation results obtained for linewidths of 

50 nm, 30 nm and 10 nm for three range values of 1 nm (O. 707), 5 nm (0.1412), 

10 nm (0.0707) for different exposure doses. 

2.5.1 SIMULATION RESULTS FOR 50 NM LINEWIDTH 

Figure 2. 7 shows simulation results for a linewidth of 50nm with a threshold dose of 

100 µC/cm2 and range values of 1 nm (0.707), 5 nm (0.1412), 10nm (0.0707). For 

this large value of exposure dose and linewidth, the line is completely fi.lled with 

some edge roughness. For all range values studied here, a linewidth roughness of 

less than 8% is calculated, thus within the range value, required by the ITRS 

roadmap. This implies that a 50nm line is achievable even after considering the 

impact of shot noise for high doses on the order of 100 µC/cm2 • 
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Figure 2.7 Simulation results for 50nm Linewidth with exposure dose of 100 µC/cm2 

For the same, linewidth of 50 nm a decreased dose of 10 µC/cm2 a significant 

increase in the LWR is observed for all range values as shown in figure 2.8. 

linewidth"" 50nm 

Range-1nm 
LWR% .. 6.8 

llnewidth,.. 50.1nm 

Range.., 5run 
LWRI ... 6.6 

linewidth"' 50.4nm 

Range ... 1onm 
LWR11 .. 6.9 

Figure 2.8 Simulation results for 50nm linewidth with exposure dose of 10 µC/cm2 

For the smallest range of 1nm (O. 707) the line is not completely filled but has some 

hales, but if the range value is increased to 5nm (0.1412) a completely filled pattern 

is obtained although with significant edge roughness. If the range value is increased 

further to 10 nm (0.0707) then the line gets filled but results approximately in the 
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similar linewidth roughness value as obtained for earlier range values. This is in 

agreement with the qualitative description given earlier in section. Clearly as the 

dose value is decreased the shot noise has a significant impact on achieving 

complete line filling and on the achievable limits of linewidth roughness. 

2.5.2 SIMULATION RESULTS FOR 30 NM LINEWIDTH 

Figure 2.9 shows the simulation results for a 30 nm line with a dose of 10 µC/cm2 

with range values of 1 nm, 5 nm, 10 nm. For this narrower line and smaller 

exposure dose, the condition imposed on the development to obtain complete filling 

of the line result in significant LWR. This is because the low threshold results in 

development of resist far outside the exposed area. Any attempt to adjust the 

parameters to reduce the LWR will result in hales appearing inside the nominal 

linewidth. This is due to the fact that the shot noise causes significant variations in 

the number of electrons impinging on the resist from point to point, and these 

variations are very significant with respect to the threshold dose of the resist. 

llnewidth .., 30nm Unewidth "' 30.1nm Linewidth,.. 30. 1nm 

~ange• ... 1nm 
LWRI"" 10.7 

Range-5nm 
LWRI"' 11.3 

Range""' 10nm 
LWR% ... 11.6 

Figure 2.9 Simulation results for 30nm linewidth with exposure dose of 10 µC/cm2 

Therefore the contrast in the exposed resist is reduced significantly. In order to 

reduce the roughness, the threshold for the development has to be increased, 

leading to hales in the exposed pattern. From the figure 2.9 it is clear that the LWR 

increases as the dose and linewidth are decreased. 
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2.5.3 SIMULATION RESULTS FOR 10 NM LINEWIDTH 

Figure 2.10 illustrates the simulation results for a 10 nm line with a 10 µC/cm2 

dose with range values of 1nm, 5nm, 10nm. 

linewidth .. 10.4nm linewidth ... 1.0Anm Unewidth ... 10.Snm 

Rangem 1nm 
lWR'I"" 25 

Range-5nm 
LWRl• 25 

Range "" 10nm 
LWR%,.. 31.2 

Figure 2.10 Simulation results for 10nm linewidth with the exposure dose of 
10 µC/cm2 

In this case, the spatial variation of the number of electrons striking the resist is 

extremely pronounced due to shot noise, thus results in low number of electrons 

available for resist exposure. The resist exposure contrast is thus extremely low. The 

shot noise reduces the contrast to such a low level that not only does significant 

LWR occur outside the nominal linewidth, but there do not exist development 

conditions where it becomes possible to obtain complete line filling for range value of 

1 nm. For the other two range values the effect of the shot noise remains significant 

although the appearance of the holes in the resist is notas great a problem. 

2.6 GRAPHS OF THE SIMULATION DATA 
We have performed a large number of simulations for different linewidths and with 

different range values. In this section we will first present the results with graphs of 

dose as a fonction of linewidth and LWR (%) as fonction of linewidth. At the end of 

this section we will discuss the overall simulation results. We performed the 

simulations to determine the optimum dose required for two cases. In case I, we 
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determine the exposure dose to achieve linewidth roughness of 8% and in case II, we 

determine the exposure dose for 100% filling of the line i.e. minimum exposure dose 

required to fill the line without any holes in the exposed pattern. 

2.6.1 DOSE AS A FUNCTION OF LINEWIDTH 

The following figure 2.11 shows the graphs of dose as a function of linewidth for 

case I. A trend line is fitted with the data points using an exponential fit. As shown 

in figure 2.11, the graphs are plotted for three range values of 1 nm, 5 nm, 10 nm. 

For all the range values the dose required for high resolution linewidth (<20 nm) is 

higher because of the impact of the shot noise. As the linewidth increases from 

10 nm to 50 nm the exposure dose value decreases from approximately 340 µC/cm2 

to less than 20 µC/cm2 • This indicates that the LWR increases as the value of the 

required exposure dose decreases. So to have min LWR value the dose must be 

higher. 

1000 1000 

• 
'l 100 w 100 
.!1 
ï ï 
31 31 
8 !O 8 10 

• 
1 1 

0 !O 20 30 40 50 00 0 10 20 30 40 50 00 
Unewldth {nm) Llnewidth (nm) 

!!:ange" imn io:nm Range" 5nm {0.1412} 

1000 

f 100 
.!1 
ï 
§ 10 

1 
0 10 20 30 40 00 00 

Unewidth (nm) 
Range" 10nm (0.0707) 

Figure 2.11 The plot of dose as a function of linewidth for three different range values 
for case 1: Dose required for obtaining 8% LWR. 

Figure 2.12 shows the graphs for case II with dose as a function of linewidth for 

different range values for 100% filled lines. lt shows the constant exposure dose 

values for all the linewidths with range values of 1 nm, 5 nm, 10 nm. One noticeable 
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fact is that when the range value increases from 1 nm to 10 nm the exposure dose 

value decreases from 95 µC/cm2 to 10 µC/cm2 • We have already discussed about the 

range parameter in section 2.1.4 that the as the range value increases, the required 

dose value decreases. Thus the results presented here are in agreement with the 

earlier discussion on the range parameter (a). 
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Figure 2.12 The plot of dose as a function of linewidth for three different range values 
for case II: Dose required to obtain 100% filled line. 

Figure 2.13 summarize the results for all the simulated linewidths and dose values 

as well as the different range values obtained for linewidth roughness of 8% and 

100% line. As shown, we can clearly identify two different regimes, one dominated 

by the line edge roughness limitations which we call the "linewidth roughness 

regime", and second dominated by line filling limitations which we call "line filling 

regime". In linewidth roughness regime, for a high resolution linewidth (<20 nm) 
with 8% linewidth roughness the value of exposure dose required is very high 

because the shot noise has become a significant factor. It is still possible to achieve 

complete line filling within the exposed regions, however only at the cost of 

significant linewidth roughness arising outside the exposed region. On the other 

hand in the line filling regime the value of dose required to fill the line without any 
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holes is below 100 µC/cm2 for all the range values. From the point of view of the 

shot noise, in this regime the resist patterns can be obtained with linewidth 

roughness better than the ITRS acceptable values (s8%). Thus to achieve a 

reasonable amount of roughness for high resolution lines (<20 nm) higher exposure 

doses are required. 
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Figure 2.13 Summary of the results obtained for different range values 

2.6.2 LWR (%) AS A FUNCTION OF LINEWIDTH 

It is also interesting to plot the graphs of LWR (%) as fonction of linewidths for 

various threshold doses. The LWR (%) is the value of percentage of linewidth 

roughness to the actual linewidth. Figure 2.14 shows the plot of LWR (%) as 

fonction of linewidth. 

55 



100% 100% 

l .. t 
10% 1 10% .. 

1% 1% 
10 30 5() 70 00 110 10 30 00 70 90 110 

Ullffiidlh (nm) Ullffidttl (11111) «~-... n ...... ., 10 .. rc1e...:i: l!!,q,-- p.,.... "' :til 111C/0"'2 

100% 100% 

i: i 
10% 10% • 

1% 1% 
10 30 50 70 90 110 10 30 50 10 90 110 

Unewklth (nm) Unewklth {nm) 
lôlqfflillllffl f,l.,.... "' lll uCl®m2' lliX?""""N 1)- " li$ ..cJc...:!: 

100% 100% 

i 
a:: 10% 1 10% 
! ------.. ·--·~ 

1% !% 
10 30 50 70 90 110 10 30 50 10 90 110 

Unewldtll (nm) Llnewld!h (nm) 
liii<~- lt@5"" 11lô 111:);lcm:I: 11!~-°""" 150111:);/.,...a 

100% 

l 
10% 

1%' 
10 30 50 70 90 110 

linewklth (nmJ 
fl<?"""IU.• ()-,: ~@@/~ 

Figure 2.14 LWR (%) as a function of linewidth plot for range value of 1nm (0.707) 

The data points in the figure 2.13 fitted well with the exponential fit. This indicates 

that the LWR increases as the value of the required exposure dose decreases. So to 

have min LWR value the dose must be higher. The graph summarizes the results of 

all the values of linewidths below 100 nm and various threshold doses for a range 

value of 0.707. 
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Figure 2.15 Comparison of LWR (%) as a function of linewidth plot for range value of 
1 nm (0.707) and 5nm (0.1412) 
As seen from the graph the LWR (%) value is higher than approximately 8% for high 

resolution linewidths of 20 nm, for almost all the exposure doses starting from 

10 µC/cm2 to 200 µC/cm2 because of the impact of the shot noise. For the 

linewidths greater than 20 nm we can observe the decrease in LWR (%) value with 

increase in dose values. 
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ln the following figure 2.15 we compare the results of the LWR as a function of 

linewidth for two range values of 1 nm (0.0707) and 5 nm (0.1412) and for different 

exposure dose values. 

For the exposure dose from 10 µC/cm2 to 100 µC/cm2 there is not much difference 

between the LWR (%) values with respect to the linewidth. But when the exposure 

dose is higher than 100 µC/cm2 , the LWR (%) for all the linewidths decrease with 

increasing range value. 

Thus from figure 2.14 and 2.15 we can conclude that LWR (%) is higher than 8% for 

high resolution linewidths (20 nm) for all the dose values studied here and LWR (%) 

decreases with increasing range value. 

2.6.3 DISCUSSION ON SIMULATION RESULTS 

With the stringent requirements placed on linewidth roughness in the roadmap the 

direct consequence of this result is that the assumption that simply increasing 

sensitivity of e-beam resists will make it possible to continue producing 

photolithography masks and pave the way for direct writing of patterns on wafers is 

not tenable. In fact, the shot noise imposes a fundamental limitation on the resist 

threshold dose. 

2. 7 EXPERIMENTAL MEASUREMENTS 

The objective of this part of the study is to perform experimental measurements of 

LWR for different linewidths and compare these experimental results with the model 

results, in order to study the impact of shot noise on the achievable linewidths. For 

metrology methods to quantify LWR, techniques using atomic force microscopes 

(AFMs) and scanning electron microscopes (SEMs) have been proposed. SEM is 

recommended over AFM for LWR measurements based on sample throughput, 

which is not really an issue in our case. However for our work we performed 

measurements with a SEM as the MEASURE software we are using for 
measurement of linewidth roughness is only compatible with SEM micrographs. To 

verify the results of the shot noise model, experimental measurements were 

performed on two electron beam resist materials such as QSR-5™ and PMMA. Then 

the results will be compared in section 2.7. As we will be discuss in the following 
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sections, due to machine limitation it was difficult to verify all the experimental 

results of PMMA resist with the simulation results. 

Different steps involved in performing the experimental measurements are as 

follows: 

1. Deposition of the resist on the Si substrate 

2. Test pattern for lithography tests 

3. Performing EBL with the DCAD pattern 

4. Developing the resist in a developer solution 

5. Scanning electron microscope observation method 

6. Measurement of LER with MEAS URE software. 

2.7.1 DEPOSITION OF THE RESIST ON SILICON SUBSTRATES 

Prior to resist deposition, the silicon substrate was diced into small pieces of approx. 

1 cm2 in size. The samples were first cleaned using a standard procedure: 1) 

immersion in acetone for one minute in an ultrasonic cleaner to remove 

contaminants; 2) cleaned in isopropyl alcohol (IPA) in an ultrasonic cleaner for one 

minute to remove any traces of acetone from the samples; 3) finally rinsing of 

samples in de-ionised (DI) water. 

Poly (methyl methacrylate) PMMA is a positive tone resist. It was deposited on the 

silicon substrate by spin coating. With high molecular weight PMMA it is difficult to 

achieve a 30 nm thick layer on the Si substrate, so low molecular weight PMMA was 

spin coated at 4000 rpm for 20s. After deposition the sample were annealed at 180° 

C for 90s on a temperature controlled hot plate to remove the trapped solvents. 

QSR-5™ is a negative tone sterol based resist. The resist is in powder format room 

temperature and can be thermally evaporated onto the samples. Detailed 

explanations regarding the chemical formulation of QSR-5TM resist and its 

deposition techniques will be presented in chapter 3 in section 3.2 and section 3.3. 

2. 7.2 TEST PATTERN FOR LITHOGRAPHY TESTS 

As shown in the figure 2.16 the pattern is 50 µm x 25 µm in dimension and consists 

of horizontal lines of l0µm in length and with linewidths ranging from 10 nm to 

100 nm. 
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Figure 2.16 Lithography pattern showing lines of linewidth from 10nm-100nm 

TABLE 2.6 DETAILS ABOUT THE DESIGN CAD PATTERN 

20 1:5 1: 10 

40 1:5 1:10 

60 1:5 1:6 1:5 

80 1:5 1:6 1:5 

100 1:5 1:6 1:5 

The following table 2. 6 shows the details of the pattern features. There are two sets 

of lines of linewidths between 10 nm to 100 nm. For 10 nm to 40 nm linewidths, the 

first set of lines has pitch of 1:5 and the second set of lines has pitch of 1: 10. For 
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50 nm to 100 nm linewidths, the pitch values are 1:5 for the first set of lines and 1:6 

for the second set of lines. In addition to the horizontal lines there is small set of 

vertical lines of linewidth from 50 nm to 100 nm with a pitch of 1:5. 

2. 7.3 PERFORMING ELECTRON BEAM LITHOGRAPHY 

For all samples the patterning of the resist was performed using the system 

described in section 3.4. The exposures are performed at 2 keV energy with a beam 

current of 30 pA and aperture of 10 µm. For PMMA and QSR-5™ resists, the range 

of exposure doses covers from below to above the threshold exposure dose values. 

The software and hardware limitations of the EBL system impose a minimum dose 

of 10 µC/cm2- As the threshold dose of PMMA resist is approximately 10 µC/cm2, it 

will not be possible to study doses below threshold where the shot noise is expected 

to produce hales in the resist according to the model. The range of doses used to 

study PMMA was from the minimum value of 10 µC/cm2 up to a dose of 

100 µC/cm2. For QSR-5™ the threshold dose value is around 90 µC/cm2, so the 

patterning could be performed with an area dose of 10 µC/cm2 to 250 µC/cm2 ( i.e 

from well below to above the threshold exposure dose).To avoid electrostatic 

charging of the samples while performing lithography the samples were grounded to 

the sample holder using copper tape. 

2.7.4 DEVELOPING THE RESIST 

After e-beam exposure the next step is to develop the resist. All the PMMA samples 

were developed for 30 seconds in a solvent mixture of isopropyl alcohol (IPA) and 

water (H2O), (IPA:H2O,1:9) at room temperature. All the QSR-5™ samples were 

developed for a period of 4 minutes by immersion and agitation in QSR-5™D, a 

commercial glycol-based developer at a temperature of 30°C. The detailed 

explanation regarding the development process is given in chapter 3 section 3.8. 

2.7.5 SCANNING ELECTRON MICROSCOPE OBSERVATION METHOD 

The micrographs are taken after the development of the samples. The samples are 

attached to the sample holder by copper tape to avoid charging of the sample while 

taking the micrographs. The 30µm aperture is used with a 2 keV voltage with a 

working distance of 4 mm. AU the micrographs are taken at a magnification of 
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50,000 X. Figure 2.17(a) shows one of the micrograph as an example of the 

patterned line in PMMA. This line has 100 nm nominal linewidth with a measured 

linewidth of approximately 119 nm. Figure 2 .17(b) shows another micrograph as an 

example of a patterned line in QSR-5™. The patterned line is nominally 100 nm in 

width, with a measured linewidth of approximately 110 nm. 

Figure 2.17(a) Micrograph of developed 
pattern of PMMA 

100nm' 
f.1~• 5Qr,O'- :( H t H.l' u l .ÔO L'li 

·-.'iO• 4Jl~ 

Figure 2. l 7(b) Micrograph of developed 
pattern of QSR-5 TM 

2.7.6 MEASUREMENT OF LWR WITH MEASURE SOFTWARE 

MEASURE [29] is an image based measuring software for scanning electron 

microscope. Figure 2.18 shows the process of measuring the linewidth roughness 

with the MEASURE software. 
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Figure 2.18 MEASURE software window showing the measurement process 
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The measurements of the linewidth roughness are performed by using a suitable 

algorithm. There are different algorithms such as apparent beam width, fit to 

sigmoid or logistic function, maximum derivative, maximum second derivative 

algorithm etc. all available with the Measure software for LWR measurements. 

Amongst these algorithms, fit to sigmoid or logistic function algorithm is used for 

measurement of LWR from our data as that is the only algorithm which provides 

consistent values of the linewidth roughness. A sigmoid function is a mathematical 

function that produces a sigmoid curve, a curve having an 'S' shape. Often, a 

sigmoid function refers to the special case of logistic function defined by the formula 

as follows. 

2.8 EXPERIMENTAL RESULTS AND DISCUSSION FOR QSR-5™ 

We present the experimental data of QSR-5™ in the following table 2.7 which shows 

LWR (%) values for different linewidth and exposure doses. Also shown below in 

figure 2.18 are the graphs of LWR (%) as a function of actual linewidth for linewidths 

50 nm, 70 nm, and 100 nm with exposure dose from 90 µC/cm2 to 200 µC/cm2 • The 

data points fitted well with the exponential fit. 
TABLE 2.7 RESULT OF LWR (%) OF QSR-5™ FOR DIFFERENT EXPOSURE DOSES 

·. ·~tfose· , 
· :~OµC/cm2 , ·.· j; 

Linewidth Actual L WR Actual L WR 
Linewidth (%) Linewidth 

(nm) (nm) 
·1 oo . ·····.~/~6.K·. ·1 
70 
.so 

40.4 
2~.f . 

,(it.3· 
15.9 49.9 
1!9·]:'.. ·4Œr· 

(%) 

10.2 
t)7;6 

·· ... · .... , .. i>Js.,.( 
· 150p,_Ç/cm: .. , 

Actual LWR 

·.•·• riôsê'. :·•: · 
2QO.µÇ/cni2 ... 

Actual LWR 
Linewidth 

(nm) 
(%) Linewidth (%) 

(nm) 

93.4 '"'jëfij "''' 4.5 

At a low acceleration voltage of 2keV for the electrons, the threshold dose required 

for QSR-5™ is on the order of 90 µC/cm2 • As shown in figure 2.19 and Table 2.7, 

the exposure dose of 90 µC/ cm2 is not sufficient for complete filling of all the 

linewidths which can be seen from the actual linewidth values for all linewidths. The 

50 nm, 70 nm, 100 nm linewidths show significant LWR (%) values at exposure dose 

of 90 µC/cm2 , but the LWR (%) value for 50 nm linewidth is very high as compared 

to 70 nm and 100 nm linewidths. This is because the effect of shot noise during the 

resist exposure becomes extremely significant with the threshold dose of the resist. 
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Figure 2.19 LWR (%) as function of actual linewidth for QSR-5™ 

Even for the exposure dose of 100 µC/cm2 the lines are not completely filled. At this 

dose the LWR (%) value has decreased significantly for the linewidth of 50 nm. When 

the dose is increased further to 150 µC/cm2 the 50 nm, 70 nm lines are completely 

filled with decreased LWR (%), which indicates that the threshold dose values 

required to completely fill the lines of 50 nm, 70 nm linewidths lies between 100-

150 µC/cm2 • For an exposure dose of 200 µC/cm2 , the 100nm line is completely 

filled with an observed decrease in the LWR (%) value. As expected, there is a 

significant effect of shot noise at lower exposure dose. As the exposure dose 

increases the LWR (%) value decreases which is in agreement with the model 

results. 

2.8.1 COMPARISON OF MODEL RESULTS TO EXPERIMENTAL RESULTS FOR 
QSR-5™ 

We have already discussed in the earlier section that the LWR (%) increases with 

decreasing exposure dose for QSR-5™ resist. So it is interesting to compare these 

results with the results of the model discussed in the section. We compare the 

experimental results of QSR-5™ with model results by plotting graphs of LWR (%) 

value as function of linewidth and a trend line is fitted with the data points using an 
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exponential fit. QSR-5™ is a molecular resist. As discussed earlier, for a molecular 

resist the range value (a) is of the order of 1-5 nm. So we compare the experimental 

results of QSR-5™ with the model results for range value 1nm (a= 0.707) and 5 nm 

(a= 0.1412). Figure 2.20 shows the graphs of LWR (%) as a function oflinewidth for 

range value of 1 nm compared with the experimental results for different exposure 

doses. As shown in the figure 2.20, there are few lines from the experimental results 

which show LWR (%) values well below 8% for exposure doses of 90 µC/cm2 and 

100 µC/cm2 • The experimental results are comparable to model results only at 

higher doses (~150 µC/cm2). 
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Figure 2.20 Comparison of Model results to Experimental results for range 1nm (O. 707) 

At 150 µC/cm2 the linewidth of 50 nm for experimental results has a LWR (%) value 

of approximately 7.5%. At this dose and linewidth the model data shows the LWR 

(%) value of approximately 4%. When the exposure dose is 200 µC/cm2 , the lines 

from 80 nm to 100 nm for the experimental as well as for model results show 
significant decrease in the LWR (%). This is because the shot noise has less impact 

at these high doses. It is clear from the figure 2.20 that the results are not 

superimposing each other but show a similar trend lines. The LWR (%) values for 

both experimental and model data show considerable decrease with increasing 

exposure dose values. The experimental results of QSR-5™ are also compared with 
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another range value of 5 nm (0.1412) as shown in figure 2.21. As shown, only higher 

exposure dose values (~150 µC/cm2) of experimental results are comparable to 

model results. When the dose value is smaller (s 100 µC/cm2) and linewidth is 

smaller (s20nm) the LWR (%) is larger (> 8%). On the contrary to this, when the 

threshold dose is larger (>100µC/cm2) and the linewidth is larger (>50 nm) the LWR 

(%) is lower (< 8%). 

100% g 

10%· 

1% 
10 

100%. 

l 
! Hl% 

1% 
10 

,. 

:.lO 51) 70 $0 

Uru,wldth (nm) 
Ël(pœm,a .Oose " $0 uC/cm:1 

:.lO 50 10 00 
Linewldth (nm) 

Extmsuru Dœe" i\$$ uC!cm2 

100% · 

,. 

10% 
• m~ ~t__ -..-~ 

, ......................... 
.. .,-.,,,.,,,,,,,.,.,.._,.,,,______>d..,,.,~ 

1%. 
110 10 

100%. 

l 
5 Hl% 

• 

1%· 
110 10 

jl fx~r!mentai 
Mod&l{0,1412} 

30 50 70 00 
Un!l'Mdth {nm} 

!ii:<.posum Oose"' 100 uCfcm2 

:.lO 50 10 00 
Unewidth (nm) 

!iixpœurn Oo:;e ,. :100 uCh:m:1 

110 

_..........., 
110 

Figure 2.21 Comparison of Model results to Experimental results for range 5nm 
(0.1412) 
Thus we can conclude that for very small linewidths, high exposure doses are 

required to achieve acceptable LWR values, as one could intuitively expect. 

2.9 EXPERIMENTAL RESULTS AND DISCUSSION FOR PMMA 

PMMA was exposed with doses from 10 µC/cm2 to 200 µC/cm2 • At a low 

acceleration voltage of 2 keV for the electrons, the threshold dose of PMMA is on the 

order of 10 µC/cm2 • So we will discuss only the results of exposure doses from 

10 µC/cm2 to 30 µC/cm2 •• The following table 2.8 shows the LWR (%) values for 

exposure doses of 10 µC/cm2 to 30 µC/cm2 for linewidths 50 nm, 70 nm, 100 nm. 
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TABLE 2.8 RESULTS OF LWR (%) OF PMMA FOR DIFFERENT EXPOSURE DOSES 

Linewidth 

70 

Actual 
Linewidth 

(nm) 

75.1 

LWR 
(%) 

7.3 

Actual 
Linewidth 

(nm) 

127.5 

LWR 
(%) 

6.7 

Actual 
Linewidth 

{nm) 

154.2 

LWR 
{%) 

6.9 

For the exposure dose of 10 µC/cm2 the linewidth of 50 nm and the linewidth of 

70 nm are filled and only the linewidth of 100 nm is not completely filled. The LWR 

(%) for 50 nm linewidth at 10 µC/cm2 dose is higher as compared to LWR (%) for 

other linewidths. With increasing exposure dose value the LWR (%) value for 50 nm 

linewidth decreases. When the dose is increased to 20µC/cm2 all the lines are 

completely developed and in fact they are over exposed. 
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Figure 2.22 LWR (%) as a function of actual Linewidth plot for ail the linewidths for 
PMMA 
Similarly for the exposure dose of 30 µC/cm2 the lines are over exposed. Clearly we 

are using doses higher than the threshold dose values of PMMA. Figure 2.22 shows 

the graphs of LWR (%) as a function of linewidth for the exposure doses compared in 
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the Table 2.3 for PMMA. As shown, for the exposure dose of 10 µC/cm2 , the LWR (%) 

value for the linewidths below 50 nm is higher than 8 %. When the dose is increased 

to 20 µC/cm2 the LWR (%) value has decreased for all the linewidths but actual 

linewidth value has increased significantly. At an exposure dose of 20 µC/cm2 , when 

the nominal linewidth is 30 nm the actual linewidth for PMMA is 55. 7 nm with LWR 

(%) of approximately 11.7 %. When the exposure dose in increased to 30 µC/cm2 the 

lines are overexposed, with the actual linewidth values approaching 200 nm. 

2.9.1 COMPARISON OF MODELING RESULTS WITH EXPERIMENTAL RESULTS 
FORPMMA 

PMMA is an organic resist. The organic resist exhibits range values between 10 nm 

to 15 nm. So we compare the experimental results of PMMA with model results for 

range value of 10 nm. 
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Figure 2.23 Comparison of model results to Experimental results for range 10 nm 
(0.0707) 
Figure 2.23 shows the graphs of comparison of LWR (%) value as a function of 

linewidth from modeling results for a range value of 10 nm (0.0707) to experimental 

results of PMMA. As shown, the experimental results for exposure dose of 

10 µC/cm2 for PMMA are very much comparable with the modeling results. At 

exposure dose of 10 µC/cm2 for PMMA, the linewidths from 70 nm to 90 nm are 

completely filled with acceptable LWR (%) values. This is the same case for the 
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results obtained with the model. For both the experimental and model data, only for 

the linewidths below 50 nm, the LWR (%) values are higher than 8 %. This is 

because of the impact of the shot noise at these high resolution linewidths and lower 

exposure doses. The results for the exposure dose values of 20 µC/cm2 and 

30 µC/cm2 are not at all comparable to the model results as we are using the 

exposure doses well above the threshold dose values for the experimental 

measurements. 

2.10 APPLICATION OF SIMULATION RESULTS TO MASSIVELY PARALLEL EBL 

We have discussed in chapter 1, section 1.1 the approach of massively parallel 

electron beam (MPEB) lithography systems which hold the promise of significantly 

improving throughput over the single-beam systems used in direct-write 

applications today. Several research programs are underway to develop MPEB writer 

systems that operate at a greatly reduced electron energy, mainly in the 5 keV 

regime. The selection of the electron beam energy becomes critical below 10 keV, 

since the tolerance window where proximity effects are indeed negligible is very 

small. A series of simulations were carried out at an energy of 5 keV for linewidths 

between 5 and 100 nm. In order to maintain an acceptable LWR of 8% or less, we 

find that the exposure dose increases rapidly with reducing linewidth and if we take 

into account a reasonable throughput for writing either full wafers or photomasks, 

these doses impose a minimum number of electron beams for MPEB systems in 

order to be useful in industrial applications. By using dose values evaluated from 

the simulations, it is straightforward to calculate how many parallel beams would be 

required to fully pattern a 6 inch standard photomask plate as well as for the direct-

writing on 300 mm wafers. For photomask plates, we assume a 50% pattern loading 

with a maximum writing time of 6 hrs, which is the current standard writing time 

used in the industry for such photomasks. Similarly, for calculating the number of 

beams required to write a 300 mm wafer, we look at two different cases. For case I, 
we assume 50% pattern loading and a patterning throughput of 5 wafers per hour 

(wph) while for case II, we assume 50% pattern loading and a throughput of 80 

wafers per hour. These are the standard throughput values required in the 

semiconductor industry for low volume (e.g very high speed integrated circuits on 
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III-IV semiconductors) and high volume (e.g. microprocessors and memory chips) 

throughputs. 

2.10.1 PHOTOMASK PATTERNING 
In figure 2.24, the number of beams is presented for a 50% pattern loading, for a 

maximum 6 hour patterning time. 
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Figure 2.24 Number of parallel electron beams required for patterning a standard 
photomask plate with pattern loading of 50% 

Systems currently in development are aiming at values of approximately 10 nA per 

beam and below. For the range value of 1 nm (0.707) with 100 nA, 10 nA, 1 nA 

beam current, the number of beams required is 12, 110, and 1200 respectively. 

Similarly for other range values of 5 nm and 10 nm the number of beams required 

to pattern the linewidths from 5 nm-50 nm are less than 10 000. Thus it becomes 

apparent that the systems currently under development which typically have less 

than 10 000 beams can qui te easily meet the total patterning time requirement even 

for the narrowest linewidths. Other limitations than the shot noise will likely limit 

the minimum nominal linewidths achievable with these systems. 
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2.10.2 WAFER PATTERNING 

Case I: Calculation of number of beams for Swph 

In figure 2.25, the results are presented for 300 mm wafer direct-writing when a 

throughput of 5 wph and pattern loading of 50% is sought. In the case of a smaller 

value of 1 nA current per beam for the 10 000 parallel beams, the resolution would 

become limited to a minimum of 40 nm for a resist with a range of 1 nm and 30 nm 

for the resist with a range of 5 nm and 10 nm. The only case of 10 nA beam current 

per beam with approximately 10 000 parallel beams and 100 nA beam current per 

beam with less than 10 000 beams is easily achievable for all range values. 
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Figure 2.25 Number of parallel electron beams required for direct-writing of 300mm 
wafer with 50% pattern loading and a throughput of 5 wph. 

Case II: Calculation of number of beams for 80 wph 

Finally, figure 2.26 illustrates the results for the case where 80 wph throughput is 

sought. In this case, shot noise limits on the resist sensitivity place this throughput 

completely out of reach for systems with 1 nA per beam and approximately 10 000 

beams for all range values. At 10 nA per beam, it becomes possible to pattern 

40 nm linewidth for range value of 1 nm and 30 nm linewidth for the range value of 

5 nm and 10 nm, but any reduction in linewidth would require resist sensitivities 
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exceeding the limit imposed by shot noise. Only in the unrealistic case of 100 nA per 

beam would this throughput be achievable at high resolutions. 
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Figure 2.26 Number of parallel electron beams required for direct-writing of 300mm 
wafer with 50% pattern loading and a throughput of 80 wph 

From the figure 2.25, figure 2.26 we can conclude that there is considerable impact 

of shot noise in achieving the high resolution linewidth and higher throughput. 

These results also show that there are limitations on using the resist with different 

sensitivities. 

2.11 THE CONVERGENCE OF THE MODEL RESULTS 

The following figure 2.27 shows the graph of average linewidth as a function of 

exposure dose [Andreas, 2006]. This graph clearly shows that irrespective of 

different range values and address values the linewidth value is almost consistent. 

The values are inconsistent for a very small exposure doses but it becomes almost 

constant with the increasing exposure dose values. This proves the convergence of 

the model. 
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Figure 2.27 The graph showing the average linewidth as function of exposure dose for 
different address size. 

2.12 CONCLUSION 

A shot noise model for electron beam lithography has been developed which allowed 

for the calculation of limits on the resist sensitivity that can be used ta pattern high 

resolution lines (sub-50 nm) using electron beam lithography. Simulations are 

performed for different exposure doses and different range values. The simulated 

results are then compared with one negative type resist QSR-5™ and one positive 

type resist, PMMA. Experimental results obtained with QSR-5™ for higher exposure 

doses (~100 µC/cm2) are comparable ta the simulation results. For PMMA it was 

difficult ta achieve exposure doses below 10 µC / cm2 , because of machine limitations 

and higher doses (>10 µC/cm2) resulted in overexposed patterns. Thus only the 

exposure dose value of 10 µC/cm2 from experimental data of PMMA is comparable 

with the model results. Bath the simulation and experimental results clearly 

indicate that the exposure doses required for very narrow linewidths increase 

dramatically because of the impact of the shot noise. The simulation results are 
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then applied to the case of massively parallel electron beam lithography systems in 

order to study what the achievable linewidths can be when using resists with 

sensitivities within the boundaries set by the shot noise calculations. These results 

indicated that systems similar to those being developed commercially at present are 

quite suitable for photomask patterning, as well as direct-write of 300 mm wafers 

provided that the required throughput is significantly less than the 80 wph industry 

standard. These results indicate that applications where low volume production 

runs are required would be ideal application areas for this type of technology. 

74 



CHAPTER3 

NOVEL DRY RESIST FOR ELECTRON BEAM LITHOGRAPHY ON ULTRASMALL 

SURFACES 

3.1 INTRODUCTION 

The fabrication of ultra small-scale semiconductor devices requires very high-

resolution lithography techniques. PMMA (Poly-methyl-methacrylate) has been largely 

used as a positive tone resist for the fabrication of such devices by electron beam 

lithography [MACKIE, 1985]. It is a standard positive e-beam resist and is capable of 

developing features as small as 10 nm [CRAIGHERD et al., 1983]. Negative tone 

resists are also common in microelectronics applications [BARTELT et al. US Patent 

No. 3,770,433, LAI et al. US Patent No. 4,386,152, TANENBAUM et al., 1996, FUJITA 

et al., 1996], in which the electron beam is used to break bonds of polymeric chains, 

then initiating cross linking between the chains, generating an insoluble organic 

compound in the exposed area [BREWER et al., US Patent No. 3,916,015]. Bath 

positive and negative resists are limited in resolution by the polymeric nature of the 

electron sensitivity layer and the molecular dynamics of the development process that 

removes the polymer chains completely. The process described in this chapter 

provides a method involving a negative tone electron beam lithography technique to 

produce a structure of etch resistant polymer from a sterol layer, with achievable 

pattern resolution better than 100 nm. This sterol based resist QSR-5™ is 

commercially available but is not a mature resist, as it has only recently become 

available and is intended for research application. The objective of this work is to 

explore and optimize the use of the QSR-5™ resist. In the first part of the chapter we 

present the physical and chemical properties of QSR-5™. We also discuss the 

deposition process of this resist with a demonstration of conformai coating on non-

planar surfaces. ln the second part of the chapter we present the results obtained 

from the development tests. While the solvent QSR-S™D is the commercial developer 

for QSR-5™ resist there is still much scope to improve the sensitivity of QSR-5™ by 

optimizing the developer concentration. It is clear that QSR-5™ will not be extremely 

sensitive as it is a molecular resist. In this study we investigate the possibility to 

modify the process parameters to optimize the sensitivity and the contrast of the 

resist. One way to study the developer concentration is measuring the contrast of the 

resist. The contrast of any resist material is an important property as it gives an 
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indication about the resolution capability of the resist. Prior to this work there was no 

information available regarding the contrast of QSR-5™. Thus the objective also 

involved the measurement of contrast of QSR-5™ for high as well as low electron 

beam energies. Thus in the second part of the chapter we present the results of the 

contrast tests. Finally, in the last part of the chapter we present the results of 

improvement of contrast and sensitivity of QSR-5™ by modifying either the developer 

concentration or the chemical composition of QSR-5™. 

3.2 STEROL BASED RESIST CHEMISTRY 

The research done by Quantiscript Inc. has led to the discovery that sterol based 

compounds, after exposure to an e-beam source, are capable of a cross-linking 

reaction which allows it to be used as a negative type resist named QSR-5™. Unlike 

most resist materials, sterols are naturally occurring materials and are non-taxie. A 

typical sterol such as cholesterol as shown in figure 3.1, is a naturally occurring 

material with variations in structure in plants and animais. It is a major component 

in membrane/tissue structure and in animais it is in the form of esterified fatty 

acids. In plants (Figure 3.2), sterols take a more complex structure, but still retain 

the basic heterocyclic structure found in cholesterol. 

Figure 3.1 Cholesterol chemical structures 

Figure 3.2 Sterol Structures in plants 
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In its pure form, sterol is in a solid state with a melting points above 100°C, thus 

making it an ideal material for vapour deposition on a target substrate with a well 

regulated and uniform film thickness. Sterols are highly stable and relatively non-

reactive, and even at elevated melting temperatures; sterols maintain their chemical-

structural integrity. This is especially important for the high temperature 

vapourization process, whereby undesirable premature reactions are prevented. The 

most important aspect of sterols is the existence of at least one degree of 

unsaturation (or presence of double bonds) that are potential sites for cross-linking 

reactions. When exposed to an electron beam, sterols have demonstrated cross 

linking reactions as illustrated in figure 3.3. Through this mechanism, the double 

bond within the cyclic structure breaks down to form a radical complex, with two 

reactive sites for cross-linking. The reaction ends by bonding with a hydrogen 

radical or with another complex having one free site remaining. Typical developers 

for sterol based resist can consist of alcohol or ketone based solutions. The detailed 

explanation concerning developers can be found in section 3.4. 

Electron beam exposure at 
90µC/cm2 

rH, rH, 
CH CH, CH, cw. CH 

- k o "',/ 1 ~rl ~/dit.--:H __ ,, _________ ---, 
double bond breakdown and radical complex 
initiation (indicated by asterisks) 

77 

Formation ofradical 
complexes results in cross-
link chain reaction. The 
asterisks represent free 
radical sites where further 
bonding with other radical 
complexes can take place. 
The reaction ends by 
bonding with a hydrogen 
radical or with another 
complex having one frce site 
remaining. 



Sorne physical and chemical properties of QSR-5™ are shown in table 3.1 

TABLE 3.1 PHYSICAL AND. _CHEMIC~L P~Ç)l>ERTIE~. ()F . QS~-f>T1t1 ::-·Appearâhêé::· ..... ····;-. •· ... -~hé.i,dW'dêr · 

Boiling point · 360°C 

Density l.44g/ml 

3.3 DEPOSITION OF QSR-5™ 

QSR-5™ is in a powder state at room temperature that allows for direct evaporation 

on a target substrate. This deposition method contributes to considerable film 

uniformity and has capabilities for forming a very thin film. We have already 

discussed the advantages of using a vacuum evaporation approach over the spin 

coating process for resist deposition in chapter 1. Figure 3 .4 shows the photographs 

of the evaporator system which was used for the deposition of QSR-5™. 

Plateto 
dampthe 
~ample 

Figure 3.4 Setup of QSR-5™ evaporator 

Thh::kn(ls:, 
Rattt r.tlonfü:ir 

QSRll 
bMt 

Source 

The system uses Joule effect evaporation to heat the QSR-5™ in a boat (crucible) at 

approximately 145°C. The QSR-5™ boat is shown in figure 3.4 (c). In this 

evaporator, the vacuum system can reach a pressure of 10-7 Torr. This is important 

as a base pressure of 4xl0-7 Torr is required for QSR-5™ evaporation. As shown in 
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the figure 3.4 (a), the vacuum chamber is 50 cm tall and has a diameter of 30 cm 

with a small window near the bottom of the chamber to perform in situ observation 

during the deposition. The sample on which QSR-5™ is to be evaporated can be 

clamped at the top of the chamber as shown in figure 3.4 (b). A gap of 30cm is 

maintained between the source and the material to be evaporated. If the gap 

decrease, it will cause large organic defects on the surface of the sample and induce 

defects in the QSR-5™ layer. The system is equipped with a sample shutter for 

deposition rate control and a thickness monitor for thickness and thickness rate 

control. 

3.3.1 DEPOSITION ON NON-PLANAR SURFACE 

QSR-5™ is a molecular resist which has an interesting property of conformability. 

This resist can be deposited on a very small surface such as the edge of a cleaved 

surface or on the tip of the optical fiber. The following figure 3.5 shows micrographs 

that illustrate the conformability that can be achieved with QSR-5™ achieved on a 

set of V-grooves. 

:i:~~m 
M3!l ::.t ~ .ooî<.x : 

Figure 3.5 Demonstration of conformability of QSR-5™ 
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The V-grooves were fabricated on a silicon substrate by anisotropie etching using 

potassium hydroxide (KOH). A layer of 100 nm thick QSR-5™ is evaporated on the 

sample using similar conditions to those described in section 3.3. It is important to 

note that the QSR-5™ thickness is uniform even at the bottom of the V-grooves, 

which would be very difficult to achieve using a spin-coated process. This surface 

conformability property of QSR-5™ is extremely useful for performing lithography on 

any non-planar surface. 

3.4 EXPOSURE CONDITIONS 

For all samples that will be discussed in this chapter which will be used to optimize 

development, contrast and other properties of the QSR-5™ resist, we use the 

following exposure conditions: The patterning of the resist was performed using a 

Supra SSVP field emission gun scanning electron microscope (FEG-SEM) externally 

controlled by the Nabity Pattern Generation System (NPGS) 9.0. The electron source 

for this system is a field emission gun (FEG) which makes it possible to obtain a 

beam probe size of 1 nm at 20 keV and of 3 nm at the low energy of 1 keV. When the 

patterning is performed at an acceleration voltage of the 2 keV, the beam size is 

approximately similar to that for 1 keV. Figure 3.6 shows the basic setup we used 

for patterning samples in the Supra SSVP system. The sample is attached to the 

sample holder by using a copper tape to avoid charging effects. 

Objective f ens 

Lov1er End 
of Po!epiece 

SampJe __ _ 
Copper tape ----

Samp!e Holder -

Figure 3.6 The basic setup of the patterning of the sample in the Supra SSVP system 
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The working distance is the distance between the lower end of the polepiece to the 

top of sample. The lower working distance ensures the better focal point. Thus we 

use working distance of 5 mm for all the samples. There are apertures of different 

width available for the LEO system making it possible ta choose the desired beam 

current for particular a application. When the beam aperture is small the beam 

current and spot size of the beam are small. For example, for the tests when the 

acceleration voltage is 2 keV, the measured beam current is found ta be 30 pA for 

an aperture of 10 µm. On the other hand for the same acceleration voltage with the 

aperture of 7.5 µm a beam current of 15 pA is obtained. For a 20 keV energy, the 

measured beam current is found to be 240 pA and 430 pA respectively for 10 µm 

and 30 µm apertures with a working distance of 5 mm. 

3.5 DEVELOPMENT OF QSR-5™ 

The development process is the most complex of the processing steps. Once the 

latent image has been formed in the resist film, the development process transforms 

this latent image to the relief image which serves as a mask for further processing 

steps. It has the greatest influence on the pattern quality and requires much more 

process development time than any other step. There are two types of development 

processes, wet development and dry development. For this work, a wet development 

process will always be used as there are no suitable dry development methods 

suited to this resist. There are two methods ta carry out this process, either spray 

development or immersion development. In order ta optimize the development 

process, it is necessary ta have a set of clear evaluation criteria [THOMPSON et al., 

1983]. In the course of this work, four main criteria have been used: 

1. The original unexposed film must completely be removed; 
2. Minimum developing time must be achieved; 

3. Minimum distortion and swelling must be maintained; 

4. Faithful reproduction of the required dimensions must be achieved. 
The objective of the development tests carried out here is to find a proper developer 

which meets all of the above listed development criterias. We have performed the 

development tests with three different types of solutions: tetramethylammonium 

hydroxide (TMAH) which is the most commonly used developer in the semiconductor 

industry, methyl ethyl ketone (MEK) which is a strong solvent and QSR-5™-D 
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developer which is the commercially recommended developer for this resist. We have 

performed the tests by varying the exposure parameters in order to find the 

threshold doses and optimum conditions for each developer. 

3.6 DEVELOPMENT TESTS WITH TMAH 

The chemical formula of tetramethylammonium hydroxide (TMAH) is N(CH3)4OH. 

The following figure shows the chemical structure of TMAH: 

CH, 1 .. 
CH:r-· CH3 OH-

Hi 
Figure 3. 7 Chemical structure of TMAH 

TMAH based developers are the most commonly used developers in state-of-the-art 

wafer fabs and are also called metal-ion free developers because they do not contain 

any alkaline cations. lts widespread use in industry make it important to determine 

the compatibility of this developer with the resist in order to evaluate whether or not 

it is a proper developer for QSR-5™. The samples of 30 nm thick QSR-5™ are 

exposed with the conditions described in section 3.4. The exposed pattern consists 

of nominal linewidths ranging from 90 nm to 180 nm. The arrays of lines are 

exposed with the following doses: 50 µC/cm2 , 80 µC/cm2 , 100 µC/cm2 , 150 µC/cm2 , 

200 µC/cm2 , 250 µC/cm2 , 300 µC/cm2 • This range of doses is chosen in order to 

determine the threshold dose of QSR-5™ for this developer. 

After the e-beam exposure, the patterns are developed with the TMAH developer 

using the following conditions: 

• The QSR-5™ resist is developed with of TMAH developer of standard concentration 

used in the industry by spray development process. 

• The Spray development uses a nozzle to create a fine mist of developer over the 
wafer. 

• The developer is dispensed into the rotating wafer, using the same principle as 

spin coating. 

• The development time is 4 minute. 
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• Following the development process, the wafers are rinsed in de-ionized (DI) water 

to rem ove the remaining developer. 

• The sample is dried while spinning by using a nitrogen gas flow. 

3.6.1 RESULTS AND DISCUSSION 

The tests performed with the TMAH developer shows that the developer solution 

attacks the QSR-5™ resist. After the development, few features are clearly developed 

but most of the pattern features still remain undeveloped. Figure 3.8 (a) shows an 

optical micrograph of the incomplete development of the resist. There are only a few 

horizontal lines clearly developed for rows corresponding to 1 :3 and 1 :4 with few 

clearly developed vertical lines for last row corresponding to 1 :4 but with these 

exceptions most of the resist is remained in between the lines. Also some of the 

resist is lifted-off and fallen back to the surface. We have performed further tests 

with different development time, to investigate its effect on the development process 

in order to search for conditions that might lead to better results. The patterned 

sample was spray developed for 7 minutes instead of 4 minutes, in order to allow for 

possible complete dissolution of the unexposed resist. However figure 3.8 (b) shows 

that the pattern remains under-developed even for such a long development time. 

(a) (b) (c) 
Figure 3.8 The incomplete development of QSR-5™ after (a) 4min, additional (b) Smin 
and (c) ultrasonic assisted immersion development for 4min. 

There are a few well developed lines corresponding to 130 nm at the bottom of the 

micrograph but for other linewidths most of the resist either pealed off or remained 

in between the lines. As ultrasonic is known to increase the development ability of 

the developer solution. Finally we performed ultrasonic assisted immersion 

development tests to determine the possibility of developing QSR-5™ with TMAH. In 

this test, the patterned QSR-5™ samples are immersed in a beaker containing a 

TMAH solution for 4 minutes. The beaker containing TMAH solution is placed in an 
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ultrasonic bath during the development test. The figure 3.8 (c) shows the results of 

the incomplete development of the QSR-5™ resist even after ultrasonic assisted 

immersion development test. As shown in the figure the resist residue remains in 

between the pattern features. The tests performed clearly show that TMAH peals off 

the QSR--5™ resist. For all the tests performed there is significant resist residue 

and thus we can conclude from the development tests performed that TMAH is not a 

proper developer for QSR-5™ resist. 

3. 7 DEVELOPMENT TESTS WITH MEK 

Methyl ethyl ketone (MEK) is a very strong solvent and hence is used in many 

microfabrication processes such as a development of the resist [W.Hu et al., 2004], 

dilution of the photoresist to use the resist for direct spray coating [N .PHAM et al., 

2002], resist stripping [D.RESNICK et al., 2003], etc. The chemical formula of MEK 

is C4HsO. The chemical structure is as shown below. 

Figure 3.9 Chemical structure of MEK 
The exposure conditions used for the development tests are similar to those used for 

TMAH development tests. Only the following exposure doses are used: 50 µC/cm2, 

80 µC/cm2, 120 µC/cm2, 160 µC/cm2, 200 µC/cm2, 240 µC/cm2, 280 µC/cm2, 

500 µC/cm2, 600 µC/cm2, 700 µC/cm2, 800 µC/cm2, 900 µC/cm2, 1000 µC/cm2, 

200 µC/cm2, 1500 µC/cm2. These exposure doses are used in order to determine 

the threshold dose of QSR-5™. 

After the lithography, the resist was developed with an MEK developer with the 

following development conditions: 

• The QSR-5™ is developed with MEK by immersion development process; 

• The QSR-5™ samples are immersed in the beaker containing MEK; 

• The development process is carried out during a short development time of 
30 seconds at room temperature because it is a strong solvent and this time is 

typical for MEK; 

• After the development, the samples are immersed in a beaker containing the DI 

water to remove the developer solution left on the samples; 

• Finally the sample is dried by using a nitrogen gas flow. 
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3.7.1 RESULTS AND DISCUSSION 

The threshold dose of QSR-5™ with the MEK developer is found to be approximately 

700 µC/cm2. Figure 3.9 shows the micrographs of successful development test 

results of QSR-5™ by MEK. Figure 3.10 (a) shows the nominal linewidth of 60 nm 

with a measured linewidth of 64.8 nm for an exposure dose of 900 µC/cm2 while 

figure 3. 10 (b) shows the nominal linewid th of 100 nm wi th a measured linewid th of 

109.4 nm at an exposure dose of 1000 µC/cm2. The line patterns shown have no 

residue between the lines, and thus appear to be of very high quality. The threshold 

dose however is extremely high for an exposure carried out at 2 ke V. 

(a) (b) 
Figure 3.10 Successful development of QSR-5™ with MEK in 30sec at room 
temperature 

3.8 DEVELOPMENT TEST WITH QSR-S™D 

The QSR-5™D developer includes amongst the strong solvents di-propylene glycol 

methyl ether. The chemical formula of di propylene glycol methyl ether (DPM) is as 

shown below: 

Figure 3. 11 Chemical structure of di-propylene-glycol-methyl-ether 
The exposure conditions are similar to those conditions used for TMAH development 

tests. Only the following exposure doses are used: 25 µC/cm2, 30 µC/cm2, 

35 µC/cm2, 40 µC/cm2, 80 µC/cm2, 120 µC/cm2, 160 µC/cm2, 200 µC/cm2, 

240 µC/cm2, 280 µC/cm2. 
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After the electron beam exposure the sample is developed with QSR-S™D developer 

with the setup shown in figure 3.12 as follows: 

• The developer is placed in the beaker; 

• The developer is agitated by using a magnetic stirrer with heating and temperature 

control; 

• The developer is heated to 30°C; 

• By using the sample holder the patterned QSR-5™ samples are placed in the 

beaker containing the QSR-S™D developer; 

• During the development the developer is continuously agitated by using the 

magnetic stirrer as shown in the figure 3.12. This agitation causes a vortex in the 

developer solution; 

• The development is carried out for 4 minutes; 

• After the development, the sample is submerged in the beaker containing DI water 

to clean the sample. During the cleaning the DI water is agitated with the stirrer to 

remove developer residue; 

• Finally the sample is dried with a nitrogen gas flow. 

Sample Holder 

Patterned ------+-
Sample 

Figure 3.12 Setup for the development of QSR-5™ with QSR-S™D developer 

3.8.1 DEVELOPMENT RESULTS AND DISCUSSION 

We have performed tests for trying to find an optimized development time for the 

development of QSR-5™ with the QSR-S™D developer. Figure 3.13 shows the 
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QSR-5™ sample development with QSR-5™D developer with development time of 

3 minute with agitation. The patterns are undeveloped at this development time. The 

resist residue is still present in between the pattern features. 

Figure 3.13 Unsuccessful development of QSR-5™ with QSR-S™D developer with 
development time of 3 minutes. 
Figure 3.13 shows the results of the successful development of QSR-5™ with the 

QSR-5™D developer with development time of 4 minute. The threshold dose of 

QSR-5™ resist with the QSR-5™D developer was found out to be approximately 

90 µC/cm2 • Figure 3.14 (a) shows results for a nominal linewidth of 50 nm with a 

measured linewidth of approximately 55 nm at an exposure dose of 200 µC/ cm 2. 

r\ 

,~,' 

(a) (b) 
Figure 3.14 SEM pictures showing the successful development test of QSR-S™D 
developer for QSR-5™ 
Figure 3.14 (b) shows a nominal linewidth of 100 nm with a measured linewidth of 

approximately 96 nm for the exposure dose at 100 µC/cm2 • The exposure dose 

values for bath 50 nm and 100 nm linewidths are close to threshold values because 
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the nominal linewidth and the exposed linewidths are identical within the 

experimental error. Typically we choose the threshold dose as a dose that gives us a 

nominal linewidth and exposed linewidth which are within the error of the 

experiments. From the results of the earlier tests we can conclude that the 

development time of 4 minutes is necessary for QSR-5™ development with 

QSR-S™D developer. 

Figure 3.15 shows the results of the development test in which the developer 

solution is not agitated instead; the patterned QSR-5™ sample is simply submerged 

in the developer solution for 4 minutes at 30°C. 

Figure 3.15 Development test of QSR-5™ with QSR-S™D developer without agitation 
of the developer during the development 
After the development the sample is submerged in the beaker containing DI water to 

clean the sample. In the figure 3.15 the developed patterns show significant resist 

residue between the pattern features along with the few undeveloped pattern 

features. This indicates the need for agitation during the development process. 

3.9 DISCUSSION 

In all the tests performed with TMAH developer, it was impossible to completely 

develop the QSR-5™ samples. There was always resist residue in between the 

pattern features. This clearly indicates that TMAH developer is not a proper 

developer for QSR-5™ resist. 

On the other hand, the tests performed with an MEK developer for QSR-5™ are 

successful with a development time of 30 seconds at room temperature. The only 

disadvantage of with this developer is obtaining a lithographically useful sensitivity; 

the sensitivity observed in these experiments was on the order of 700 µC/cm2 • 
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Finally, the tests performed using the commercial QSR-S™D developer clearly show 

a much more lithographically useful sensitivity of 90 µC/cm2 • Thus QSR-S™D 

developer is pref erred over the MEK developer. 

3.10 CONTRAST CURVES 

The resolution capability of the resist is directly related to the resist contrast, y. The 

lithographie sensitivity and the contrast can be obtained from the response curve, a 

plot of normalized residual film thickness as function of the exposure dose, log D 

[MADOU, 2001]. To construct a contrast curve as in figure 3.16, a series of patterns 

of known area are subjected to varying doses and developed in a solvent that, in 

principle does not attack the unexposed film. Then the thickness of the remaining 

film in the exposed area is measured and normalized to the original thickness. For a 

positive tone resist, the sensitivity of the resist is defined as the point at which all of 

the film is removed. Ideally, the film thickness would drop abruptly to zero at the 

critical dose [THOMPSON et al., 1983]. If D1 is the largest dose at which no film is 

lost and if D2 is the dose at which all of the film is lost, then contrast of the positive 

resist is defined as: 

Normallzed 
Thiekness 

o, 
Exposure Dose 

100% 0 

Normallnd 
Thlekness 

Exposure Dose 

Figure 3.16 Resist contrast curves for negative and positive resist 
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For a negative tone resist, the contrast relates to the rate of crossed linked network 

formation at a constant input dose. On the contrary to positive tone resist the film is 

retained where irradiated. In figure 3.16, we show a typical contrast curve for a 

negative tone resist. At higher doses, the image thickness increases until it equals 

that of the resist thickness prior to exposure. The same expression frorn 

equation (3.1) defines the contrast of a negative tone resist. Although the resolution 

in electron beam lithography is not necessarily determined only by the contrast 

[M.MADOU, 2001] (y value) of the resist, the contrast has been regarded as the most 

important measure of the resolution. The resist should have a high contrast value to 

obtain high resolution capability. The contrast has been frequently used not only for 

the comparison of the resist characteristics but also for the determination of 

optimum development conditions for a particular resist. 

3.10.1 MEASUREMENTS OF REMAINING RESIST THICKNESS 

ln order to obtain the contrast value of any resist material, it is necessary to 

measure the remaining resist thickness value at a particular exposure dose used for 

patterning. Atomic force microscopy is used to determine the resist thickness as it is 

very accurate for this kind of measurement, since it is even possible to measure film 

thickness values smaller than 5 nm [E.MEYER et al., 2003]. The atomic force 

microscope (AFM) works much the same way a phonogram or profilometer works, 

however AFM incorporates a number of refinements that enable it to achieve atomic 

scale resolution [D.BASELT, 1993]: 

1. Sensitive detection 

2. Flexible cantilever 

3. Sharp tips 

4. High-resolution tip-sample positioning 

5. Force feedback 

Also as compared to optical profilometers, the AFM provides unambiguous 

measurement of step heights [E.MEYER et al., 2003], independent of reflectivity 

differences between rnaterials. The basic concept of Atomic Force Microscopy (AFM) 

is the measurernent of forces between a sharp tip and a sample surface. There are 

two basic modes of operation of AFM, the contact mode and the tapping mode. The 

contact mode is the most comrnon method of operation of the AFM. Contact mode 
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force microscopy is based upon the static measurement of deflection of the 

cantilever [E.MEYER, 2003]. In this mode the tip and the sample remain in close 

contact as the scanning proceeds. The amplitude of the cantilever oscillation serves 

as control parameter in the tapping mode force microscopy. In tapping mode, the 

cantilever is oscillated at its resonant frequency and is positioned above the surface 

so that it only taps the surface for a very small fraction of its oscillation period. This 

mode of operation is preferred over contact mode for imaging poorly immobilised or 

soft samples. For our work, we have performed measurements of the step heights of 

the remaining resist film in contact mode. The resist film thickness varies from 

approximately 2 nm to 40 nm. We used a Digital Instruments multi mode 

Nanoscope™ system for all the measurements. A schematic drawing of the setup for 

contact mode AFM is shown in figure 3.17. 

Oetector 
Electronics 

Feed back Loop Maintalns Constatant 
Cantilever Oeflection 

L 
X,Y 

Controller 
Electronics 

Figure 3.17 Setup for the measurement of remaining resist thickness in contact mode 
AFM 

The contact mode AFM operates by scanning a tip attached to the end of a cantilever 

across the sample surface. The instrument uses the beam-deflection method, where 

a laser beam is reflected at the rear side of the cantilever and the deflection is 

monitored by a position sensitive photodiode. A feedback loop maintains a constant 

deflection between the cantilever and the sample by vertically moving the scanner at 
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each (X, Y) data point to maintain a set point deflection. By maintaining a constant 

cantilever deflection, the force between the tip and the sample remains constant. 

The forces that are exerted between the tip and sample are measured by the amount 

of bending (or deflection) of the cantilever. By calculating the difference signal in the 

photodiode quadrants, the amount of deflection can be correlated with a height. As 

the cantilever obeys Hooke's law for small displacements, the interaction force 

between the tip and the sample can be determined. This force is given by following 

equation (3.2), 

F = -kX (3.2) 

Here F = force, k = spring constant, X = cantilever deflection. The distance the 

scanner moves vertically at each (X, Y) data point is stored by the computer to form 

the topographie image of the sample surface. 

In the following section we will first discuss the material and methods used for 

experimental measurement of sensitivity and contrast of QSR-5™ and then we will 

describe the results in the following section. 

3.10.2 MATERIALS AND METHODS 

A thin resist film of QSR-5™ of 30 nm in thickness is deposited on silicon samples 

as described in section 3.3. 
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Figure 3.18 The Design CAD pattern for sensitivity and contrast tests 
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The initial film thickness of the coated film is measured using an alpha-SE 

ellipsometer from J.A.Woollam company. All the tests are performed with the 

lithography system described in section 3.4. Figure 3.18 shows the 'sensitivity 

pattern' designed using Design CAD software for the sensitivity and contrast tests. 

To avoid shot noise effects and proximity effects associated with patterns of high 

resolution, we chose a considerably large pattern. lt consists of 6 squares each of 

dimension 18 µm by 14 µm. The distance between the square patterns is 3 µm. After 

the exposure, the samples are developed with QSR-S™D developer as discussed in 

the earlier section. 

3.11 CONTRAST MEASUREMENT OF QSR-5™ AT 2 KEV ENERGY 

Figure 3.19 shows the contrast curve of QSR-5™ obtained from exposure with an 

electron beam of energy of 2 keV. The resist is developed with QSR-S™D developer 

with development conditions discussed in the section 3.8. The QSR-5™ resist 

exhibited a sensitivity of 90 µC/ cm2 and contrast of 1.2 at this energy. 
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Figure 3.19 Contrast curve of QSR-5™ at 2 KeV 

To study the contrast curve in more detail, a trend line is fitted onto the graph using 

a logarithmic regression. As discussed in section 3.10, the contrast curve is defined 

as a logarithmic function of the exposure dose. Thus the logarithmic trend line is 
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appropriate and fits well with the data. This is true for all the contrast curves 

described in this chapter. Figure 3.20 shows the micrographs obtained from the 

atomic force microscope measurement of remaining resist thickness for various 

exposure doses. At a low exposure dose of 50 µC/cm2 , there is considerable thinning 

of the resist observed after development. The remaining resist thickness value at 

this exposure dose is approximately 8 nm, we use the average thickness value 

taking into account the facts that there are hales. But as the exposure dose is 

increased further to 90 µC/cm2 , the remaining resist thickness value increases to 

half of the original film thickness, while at exposure doses greater than 190 µC / cm2 

negligible film thickness loss is observed. 

5ouctcm2 190uCfctn2 

Thîckness. = 8.2nm 

Figure 3.20 Measurement of remaining resist thickness for various exposure doses by 
using Atomic force microscope (AFM) 

3.12 CONTRAST MEASUREMENT OF QSR-5™ AT 10 KEV ENERGY 

It is also interesting to measure the contrast of QSR-5™ at higher electron beam 

energy, as this will enable us to de termine the exposure doses required to use 

QSR-5™ in lithography applications which use higher accelerating voltage, such as 

mask making or commercial electron beam direct lithography, which bath use 

energies in the range of 20 keV up to 100 keV. As the acceleration voltage is 

increased, the threshold dose for QSR-5™ also increases . The QSR-5™ exhibited a 

sensitivity of 400 µC/cm2 and contrast of 1.0 at a 10 keV beam energy. Figure 3.18 

shows the contrast curve of the QSR-5™ at a beam energy of 10 keV. 
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Figure 3.21 Contrast curve of QSR-5™ at lOKeV 

Figure 3. 22 shows the micrographs extracted during the atomic force microscopy 

measurement of remaining resist thickness. 

1000UC/cm2 

Figure 3.22 Measurement of remaining resist thickness for various exposure doses by 
using Atomic force microscope (AFM) 
As shown, there is significant loss in the resist thickness at an exposure dose of 

150 µC/cm2 • The remaining resist thickness value is approximately 7.4 nm, we use 

the average thickness value taking into account the facts that there are hales. For 

the exposure dose of 400 µC / cm2 the resist thickness becomes approximately half 

the original film thickness. But as shown in figure 3.19, the resist thinning becomes 

negligible for doses higher than 1000 µC/cm2 • 
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3.13 STABILITY OF SENSITIVITY AND CONTRAST OF THE RESIST 

The objective of this work is to evaluate the stability of sensitivity and contrast of 

QSR-5™ with QSR-5™ D developer during a period of four consecutive months. For 

all the tests we considered the following conditions: 

• The deposition of QSR-5™ is performed with similar conditions discussed earlier in 

this chapter section; 

• QSR-5™ resist of approximately 30 nm thickness is deposited 24 hours before the 

lithography test is performed; 

• Sample is stored in a cool and dry place; 

• The exposure conditions are similar to the those conditions explained in 

section 3. 4; 

• QSR-5™D developer is used with the development conditions discussed in section 

3.8; 

• The remaining resist thickness is measured by AFM in the contact mode 

Table 3.2 shows the sensitivity and contrast values measured over four consecutive 

months. In the table the data for sensitivity corresponds to the dose at which we get 

50 % of the remaining resist thickness and the contrast value is calculated by using 

equation 3.1 (section 3.10). Figure 3.23 illustrates the contrast curves of QSR-5™ 

for a period of four consecutive months. A trend line is fitted to the data points 

using a logarithmic regression. Over this time period, QSR-5™ exhibited an average 

sensitivity of 100 µC/cm2 and contrast of 1.3. While there is some uncertainty at the 

point at which the curve drops to zero the fit is reasonably good around the 50 % 

mark, so it may be that we actually see an decrease in the sensitivity over time. 
TABLE 3.2 SENSITIVITY AND CONTRAST VALUE OF QSR-5™ FOR FOUR CONSECUTIVE 
MONTHS 

:\ iwôîîfii -- ·ensit•· · · , 
. . >,.:'. 

First 80 1.4 

Third 120 1.3 
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Figure 3.23 Comparison of QSR-5™ contrast for four consecutive months 

3.14 RESULTS AND DISCUSSION 

The sensitivity of positive tone resist such as PMMA scales with electron acceleration 

voltage, with the critical dose at 50 keV being roughly twice that of exposures at 

25 keV [P.RAI-CHAUDHARI, 1997]. The critical dose is around 350 µC/cm2 for an 

acceleration voltage of 50 kV. At low acceleration voltage of 2 kV the exposure dose 

required for PMMA are on the order of 10 µC/cm2 as discussed in section 2.6. The 

exposure doses required for negative tone resists are higher than that of positive 

tone resists. On the other hand the exposure doses required for chemically amplified 

resists are well below 10 µC/cm2 for an acceleration voltage of 2 kV. The doses 

required to pattern QSR-5™ are higher than traditional chain scission electron 

beam resists and chemical amplified resists. However, the exposure doses required 

to cause modulation in inorganic resists or molecular resists are typically on the 

order of or greater than 100 µC/cm2 • The most common inorganic electron beam 

resist is hydrogen silsesquioxane (HSQ). At acceleration voltage of 2 kV, the critical 

dose required for HSQ resist is approximately 50 µC/cm2 [A.JEMIESON et al., 

2002]. At high acceleration voltage of 50 kV the exposure doses are approximately 
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1 400 µC/cm2 [L.MOLLARD, 2002] for HSQ resist. Thus as expected QSR-5™ 

requires higher exposure doses than that of the chain scission and chemical 

amplified resist. 

In order to enhance the sensitivity and contrast of QSR-5™ resist, we performed two 

kinds of tests: 

1. Test of enhancement of sensitivity and contrast by using different developer 

concentration. 

2. Test of enhancement of sensitivity and contrast by changing the chemical 

composition of QSR-5™. 

The results of these two tests will be discussed in the following section. 

3.15 TEST OF ENHANCEMENT OF SENSITIVITY AND CONTRAST USING 

DIFFERENT DEVELOPER CONCENTRATION 

ln this work, the enhancement of sensitivity and contrast of QSR-5™ through the 

use of different developer concentrations was investigated. In our initial development 

tests we have studied the developers from the ketone family such as MEK. With 

ketone based dèvelopers it was found that the exposure threshold dose required is 

higher than what is required by the alcohol based developer such as QSR-S™D. Also 

it is interesting to note that the alcohol based developers have average density of 

lg/cm3 , specifi.cally QSR-S™D has density of l.036gm/cm3 , higher than that of 

MEK developer which has a density of 0.8050gm/cm3 • Several other solvents from 

alcohol family were tested and in general we observed that the sensitivity of QSR-5™ 

is related to the density of the developer solution. The higher the density of the 

developer solution, the lower is the threshold dose required for QSR-5™. Thus we 

chose the following developer solutions for sensitivity improvement tests. 

1) 1, 3 Propane diol ( discussed in section 3. 15. 1); 

2) 1, 3 Propane diol: DPM in the ratio 3:0.5 (discussed in section 3.15.2). 

All the tests of enhancement of sensitivity and contrast of QSR-5™ are performed 

under the following conditions: 

• The deposition of QSR-5™ is performed with similar conditions discussed earlier in 

this chapter; 

• QSR-5™ resist of approximately 30 nm thickness is deposited; 

• The exposure conditions are similar to the conditions explained in section 3.4; 
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• The remaining resist thickness is measured by AFM in the contact mode. 

3.15.1 STUDY OF 1, 3 PROPANE DIOL AS A DEVELOPER 

Table.3.3 shows the properties of 1, 3 propanediol. In this test the patterned 

QSR-5™ samples are developed with 1, 3 propanediol solution under similar 

development conditions as used with the QSR-S™D developer. A development time 

of 30 seconds is used for this test. Figure 3.21 shows the contrast curve of QSR-5™ 

developed with 1, 3 propanediol. The QSR-5™ resist exhibited a sensitivity of 

50 µm/cm2 with contrast of 0.9. 
TABLE 3.3 PROPERTIES OF 1, 3 PROPANEDIOL 

1.2 

Ê 
C --;; 0.8 
:il 
C 

.i,: 
(J 

0.6 
"C 

-~ "iii ê 0.4 
0 z 

0.2 

Name 

Chemical structure 

Density(gm/ cma) 

Boiling pt.@760mmHG 

1,3 Propanediol 

1.053 

214 C 

0 _, .............. ._... .............. _.__ ..................... _ ......................................... _.... .................... _.__ ............. _ ............. ..... 

0 50 100 150 200 
Dose uC/cm2 

250 300 350 400 

Figure 3.24 QSR-5™ contrast curve after development with 1, 3 propanediol for 30sec 
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3.15.2 STUDY OF 1, 3 PROPANEDIOL: DPM IN THE RATIO (3: 0.5) 

In this test 1, 3 propanediol is mi.xed with DPM in ratio of 3:0.5. The development 

conditions are similar to the development conditions discussed for QSR-5™D 

developer. We have performed tests to determine the development time from 

5 seconds up to 1 minute, but the patterns are undeveloped unless we use a 

development time of 1 minute. So for contrast measurement with the mixture of 

1, 3 propane diol and DPM the development process is carried out for 1 minute. The 

QSR-5™ exhibited the sensitivity of 150 µm/cm2 and contrast of 1.3. The contrast 

curve is as shown in figure 3.25. 
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Figure 3.25 QSR-5™ contrast curve after development with 1, 3 propanediol and DPM 
mixture 

3.15.3 DISCUSSION 
The tests performed to enhance the sensitivity and contrast of QSR-5™ by adjusting 

the developer concentration show a large impact on either sensitivity or contrast. 
The 1, 3 propanediol developer the sensitivity of QSR-5™ has increased significantly 

from a value of 90 µm/cm2 for QSR-5™D developer to 60 µm/cm2 • As mentioned 

earlier as the developer solution with density higher than QSR-5™D developer is 

used the increase in the sensitivity is observed. On the other hand the contrast has 

decreased from the value of 1.4 for QSR-5™D developer down to a value of 0.9. With 
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the 1, 3 propane diol the development time has been reduced to 30 seconds instead 

of 4 minute for QSR-5™D developer. This will increase the processing throughput. 

With the mixture of 1, 3 propanediol and DPM (3:0.5) as a developer, the sensitivity 

of QSR-5™ has decreased to 150 µm/cm2 from an initial value of 90 µm/cm2 

sensitivity value obtained with QSR-5™D developer. There is however considerable 

increase in the contrast value which is up to 2.1, compared to a value of 1.4 

obtained with QSR-5™D developer. The improvement is contrast is useful for 

achieving high resolution linewidths. 

Thus both 1, 3 propane diol and 1, 3 propane diol with DPM mixture are useful for 

specific applications i.e. for achieving high throughput 1, 3 propane diol is preferred 

and for achieving high resolution 1, 3 propane diol and DPM mixture is preferred. 

3.16 TESTS OF ENHANCEMENT IN THE SENSITIVITY AND CONTRAST BY 
CHANGING THE QSR-5™ CHEMICAL COMPOSITION 

In this work, the following sterol based chemicals are used to investigate their effect 

on increasing the sensitivity and contrast of QSR-5™: 

1) Dihydrocholesterol 

2) Dihydrocholesterol: QSR-5™ (90: 10) 

3) Dihydrocholesterol: QSR-5™ (50:50) 

3.16.1 PURE DIHYDROCHOLESTEROL 

When cholesterol is made to interact with hydrogen gas, the product is another 

chemical called dihydrocholesterol. The chemical structure of dihydrocholesterol 

and pure cholesterol are as shown below in figure 3.26. The dihydrocholesterol differ 

from the pure cholesterol in chemical structure by having no double bond. Also 

dihydrocholesterol contains extra hydrogen; one at the bottom and one at the top. 

Our initial perception was that the double bond in the chemical structure of the 

pure cholesterol might be strongly related to the sensitivity of QSR-5™ and it may 
be that without the double bond in the dihydrocholesterol sensitivity can be 

improved. 
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Figure 3.26 Chemical structure of dihydrocholesterol and pure cholesterol 

In this test we investigate the use of pure dihydrocholesterol as an e-beam resist. 

The pure dihydrocholesterol can be deposited on a substrate in a similar way as for 

QSR-5™ deposition, described in section 3.3. The deposition time is adjusted in 

order to obtain a film of 30 nm thickness on each sample. The coated film thickness 

was measured using an alpha-SE ellipsometer. 

In the following figure 3.27 shows the contrast curve of dihydrocholesterol at 2 keV. 

The pure dihydrocholesterol exhibited a sensitivity of 160 µm/ cm2 and contrast of 

1.8. 
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Figure 3.27 Contrast curve of dihydrocholesterol developed with QSR-S™D developer 
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The shelf life of the pure dihydrocholesterol is found to be poor. After one or two 

days of deposition the dihydrocholesterol became crystalline. ln crystalline form it is 

no longer sensitive to electron beam, thus it is not useful for patterning. Also there 

has been considerable decrease in the sensitivity. So instead of improvement in the 

sensitivity value for the dihydrocholesterol with no double bond structure a decrease 

in sensitivity is observed i.e. the sensitivity has decreased from 90 µm/ cm2 for 

cholesterol to 160 µm/ cm2 for dihydrocholesterol. 

3.16.2 DIHYDROCHOLESTEROL: QSR-5™(90:10) 

In this test the dihydrocholesterol is mixed with QSR-5™ (pure cholesterol) in the 

9: 1 ratio to use it as an e-beam resist. The mixture of dihydrocholesterol and 

QSR-5™ exhibited a sensitivity of 120 µm/cm2 and contrast of 1.1, respectively as 

shown in the following figure 3.25. The sensitivity is increased from the 160 µm/cm2 

for pure dihydrocholesterol but with a decrease in the contrast value. The shelf life 

of the dihydrocholesterol and cholesterol mixture in the ratio 9: 1 is also found to be 

poor, although slightly better than for pure dihydrocholesterol. The samples of this 

mixture became crystalline within 3-4 days after deposition. 
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Figure 3.28 Contrast curve of mixture of dihydrocholesterol and QSR-5™ (90: 10) 
developed with QSR-S™D developer 
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3.16.3 DIHYDROCHOLESTEROL: QSR-5™ (50:50) 

ln this test the dihydrocholesterol and QSR-5™ (pure cholesterol) are mixed in 50:50 

ratio and evaluated for its e-beam resist properties. This mixture of 

dihydrocholesterol and QSR-5™ exhibited a sensitivity of 80 µm/ cm2 with a contrast 

of 0.8 as shown in the figure 3.29. With this mixture a significant improvement of 

the sensitivity is thus observed, but the contrast has also considerably decreased. 

Poor shelf-life remains a problem as with the other two mixtures of 

dihydrocholesterol, only in this instance the samples became crystalline after one 

week after the deposition. 
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Figure 3.29 Contrast curve of mixture of dihydrocholesterol and QSR-5™ (50:50) 
developed with QSR-5™D developer 

3.16.4 DISCUSSION 

QSR-5™ with pure cholesterol, upon e-beam exposure, generates a complex 
structure with a high benzene ring content which is highly resistant to solvent 

dissolution. However it is not very reactive resulting in low cross-link density and 

therefore cannot maintain consistent pattern integrity below 100 µm/cm2 • 

Dihydrocholesterol was found to be more reactive than cholesterol due to its lower 

double bond count but it tends to decrease the sensitivity of QSR-5™. 
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In its pure form dihydrocholesterol exhibited a sensitivity of 160 µm/cm2 and a 

contrast of 1.8. However, dihydrocholesterol was also highly unstable upon 

deposition and tends ta breakdown or crystallize within 24 hours. 

By combining the structure of cholesterol and the reactivity of dihydrocholesterol, 

the sensitivity is further improved ta less than 100 µm/cm2 • A mixture of cholesterol 

and dihydrocholesterol is found ta be more stable than pure dihydrocholesterol but 

the disadvantage with this mixture is that the contrast has decreased considerably. 

3.17 CONCLUSION 

By changing the developer concentration and by changing the chemical composition 

of QSR-5™, a significant enhancement in either the sensitivity or the contrast of 

QSR-5™ is observed. It is seen from the tests performed that when the contrast 

value is high, the sensitivity is very low and vice-versa. The results obtained with 

1, 3 propanediol as developer for QSR-5™ are encouraging as the development time 

required is only 30 seconds, thus more wafers could be developed within less time 

i.e. higher processing throughput can be achieved. With a mixture of 1, 3 

propanediol and DPM in a 3:0.5 ratio, a high contrast value (>2) is achieved. This is 

significant for obtaining high resolution linewidths. The use of a mixture of 

dihydrocholesterol and cholesterol as an e-beam resist are very important as these 

results open the door for other possible combination of cholesterol based resists 

which will add value ta our ongoing research on e-beam resists. 
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Chapter 4 

NON-PLANAR SURFACE PATTERNING 

4.1 INTRODUCTION 

Electron beam lithography is traditionally applied only to the fiat surfaces of wafers 

and small samples because of the difficulty in the deposition of e-beam resist on 

non-planar substrates. With the use of QSR-5™ resist, contrary to the conventional 

resists which required being spin coated, we can overcome the difficulties of 

deposition on a wafer or sample with contains considerable surface relief or which 

has a very small surface area. Wide application versatility has been one of the most 

important design criteria in the evolution of QSR-5™ resist. In this chapter many 

novel high resolution structures necessary for emerging nano-electronics and nano-

optics are explored and investigated. Sorne of these high resolution devices often 

require patterning on non-semiconductor substrates such as glass or quartz with a 

wide diversity of material types, irregular or non-planar surfaces, thus making 

QSR-5™ a suitable resist choice. The objective in this part of the research project is 

to establish the fabrication steps necessary for these devices along with 

demonstration experiments for some of the applications. 

One such fabrication procedure explored in this chapter is the fabrication of a zone 

plate on the tip of an optical fiber. Traditional polymer resists cannot be consistently 

deposited on the tip of an optical fiber due to its very small surface area and its 

unwieldy location (i.e. on the tip of a long fiber which simply cannot be rotated for 

normal spin-coating). On the contrary QSR-5™ resist can be consistently evaporated 

on the tip of a fiber. The probable application of a fabricated zone plate is in optical 

communication and also in optical fiber sensors. The patterning on laser diode 

facets is also an almost impossible task as the diode facet has a surface area much 

smaller than 1 mm2 • lt is extremely difficult to deposit a resist layer on this surface. 

Results in this chapter show that we not only successfully evaporate the QSR-5™ 

resist on the laser diode facet but we can also pattern the diode with diffractive 
elements. This laser diode with such a diffractive element is useful in coupling of the 

optical fiber with the laser diode. 

The most unusual application which we present in this chapter is patterning on 

membranes of silicon nitride and silicon. We present the results where patterning is 

accomplished on the both sides of the membrane with a single electron beam 
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exposure. The results are very interesting for the fabrication of double gate 

transistors which require extremely high accuracy in the alignment of the device 

gates to be located on both the top and the bottom sicles. 

One of the important results presented here concerns the patterning on V-grooves 

etched into a substrate. After the fabrication of the silicon V-grooves, patterning 

using EBL is achieved across the entire structure. The results clearly show the 

conformability properties of QSR-5™. lt also shows that irrespective of the shape of 

the substrate, nano-patterning can be successfully achieved using this type of 

resist. 

Finally we present the results of high resolution fabrication of the metamaterial 

structures. We are aiming for dimensions of 200 nm by 200 nm which can be 

measured optically at wavelengths from 1.5-2 µm, which are useful for 

telecommunication applications. There are interesting applications of these 

metamaterials, such as an optical filter which we discuss here. The experimental 

setup for an optical filter is explained and initial measurement results of these 

metamaterials structures via ellipsometry are also presented. 

4.2 OPTICAL FIBER 

Diffractive and refractive optical elements can be patterned with electron beam 

lithography by using straightforward microfabrication techniques and a conformal 

resist. A Fresnel zone plate micro lens is one such optical element that can be 

fabricated directly on the tip of an optical fiber by using the sterol based resist. 

Previously [S.BABIN et al., 1996] a common polymer resist like PMMA was used in 

the demonstration of the fabrication of a micro-lens. However spin-coated resists 

cannot be consistently and uniformly deposited onto a substrate with a highly 

pronounced relief, or onto a substrate with an extremely small size, such as the end 

tip of an optical fiber. The severe lack of uniformity and consistency makes it very 

difficult to achieve high resolution patterning in these cases. We will first discuss 

the zone plate pattern and then describe the fabrication process. 
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4.2.1 ZONE PLATE PATTERN 

As shown in figure 4.1, the Fresnel zone plate consists of a series of circular rings 

(zones) centered at one point with a radius of r1, r1 + À/2, r1 + À, r1 + 3À/2, and so 

forth, where ri is the radius of the first odd zone and À is the wavelength 

[M.ODA et al., 1999 ]. When we black either all the even or all the odd zones, this 

zone plate has a focusing property through its diffraction properties. In our layout, 

only the odd zones are transparent and light is blocked in the even zones. 

Figure 4.1 Zone plate pattern showing the first and last zone. 

For the fabrication process, we first chose the following three parameters: the 

wavelength of light À, the width of outermost zone 6r, and the number of zones n. 

The values selected for these parameters are À = 632.8nm, 6r = 2.5µm, and n=8. 

The radius of each zone can be calculated by the following equation: 

rn = (n A F)1/2 (4.1) 

From equation 4.2, we have calculated the focal length, which is 0.31 mm. The 

diameter of the fi.ber is 1 l0µm and the calculated diameter of the last (8th) zone is 

99.2µm, which is a suitable fit. 
F = 4n (6r) 2 / A (4.2) 
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Figure 4.2 shows the steps involved in the fabrication of the Fresnel zone plate. 

First, the tip of the optical fiber is polished with specialized sandpaper in order to 

smoothen the surface. Then a 30 nm thin chromium layer is deposited on the fiber 

tip using thermal evaporation, followed by the deposition of a layer of 30 nm thick 

QSR-5™. The use of this dry resist enables the deposition of a uniform layer on a 

very small area without any restriction on substrate size or shape. After resist 

deposition, electron beam lithography is performed to pattern the zone plate pattern 

discussed earlier in this section. Following the lithography step, the resist on the tip 

of the optical fiber is developed for 30 seconds in a pure Methyl Ethyl Ketone (MEK) 

developer. The development conditions used are similar to those discussed in the 

section 3.8. The exposures dose of 1500 µC/cm2 is used for patterning. The pattern 

is transferred to the chromium film underneath by submerging the fiber tip in a 

commercially available chromium etchant for 1 minute. 

OpticaJ Flb-er 
11111 Chromium 30nm 

QSR5'M~l0nm 

Figure 4.2 Steps involved in fabrication of Zone plate on the tip of the optical fiber 

Figure 4.3 shows the pattern transferred in the chromium film on the tip of the 

optical fiber. Figure 4.3 (a) shows the top view of the zone plate on the tip of the 

optical fiber with 4.3 (b) showing a magnified view of the zone plate. 
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(a) (b) 

Figure 4.3 (a) Top view of the fabricated zone plate on the tip of optical fiber 
(b) Magnified view of the fabricated zone plate on the tip of the optical fiber. 

4.3 PATTERNING ON A SEMICONDUCTOR LASER FACET 

Another demonstration patterning experiment is performed on the facet of a semi-

conductor laser. Due to the large output beam divergence of this type of device, large 

numerical aperture micro-lenses or lens arrays are needed in order to efficiently 

couple the light of a semiconductor diode laser or laser array to the extemal optics. 

The lens-laser alignment is difficult because of this large beam divergence. There are 

also major concerns of thermal and mechanical instabilities. The prospects of 

obtaining the desired lens-laser integration have recently been bolstered by the 

development of high quality semiconductor micro lenses and micro optical 

components. The coupling between a laser diode and an optical fiber is a vital 

interface in an optical rietwork [M.KHAN et al., 2001], as it has a direct impact on the 

performance and cost of the system. A less than optimal coupling can result in 

significant source of energy loss and signal degradation, leading directly to increased 

energy consumption and higher system costs. Typical laser diode sources are 

imperfect light sources because their emitting aperture is rectangular rather than 

circular or square, resulting in a laser output that is elliptical in cross section. A non-

circular beam will always result in less than optimum fiber coupling efficiency, 

because maximum coupling efficiency can only be achieved with accurate mode 

matching, where the laser beam is altered to correspond in size and shape with the 

waist of the optical fiber. In addition, as the emitting points of the fast and slow axes 

are different, the laser diode is astigmatic. Before doing lithography directly on the 
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facet of a laser diode, lithography was performed on a cleaved GaAs substrate for 

demonstration purposes, which is a situation that presents severe challenges for 

conventional spin coated resist technology due to the sub-mm substrate thickness. 

The sterol based resist is deposited on the edge of a cleaved GaAs sample without 

difficulty using thermal evaporation and then electron beam lithography is carried out 

using a simple pattern. Figure 4.4 [P. KELKAR et al., 2003] shows the schematic of 

the steps involved in performing the lithography on the cleaved edge of the GaAs 

substrate. Figure 4.4 (a) shows the pattern formed on the cleaved edge of GaAs with 

the width of the exposed pattern approximately 28 µm. 

To correct the emission pattern of a semiconductor laser diode, a diffractive element 

can be fabricated on the facet of a laser diode in the emission region. After the 

emission profile is corrected, it would become possible to obtain a circular beam with 

nominal astigmatism. At this time only lithography on the facet of the semiconductor 

diode has been explored. 

e .. beam 
exposure 

(a) (b) 

Figure 4.4 (a) Cartoon of electron beam lithography process on the cleaved edge of 
GaAs substrate. (b) The lithographed pattern on the cleaved edge of the GaAs 
substrate. 

For the fabrication of a diffractive pattern on the laser diode facet, a chromium film is 

first evaporated on the laser facet followed by sterol resist evaporation. The pattern is 

then exposed by electron beam lithography, followed by development of the resist and 

wet chemical etching of the evaporated chromium layer, using a standard solution. 
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Figure 4.5 shows the fabricated diffractive pattern which was chosen merely to 

indicate the type of resolution and ease of patterning that can be achieved on a 

cleaved facet. 

Figure 4.5 Diffractive element pattern fabricated on the facet of laser diode with line 
width of approx. 225nm. 

) The white dots in the figure 4.5 are due to the residue remained after the etching of 

chromium. Furthermore, the fabricated pattern is not exactly at the emission point 

of the laser device, but the main purpose of the present work is to show that it is 

possible to fabricate such optical diffractive elements by using the sterol resist 

directly on a laser facet and not to demonstrate alignment capability of the 

patterning. Such alignment would not pose a severe challenge when working with a 

device where a ridge waveguide is etched into the laser surface, thus clearly marking 

the position of the optical emission on the facet and making it a simple task of 

introducing alignment prior to patterning. The results presented here are 

preliminary; however the basic process technique and parameters have been 

successfully established. 

4.4 SILICON NITRIDE AND SILICON MEMBRANES 

In this work, we patterned QSR-5™ resist in an unusual configuration which may 

be suitable for very high speed field effect devices. The double-gate (DG) 

metal-oxide-semiconductor field-effect-transistors (MOSFETs) have strong potential 

for ultra-small CMOS devices [SEKIGAWA et al., 1984] [H.WONG et al., 
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1997][M.MASAHARA, et al., 2003 ]. Figure 4.6 shows the basic structure 

[K.RAMSAMY, 2002] of a double gate transistor. It is comprised of a conducting 

channel (usually undoped), with the gates positioned on either sicle of a thin channel 

(less than 30 nm in thickness), providing extremely good control of the potential 

along the channel. 

Battorn Gate 

Figure 4.6 Basic structure of double gate transistor 

The voltage applied on the gate terminals controls the electric field, determining the 

amount of current flow through the channel. This leads to several advantages that 

follow from the improved control of charges in the channel, and a reduced sensitivity 

to short channel effects since the channel is shielded from electrical interference by 

the two gates. But, in order to reduce serious parasitic effects in the device, the 

alignment between two gates must better than 5 nm [H.WONG et al., 1997]. If 

misalignment is unavoidable, the study indicates [WONG et al., 1994] that it is more 

important to have a large enough bottom gate to ensure adequate gate to source 

overlap in order to attain a high on-current than to minimize parasitic capacitance. 

The method proposed here is a single electron beam lithography step to 

simultaneously define bath top and bottom gates, using a thermally evaporated 

resist instead of a spin coated resist, leading to perfect alignment of the gates on 

either sicle of a channel when working with a thin silicon membrane. The results 

presented here which aim at demonstrating this patterning capability will make use 

of two substrates, first a thin silicon nitride membrane, followed by a thicker silicon 

membrane obtained by etching a window in a sample of a silicon on insulator (SOI) 

waf er. The sam ples are prepared using the process flow shown in figure 4. 7. 

113 



1 A i Œ2l Si3N4 i Si 
[Z3] Cr 

r::::3 Si3N4 / Si 

DJ Cr 

C:J QSR5 

IB .. l fü2J Si~4/ Si 
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Figure 4. 7 A) Deposition of thin Cr layer onto a membrane. B) Deposition of QSR-5™ 
resist followed by electron beam exposure. C) Development of resist in glycol-based 
developer. D) Etching of the thin Cr layer in unexposed region. 

A thin layer of chromium is deposited onto both sicles of either a silicon nitride or 

silicon membrane. A layer of QSR-5™ resist is then deposited on top of both layers 

of Cr using two evaporation steps which, carried out at low temperature, cause no 

damage to the membrane. It is to be noted that this resist does not induce stress in 

the membrane layers, which are clearly particularly sensitive to this type of problem. 

The deposition of the resist is performed using similar conditions as discussed in 

section 3.3. A high energy of 20 keV is used for patterning the sample discussed 

here. The lithography system considerations are discussed in section 3.4. After 

exposure, the resist is developed by immersion and agitation in a beaker containing 

QSR-S™D developer. Following the development, the chromium thin fi.lm in the 

unexposed regions of both sicles of the membrane is removed using wet chemical 

etching. Two types of samples are prepared: the first type used a silicon nitride 

membrane 250 nm in thickness. A 30 nm Cr layer was deposited on both sicles of 

the membrane, followed by 50 nm of QSR-5™. After electron beam exposure and 

development, the Cr in the unexposed regions of the pattern was removed using a 

wet etching for 1 minute using a commercially available chromium etchant solution. 

The second type of sample was made from a SOI wafer, where the silicon fi.lm 

thickness was 2 µm. In this case, the Cr film deposited on both sicles of the 
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membrane was only 10 nm thick, while a 30 nm QSR-5™ layer was deposited on 

both sides of the membrane on top of the Cr layers. After electron beam exposure 

and development, the Cr film was removed in a two-step process (first one side of 

the membrane then the other) consisting of inductively coupled plasma etching 

using a Cb/O2 gas mixture. The excellent resistance to plasma etching of the resist 

makes this process straightforward. The final result in both cases is a thin film of 

metal simultaneously patterned on both sides of a membrane, resulting in perfect 

alignment between the top and bottom layer. However, it is important to determine 

whether the conditions used will result in significant changes between the line 

widths on both sides of the membrane due to beam defocusing as the electrons 

travel through the membrane/metal stack. This will be obtained from the 

observations on the membrane patterns and from Monte Carlo simulations in the 

case of the Si membrane. 

4.4.1 RESULTS FROM THE METAL PATTERNING ON MEMBRANES 

The results of the patterning on the silicon nitride membrane are illustrated in 

figure 4.8 and figure 4.9. In this case, the images are obtained using optical 

microscopy. Each quadrant corresponds to exposures of patterns with nominal line 

widths of 45 nm, 65 nm, 90 nm and 130 nm. All patterns are present on both sides 

of the membranes. This part of the work was simply an initial demonstration of the 

process. 

Figure 4.8 Top view of the patterned silicon nitride membrane. 
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Figure 4. 9 Bottom view of the patterned silicon nitride membrane 
A much more detailed analysis was carried out with the silicon membrane samples. 

In this case, an electron beam energy of 20 keV was used. Test patterns containing 

various lines and dots were obtained on both sicles of the membrane and are 

illustrated in figure 4.10, figure 4.11 and figure 4.12. These micrograph illustrate 

the resolution achieved on the top side of the exposed membrane. Line widths of 

approximately 45 nm were obtained for these patterns, indicating proper conditions 

of focus and astigmatism. Slight line edge roughness is observed, but this is 

attributable to the fact that the dry etching conditions were not fully optimized. 

Typical values of line edge roughness with this resist are on the order of 4 nm for 

line widths of 50 nm. 

Figure 4.10 Top view of the patterned silicon membrane. 
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Figure 4.11 Bottom view of the patterned silicon membrane. 

Figure 4.12 Nominally 50 nm lines patterned on the top side 
of a silicon membrane. 

It is worth noting that the bottom view of the silicon membrane, as shown in figure 

4.11, after Cr dry etching shows patterns which are much less sharp than the top 

patterns shown in the figure 4.10. This is confirmed by line width measurements. 

Patterns are defocused on the bottom side of the membranes, and the patterns 

corresponding to line widths of 90 nm have actual line widths of 450 nm, 5 times 

wider than on the top side. In order to properly understand this effect, Monte Carlo 

simulations were carried out under a variety of conditions to examine what type of 

pattern is to be expected on the underside of the membranes. 

4.4.2 MONTE CARLO SIMULATIONS FOR MEMBRANE FABRICATION 

The CASINO software [DROUIN et al., 2001] was used to carry out the simulations 

for the specific cases of the membrane samples used in this study. In the first 
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instance, shown in figure 4.13, the electron trajectories are shown for a sample with 

a 2 µm silicon membrane coated with 10 nm of Cr and 30 nm of QSR-5™ on both 

sides. It is clear from this simulation that significant beam divergence occurs while 

the beam traverses the silicon membrane. Electrons are seen to exit the bottom side 

of the membrane as far as 2 µm away from the central focus point of the electron 

beam. Depending on the specific exposure doses used for a given pattern, it is thus 

quite reasonable to expect a SX widening of a line as measured on the top side of the 

membrane. 
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Figure 4.13 Results of Monte Carlo simulations using 20 keV electrons incident on a 
sample formed with a 2 µm silicon membrane with 10 nm of Cr and 30 nm of QSR-5™ 
resist on either side. 

A second simulation, shown in figure 4.14, was carried out to observe the effect of 

using ideal exposure conditions for this type of sample, in this case using a 100 keV 

electron beam. As expected, the beam divergence is reduced significantly, however 

we can still observe that a large number of electrons emerge from the membrane at 

distances up to 250 nm from the center of exposure. Since the objective is to 

demonstrate very high resolution patterning for transistor gates, this result would 

still be unacceptable. It is important to note that while it was used here for 

demonstration purposes, a 2 µm silicon membrane is not suitable for fabricating 

transistors. Much of the advantage in fabricating double-sided gates is in increasing 
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the control over the charge flowing in the transistor channel. When the silicon 

membrane is too thick, the gain in charge control i~ relatively small since the 

maximum depletion region depth is much smaller than the thickness of the silicon 

layer. A more ideal thickness for the silicon membrane would be approximately 

30 nm (M.MASAHARA et al., 2003], which is thin enough to allow complete control 

over the channel charge using the two gates. 
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Figure 4.14 Results of Monte Carlo simulations using 100 keV electrons incident on a 
sample formed of a 2 µm silicon membrane with 10 nm of Cr and 30 nm of QSR-5™ 
resist on either side. 

Figures 4.15 and 4.16 illustrates the results of calculations obtained using a much 

thinner 30 nm silicon membrane and the same thicknesses for the Cr and resist 

layers. The 20 keV result in figure 4.15 shows very little divergence in forward 

scattering in the electron beam traversing this multi-layer sample. In the case of 100 

keV electrons, shown in figure 4.16, there is in fact no significant divergence of the 

electron beam. The result would then be perfectly aligned and identical line widths 

for the patterns exposed simultaneously on both sides of the silicon membrane. 
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Figure 4.15 Results of Monte Carlo simulations using 20 keV electrons incident on a 
sample formed of a 30 nm silicon membrane with 10 nm of Cr and 30 nm of QSR-5™ 
resist on either side. 
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Figure 4.16 Results of Monte Carlo simulations using 100 keV electrons incident on a 
sample formed of a 30 nm silicon membrane with 10 nm of Cr and 30 nm of QSR-5™ 
resist on either side. 

120 



4.5 PATTERNING ON V-GROOVES 

We have discussed in section 3.3.1 about the conforma! coating of QSR-5™ achieved 

on the silicon V-grooves. The V-grooves were fabricated in a silicon substrate by 

anisotropie etching using potassium hydroxide (KOH) and QSR-5™ is evaporated on 

the V-grooves. Also it is shown in figure 3.5 that the QSR-5™ thickness is uniform 

even at the bottom of the V-grooves. Here we present the results of the 

demonstration experiment performed on the V-grooves. After the deposition of a 

100 nm thin film of QSR-5™ on the V-groove sample, the e-beam lithography 

patterning is carried out with an electron beam of 20 keV energy with a measured 

beam current of 240 pA for 10 µm aperture at working distance of 5 mm. After 

exposure the QSR-5™ is developed with the QSR-5™-D developer as discussed in 

section 3.8. Figure 4.17 shows the lithography results achieved by patterning lines 

on the V-grooves. 

Figure 4.17 The patterning achieved on the Silicon V-grooves. The right hand side 
picture shows the side view of the patterned line on the V-groove and the picture in 
the bottom shows the lines patterned deep inside on the V-grooves. 
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4.6 METAMATERIALS FABRICATION 

The refractive index is a basic property of optical materials which is a measure of 

how much light slows down when it enters a medium and is defined as follows: 

n 
C 

V 
(4.3) 

where c is the speed of the light in vacuum and v is the speed of an electromagnetic 

plane wave in the medium. From Maxwell's equations the refractive index is given by 

the Maxwell relation 

n2 = eµ (4.4) 

where e is the relative dielectric permittivity and µ is the relative magnetic 

permeability of the medium. Although all known naturally occurring materials 

exhibit a positive index of refraction, it was realized in 1967 by Veselago that the 

materials can exhibit negative index of refraction [V.VESELAGO, 1968]. He 

considered the case of a medium that had both negative dielectric permittivity and 

negative magnetic permeability at a given frequency and concluded that the medium 

should then be considered to have a negative refractive index. These materials were 

termed as left-handed materials (materials with negative refractive index) and it was 

further shown that some of the most fondamental electromagnetic properties of 

LHM would be opposite to that of right-handed materials (materials with positive 

refractive index) [S.RAMAKRISHNA, 2005]. The main problem in the study of left-

handed materials is the existence of materials with such negative values of µ or e 

occurring in nature. A medium with negative e can be found in an electric plasma. 

In the case of negative values of magnetic permeability µ, they can be found under 

certain conditions in anti-ferromagnets or in magnetic plasma, below the plasma 

frequency, as well as in semiconductors with magnetic properties [T.YEN et al., 

2004]. The simultaneous existence of negative values for both dielectric permittivity 

as well as magnetic permeability is extremely difficult [D.SMITH et al., 2004]. Thus 
in the last few years, theoretical proposais for structured photonic media whose e 

and µ could become negative in certain frequency ranges were developed 

experimentally. These artificially structured left-handed materials are termed 

metamaterials, with critical dimensions which are much smaller than the 

wavelength of light used for measurements. For the metamaterials, until now the 
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magnetic a tom of choice has been the single split ring resonator (SRR). The ideal 

material for the SRR is a metal which for normal incident conditions, exhibit a 

fundamental magnetic mode [C.ENKRICH 2005], arising from a coupling via the 

electric component of the incident light. Figure 4.18 shows the structure of the SRR, 

which is similar to a small LC circuit consisting of a capacitance C and an 

inductance L. The ring forms one winding of a coil (the inductance), and the ends of 

the ring form the plates of a capacitance. 

P1ate Capac.itor 

SRR 

Figure 4.18 The basic structure of SRR 

C 

l 
Inductance 

Dense packing of these SRRs, using lattice constants smaller than the LC resonance 

wavelength, leads to effective materials that can exhibit resonance behaviour of the 

magnetic permeability µ. There are potential applications of these SRR structures 

such as in the design of antennas, optical filters, etc. 

The objective of the work presented in this section is to fabricate the SRR of metal 

on a glass plate by electron beam lithography using QSR-5™ resist as the earlier 

work on the fabrication of SRR was based on PMMA resist. However, patterning with 

PMMA requires an unreliable lift-off process for transferring the pattern to the metal 

layer, since PMMA has very weak resistance to plasma etching. In the case of 

QSR-5™, the pattern is transferred to the metal layer by a wet or dry etching 

process. Thus the main objective here involved the investigation of the use of the 

QSR-5™ resist for pattern transfer to the metal layer for this specific application, in 

order to demonstrate the improvements that can be achieved by using a plasma 

process step, which is a standard and reliable manufacturing process. 

We consider here an interesting application of the combination of waveguide and 

metamaterials which can form an optical filter. The optical waveguides combined 
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with the metamaterials can have extremely exotic dispersion characteristics, in 

comparison to standard waveguides. These artificial waveguides offer a lot of 

flexibility in the design of dispersive characteristics. Figure 4.19 shows the 

experimental setup for such an optical filter experiment. At first, on a glass 

substrate an array of SRR structures each of 200 nm by 200 nm in dimension are to 

be fabricated by using QSR-5™ resist. The SU8 resist is to be deposited on these 

SRR structures. This SU8 layer acts as a waveguide for the incident electromagnetic 

waves. The input light waves are then incident on the densely packed SRR 

structures. We expect that due to the waveguide on the SRR structure the light 

waves will pass over almost all the SRR structures hence avoiding loss of the light 

signal. When the incident light is polarized horizontally, the electric field can couple 

to the SRR capacitance and induce a circulating current in the coil leading to a 

magnetic dipole moment normal to the SRR plane. On the contrary, when the 

incident light is polarized vertically, the electric field does not couple to the SRR 

capacitance. In the output signal, we expect to see the attenuation of the incident 

light signal, and thus the device is acting like an optical filter. 

Output 

Reference 

Resonators 
200x200nm 

[.J SU8 Waveguide 

l'nput 

Figure 4.19 Experimental setup showing the application of the SRR as an optical 
filter. 

In this section we present the fabrication process that was developed to produce the 

SRR structures on a glass substrate while exploiting the useful plasma etch 

resistance of the QSR-5™ resist. The fabrication procedure of the SRR is described 

in detail in section 4. 7 .1. The measurements are performed with an ellipsometer on 
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these SRR structures. The results presented here are preliminary results, since the 

objective was specifically the development of a suitable and reliable fabrication 

process. 

4.6.1 FABRICATION OF RESONATORS 

The fabrication procedure presented here closely follows a recently published 

approach based on arrays of single SRR [S.LINDEN et al., 2004, 

N.KATSARASKI et al., 2004]. The fabrication of these structures poses a big 

challenge for nanofabrication. For the near infrared or visible part of the spectrum, 

sub-50 nm resolution and high reproducibility are required. As mentioned in 

chapter 1, electron beam lithography is the technique of choice for such 

nanostructures. Figure 4.20 shows the steps involved in SRR fabrication. In the first 

step, a 1 mm thick clean glass substrate of dimension 1.5 cm by 3 cm is coated with 

a 20 nm layer of metal, for e.g. gold. Then, QSR-5™ resist of thickness 30 nm is 

evaporated on top of the metal layer. The SRR structures are patterned with the 

electron beam system described in section 3.4. The patterned samples are developed 

with QSR-S™D developer under the same conditions described in section 3.8. 

QSR-STM 
hli!:ltJJ Non-magnetic metal 
c::::::J Glass Plate 

Figure 4.20 Steps involved in fabrication of SRR structures by electron beam 
lithography 

Following the development, the SRR pattern is transferred to the bottom metal layer 

by either wet or dry etching depending on the metal used. After etching the QSR-5™ 
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resist is stripped by an oxygen plasma and the metal SRR pattern remains on the 

glass substrate. 

Figure 4.21 shows the magnified view of the CAO design for the resonator pattern, 

for use in electron beam lithography. It consists of an array of SRR patterns of 

dimension 200 nm by 200 nm, separated by a distance of approximately 150 nm. 

The full resonator pattern has dimensions of 13.8 µm by 13.8 µm. There are a total 

1600 SRR in one resonator pattern. 

100nm 

Figure 4.21 Design CAD Resonator pattern for fabrication of SRR 

In the following section we present the results of the etching tests on a variety of 

different metals. 

4.6.2 ETCHING TESTS 

There are two types of etching processes: wet etching and dry etching. The metals 
such as gold, aluminum and chromium are the metals which we have tested for the 

fabrication of the SRR structures. In wet etching, because of the acid environment of 

most of the etchant solutions, the resist can lose adhesion to the substrate surface 

[DECKERT, 1977], and thus a dry etching process is preferred over the wet etching 

for submicron features. 
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4.6.3 TESTS WITH GOLD 

A 20 nm gold layer is evaporated on the glass substrate using an electron gun 

evaporator. Gold can be dry etched with C2CbF4 or with CClF3, however the 

presence of CF 4 which may be a byproduct of the reaction between the above gases 

in the plasma with 02 which is required for the etching, may cause staining in the 

reactor. This is due to the gold oxides, whose formation is enhanced by the presence 

of atomic fluorine [LEGAT 1975, C.MOGAB 1977]. Thus a wet etching process is 

preferred. The etching tests of gold are performed with an aqua-regia etching 

solution, which consists of a mixture of concentrated nitric acid (HNO3) and 

concentrated hydrochloric acid (HCl). We use the HNO3, HCl and H2O in a 

volumetric ratio of 1:1:7. Water is used to dilute the strong acids to avoid an 

undesirable reaction with QSR-5™ resist layer. After the resist development, the 

glass samples are immersed in the beaker containing the aqua-regia solution. The 

tests are performed for different etching times starting from 10 seconds up to 

1 minute. For all the samples tested, it is observed that the strong acid reacts with 

QSR-5™ strongly and completely removes the resonator pattern. Despite various 

attempts, it was extremely difficult (and unreliable) to achieve pattern transfer of 

QSR-5™ to gold layer. 

4.6.4 TESTS WITH ALUMINUM 

Since it was not possible to develop a reliable etching process using a gold metal 

film, further tests were conducted using aluminum. A layer of 20 nm is thus 

evaporated on the glass substrate by using an electron gun evaporator. For etching 

tests of aluminum, a dry etching process was studied using an inductively coupled 

plasma (ICP) etching system, whose use is dedicated to chlorine chemistry for 

etching metal thin films and III-V semiconductors. We use a mixture of BCb and Cb 

gases for the etching of aluminum [D.HESS 1982]. First, the BCb effectively 

scavenges water and oxygen present in the reactor and also removes the native 

aluminum oxide layer, then Cb can etch pure, clean aluminum [R.POULSEN 1976]. 

The tests are performed with etching times starting from 45 seconds to 3 minutes. 

We have observed an initiation time of 30 seconds in the aluminum etching tests. 

Figure 4.22 shows the micrograph after the etching tests of aluminum for 45 

seconds. In the center there is a resonator pattern which is not properly etched. To 
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some extent this effects is a result of the etch product, aluminum trichloride, AlCb. 

This product may react with and severely degrade the resist material [D.HESS 

1982]. There is also the possibility of the aluminum pealing off the surface and then 

covering the resonator patterns. In the tests where the etching time is more than 

45 seconds, the aluminum is completely removed along with the resonator patterns. 

Thus a more stable metal for nanostructure patterning will be required. 

Figure 4.22 Aluminum etching test after 45 seconds using mixture of BCh and Cb 
gases. 

4.6.5 TESTS WITH CHROMIUM 

A chromium layer of 20 nm thickness is evaporated on the glass substrates using 

electron gun evaporation. The pattern transfer of QSR-5™ to the underlying 

chromium layer by using the ICP etching system is a standard process. The etching 

tests are performed with a mixture of gases such as Cb and 02. The Cb reacts with 

02 to form a volatile product, oxychloride (Cr2O2Cb) which etches away the 

chromium. We use the standard etching time used for QSR-5™ resist with 

chromium which is 1 minute and 5 seconds. After the etching of the chromium, the 

QSR-5™ resist is removed by using oxygen plasma. Figure 4.23 shows the 

successful etching test results after the resist removal. The resonator pattern with 

nominal width of 200 nm results in a feature size of approximately 21 7 nm shown in 

figure 4.23 (a) and 211 nm for pattern in figure 2.23 (b), with a gap size of 

approximately 44 nm and 49 nm respectively. 

128 



(a) (b) 

Figure 4.23 Successful etching of chromium using the mixture of Ch and 02 gases. 

4.6.6 RESULTS AND DISCUSSION 

The measurements are performed using V-vase ellipsometer by J .A. Woollam 

company using a range of wavelengths from 1 000 nm to 2 500 nm. The beam of 

polarized light is incident on the fabricated resonators on the SRR structures as 

shown in figure 4.24. The focusing beam has a spot-size of 100 µm. Also shown are 

the two types of incident polarizations used for measurements. 

Elli psometer 
focused light 
onSRR 

Horizontal 
Polarizati on 

Vertical 
Polarization 

Figure 4.24 The focused beam on the SRR and the incident polarizations for 
measurements. 

The ellipsometry apparatus measures two values, Psi and Delta, which are related to 

the polarization change of the light caused by its interaction with a sample 

[J.A Woollam, ]. Figure 4.25 shows the plot of reflection spectra for two polarizations 

with different wavelengths. Under normal incidence conditions, we expect the 

coupling to LC resonance of the SRR only if the electric field vector has a component 

129 



normal to the plates of the capacitance, which corresponds to the plates of the 

capacitance. In this case two distinct resonances should be visible but as shown in 

figure 4.25 for all the samples with wavelength from 1 µm to 2.2 µm, the vertical and 

horizontal polarization signal appears similar. The experimental results indicate that 

the resonance does not appear for the range of wavelengths used for measurements. 

We suspect this may be due to two specific reasons. First, we have used a chromium 

layer that is too thin, as it is shown that the film thickness enhances the magnetic 

response [M.KLIEN, 2006]. The second reason is due to absorption of the light signal 

by the glass substrate. 
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Figure 4.25 shows the reflection spectra of an array of SRR for two polarizations. 

The results of the fabrication of SRR structures are described. SRR of 200 nm width 

with a 50 nm gap are fabricated and successfully transferred in a chromium thin 

film. The initial ellipsometer results of the SRR are presented. 

4. 7 CONCLUSION 

We have performed various demonstration experiments to show the conformability 

and versatility of QSR-5™ as well as to explore the practical applications in the 
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manufacture of complex non-planar semiconductor and optical devices. A Fresnel 

zone plate micro lens is one such optical element that can be fabricated directly on 

the tip of an optical fiber by using the sterol based resist QSR-5™. The preliminary 

results of the fabrication of a diffractive element on the laser diode with QSR-5™ 

resist were presented. These results show the possibility of correcting the emission 

profile of laser diode that would enable a circular beam with nominal astigmatism. 

The use of a QSR-5™ resist has been demonstrated in the fabrication of the 

simultaneous patterning of a thin metal film on both sides of a thin silicon nitride 

and silicon membrane. This process was demonstrated using a 2 µm silicon and 250 

nm silicon nitride membrane and wet etching of a chromium thin film in order to 

transfer the resist pattern. Monte Carlo simulations using the CASINO software 

indicated that a line width increase of several hundred nanometers was to be 

expected. While thinner silicon membranes were not available during these 

experiments, the Monte Carlo simulations clearly showed the improvement that can 

be achieved in double sided patterning with a thinner silicon layer. Furthermore, the 

100 keV beam energy simulations have shown that the beam divergence for a 30 nm 

silicon membrane would be negligible, making it possible to achieve the self-aligned 

patterning of sub-50 nm metal gates on a membrane. The results of the 

demonstration experiment of performing e-beam lithography on V-grooves were also 

presented. Finally the results of the fabrication of SRR structures were described. 

The SRR of 200 nm width with a 50 nm gap was fabricated and successfully 

transferred in a chromium thin film. The initial ellipsometer results of the SRR were 

presented. From all the experiments performed it is clear that QSR-5™ is a versatile 

resist material which has some unusual properties which makes it a viable 

alternative for next generation lithography for patterning on non-planar surfaces. 
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CHAPTER 5 
SUMMARY AND SUGGESTIONS FOR THE FUTURE WORK 

5.1 SUMMARY 

In the first part of the thesis we have presented a historical review of electron beam 

lithography systems. The evolution started with the Gaussian beam systems and 

currently the MPEB systems are considered as potential next generation lithography 

systems. In this thesis a review of the earlier work on electron beam resists has also 

been presented. lt has been shown that the inorganic resists provide higher etch 

resistance properties but exhibit much lower sensitivities as compared to organic 

resists. There does not yet appear a clear trend as to which technology will prove 

practically and economically viable for the future generations of sub 25 nm device 

geometries. 

As the critical dimensions required for patterning continue to decrease, fondamental 

physical effects begin to have a major impact on useful lithography parameters. One 

such physical effect studied in this thesis is the shot noise, which is the fluctuation 

in the number of electrons provided by the electron beam source. A shot noise model 

is presented in this thesis and the model parameters such as exposure field, concept 

of range, development threshold are detailed. Simulations are performed for different 

linewidths and exposure doses to determine the linewidth roughness for patterns 

consisting of isolated lines. lt is shown that as the range value increases, the 

required exposure dose values decrease. The results are used to calculate the dose 

required to achieve 8 % of linewidth roughness and 100 % filling of the lines. The 

simulation results indicate that there are clearly two regimes in terms of exposure 

dose: one where the threshold dose is controlled by linewidth roughness and a 

second where it is controlled by the requirement of obtaining complete line filling. 

Shot noise has a direct impact on achievable high resolution linewidths (s 20 nm). 

Thus for achieving high resolution linewidth patterning, much higher exposure 

doses are required. A significant result of this analysis is that the assumption that 
simply increasing the sensitivity of electron beam resists will make it possible to 

continue producing photolithography masks with smaller linewidths and pave the 

way for direct writing of patterns on wafers is not tenable. 

Experimental validation of the simulation results is carried out using two resist 

schemes. Experimental results for QSR-5™ and exposure doses higher than 

132 



100 µC/cm2 are comparable to the model results. For PMMA it was difficult to 

achieve exposure doses below 10 µC/cm2 , because of the machine limitations, and 

higher doses (>10 µC/cm2) resulted in overexposing the patterns. Bath the 

simulation and experimental results clearly indicate that the exposure doses 

required for very narrow linewidths increase dramatically because of the impact of 

shot noise. 

The case of MPEB systems was also discussed in the context of the simulation 

results. The calculations are performed to determine the number of beams required 

to pattern high resolution linewidths for photomask patterning and direct wafer 

writing. The results indicated that systems similar to those being developed 

commercially at present are suitable for photomask patterning and for direct writing 

of the 300 mm wafers only for the case of manufacturing throughputs of less than 

80 wafers per hour. 

In this thesis we have presented results for the optimization of the properties of 

QSR-5™. The different properties of QSR-5™ are investigated. Even if QSR-S™D is 

known to be the commercially available developer for QSR-5™, tests were performed 

to improve the sensitivity and contrast by changing the developer concentration. The 

results obtained with 1, 3 propanediol as a developer for QSR-5™ are encouraging 

as the development time required is only 30 seconds, thus a larger number of wafers 

could be developed within less time i.e. higher processing throughput can be 

achieved. With a mixture of 1, 3 propanediol and DPM in a 3:0.5 ratio, a high 

contrast value (>2) is obtained. Thus bath 1, 3 propane diol and 1, 3 propane diol 

with DPM mixture are useful for specific applications i.e. for achieving high 

throughput 1, 3 propane diol is preferred and for achieving high resolution 1, 3 

propane diol and DPM mixture is preferred. 

Tests were also performed to improve the contrast and sensitivity of QSR-5™ by 

changing the composition of the resist itself. Dihydrocholesterol was found to be 

more reactive than cholesterol due to its lower double bond count but it tends to 

decrease the sensitivity of QSR-5™. A mixture of cholesterol and dihydrocholesterol 

is found to be more stable than pure dihydrocholesterol but the disadvantage with 

this mixture is that the contrast has decreased considerably. 

The doses required to pattern QSR-5™ are higher than traditional chain scission 

electron beam resists and chemically amplified resists. However it is important to 
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point out that the simulation results for the case of sub-20 nm isolated line patterns 

indicated that less sensitive resists will be required, which makes QSR-5™ a definite 

candidate for a future generation of lithography systems. QSR-5™ clearly has the 

potential to deliver high resolution patterning. ln order to explore the great potential 

for conformai coating and patterning of substrates, results of a number of important 

demonstration experiments using QSR-5™ were presented in this thesis. Fabrication 

results of a zone plate on the tip of an optical fiber were presented As well as the 

results of fabrication of diffractive elements on the facet of a laser diode. The latter 

open the possibility of correcting the emission profile of laser diodes. The use of a 

QSR-5™ resist has been demonstrated in the fabrication of the simultaneous 

patterning of a thin metal film on both sides of thin silicon and silicon nitride 

membranes. Monte Carlo simulations using the CASINO software indicated that a 

line width increase of several hundred nanometers was to be expected. While 

thinner silicon membranes were not available during these experiments, the Monte 

Carlo simulations clearly showed the improvement that can be achieved in double 

sided patterning with a thinner silicon nitride layer. The results of the 

demonstration experiment of performing e-beam lithography on V-grooves patterned 

substrates were also presented. Finally the results of the fabrication of SRR 

structures were described. SRR of 200 nm width with a 50 nm gap were fabricated 

and successfully transferred in a chromium thin film. The initial ellipsometer results 

of the SRR were presented. 

5.2 SUGGESTIONS FOR THE FUTURE WORK 

The shot noise model presented in this thesis clearly relates to actual practical 

limits of the lithography systems. There is still scope to improve the model to study 

the shot noise limits on linewidths below 10 nm. We observed that when the data 

extracted from the simulation is plotted with dose as a function of linewidth or LWR 

as a function of linewidth, the data for high resolution linewidths of 10 nm always 

remain away from the fitted trend line. There is a need to understand the effect of 
shot noise in this regime of very high resolution linewidth. While improvements to 

the software that runs the model is required to pursue this avenue of investigation, 

there is current a student in the research group who is working on optimizing the 

computer code of the model by keeping the basic premises of the model unchanged 
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but accelerating calculations which will then make it possible to run the large 

number of simulations to properly investigate the effects of shot noise in the high 

resolution regime of linewidths smaller than 10 nm. 

In this thesis the fabrication process is optimized to use QSR-5™ for the various 

applications. The next step would be to fabricate a device using QSR-5™ resist as it 

definitely has the potential for the fabrication of a wide variety of high resolution 

devices. The result of the zone plate fabrication on an optical fiber tip has a potential 

application in devices such as NSOM or optical fiber sensors. The results of 

lithography on the V-groove show the patterning capability of QSR-5™ for non-

planar applications. Normally all the transistor components are fabricated on the 

same sicle of surface of a semiconductor substrate. But it is possible to fabricate a 

high performance transistor with the source and gate on the cleaved edge of GaAs 

and the gate on the plane surface. The device fabricated in such a fashion will 

consist of forming a source and drain by electron beam lithography on the edge, 

followed by the fabrication of the gate by performing electron beam lithography on 

the surface and then fabricating a bridge to connect the source, drain and gate. 

Figure 5.1 (a) & Figure 5.1 (b) represents the top and sicle view of the proposed 

transistor. 

Gate Dr in S urce 

Gate 

Source Drain 

(a) (b) 

5. l(a) Top View of the proposed transistor (B) Side View of the proposed transistor 

ln this thesis, we were successful in fabricating the SRR structures in chromium. 

The crucial fabrication steps are established in this thesis, but still there is a need 

to use thick chromium layers to fabricate the SRR structures to investigate the effect 
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of the thick chromium on magnetic response from the SRR structures. The 

waveguide experiment for the optical filter application needs to be validated. There is 

also a possibility of fabricating resonators directly on a ridge laser which is quite 

difficult to achieve with spin coated resist materials as compared to QSR-5™. 
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