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Abstract

Self-assembly  of  functional  groups  on  metal  and  metal  oxide  surfaces  has  been  a 

foundation technology in micro- and nanofabrication. Confinement of reactive groups to 

a single molecular layer on a surface  has been a rich field of scientific advancement, 

particularly  with  alkanethiolates  on  gold  and silanes  on  silicon oxide.  The ability  to 

design interfaces that self-organize in the nanoscale regime for interesting macroscale 

applications has lead to  advancements in  fields  such as genetics,  energy storage,  and 

textiles. Precise positioning of self-assembled monolayers in discrete regions on a surface 

allows for  addressibility  of a  surface when the locations  of reactivity  are  known. As 

feature sizes shrink towards the sub-10 nm regime, the density of functional elements 

increases on a surface, resulting in increased information density and higher throughput 

devices. 

Electron  beam  lithography  (EBL)  has  been  a  longstanding  tool  used  in  the 

semiconductor  industry  to  define  nanoscale  features  on  a  surface.  Unlike 

photolithography, EBL is not limited by the diffraction limit of light; EBL permits the 

design of arbitrary pattern geometries and at high resolution. Surfaces designed with EBL 

can be used to guide self-assembly, or to tailor pre-assembled surface chemistries. The 

result is a functional nanoscale pattern, with diverse application potential.

This thesis is based on vapor-phase deposition of organosilanes. Using EBL to 

pattern a polymeric resist as a template, the system can be used to guide the deposition of 
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organosilanes  to  discrete  locations  on  a  silicon  oxide  surface,  confining  reactive 

functional groups to defined nanoscale dimensions. 

Three  different  aspects  of  the  method  were  investigated,  which  guided  the 

arrangement of the thesis. The first was the use of the method to precisely position gold 

nanoparticles  on  a  silicon surface,  which  was  achieved  by guiding the  deposition  of 

positively  charged amine groups,  which could  bind negatively  charged citrate-capped 

gold nanoparticles. The second aspect was the first report of EBL-defined condensation 

features  with  3D morphology  when  depositing  3-aminopropyltrimethoxysilane.  These 

structures  were  explored,  with  special  attention  to  using  these  features  as  a  spacer 

deposition process analogous to approaches used in semiconductor manufacturing. And 

finally, two lithographic approaches were compared for the construction of a fluorescent 

nanoarray. 

The  thesis  concludes  with  directions  for  optimization  of  each  of  these  three 

aspects  of  EBL-guided  vapor-phase  deposition  of  organosilanes,  and  describes 

preliminary work to guide future efforts. The nanoparticle work may couple to existing 

research group directions in plasmonics. The 3D reactive amine features could be applied 

to established work in density doubling techniques, or directed self-assembly approaches. 

Lastly, the fluorescent nanoarray could be optimized to improve its application in super-

resolution microscopy techniques.
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Preface

Chapter 1 provides the background for self-assembled monolayers and introduces 

the concept of patterned self-assembled monolayers. Methods of patterning organosilanes 

were reviewed, concluding with discussion of electron beam lithography for patterning 

self assembled monolayers via vapor-phase deposition.

Chapter  2  stresses  the  importance  of  choosing  an  appropriate  electron  beam 

lithography  resist  for  patterning  aminosilanes  from  the  vapor  phase.  Patterned 

aminosilanes  were  used to  form high fidelity  patterns  of  gold  nanoparticles,  and the 

interactions between the resist and aminosilane vapor were examined. The chapter has 

been  published  in  Langmuir as  of  April  3,  2018, and  is  titled  “Vapor-Phase 

Nanopatterning of Aminosilanes with Electron Beam Lithography: Understanding and 

Minimizing Background Functionalization”. I performed the experiments and wrote the 

initial draft with Erik Luber. The final manuscript was reviewed and revised by Jillian 

Buriak, Brian Olsen, Erik Luber, and me.

Chapter 3 describes the formation of three dimensional condensation structures 

that form as a result of confining vapor-phase deposition of aminosilanes into nanoscale 

geometric templates created with electron beam lithography. The work is framed in the 

context of spacer formation for the semiconductor industry. To the best of our knowledge, 

the chapter is the first report on intentional creation of these high-aspect ratio structures 

using electron beam lithography.
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Chapter 4 describes fabrication of a nanoscale fluorescent array, the initial goal 

for the thesis project. Two general patterning approaches were used, and the merits of 

each were examined. The results of this work spurred investigation into the structures 

described in chapter 3, and the particle patterning methodology in chapter 2.

Chapter  5  highlights  initial  work  done  to  optimize  the  work  in  each  of  the 

previous chapters and outlines potential routes for extending the work in the thesis.
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1 
Introduction

1.1 Overview of the Thesis

This thesis examines the combination of two general categories of nanoscale design processes. A 

top-down design perspective is employed by using nanoscale patterning tools, and a bottom-up 

perspective is used to guide the arrangement of silicon-containing molecules, known as silanes. 

Through techniques similar to those used in the semiconductor industry, a versatile methodology 

is demonstrated with three varied applications: precise positioning of gold nanoparticles on a 

surface; a proposed approach to surface feature density multiplication; and a nanoscale array for 

microscopy applications. The work is aimed at enhancing research efforts in these distinct fields, 

demonstrating  the  effectiveness  of  creating  lithographically  defined  patterns  of  chemical 

functionality by patterning organosilanes from the vapor phase. 
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This chapter will provide the necessary background for the thesis, providing a snapshot of 

the  field of  self-assembled monolayers  and organosilanes.  The details  of   organosilane self-

assembly on surfaces and the methodologies of applying silanes to a surface will be introduced. 

Current methods of patterning organosilanes will be reviewed, with a focus on patterning with 

photolithography  and  electron  beam  lithography  which  are  used  in  semiconductor 

manufacturing. The chapter will conclude with a discussion of electron beam lithography and 

photolithography  of  organosilanes,  ending  with  attention  to  vapor-phase  deposition  of 

organosilanes through fabricated masks.

1.1.1 Historical Framework of Self-Assembly on Surfaces

Human  civilization  has  been  observing  nanoscale  phenomena  without  nanoscale  insight  for 

thousands of years, interpreting their macroscopic results to various ends. Perhaps one of the 

earliest  records  of  this  is  an  obscure  form of  divination  from ancient  Mesopotamia.1,2 This 

curious  practice  known as  “Lecanomancy”  is  found  in  Openheim’s ‘Ancient  Mesopotamia:  

portrait  of  a  dead  civilization’ as  well  as  in  an  early  work  by  Trurnit  in  1951.3,4 Trurnit’s 

description reads: 

“The  prescientific  utilization  of  surface  phenomena,  however,  is  probably  older  than 
written history. The first record seems to be a cuneiform inscription, about 4,000 years 
old, found in the ruins of ancient Babylon. It describes in detail the use of sesame oil in 
fortune telling.  The priest  dropped some oil  in a fiat  wooden bowl filled with water, 
looking at the surface against the rising sun, The colors and movements of the oil film 
and  the  shape  and  shifting  of  these  droplets  which  reached  the  bottom of  the  bowl 
indicated the course of public and private affairs.”

This  was  arguably  the  first  noted  record  of  human  observation  of  self-assembly of  organic 

molecules on a surface. The idea that molecules could arrange themselves continued to develop 
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as curiosity into surface tension grew based on observations of oil-water interactions. The early 

academic  investigations  into  self-assembly  were  spurred  on  by  historical  anecdotes  of  oil 

interactions with water, particularly with early recounts by Benjamin Franklin. Franklin was a 

prominent figure in these early writings on oil-water surface tension effects. Between 1763 and 

1785 he wrote about his experiences witnessing cooking oil being dumped from the side of ships, 

reducing  their  wake.5,6 He  repeated  an  experiment  of  dropping  spoonfuls  of  oil  on  ponds 

opportunistically during windy weather, and was likely the first to describe the films in terms of 

particles:

“If there be a mutual repulsion between the particles of oil, and no attraction between oil 
and water, oil dropt on water will not be held together by adhesion to the spot whereon it 
falls; …”

Later, Lord Rayleigh in 1890 suggested that these films were indeed monolayers. It wasn’t until 

1891 that  Agnes  Pockels  reported  the  first  direct  measurement  of  surface  tension  using  her 

“Pockels” trough employed in her kitchen sink.7 After numerous attempts to communicate her 

work to the scientific community, and encouragement from Lord Rayleigh, her findings were 

published in  Nature.8 Later,  her  trough design  would  be  expanded on extensively  by Irving 

Langmuir,9 and  later  with  Katherine  Blodgett.10 It  was  Pockels’ work  that  would  lead  to 

Langmuir–Blodgett  films,11,12 which gave the first  insight  into the nature of self-assembly of 

molecules. The trough design, as adapted by Langmuir, consisted of a long tray and series of 

wax-coated paper strips that permitted the measurement of surface tension, as shown in Figure 

1.1. The currently termed Langmuir–Blodgett trough is still used today for forming monolayers 

on liquid surfaces. Inevitably, the trough became adapted to transfer films onto solid surfaces,13 

as  shown in  Figure  1.2;  this  tool  was  a  major  development  in  the  study  of  self-assembled 
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monolayers on solid surfaces. The method also was used to transfer successive films of fatty 

acids onto glass surfaces.13

Figure 1.1: Paraphrased from Reference  11. Schematic illustration of a Langmuir trough. Liquid is placed in an 
enameled tray T. Above the tray is a balance with a knife edge K resting on a glass plate G fastened to a support S.  
One end of the balance beam has a counterweight, while the other has a knife edge K′ from which hangs a pan P.  
Glass rods R and R′, cemented to the knife edge, pass through two small holes in a strip of paper B, which floats  
upon the surface of the water in the tray. To prevent the paper from being softened by the water, it is dipped in a 
solution of paraffin in benzene. The length of the paper strip B is less than the width of the tray so that it can move 
freely without touching the sides of the tray. The surface of the water between the strips A and B is covered by an oil  
film. As strip A is moved toward B, the oil film is pushed ahead of it until it begins to exert a force on the paper strip  
B. Reprinted with permission from reference 9. Copyright 1917 American Chemical Society.
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for examining SAMs, with attention to organosilanes, which are the focus of the patterning work 

in this thesis.

Jacob Sagiv, working with mixed monolayers,23 first described the irreversible attachment 

of silane monolayers using  n-octadecyltrichlorosilane (OTS) from solution. Amphiphilic self-

assembly had been demonstrated by Zisman,14 but this work was the first description of covalent 

attachment from solution. Sagiv outlined the approach in 1980, describing the chemisorption of 

organosilanes from organic solvents.18 This work also highlighted the method’s benefits to larger 

scale assembly, as opposed to Langmuir–Blodgett techniques. This pioneering first description of 

self-assembly of organosilanes is shown in Figure 1.3. This scheme is important as it was the  

first time that experimental evidence had been put forth for the coupling of OTS to the surface by 

free hydroxyl groups. Sagiv also commented on the importance of using an anhydrous solvent to 

favor the in-plane polymerization of the silane monolayer.18 
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a fluorinated alkyl chain, or functional group bearing alkyl chain; and X is a leaving group, (such 

as a chloro or alkoxy group). The field of organosilane SAMs was established by Sagiv’s work 

with the chlorinated alkylsilane n-octadecyltrichlorosilane. Chlorine groups are excellent leaving 

groups,  but  their  high  reactivity  with  water  can  make  moisture  control  a  challenge.19 Less 

reactive leaving groups such as methoxy and ethoxy are routinely used to form organosilane 

SAMs on metal oxide surfaces.  A wide variety of silanes are commercially available; popular 

examples  of  organosilanes  for  surface  modification  are  alkylchlorosilanes25,26, 

aminoalkoxysilanes,27–30 and fluorinated alkoxy- and chlorosilanes.24,31–33 A search from Scifinder 

reveals that the five most common organosilanes used to form self-assembled monolayers on 

metal oxide surfaces are 3-aminopropyltriethoxysilane (APTES), 3-aminopropyltrimethoxysilane 

(APTMS),  octadecyltrichlorosilane  (OTS),  tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

trichlorosilane (TFOCS), and 3-mercaptopropyltrimethoxysilane (MPTMS); their structures are 

shown in Figure 1.5. 

Figure 1.6 provides an overview of the process of liquid-phase organosilane monolayer 

formation on metal oxide surfaces. Formation of organosilane monolayers has several steps, of 

which  the  order  depends  on  reaction  conditions.  Organoilanes  diffuse  to  the  surface,  and 

depending on the  concentration  of  water  in  solution,  hydrolysis  occurs  in  solution or  at  the 

solvent/oxide interface. Hydrolysis of one of the hydrolyzable groups can occur by trace water in 

solution19,34 or by water adsorbed directly to the surface, to form silanol groups.35 If sufficient 

water is present in solution, the silanols can condense with neighboring organosilanes prior to 

reaching  the  surface,  forming  a  pre-made  polysiloxane  network  which  then  diffuses  to  the 

surface. 
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Figure 1.6. Three step mechanism for monolayer formation by silanes on OH terminated surfaces. Note in Step 3,‐ ‐  
condensation ideally  proceeds to  form a covalently bound monolayer that  is  also laterally cross linked (bottom‐  
right),  but  insufficient  control  over  the  water  content  and  other  reaction  conditions  may  yield  disordered 
inhomogeneous multilayers (bottom left). Reprinted with permission from reference  17. Copyright 2014 John Wiley 
and Sons.

Organosilanes  can be used to  modify a  variety of surfaces,  but  the reactivity  of the surface 

towards  the  organosilane  is  contingent  on  the  presence  of  hydroxyl  groups  (OH);  a  higher 

density of -OH groups and high hydrolytic stability will result in surfaces that can be coated with 

robust monolayers, and therefore, oxide-capped silicon and silica surfaces form the most stable 

monolayers. Organosilane monolayers can be formed on a variety of metal oxides17, examples of 

which  include  iron,39,40 aluminum,41,42 zirconium,43,44 zinc,45 germanium,46 titanium,43,44,47 

hafnium,44    and tin.48 Surfaces can be activated by plasma activation or solution oxidation, as 

described in the surface cleaning and activation section.

11



The vast majority of work with organosilanes has focused on deposition from solution, 

typically with organic solvents such as toluene or bicyclohexyl.  In several  reviews,19 careful 

control of the amount of water in the deposition solution is paramount to quality monolayer 

formation.  Uncontrolled amounts of water  in  solution can lead to excessive aggregation and 

vertical polymerization, particularly for organosilanes with three hydrolyzable groups. Premature 

aggregation in solution can lead to particle formation in solution and thus aggregate deposition 

on the metal oxide surface.49 Work by Thompson et al. detailed that for OTS, in addition to the 

necessity of using anhydrous solvents, aromatic solvents, such as toluene, can be an excellent 

choice due to their ability to extract moisture from the surface into the bulk solvent, improving 

deposition density.25 The choice of solvent also was reported to be critical as retention of solvent 

at monolayer defect sites is possible.41 The presence of surface adsorbed water has been shown to 

be a critical aspect of monolayer formation in solution. In the case of OTS on silica, surface-

bound water was shown to be vital to achieving sufficient density to deposition;37 this result was 

confirmed by LeGrange et al. who argued that that surface hydration is a primary consideration 

influencing monolayer coverage and that dehydrated surfaces can be rehydrated by immersion in 

aqueous solution prior to deposition.50 Allara and coworkers also indicated that surface hydration 

has a strong effect on the structure of the monolayer formed, showing that monolayers of OTS 

can  be  formed  on  gold  surfaces  that  are  hydrated.51 Wunder  and  Wang  compared  various 

hydration states on the surface of silica by monitoring changes in silanol coverage by Fourier-

transform infrared spectroscopy (FTIR), and confirmed that for improved density of deposition, 

control of surface water is critical for reactions of OTS with the silica surface.52 Careful control 

of water content has been the dominant focus in optimizing deposition from solution, although 
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some work has indicated that agglomerates of TFOCS deposited on the silicon oxide surface can 

be  planarized  by a  post-deposition  curing  step.53 The  counter  argument  was later  made that 

surface water is not necessary for monolayer formation if sufficient deposition time is used (> 18 

h).54 In addition to forming surface bonds, water has been shown as necessary for alkoxysilanes 

in  order  to  hydrolyze  unreacted  side  groups  of  the  surface  bound  layer,  improving  lateral 

polymerization.55 

In addition to extensive work on the role of water in solution and at the surface,56,57 the 

impact  of several  additional parameters on the ultimate surface structure of the organosilane 

monolayer  should  be  considered.  Chain  length,58,59 solvent  choice,35 chemical  structure,60 

organosilane concentration,61 deposition time,62 and temperature61,63–66,67are all important factors 

that can be adjusted in the pursuit of optimal monolayer deposition of organosilanes.

The growth regime mechanism for thiols on gold was proposed early as rapid adsorption 

and subsequent organization; however, with there were initially mixed views on growth regimes 

and chain  packing of  organosilanes  on oxide  capped silicon.68 These  views  were  influenced 

largely by steric limitations with silane-surface bonding in comparison with alkanethiolates on 

gold. It was shown by AFM that growth of silane monolayers takes place by island growth (see 

Figure 1.7) for OTS, but not for smaller chains.58 Later, island growth was confirmed with both 

time-resolved XPS and AFM analysis.69

Sagiv and coworkers proposed a dynamic structural model for OTS monolayer assembly 

to reconcile steric limitations imposed by the van der Waals radii (2.59 Å).70 The model was 

substantiated with X-ray, FTIR, and Raman characterization.71 Figure 1.8 shows a schematic of 

the first experimental evidence indicating that the structure of the silane monolayer surface is 
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Figure 1.9: (a) Cartoon representation of the OTS SAM on silica based on results from multiple transmission-
reflection (MTR) IR results. (b) Cartoon representation of possible “lipid-like” arrangement of alkyl chains with 
C1–C2  gauche  defects  to  account  for  the  problem of  volume  constraints  of  the  alkyl  chains.  Reprinted  with 
permission from reference 73. Copyright 2013 American Chemical Society.

1.1.4 Surface Cleaning and Activation

Successful formation of organosilane monolayers depends on sufficient activation of the 

underlying surface to produce required silanols on both silicon oxide and silicates.74,75 Clean 

surfaces are of primary concern for all nanoscale device manufacture, many of which use wet 

cleaning methods. Protocols for silicon surface cleaning and activation primarily come from the 

semiconductor  industry,  which  established  protocols  such  as  the  RCA clean  (from  Radio 

Corporation of America) for silicon wafers (circular pieces of silicon measuring 25 – 300 mm in 

diameter,  1  mm thick  of  crystalline  silicon)  in  the  1970s.76 Preliminary  cleaning  often  uses 

sonication for removing large particles before using chemically aggressive steps, whose function 
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is to oxidize and remove organic contaminants.77–79 Numerous reviews on cleaning methods exist 

in the literature.79–82

There has been some evaluation of cleaning methodologies with regards to subsequent 

SAM formation. Gold electrode cleaning83 and gold nanohole recycling84 are a few examples 

emphasizing the recyclability and cleaning of gold surfaces for self assembly. There has been 

some work in the organosilane literature evaluating surface cleaning methods for subsequent 

silanization, particularly for silica and native oxide-capped silicon. Ligler et al. compared eight 

wet cleaning methods of soda lime glass slides prior to functionalization with a mercaptosilane.85 

They found that a 1:1 solution of methanol:hcl, followed by sulphuric acid, was effective for 

removal  of  organic  contaminants  and  producing  robust  monolayers  of  (3-

mercaptopropyl)triethoxysilane (MPTES) on glass. Other work indicated that a solution of  1:1 

MeOH:hcl is effective for subsequent silanization with aminosilanes, particularly with sensitive 

device  layers  where  leaving  thin  oxide  layers  is  desirable.86 Recent  literature  utilizing 

organosilanes appears to rely on strong oxidizing cleans such as piranha, to both remove organic 

surface contaminants and generate surface silanols. “Piranha solution” consists of sulfuric acid 

and hydrogen peroxide in ratios ranging from 5:1 to 1:1.27,28,87–89 

Another approach to cleaning surfaces for monolayer deposition of organosilanes is based 

on plasma techniques.90,91 These methods rely on oxidation of organic contaminants to produce 

volatile  products  that  can be pumped out  during  plasma generation.  It  has  been shown that 

plasma methods can result in less carbon contamination when compared with liquid peroxide 

based cleaning methods.92 Plasma cleaning systems are integrated easily into chemical vapor 

deposition (CVD) systems for in-situ cleaning prior to deposition.93 Prior work has suggested 
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that silicon oxide silanols are present in higher density after plasma and wet cleaning than after  

plasma or wet cleaning alone.94 X-ray photoelectron spectroscopy (XPS) and surface analysis 

showed  increased  oxygen  content  on  silicon  surface  after  plasma  cleaning  due  to  silanol 

generation.31 Alternative plasmas also have been used to enhance subsequent silanization, such as 

hydrogen95 and air plasma.96 There is some indication that deposition results can be independent 

of the activation method used, so the mode of cleaning may be application-dependent.97

Following  surface  cleaning  and  activation,  organosilanes  usually  are  applied  from 

solution  and  occasionally  by  using  alternative  methods,  such  as  spincasting.98 However,  a 

growing body of literature suggests that vapor-phase deposition of organosilanes has substantial 

benefits over solution deposition.

1.1.5 Vapor-Phase Processing with Organosilanes

Following the advancements in moving from silane deposition from the solution/air interface to 

assembly from solution, vapor-phase deposition of organosilanes began to be explored in the 

1990’s.99 Just as solution deposition has several advantages over the Langmuir-Blodgett (LB) 

technique,  vapor-phase  deposition  is  advantageous  over  solution-phase  processing.  Its 

advantages include increased reproducibility,29 improved coverage,100,101 reduced aggregation,93,102 

moisture  control  by  utilizing  vacuum,  reduced surface  roughness,103 lower  reagent  usage  by 

avoiding excessive solvent, and wafer level scalability.104,105

 Vapor-phase deposition is a long-standing technique for adhesion promotion in resist 

spin-coating,  primarily  with  hexamethyldisalazane  (HMDS).106 Alkoxysilanes  also  have  been 

used  in  chemical  vapor  deposition  (CVD)  apparati  since  1985.107 A vapor  deposition  of  a 

perfluorosilane,  such  as  [tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane  (TFOCS)],  is 
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often a preliminary step for PDMS mold release from silicon oxide surfaces.108 The deposition 

process is similar once contact with the surface has been made by the gas-phase organosilane. 

Organosilanes become volatile as their vapor pressure is increased,109 typically by treatment with 

heat and vacuum. The reagent then diffuses from the neat solution to the surface, contacts a 

surface hydration layer,  and reacts with the surface.  This bulk diffusion regime can result  in 

increased  deposition  times  for  vapor-phase  deposition,110 up  to  24  h  reported  for  n-

octadecyltrichlorosilane (OTS). The compatibility with manufacturing processes and the ease of 

preparation  of  biofunctional  surface  coatings  spurs  continuous  development  in  vapor-phase 

deposition applications, such as click chemistry-ready surfaces.111

Recent literature has shown that very high thermal stability can be achieved (425 and 500 

°C) with chlorosilanes TFOCS and dimethyldichlorosilane (DDMS), respectively. In addition, 

reduced coating aggregation and surface roughness on a clean silicon surfaces was obtained in 

these  examples.112 Reduced  aggregation  is  a  particularly  attractive  feature  of  vapor-phase 

deposition as stringent anhydrous conditions usually are required in solution-phase depositions. 

Optimizing vapor-phase deposition is required to reduce the small amount of agglomerates that 

can  occur.  Diebold  and  Clarke  have  outlined  four  routes  for  agglomerate-free  vapor-phase 

deposition:

1. dry environment, 
2. short deposition time, 
3. lower deposition temperature, and 
4. monofunctional silane coupling agents101

As with solution-phase deposition, the amount of surface hydration is important as it has been 

shown that  there  is  an  optimum hydration  state  for  fluorosilane  deposition  from the  vapor 

phase.113 The  surface  layer,  shown  in  Figure  1.10,  indicates  that  even  in  the  vapor  phase, 
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aggregation can occur  in  the atmosphere.  This can be mitigated by utilizing a perfectly  dry 

atmosphere, which is impractical, or by the addition of a barrier layer.101 It has been shown that 

water  is  necessary  to  ensure  hydrolysis  of  side  groups  in  the  case  of  alkoxysilanes,  as 

demonstrated by introducing water vapor into the deposition chamber using known amounts of 

magnesium heptahydrate.114 

Figure  1.10: (a)  Schematic  of  an  idealized  vapor  deposition  process.  (b)  Realistic  vapor  deposition  in  which 
agglomeration occurs before binding to the surface. (c) Realistic vapor deposition with an oil barrier layer showing  
agglomerates diffusing slowly through the barrier layer relative to individual SCA molecules.  An example of a  
trifunctional  silane coupling molecule is depicted, with the binding groups highlighted in blue and the R group 
shown as a linear alkane chain. Reprinted with permission from reference 101. Copyright 2012 American Chemical 
Society.

1.2 Lithography with Organosilanes

Patterning  self-assembled  monolayers  has  been  a  long-standing  pursuit  of  SAM 

research,22,115 and the methods are diverse as shown in Table 1.1. Patterned organosilanes are 

particularly attractive for biological applications such as cellular adhesion promotion,116,117 which 

couple the effectiveness of using optically  transparent  surfaces,  and integration with silicon-

based  semiconductor  manufacturing  processes.  There  are  many  different  methodologies  for 

patterning organosilanes; and they are a focus of excellent reviews.17,118–120
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Each method of patterning has a host of advantages and disadvantages. Here, I will focus 

on  introducing  the  major  lithographic  techniques  that  have  special  relevance  to  the 

semiconductor industry and manufacture of micro- and nano-arrays; these are photolithography 

and electron beam lithography. 

Table 1.1: Snapshot of methods for patterning self assembled monolayers. List adapted from table in reference 118 
with permission. Copyright 2010 American Chemical Society.

Microcontact Printing Ink-Jet Printing Electron-Beam Lithography 

Nanotransfer Printing Topographically Directed 
Assembly 

Chemically Specific Laser 
Patterning of SAMs  

Microfluidic Patterning Orthogonal Self Assembly Directed Self-Assembly

Area Selective Atomic Layer 
Deposition 

Scanning Tunneling Microscope 
(STM) 

Atomic Beam Lithography 

Microdisplacement Printing Nanoimprint Lithography X-Ray Lithography 

Microcontact Insertion Printing Molecular Ruler Method Photolithography

Multilayer Transfer Printing Lithography Assisted Chemical 
Patterning 

Laser Interference Lithography

Dip Pen Nanolithography Electron Beam Chemical 
Nanolithography 

Tapping Mode AFM 
Nanolithography

Nanografting Nanoshaving Direct Laser Patterning (DLP) 

1.2.1 Photolithography of Organosilanes

Early patterning of functional organosilanes took place with masked UV light.121 Shown 

in Figure 1.11 is a general scheme for the process of photolithography. An optical mask is placed 

in front of a UV light source, which selectively allows UV light to irradiate the surface at defined 

locations. The surface would have been coated in a photosensitive resist, or photoresist, which 

depending on its tone, will be removed or left behind following post-exposure development. The 

resist is then used as an etch mask with wet or dry methods.
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addressable locations for fast readouts. However, the drive towards higher information density 

with  patterned  organosilane  applications  faces  the  limitations  of  optical  lithography.  Newer 

semiconductor  manufacturing  processes  such  as  extreme  ultraviolet  (EUV)  which  uses 

wavelengths  down to  13  nm,  enable  extremely  small  scale  patterning;140 however,  cost  and 

access  are  likely  barriers  to  entry  for  research-level  application.  Photolithography  is  an 

accessible  patterning  methodology  for  research  groups  to  examine  the  potential  of  array 

fabrication  methods.  However,  with  the  growth  of  user-trained  facilities,  higher  resolution 

techniques  (such  as  electron  beam  lithography)  are  also  being  explored  for  their  utility  in 

patterning organosilanes.

1.2.2 Electron Beam Lithography of Organosilanes

Electron  beam lithography (EBL)  is  a  maskless  ,or  direct-write,  technique  to  pattern 

surfaces. Shown in Figure 1.14 is the general route for nanofabrication with EBL. An electron 

beam lithography systems consists of an electron source, a series of magnetic lenses for focusing 

and shifting the beam, and a means of beam blanking. The highly collimated beam of electrons is 

focused onto the surface, at which point the energetic electrons interact with the surface and 

electron beam resist; the beam is rastered in the desired pattern. Figure 1.14 indicates the two 

tones of electron beam lithography, positive and negative. 

Some of the earliest  usage of electron beam lithography with organosilanes relied on 

ablation or damage of a homogeneous octadecyltrichlorosilane layer,141 which was demonstrated 

in the early 90’s using monolayers deposited from solution.142–144 These were the first examples 
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organosilanes such as aminosilanes.151 The method was used for electrostatic self-assembly of 

gold  nanoparticles.  Carbon  nanotubes  could  also  be  assembled  in  this  way  after  depositing 

aminosilanes through a PMMA based mask.152 Vapor deposition has a clear  advantage when 

combined with electron beam lithography resists, that is, the avoidance of solvent which would 

normally dissolve electron beam resists. It was shown by Nysten  et al. that after exposure to 

EBL, PMMA masks could used for patterning a variety of organosilanes from the vapor phase; 

following  mask  removal,  subsequent  silanizations  could  take  place  to  achieve  contrasting 

functionality (See Figure 1.15).153

Figure 1.15: Lateral force AFM images of binary patterning of chloro- and alkoxysilanes through a PMMA mask.  
Schematic representation on the right.  Reprinted with permission from reference  153(adapted).  Copyright 2004 
American Chemical Society.

Many array-based technologies have been explored using positive tone patterning with 

gold as anchors after physical vapor deposition of gold through PMMA masks.154,155 By using 

organosilanes instead of depositing gold, functional groups can be coupled directly to an oxide 

surface. The extensive variety of organosilane functional groups available makes vapor-phase 

deposition  of  organosilanes  amenable  to  applications  in  gene  array  technologies  where 
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addressible reactivity is useful. One interesting application is guided assembly of DNA origami 

nanostructures by exposing PMMA and utilizing an aminosilane, as shown in Figure 1.16. This 

“molecular liftoff” methodology is becoming used more often; the approach is used for a variety 

of applications after DNA structure attachment.156

Figure 1.16: Schematic  representation of  positive  tone  molecular  liftoff  technique  for  depositing  aminosilanes 
through EBL patterned PMMA masks. Then, PMMA is removed and DNA origami structures can be assembled on a 
patterned organosilane film. Reprinted with permission from reference 156. Copyright 2014 American Chemical 
Society.

It is possible also to pattern organosilanes using a negative tone patterning scheme with 

resists, such as hydrogen silsesquioxane (HSQ) following piranha cleaning (5 min) and oxygen 

plasma exposure (3 min). HSQ has been reported to contain surface silanol groups, which can be 

used for organosilane coupling;157 an example is shown in Figure 1.17. Following HSQ exposure 

and development, patterns of SiOx presenting reactive -OH groups are functionalized with an 

aminosilane.  This  array  can  go  on  to  be  used  to  anchor  biomolecules,  in  this  case  DNA 

origami.158

There  are  a  variety  of  lithographic  approaches  that  can  be  taken  with  both 

photolithography and electron  beam lithography by varying resist  materials,  mask materials, 

surfaces, and organosilanes.
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Figure  1.17: Schematic  representation  of  negative  tone  patterning  technique  using  EBL  patterned  HSQ. 
Aminosilane is functionalized on patterned SiOx features, which are utilized for DNA origami assembly. Reprinted 
with permission from reference 158. Copyright 2012 American Chemical Society.

1.3 Scope and Thesis Statement

This section outlines the thesis statement of the research conducted. The scope for each 

chapter is provided.

1.3.1 Thesis Statement

Semiconductor tools and techniques which use electron beam lithography are an effective  
means to develop methods for patterning organosilanes on silicon and silica surfaces  
with arbitrary geometries and high resolution. 

1.3.2 Chapter 1 Scope 

Chapter 1 provides an overview of organosilanes, detailing some of the rich history of 

organosilane self-assembled monolayer development and exploration. The chapter provides the 

historical context for organosilane assembly, surface reactions, and introduces the reader to the 

techniques of self-assembly. It highlights vapor-phase processing and introduces the concepts of 

lithography and patterning organosilanes to allow nanoscale design of functional surfaces.
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1.3.3 Chapter 2 Scope

Chapter 2 discusses the interaction between vapor-phase deposition of aminosilanes and 

commonly used EBL resists. The combination of the two are optimized to produce nanoscale 

arrays  of  aminoalkoxysilanes  used  for  electrostatic  self-assembly  of  gold  nanoparticles.  The 

nanoparticles are used also as imaging fiducials to evaluate interactions between organosilanes 

and resist types. A version of this chapter has been published in Langmuir.159

1.3.4 Chapter 3 Scope

This  chapter  details  the  application  of  organosilane  deposition  to  intentionally  form 

condensation structures.  To my knowledge, this  is  the first  report  of these structures created 

using EBL and attempted control over their deposition characteristics. The work in this chapter 

revealed that condensation structures of aminoalkoxysilanes can be created with electron-beam 

lithography guided vapor-phase with controlled dimensions and morphology. 

1.3.6 Chapter 4 Scope

Chapter  4  reports  on  the  results  of  applying  both  positive  tone  and  negative  tone 

lithography approaches to the production of fluorescence nanoarrays using the vapor deposition 

of aminosilanes. This chapter compares these two methods with two fluorophores and describes 

how the array developed could be utilized for super-resolution microscopy application. The work 

confirmed  that EBL-guided  vapor-phase  deposition  of  aminoalkoxysilanes  can  be  used  on 

electrically insulating and optically transparent surfaces for creation of a fluorescent nanoarray. 

Changes in lithographic approach (positive- vs negative- tone  resists)  improved  nonspecific 

background fluorescence. 
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1.3.7 Chapter 5 Scope

Chapter 5 concludes the thesis and introduces future work and preliminary optimization 

attempts to improve the vapor deposition of organosilanes using EBL lithography. Alternative 

methodologies  are  introduced  that  may  help  extend  the  research  discussed  in  the  previous 

chapters.
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2 
Electron Beam Lithography Nanopatterning of 

Aminosilanes from the Vapor Phase: Pattern Selectivity of 
Colloidal Gold Self Assembly 

2.1 Introduction

One of the most heavily used chemical approaches to functionalize metal oxide surfaces relies 

upon activated organosilanes.18,19,29 These molecules contain either chloro- or alkoxysilane groups 

that  condense  with  surface  M-OH groups  to  covalently  bind  through  M-O-Si  bonds.  If  the 

organosilane contains an ω-termination through which further chemistry can take place, such as 

an  amino or  thiol  group,  these surfaces  can  then  be  further  functionalized  to  produce  more 

sophisticated interfaces.18,19,160–169 Aminoproplyalkoxysilanes, which contain a primary amine, are 

workhorse  silanes  due  to  the  propensity  of  these  molecules  to  self-catalyze  the  silica 
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condensation step, and the ease of subsequent coupling of a range of functional groups with the 

amino  group.29,170,171 Aminoproplyalkoxysilanes  have  seen  extensive  use  for  biomedical 

applications, such as interfacing of biomolecules,172 dyes,173,174 nanoparticles175, and antifouling 

agents to metal oxides.176

Many  applications  also  require  precise  nano-  or  microscale  patterning  of  the 

organosilanes  to  the  metal  oxide  surface.  With  respect  to  aminopropylalkoxysilanes,  recent 

examples of patterning strategies include microcontact printing, colloid and DNA origami-based 

lithography,  and  light-driven  deprotection  with  near-field  optical  microscopy.  Microcontact 

printing with PDMS stamps using an aminopropylalkoxysilane ink has been shown to produce 

micron-scale patterns down to a lower limit of ~200 nm.177,178 Aminopropylalkoxysilanes  have 

also been vapor-deposited within the open channels of an overlayed PDMS stamp.179,180 Colloid 

lithography, which uses hexagonal arrays of polystyrene spheres, has been shown to produce 

~100 nm diameter  nanorings  of  condensed  alkoxysilane features  from the  vapor  phase.181–185 

Colloidal lithography is  limited to hexagonal ordering,  circular geometries, and the height is 

defined by the curvature of the latex spheres.181,182,182,186 DNA origami masks have been used to 

produce triangular alkoxysilane features (~ 200 nm), but this interesting approach lacks control 

over long range order or pattern placement.187 Recently, near-field microscopy has been used for 

patterned  deprotection  of  (methoxyheptaethylene  glycol)nitrophenylethoxycarbonyl-protected 

aminopropyltriethoxysilane monolayers, producing 150-200 nm amino-terminated features upon 

illumination using confocal optical techniques.188,189

Over  a  decade  ago,  very  small  nanoscale  features  (~20-25  nm)  were  shown  to  be 

accessible  via  electron  beam  lithography  (EBL)  using  a  thin  sacrificial  resist  mask  of 
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poly(methyl  methacrylate)  (PMMA)  with  a  variety  of  alkoxy-  and  chlorosilanes,  including 

aminopropyloalkoxysilanes.  While  promising,  background  contamination  of  alkoxysilanes  in 

unpatterned  areas  following  lift-off  appeared  to  be  an  issue,  as  suggested  by  atomic  force 

microscopy  (AFM).  Thus,  the  use  of  sacrificial  polymer  resists  for  EBL,  followed  by 

alkoxysilane deposition and complete removal of the resist,  has seen little attention.  EBL is, 

however, of great interest for the preparation of precise patterns of any desired shape, particularly 

in biomedical fields. Examples in which the resist itself is biologically active - a carbohydrate, 

silk,  or  polyethyleneglycol  (PEG)  -  include  patterned  antibody-based  chips,190,191 enzyme 

immobilization,192 surfaces to enable study of cancer cell adhesion,193 among others.153,194,195

The possibility of a general approach to EBL patterning and functionalization using a 

commercially  available  EBL resist  to  enable  area-selective  deposition  of  alkoxysilanes  is  of 

interest since the EBL parameters would not need to be optimized for each new resist material.  

The alkoxysilane, if it has a functionalizable chemical handle such as an amino group, -NH2, 

could  then  be  used  as  a  linker  for  the  given  application.  Background  contamination  is  an 

important  consideration  for  applications  such  as  sensors  where  nonspecific  (background) 

adsorption of analytes may degrade signal to background ratios. In this work we used electron 

beam  lithography  to  pattern  aminopropyloalkoxysilanes  on  silicon  surfaces,  and  varied  the 

choice  of  both  resist  and aminosilanes  to  investigate  how background functionalization  was 

impacted. The degree of background functionalization was evaluated via electrostatic assembly 

of  citrate-capped  Au  nanoparticles  on  these  amino-terminated  surfaces.  We  determined  that 

vapor-phase  deposition  of  aminosilanes  can  permeate  through  poly(methyl  methacrylate) 

(PMMA) resists, leading to undesirable background conjugation.  We found that the resulting 
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uniform in height and area, measuring 2.0 ± 0.6 nm in height (Figure 1d) with no visible pore or 

ring shape like that seen with APTMS (Figure 1c).  The less reactive and sterically hindered 

monofunctional  silane  limits  polymerization  of  the  siloxane  moiety  within  the  confined 

environment of the resist film.153,179 APDIPES should be restricted to forming a monolayer on an 

oxide surface since the molecule has only one reactive ethoxy group, but potential hydrogen 

bonding  to  the  surface  with  the  amine  group  in  an  inverted  orientation  is  a  possibility. 

Aminosilanes have been known to deposit onto silicon surfaces in a variety of orientations,29 

including via hydrogen bonding between the amine hydrogens and surface hydroxyl groups of 

the  native  oxide,  as  well  as  electrostatic  attraction  between the  surface  and/or  neighbouring 

species. 

2.2.3 Gold Colloid Self-Assembly on Aminosilane Nanopatterns.

Although  the  patterns  are  visible  in  the  SEM  micrographs  due  to  sufficient  morphological 

contrast between the patterned alkoxyaminosilane nanostructures and the surface, it is necessary 

to  characterize  the  chemical contrast  of  these  functional  nanopatterns.  We  assume  that  the 

patterned regions are capped with amino functionalities, which should be demonstrated. It has 

been previously shown that negatively charged citrate-capped gold nanoparticles will bind to 

positively charged amine-terminated surfaces.177,199 As such, we utilized gold nanoparticles as 

fiducials for SEM imaging of aminosilane nanopatterns through electrostatic conjugation of the 

particles to the prepared surfaces. Colloidal self-assembly of gold nanoparticles on surfaces is an 

active field of research,200–203 and patterning their assembly is of its own interest for a number of 

applications.204–207 In this work, the background unpatterned areas are still capped with a native 

oxide whose negatively charged Si-O- groups prevent citrate-capped gold nanoparticles from 
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2b). As shown in Figure 2.6 c–d, functionalizing patterned surfaces with APDIPES resulted in 

similar  conjugation  selectivity  to  that  seen  with APTMS. Following immersion  of  patterned 

APDIPES surfaces prepared using both PMMA(950k) and ZEP520A(57k) patterned resists in 

the gold nanoparticle solution, extensive background conjugation was found for PMMA(950k) 

(Figure  2.6 c),  while  minimal  background conjugation  was observed for  the  ZEP520A(57k) 

resist (Figure 2.6 d). Again, a large difference in conjugation selectivity is present between resist 

types (PMMA vs ZEP520A), as measured by the background particle conjugation counts (Table 

1). 

Table 2.1 Density of Conjugated Au Nanoparticles in the Background (Unfunctionalized) Regions of Patterned 
surfaces. Background Particle Densities Marked as  < 1 Particle/µm2 did not have a Statistically Significant Number 
of Particles within the SEM Field of View to be Determined with Greater Precision. Reprinted with permission from 
reference 159. Copyright 2018 American Chemical Society.

Resist Silane Background Particle Density 
(particles/µm2)

PMMA(950k) - Patterned APTMS 177

PMMA(950k) - Unpatterned APTMS 198

PMMA(495k) - Patterned APTMS 198

PMMA(495k) - Unpatterned APTMS 89

ZEP520A(57k) - Patterned APTMS < 1 

ZEP520A(57k) - Unpatterned APTMS < 1 

PMMA(950k) - Patterned APDIPES 419

PMMA(950k) - Unpatterned APDIPES 19

PMMA(495k) - Patterned APDIPES 122

PMMA(495k) - Unpatterned APDIPES < 1 

ZEP520A(57k) - Patterned APDIPES < 1

ZEP520A(57k) - Unpatterned APDIPES < 1 

No Resist APTMS 1328

No Resist APDIPES 1308
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It  is  observed  that  APDIPES samples  have  on  average  a  lower  number  of  conjugated  gold 

nanoparticles  per  circular  templated  feature  than  APTMS  (5  ±  2  compared  to  17  ±  4, 

respectively). This effect may may be due to the presence of fewer amino groups in each circular  

domain, compared to the taller APTMS ring structures that have higher net surface areas. Several 

instances of 1—2 nanoparticles per circular area were noted, as well as a few empty domains 

(zero nanoparticles per templated feature),  and thus there may be potential  to optimize for a 

single  nanoparticle  per  feature  by  varying  the  sizes  of  nanoparticles  (choosing  a  larger 

nanoparticle), or by further reducing the patterned feature size.

2.2.4 Vapor-phase Permeation of Aminosilanes through EBL Resists.

Although both PMMA and ZEP520A form compact films, it is possible that the vapor-phase 

aminosilane molecules diffuse through these films and reach the silicon/resist interface, which 

could explain the high background observed in the case of the PMMA resist.  If  APTMS or 

APDIPES remain at  the silicon surface after resist removal, they will react with unpatterned 

areas  during  rinsing,  leading  to  the  observed  background  gold  nanoparticle  conjugation. 

Therefore, to test if diffusion of vapor-phase silanes was occurring through the full thickness of 

the films, we prepared unpatterned (no EBL exposure) films of each resist, and then exposed the 

films  to  alkoxysilane  vapor  as  per  the  normal  procedures.  After  APTMS  deposition,  resist 

removal and subsequent gold nanoparticle conjugation, it was found that unpatterned PMMA 

resists suffered from substantial quantities of conjugated gold nanoparticle binding (198 particle 

µm2, Figure 2.7 a) while ZEP520A(57k) films exposed to APTMS showed few conjugated gold 

nanoparticles (~0.1 particle/µm2, Figure 2.7 b).
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Figure  2.7,  except  the  final  particle  conjugation  step  was  not  performed.  Detection  of 

aminosilane  molecules  on  the  silicon  surfaces  was  carried  out  by  analyzing the  N(1s)  XPS 

spectra. Figure 2.9 a shows two peaks (at 400.9 and 402.8 eV) for a sample of silicon that was  

only  treated  with  with  APTMS  vapor,  and  no  resist.  The  peak  at  402.8  eV is  assigned  to 

protonated  APTMS,  and  the  peak  at  400.9  eV  is  assigned  to  non-protonated  APTMS.209 

Similarly, in Figure 2.10 b, the fitted components are shown for the APDIPES on silicon surface 

(again,  no  resist),  with  the  higher  binding  energy  peak  corresponding  to  the  presence  of 

protonated amine. Comparison of the N(1s) spectra of APTMS and APDIPES samples reveals 

that there is roughly twice as much total signal from the APTMS layer, which is expected due to 

the higher propensity of APTMS to polymerize. 

From the XPS signal in Figure 2.9 b we can conclude that nitrogen is present on the 

silicon surface after vapor deposition of APTMS through unpatterned PMMA(950k). These data 

suggest that for the PMMA(950k) resist, APTMS can diffuse through the thickness of the film 

and reach the silicon/resist interface. Conversely, there is no detectable nitrogen remaining on the 

surface of the silicon after  APTMS vapor deposition through ZEP520A(57k) (Figure 2.9 c). 

Analogous  results  were  found for  vapor  deposition  of  APDIPES through PMMA(950k)  and 

ZEP520A(57k) (Figure 2.10). 

While  little  work has  been done examining organosilane/resist  interactions,  there  has 

been some previous experimental work about water adsorption by polymer thin films. PMMA 

films have been known to absorb water, and they have been used as the basis for capacitance 

type  humidity  sensors.210 PMMA films  have  been  shown  to  hydrogen  bond  with  water  in 

molecular dynamics studies,211 and it has been suggested that hydrogen bonding is a major factor 
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2.2.5 PMMA and ZEP520A: Understanding Differences in Background 

Functionalization with APTMS.

Given  the  stark  contrast  in  background  conjugation  of  Au  nanoparticles  after  vapor-phase 

deposition of aminosilanes through a PMMA or ZEP520A resist, we sought to understand the 

origin  of  these  differences.  Although  there  is  a  strong  correlation  between  background 

conjugation of gold nanoparticles and alkoxyaminosilane surface concentrations at the silicon 

surface after vapor deposition through unpatterned resists,(as measured by XPS), other possible 

mechanisms by which the Au nanoparticles would bind to the background regions should be 

considered. When using solvent-based methods for resist removal, there will typically be a very 

thin layer of residual resist left on the surface, often referred to as scum.213 It is possible that this 

residual  resist,  the  scum,  is  playing  a  role.  To  test  this  possibility,  additional  nanoparticle 

conjugation  controls  were  prepared  for  resist-only  samples.  Unpatterned  surfaces  of 

PMMA(950k)  and  ZEP520A(57k)  were  subjected  to  all  deposition  conditions,  with  the 

exception of exposure to the alkoxyaminosilane. The resists were removed and the surfaces were 

immersed in a gold nanoparticle solution. Figure 2.11 indicates these samples did not result in 

measurable  nanoparticle  conjugation after  the  resists  were  been removed (~ 1 particle/µm2). 

These  results  clearly  indicate  that  the  residual  resist  does  not  contribute  binding  of  gold 

nanoparticles to the surface. Therefore, the alkoxyaminosilanes are responsible for the observed 

gold nanoparticle conjugation.

Another  important  factor  differentiating  PMMA(950k)  and  ZEP520A(57k)  is  their 

significant difference in molecular weights. As previously shown by Turner,214 low molecular 

weight  PMMA was found to have a  smaller  water  diffusion coefficient  than high molecular 
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silicon surface after removal of the ZEP resist. These observed differences must be related to the 

chemical composition of each resist. While PMMA contains repeat units of methylmethacrylate 

groups, ZEP520A is a copolymer of methyl styrene and chloromethyl acrylate (Scheme 2). The 

increased  hydrophobicity  of  ZEP520A  may  reduce  the  diffusion  of  these  very  polar 

alkoxyaminosilane  molecules  in  ZEP520A. However,  there is  only  a  small  difference  in  the 

measured water contact angle of PMMA(950k) (70 ± 2°) and ZEP520A(57k) (76 ± 0.8°) films, 

making it unlikely that any differences in hydrophobicity would be sufficient to account for the 

observed differences in background reactivity. Moreover, if differences in diffusion coefficients 

were primarily responsible for the differences in background conjugation densities, this would 

require  the  diffusion  coefficient  of  APTMS  in  PMMA(950k)  to  be  ~108 greater  than 

ZEP520A(57k)  (assuming  that  the  diffusion  distance  is  given  by  √D ),  given  that  the 

background conjugation density of PMMA(950k) is ~104 times greater than ZEP520A(57k). 

SEM inspection of the silicon surfaces after resist removal shows distinct morphological 

differences  between  PMMA(950k)  and  ZEP520A(57k)  (Figure  2.11).  Specifically,  for 

PMMA(950k) there is a patchy morphology of what appears to be residual film (bright regions) 

with a high density of holes (dark regions). Conversely, for ZEP520A(57k) there is very little  

contrast variation across the image. This suggests that there is significantly more residual resist 

remaining from the the PMMA(950k) film than ZEP520A(57k) (Figure 2.11). If the standard 

solvent removal of PMMA is less efficacious than for ZEP520A, alkoxyaminosilane absorbed 

within the PMMA could then react with the silicon, accounting for the observed differences in 

background gold nanoparticle conjugation. Indeed, ZEP520A has been reported to adhere only 

weakly to clean native oxide-capped silicon surfaces.215 Assuming that APTMS or APDIPES 
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present following solvent removal would be partially embedded in the resist,  improved resist 

removal could also improve removal of these groups near the silicon/resist interface. Although 

the SEM images suggest a greater degree of residual resist from the PMMA films, quantitatively 

assessing  these  differences  via  SEM  imaging  of  potentially  nanometer-thick  layers  is 

challenging. To this end, we employed contact angle measurements to determine differences in 

surface energy parameters of bare silicon (with native oxide), silicon after PMMA(950k) film 

removal and silicon after ZEP520A(57k) film removal. Surfaces of residual resist were prepared 

consisting of silicon <100> on which resists had been prepared, and then removed following a 

faux deposition with no alkoxyaminosilane present.

To determine surface energy components, the Young–Dupré equation for polar systems 

is: 

(2.1)

where γ L
Tot is the total interfacial energy, θ  is the contact angle of the probe liquid against 

solid surface S, γ LW is the Lifshitz–Van der Waal component, γ+  and γ- are the Lewis acid and 

base components of the surface (S) and probe liquid (L), respectively. Therefore, by measuring 

the contact angle of a surface with a minimum of three well characterized probe liquids, one can 

determine the individual surface energy components for an unknown surface. The probe liquids 

used  here  were  water,  diiodomethane,  formamide,  and  ethylene  glycol,  as  described  in  the 

experimental section.
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Table 2.2 summarizes the surface energy components quantified for each surface. Having 

determined the surface energy components of native oxide-capped silicon, PMMA(950k), and 

ZEP520A(57k), we can use these values as comparative baselines for the silicon surfaces that 

have  had the  resist  removed.  Native  oxide-capped silicon is  found to have  the highest  total 

surface energy of 51 mJ/m2, and donicity (Lewis base component) of 57 mJ/m2. PMMA(950k) 

and  ZEP520A(57k)  films  have  slightly  lower  total  surface  energies  (39  and  45  mJ/m2, 

respectively)  but  significantly  lower  donicities  (14  and  7  mJ/m2,  respectively).  With  these 

distinctions in mind, we can see that the silicon surface after ZEP520A(57k) removal is very 

similar to the native silicon oxide, as it has both similar surface energy, 50 mJ/m2, and donicity of 

50 mJ/m2. The results suggest that there is very little residual resist left on the surface, or we 

would  have  expected  to  see  a  much lower  donicity,  similar  to  that  of  pure  ZEP520A(57k). 

Conversely, for the silicon surface after PMMA(950k) removal, we see a slight decrease in total 

surface energy 45 mJ/m2 and significant drop in donicity to 23 mJ/m2. In agreement with SEM 

observations, these results also suggest that there is significant residual resist left on the silicon 

surface after PMMA(950k) removal.  

Lastly, it is noted that our choice of dichloroethane as a solvent to remove PMMA was 

motivated by work done Bernstein and co-workers,216 who found that this was the best solvent 

for PMMA, when compared to dichloromethane and acetone. However, from our analysis there 

may be more effective solvents available for PMMA removal. For ZEP520A(57k), removal in 

N,N-dimethylacetamide appears to minimize background residue remaining after soaking and 

sonication, as inspected by SEM and per contact angle determination. 

Table 2.2 Measured Surface Energy Parameters of Different Surfaces Investigated in this Work. Reprinted with 
permission from reference 159. Copyright 2018 American Chemical Society.
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In summary, several reasons for nonspecific conjugation were investigated, and it was 

found  that  halving  the  molecular  weight  of  the  PMMA resist  did  not  reduce  the  observed 

nonspecific conjugation of gold nanoparticles. Differences in APTMS diffusion coefficients in 

PMMA(950k) and ZEP520A(57) were also unlikely to be the culprit, as a ratio of ~108 would be 

required. However, through SEM investigation and contact angle measurements, it was shown 

that solvent removal of the PMMA resulted in a large amount of resist scum, which would leave 

embedded aminosilanes on the surface. Conversely, solvent removal of the ZEP520A left the 

surface in a pristine state, similar to that of native silicon dioxide.

2.2.6 Patterning of Au Nanoparticles using APDIPES and ZEP520A.

We were able to pattern sub-100 nm lines, arrays of small particle clusters, and geometric shapes 

by patterning APDIPES through ZEP520A(57k) masks. Patterns with extremely low nonspecific 

binding were produced, simply using the native oxide for charge repulsion in lieu of a second 

passivation step (Figure 6). Figure 6a indicates lines consisting of ~2 gold nanoparticles-wide. 

The small clusters obtained in the square dot array arrangement are attractive as gold nanodots 
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separation distance between Fresnel pattern lines. d) 650 nm base width triangle. Reprinted with permission from 
reference 159. Copyright 2018 American Chemical Society.

2.3 Conclusions

The results  in this chapter demonstrate that standard positive-tone electron beam lithography 

resists can be used as masks to guide vapor-phase deposition of aminoalkoxysilanes, however 

this is not broadly applicable. ZEP520A is growing in use however PMMA is still the dominant 

EBL resist  of  choice.  This  chapter  has  shown that  resist  selection  did  improve non-specific 

deposition.  PMMA is  a  well  characterized  resist,  and  many  recipes  exist  for  working  with 

PMMA.218 We have, however, highlighted the potential impact of more subtle issues associated 

with working with PMMA that do not appear to be in play with ZEP520A. Specifically, if the 

EBL resist is to be used as a mask for vapour phase patterning of any functional molecule, it is  

not only the patterned locations that need to be considered, but unpatterned background areas as 

well.  Ideally,  the  unexposed (unpatterned)  portions  of  the  resist  mask should  be  completely 

removable, for potential backfill with another coupling or passivation agent, or for use as the 

native  surface.  The  ideal  scenario  would  be  to  preserve  both  chemical  reactivity  of  the 

organosilane  in  question,  and  remove  all  residual  resist  in  unpatterned  areas,  leaving  a 

background of near pristine surface.

This  work  has  highlighted  the  impact  of  resist  choice  when  patterning 

alkoxyaminosilanes from the vapor-phase for further functionalization.  Our data suggest  that 

APTMS vapor is able to diffuse through EBL resist films of PMMA, and that this contamination 

can have dramatic effects  on background functionalization.  With potential  sensor or imaging 

applications,  this  effect  would  lead  to  a  large  increase  in  background  noise.  By  utilizing 
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ZEP520A(57k)  as  the  resist,  however,  one  can  greatly  reduce  background  functionalization, 

opening up avenues for more advanced and sensitive design. Low background levels of silane 

deposition, as quantified through determination of the density of conjugated gold nanoparticles, 

were  consistently  observed  with  the  ZEP520A  resist.  With  PMMA,  however,  only  the 

combination of the APDIPES silane and a lower molecular weight PMMA resist was successful. 

In the context of self-assembly of domains of colloidal gold, the self-assembly of clusters 

of  gold  nanoparticles  with  virtually  zero  nonspecific  conjugation  by  using  a  ZEP520A(57k) 

resist  and  a  simple  immersion  deposition  protocol.  The  combination  of  APDIPES  and 

ZEP520A(57k) shows great potential in patterned colloidal self-assembly of negatively charged 

nanoparticles on silicon surfaces, moving towards single nanoparticle localization at wafer scale.

2.4 Experimental

2.4.1 EBL Mask Fabrication

Three commercial positive tone EBL resists were compared for this study: PMMA (950k and 

495  k  molecular  weight,  MicroChem  Corp)  and  57k  molecular  weight  ZEP520A (Zenon 

Chemicals). PMMA(950k), PMMA(495k), and ZEP520A(57k) resists were spin-coated (Brewer 

Cee Spinner) to thicknesses of 148 nm, 141 nm, and 147 nm, respectively, as measured by white 

light  interferometry  (Filmetrics  F20).  Resist  films  were  inspected  in  an  inverted  brightfield 

microscope (Leitz Ergolux). All resists were subjected to a pre-exposure bake of 30 s at 180 °C. 

Electron beam exposure was performed on a Raith 150-Two EBL system. Single pixel dot-shot 

features were created at a 30 keV accelerating voltage and a 22 pA beam current. Alignment 

mark features were created at  30 keV with a 1396 pA beam current.  This high dose regime 
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created negative tone behavior for the alignment features in the resists,219 which aids in later 

characterization  steps.  Mask  characterization  was  carried  out  to  confirm  effective  clearance 

doses  as  well  as  initial  mask  dimensions.  Single  pixel  dot  features  were  varied  in  dose 

systematically  to  determine  effective  clearance  doses  ranging  from  0.1  to  12  fC/dot. 

Concurrently,  this  also varies  the size of  the  features,  where  the  smallest  dot  mask features 

utilized measured 30 nm in diameter. Post-exposure development of PMMA was performed with 

with methyl isobutyl ketone (MIBk) and isopropyl alcohol (IPA) in a 1:3 ratio for 90 s with 

gentle agitation, followed by rinsing for 20 s in IPA. ZEP520A(57k) was developed in ZEDN50 

(Zenon) developer for 3 min, followed by a 30 s rinse in MIBk. Samples were blow dried with a  

stream of N2. Patterned surfaces were stored in a class 10 cleanroom (~40% relative humidity) 

until use. Residual resist removal (descuming) was performed in an RIE oxygen plasma (Trion) 

immediately before use at 200 mTorr and 40 W for 30 s. Oxygen descumming is a commonly 

used nanofabrication technique to remove residual resist at the bottom of features.213,220,221 This 

step reduced the thickness of the PMMA film to 84 nm and the ZEP film thickness to 110 nm. 

ZEP resists were etched less in the descum step as this resist is more dry-etch resistant than 

PMMA.222 After descum, features with adequate film clearance were created in the dose range of 

0.5 fC/dot to 12 fC/dot for ZEP520A(57k), and from 4 fC/dot to 12 fC/dot for both PMMA 

resists.

2.4.2 Vapor-phase Deposition

The vapor-phase deposition protocol was inspired by work completed by Elshof  et al. (Figure 

2.14).179 To ensure an atmosphere saturated with the alkoxyaminosilane of interest, 100 μL of 
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neat alkoxyaminosilane was pipetted into a glass vial and placed in the center of the desiccator. 

surfaces  were  placed  on  a  ceramic  tray  inside  the  desiccator  equidistant  from the  vial.  3-

aminopropyltrimethoxysilane (APTMS, Gelest Inc.) and 3-aminopropyldiisopropylethoxysilane 

(APDIPES, Gelest Inc.) were used as received. The desiccator was pumped down to 1 Torr and 

placed in an oven at 80 °C for 18 h overnight. Deposition conditions were held constant for both 

the APTMS and APDIPES silanes. Deposition times vary widely in literature depending on the 

apparatus used,100,114,196,223,224 but in general, deposition and curing at elevated temperatures tend to 

lead to more robust (stable) monolayers.225 The glass transition temperature of the resists is a 

critical  consideration,  particularly  with smaller  features,  and thus  deposition was carried  out 

below the Tg at 80 °C (PMMA and ZEP Tg = 105 °C). The desiccator was then removed from the 

oven and allowed to cool to room temperature. The PMMA masks were removed by soaking for 

30  min  in  dichloroethane  (Sigma),216 and  then  sonicated  for  10  min.  ZEP520A masks  were 

dissolved by soaking in N,N-dimethylacetamide (DMAC, Sigma) for 30 min and then sonicated 

for 10 min. All samples were removed from solvent and then rinsed with a copious flow of Milli-

Q water (18 MΩ cm) and IPA successively before drying in a nitrogen stream. ᐧ

2.4.3 Gold Nanoparticle Conjugation

Citrate-capped  gold  nanoparticles  (14  ±  1.8  nm)  were  synthesized  following  the  Turkevich 

method.226,227 Briefly, 2 mL of 0.5 mM HAuCl4 was heated to boiling (100 °C). Upon boiling, 100 

µL of preheated citrate solution (1% w/v Na3C6H5O7) was injected. The solution remained under 

heat for 5 min, then was removed and allowed to cool to room temperature before use. Silicon 

surfaces were placed in freshly prepared nanoparticle solution (pH 8.3) with gentle agitation for 
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48 h. Rinsing was performed with Milli-q water. Sonication rinsing was completed with 10 min 

in IPA followed by 10 min in water and then blow dried in a nitrogen stream. The background 

particle density counts of patterned chips were obtained by first removing the e-beam patterns 

through Fourier filtering followed by particle detection using Otsu's Method. Briefly, the well 

defined  periodic  features  from  the  square  mask  arrays  were  filtered  by  masking  out 

corresponding lattice spots in the 2D Fourier transform the original SEM image. This masked 

Fourier transform is then returned to real space via inverse Fourier transformation, giving an 

image with only background particles. This number of particles in the resulting image were then 

counted using Otsu's method. Background particle densities are in Table 1. 

2.4.4 Characterization

Contact angle measurements were carried out using a First Ten Angstroms FTA200 goniometer. 

Contact  angles  were  collected  using  the  sessile  drop  method  with  water,  diiodomethane, 

formamide, and ethylene glycol as probe liquids. Each drop was allowed to equilibrate until a 

stable contact angle was reached (~15 s). From these measured contact angles the mean and 

standard deviation were calculated for each surface.  A Monte Carlo method of non-negative 

least-squares was used to determine the surface energy components from these values.228 XPS 

experiments were performed using a Kratos Axis spectrometer with monochromatized Al Kα (hν 

= 1486.71 eV). 
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The  spectrometer  binding-energy  scale  was  calibrated  to  the  Au(4f7/2)  line  (84.0  eV),  with 

reference to the Fermi level. The base pressure of the analysis chamber during experiments was 

better than 5×10-10 Torr. A hemispherical electron-energy analyzer working at a pass energy of 20 

eV was  used  to  collect  core-level  spectra  while  survey  spectrum within  a  range  of  binding 

energies from 0 to 1100 eV was collected at an analyzer pass energy of 160 eV. Charging effects 

were corrected by calibrating to the C(1s) peak at 284.8 eV. All height profiles were acquired 

using  tapping  mode  atomic  force  microscopy  (AFM)  with  a  Digital  Instruments/Veeco 

multimode  atomic  force  microscope.  Collected  data  were  analyzed  using  the  open  source 

software Gwyddion.229 Scanning electron microscope (SEM) images were taken using a Hitachi 

S4800 SEM at accelerating voltages of 15-30 keV and a Zeiss Sigma FESEM at 5-30 keV. All 

SEM micrographs were processed in Gwyddion and Fijji.230 

2.4.5 Surface and Sample Preparation

Boron doped, p-type Silicon <100>  with a resistivity less 0.005 Ω·cm wafers were cut into 1 cm 

× 1 cm squares with a dicing saw (Disco DAD 321). Diced silicon wafers were cleaned using 

piranha solution [3:1 v/v sulfuric acid (96%)/hydrogen peroxide (30%)]. [CAUTION PIRANHA 

REACTS  VIOLENTLY WITH  ORGANICS  AND  SHOULD  NOT  BE  DONE  WITHOUT 

PROPER  SAFETY  PRECAUTIONS].  surfaces  and  samples  were  immersed  in  a  piranha 

solution for 15 min, rinsed with DI water, and dried in a stream of nitrogen.
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3 
Aminosilane Nanostructures Formed by Vapor-Phase 
Directed Self Assembly as Trench and Hole Spacers 

3.1 Introduction

The nanostructures in this chapter were an unexpected but exciting avenue for my research, and 

are the focal point of this chapter. As shown in chapter 2, Figure 2.4, we observed that after 

vapor-deposition  of  3-aminopropyltrimethoxysilane  (APTMS)  through  EBL-patterned  resists, 

free-standing condensation  structures  of  APTMS were  formed which  were  conformal  to  the 

initial deposition mask. 

The deposition process and results described in this chapter are promising in the context 

for density multiplication in semiconductor manufacturing. To date, there is no reference to the 

features in this chapter being made intentionally utilizing any standard form of lithography such 

as photolithography or electron beam lithography. Therefore, we propose these structures are of 
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interest to the semiconductor industry, particularly for density doubling processes known as self-

aligned double patterning, as well as another suite of processes known as contact shrink. These 

industrial  processes rely on deposited sacrificial  materials,  including SiOx,  in order to shrink 

pattern  dimensions  beyond  what  is  achievable  with  only  one  patterning  step.  This  chapter 

describes  the  work  assessing  that  these  condensation  features  can  be  made  in  a  controlled 

fashion.  The chapter  compares analogous work in  the literature,  which provides  mechanistic 

insight  and  concludes  with  a  focused  description  of  its  relevance  to  semiconductor 

manufacturing processes. 

The structures are revealed after removing the resist templates in organic solvent, leaving 

the features intact on the surface. Similar to the silane deposition processes used in chapter 2 and 

4 of this thesis, this work used vapor-phase deposition of APTMS through patterned EBL resists 

(Figure 3.1). A PMMA(950k) or ZEP520A resist was patterned by EBL producing an array of 

holes or trenches (lines which expose the surface). This template was exposed to aminosilane 

vapor as shown in Figure 3.1. This approach was similar to chapter 2 except in this case, gold 

nanoparticles were not conjugated to the surface. It differs from the protocol in chapter 4 as the 

patterned features of APTMS are not functionalized for the characterization work. APTMS vapor 

that diffused through the open holes or lines in the template reached the surface and depending 

on the template geometry, would result in the formation of high-aspect ratio nanostructures.

65



 

 

 

 

 

 

 

 

 

 

 





 

 

 
 

 

 

 

 





 

 

 
 

 

 

 

 

 

 



resulting  spheres.  Next,  the  maximum  aspect  ratio  for  these  features  was  investigated.  By 

varying the resist template height, the feature height could reach a maximum of 165 nm for dot 

features  that  were  templated  in  a  274-nm  thick  resist.  This  feature  height  was  difficult  to 

reproduce, but consistency was obtained by using a nominal resist thickness of 200 nm. This 

thickness resulted in ring heights of 150 nm, as shown in Figure 3.6.

Figure 3.6: Height of SiOx hole spacers as a function initial template height before removal. Above 200 nm thick 
resists, hole spacers were prone to breakage, thus 200 nm resists were settled on as a default resist thickness.

If  combined  with  an  optimized  etching  process  step,  pore  dimensions  potentially  could  be 

transferred  into  a  dielectric  device  layer,  shown  schematically  in  Figure  3.24,  step  5a. 

Interestingly,  sidewall  thickness  appears  to  be  quite  consistent  between  rings,  regardless  of 

lateral dimension, as indicated in Table 3.1. Rings with diameters of 81 nm and 104 nm (Figure 

3.5 a, and 3.5 c, respectively) both have sidewalls measuring 15 ± 2 nm. Rings measuring 54 nm 

in  diameter  have  sidewalls  that  are  13  ±  3  nm thick.  These  spacer  dimensions  result  in  a 

maximum hole diameter shrinkage of 48% in the case of 54 nm-diameter contact holes and 37% 
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Linewidths typically measured 47 ± 3 nm, with apparent sidewalls of 12 ± 1 nm and a gap width 

of 18 ± 2 nm. The smallest linewidths measured this way were 19 ± 2 nm with gap widths of 9 ± 

1 nm. These small lines were prone to defects and collapse due to their small size and therefore 

were not used for further study until growth and control parameters could be established.

Establishing the presence of a central gap was investigated initially by AFM. Samples 

with varied linewidths for the purpose of central gap inspection were coated with 5 nm of Cr for 

charge reduction in subsequent SEM imaging. The widest lines measured had a width of 133 nm 

and a height of 120 nm, shown in Figure 3.9, a and b. The presence of the small reduction in 

height near the top of each feature (Figure 3.9 b) may indicate the presence of a central gap. In  

future  work,  use  of  a  carbon  nanotube  trench  profiling  tip  would  be  advantageous  as  tip 

convolution for these small features is a strong possibility.232 A 3D render of the fins created from 

AFM is shown in Figure 3.9 c.  Next, it was important to investigate the growth kinetics of the 

line structures and whether the formation of a cap or filled morphology had occurred. All initial 

work  on  examining  line  junction  behavior,  hole  behavior,  and  line  spacer  formation  was 

completed with a deposition time of 18 h; the vapor deposition used was as described in chapter 

2. However, it was thought that deposition times likely could be reduced. Short deposition times 

are attractive, as any reduction in overall processing time can translate to substantial cost savings 

with respect to industrial processing. Figure 3.10 shows the change in feature height as a result of 

reducing the deposition time from 18 h to 15 min. From 18 h to 2 h, only a slight reduction was 

found in fin height, from 134 nm to 127 nm, as measured by AFM. Reducing this deposition time 

to 30 min produced 89-nm tall fins while 15 min resulted in 45-nm fins. Deposition times below 

15 min could not be tested as it was found that with a deposition of 15 min, the temperature 
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Figure 3.11 does appear to indicate that the deposition of the line structures follow Langmuir 

kinetics for surface adsorption233 given by:

(3.1)

where  h  is the height of the line structures,  h∞ is the height at infinite time, and  τ is the rate 

constant of the system. This curve was fit using a least squares regression to get best-fit values of 

(h∞, τ) = (132 nm, 30 min), representing the maximum height and half-life to completion. This fit 

should be interpreted with caution, however, as there are only four data points being utilized and 

t = 15 min carries substantial uncertainty due to  temperature fluctuation.

3.2.4 Conformality of Spacers in Alternative Geometries

Template conformality was tested by utilizing alternative geometries. Large squares, circles, and 

triangles,  ranging  from  100  nm  to  1  µm  in  diameter,  were  created  to  examine  how  SiOx 

conformed to these structures. Figure 3.12 shows the results of these tests by top-down SEM 

inspection.  In  general,  shapes  conformed  well  to  initial  template  shape  and  dimensions.  As 

features shrink below ~150 nm in diameter, sharpness is more difficult to maintain in the case of 

triangles and squares  (Figure 3.12,  a,  c,  and d),  and the corners  were seen to adopt  a more 

rounded appearance. The impact of junctions on spacer formation was tested. Figure 3.13 shows 

a single pixel line grid with scaled EBL dose increases in order to simultaneously investigate 

linewidth junctions and intersection size effects. The lines formed a square lattice, as shown in 

Figure 3.13, b and c. Figure 3.13 d appears to indicate that the intersection may be open or  

hollow as a faint second line can be seen following the edge structure, which may be an internal 

sidewall. 
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contact hole spacer formation was tested using the 18 h deposition protocol above. At design 

pitches  of  200 nm, (Figure  3.14,  a  and b)  and 150 nm (Figure 3.14,  c  and d),  hole  spacer  

morphology appears unchanged as the pitch is reduced. At a pitch of 100 nm (Figure 3.14 e and 

f), issues begin to arise. One can see the formation of thin lines bridging the structures. These 

features have been seen before in particle lithography and have been termed “water bridges” 

between features.185 Additionally,  dot placement  begins  to shift  within the lattice,  with some 

features nearly touching one another (Figure 3.14 f, upper right). At this stage, it may be possible 

to remove these bridge structures during a clean or trim step using SiOx plasma etch chemistries 

such as CHF3/O2.  In the case of photolithography double patterning, initial  lithography steps 

could form isolated hole spacers with ease for subsequent etching.  Figure 3.14, g and h, show 

hole spacers at a design density pitch of 75 nm. In this case, there are obvious defects as the 

structures are formed very close to one another. Multiple instances of four dots coming together 

in a “clover leaf” style pattern begin to appear in addition to the continued presence of water 

bridges.  Sections  are  present  where individual  spacers  are  still  attached,  however,  this  pitch 

contains a large number of defects. The clover leaf pattern may be a result of high aspect ratio 

structures  collapsing  towards  each other  due  to  the  surface  tension  of  the  developer  during 

drying.235 The clover shape may also be due to proximity effects of features. In Figure 3.14 g, the 

effect of overexposure is seen as multiple fields are connected to one another, forming large 

bridges between dots. Following development, the individual holes in the mask are no longer 

separated at these overexposed regions, causing APTMS to deposit in these connected regions as 

well.

80



 
 



3.2.6 Pitch Limitations in Trench Spacers

Despite uncertainty regarding multiplication potential of the fin structures, it was still important 

to test pitch limitations of the line features formed. As negative tone high density features of 

silica  regularly  are  made  with  hydrogensilsesquioxane  based  resists,  this  method  may  be  a 

complementary approach to achieve similar features using a positive tone resist. HSQ has been 

utilized to form mandrels;236 if  the structures are controlled to have a filled morphology, this 

technique may also be a way to form mandrels rather than spacers. Figure 3.15 shows a set of 

helium ion images examining different pitches of lines created. Pitches tested were 500 nm, 200 

nm, 100 nm, 90 nm, 80 nm, 70 nm, 60 nm, and 50 nm.

The top-down view of line pitches 500 nm (a), 200 nm (b), 100 nm (c), and 90 nm (d) 

were stable across their dosefield, and features were free of major defects and collapse. Spacer 

defects begin to appear at an 80-nm pitch (Figure 3.15) with large deviations in apparent width, 

which are likely to result from the collapse of high aspect ratio structures. At 134 nm in height,  

these structures have an aspect ratio of 3.1 : 1. Fragility may be an issue at this aspect ratio, 

especially if the interior of the fins is a hollow trough structure. In that case, with a sidewall 

thickness of 17 nm, the sidewall aspect ratio more than doubles to 7.9 : 1. The presence of a cap 

may have a stabilizing effect in preventing feature collapse. Fragility of the structures in solution 

based removal was noticed routinely; sonication and surface-tension effects during drying were 

likely to remove the SiOx line structures from the surface entirely. 
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As noted in Chapter 2, hole spacer structures collapsed due to sonication cleaning. With the line 

spacer structures, even extended agitation (150 rpm, orbital shaker, 1 h) and subsequent drying 

broke  structures  erratically.  It  is  possible,  however,  that  the  collapse  may be due to  surface 

tension-induced collapse during resist removal and not to mechanical motion during actual resist 

removal.235 There  may  be  a  potential  to  avoid  feature  collapse  during  template  removal  by 

utilizing supercritical CO2.237 This method also would have an attractive benefit of preserving 

reactive functional groups on the surface of the spacers, something that currently does not exist 

as spacers are typically trimmed in plasma etchback processes. The plasma-based removal used 

here likely breaks C–C bonds which were linking the amine functional group to the silicon. 

Collapse appears to be unavoidable at pitches of 70 nm and below, where lines are completely 

folded over and destroyed (Figure 3.15 f).

With  integrated  circuit  (IC)  trace  designs,  nested  line  structures  in  high  density  are 

desirable. Lines with modest pitches of 500, 200, 150, 100, 90, 80, 70, and 60 nm  were tested  

and are shown in Figure 3.16. Lines are resolved reasonably at pitches of 500, 200, 150, 100, and 

90 nm (Figure 3.16, a-e, respectively). At 80 nm, collapse is evident on straight runs after exiting 

nested corners (Figure 3.16 f) and complete corner defects occurring at pitches 70 nm and below 

(Figure 3.16, g and h). This is in similar agreement to straight runs and is encouraging for guided 

runs of lines where atypical geometries may be utilized for specialized traces.
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3.2.7 Potential Frequency Doubling of Wider Linewidths

Line frequency doubling and the effect of increasing linewidth with a 1:1 duty cycle (design 

linewidth = design pitch) were explored simultaneously. Figure 3.17 indicates lines of pitches 

100, 90, 80, 70, 60, and 50 nm, with corresponding images of the same linewidths brought to 1:1 

pitch  =  gap  width.  This  design  initially  was  made  to  determine  the  growth  morphology  of 

increasing linewidths while  at  the same time investigating what  the line frequency doubling 

could look like at this scale regime. No collapse is seen for all features, regardless of linewidths 

at large pitches (500 nm, Figure 3.17 a, c, e, g, i, and k). 

Feature defects are noticeable at  pitches of 60 nm, and 50 nm (Figure 3.17,  j  and l, 

respectively).  From this work, one can examine what a process flow could produce at  these 

dimensions.  The 100-nm design width,  as shown in Figure 3.17 b,  would result  in a 96-nm 

linewidth, separated from a 76-nm linewidth feature, with a gap distance of 15 nm, in a space of 

200 nm.  This  asymmetry  in  features  is  likely  a  result  of  proximity  widening and could  be 

corrected after further optimization. With the original positive tone process, this approach would 

result in one 100-nm feature within the 200-nm wide space. The 70-nm process would produce 

two 55-nm line features, separated by a 15-nm gap space in one field 140 nm wide. It may be 

possible to improve these dimensions utilizing narrower gaps, however, aspect ratios would need 

to  be  lowered substantially  to  avoid  feature  collapse  that  normally  is  seen  with  the  thinner 

features. Aiming to utilize line structures as a self aligned doubling process, it was critical to 

determine if  the  internal  structure is  indeed hollow.  An attempt was made to  use  a  gallium 

focused ion beam (Ga-FIB) process to cut and view a side profile of a complete line structure 

grown at 18 h, the standard deposition time. Unfortunately, imaging at magnifications required to 

86



 

 

 

 

 

 

 
 
 
 
 
 

 

 



surface  considerations  for  later  characterization.  Future  work  could  make  use  of  a  highly 

insulating surface, such as intrinsic silicon, to make use of the helium ion instrument’s charge 

neutralization capabilities more appropriately.  

Figure 3.18 shows the results of Ga-beam milling into SiOx line structures with pitches of 

500-nm. Milling was first completed in the Zeiss HiM instrument, and afterwards the milled 

surfaces were coated with 5 nm of Cr for SEM imaging. Due to constraints, these features were 

the only ones available  for this  analysis,  and future analysis  would benefit  from both wider 

structures (> 100 nm) and the lack of a conducting surface (glass or instrinsic Si). Figure 3.18, a 

and b show shallow and deep trenches milled at the end of the line structures with the Ga beam 

in order to examine a cross-section of the lines using tilted SEM imaging. As shown in Figure 

3.18 c,  the sidewall  of the surface has noticeable texture,  which appears to rise towards the 

bottom of  the  line  feature.  However,  Figure  3.18  d  does  not  show any discernible  contrast 

difference between the sidewall of the surface, the flat surface of the surface, and the centre of 

the SiOx line structure. It appears that there are subtle curved tops to the line features, as seen in 

Figure 3.18 a, although it is not known if this is a result of the Cr coating a very thin cap or if the  

structure itself is completely filled.   

As an alternative approach, an attempt was made to remove hypothetical caps by utilizing 

an  oxide  etch.  The  effect  of  a  short  post-structure  formation  plasma  etching  process  (See 

Experimental) to enhance visualization of the actual morphology of the structures was examined. 

If there was a cap present in the structures, then it may be possible to eliminate this cap by 

reactive  ion  etching  using  oxide  etch  chemistry  like  CHF3/O2.  The  etch  parameters  would 
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structures against the sidewalls of the template (Figure 3.20 a). The structures in Figure 3.20 a 

are very similar to the line structures described in this chapter. 

Similarly, circular aminosilane nanostructures, such as the ones shown in Figure 3.20 b,182 

are observed in the particle lithography literature and form with a variety of organosilanes, in 

addition to aminoalkoxysilanes. In this case, a single layer of polystyrene or latex particles is 

prepared on a metal oxide surface, which can serve as a mask by exposing the interstitial sites 

between the particles. After ambient drying, vapor-phase organosilanes preferentially condense 

in the residual volume of water surrounding the base of latex particles in a single packed layer 

which act as the deposition mask.181 The technique is able to produce large scale homogeneous 

arrays  of  organosilane  rings  with  varied  functional  groups.181,182,185,241 After  removal  of  the 

spherical masks, circular organosilane topologies are formed with sizes that vary according to the 

size  of  the  particles  used.  This  effect  is  enhanced  in  aminosilanes,  likely  due  to  their  self-

catalyzing behavior.170,242 Additionally, tri-alkoxy functional organosilanes are likely to enhance 

the effect compared to monovalent alkoxysilanes, which are normally employed to avoid such 

aggregation.101,196 The ring shaped aminosilane condensation structures in this chapter are similar 

to those described in Figure 3.20 b, and higher aspect ratios can be formed with the simple 

electron beam lithography scheme as shown in Figure 3.1.  Compared to particle lithography 

formation of aminosilane nanostructures, EBL enabled higher aspect ratio structures via vertical 

resist sidewalls and varied shapes on one chip, while particle lithography is limited to particle 

size  to  alter  condensation dimensions.  By creating ZEP-based templates  with EBL,  multiple 

parameters of contact hole and trench condensation were tested simultaneously. 
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3.2.9 Aminosilane Nanostructures as Spacers: Relevance to Density 
Multiplication Strategies

The nanostructures in this chapter are similar conceptually to mandrel-type (line shaped) spacers 

formed (post etchback and trim) as well as chemically shrunk contact holes which are used in 

semiconductor  manufacturing.243,244 This work may be of value to semiconductor lithography 

processes  which  use  feature  shrink  techniques  as  a  means  for  density  multiplication.  As 

photolithography reached its  lithographic  printing limit  using  193-nm wavelength lasers  and 

numerical apertures of 1.35, and features beyond 40–45 nm half-pitch are not achieved without 

fundamental changes in lithographic approaches.245 The International Technology Roadmap for 

Semiconductors  (ITRS 2.0)  lists  multiple  patterning  as  a  baseline  process,  with  self-aligned 

quadruple patterning in current active use.245 An earlier ITRS report from 2013 indicated that 

extreme  UV  (EUV)  developments  would  be  needed  to  keep  pace  with  Moore’s  scaling. 

Currently, the newest roadmap reflects that EUV has high production rates, capable of several 

hundred wafers a day.245 However, to continue to push deeper into the 11- and 7-nm nodes, EUV 

will  require  combination  with  multiple  patterning  techniques,  such  as  self  aligned  double 

patterning (SADP).246 Therefore, for advancement of semiconductor scaling, it is important to 

develop new and cost-effective methods of feature multiplication and shrinkage.

What  can  be  coined  collectively  as  double  patterning  is  a  dominant  approach  for 

extending the capabilities of optical lithography. Double patterning,  performed in succession, 

results in quadruple patterning, the current mainstay process for achieving small features, and a 

form of multiple patterning. One broad approach to multiple patterning relies foremost on the 

lithography tool by way of multiple exposure steps (Figure 3.22, a and b). Double exposure is 

94



expensive,247 and the multiple lithography steps can be prone to error.248 Common methods of 

double  exposure  include  litho-etch-litho-etch  (LELE)  and  litho-freeze-litho-etch  (LFLE). 

Alternative methods, such as litho-litho-etch (LLE)249 and dual tone development (DTD),250 are 

being explored. It is particularly desirable in all of these processes to reduce overall process 

steps, while maintaining attainable critical dimensions. 

The second main approach of double patterning is a process change rather than different 

uses of the lithography instrument. New techniques increasingly rely on the ability to shrink 

existing processes after the lithography step. Self-aligned double patterning (SADP), spacer 

mask patterning, spacer double patterning frequency doubling, or pitch-halving are all terms that 

have been used interchangeably to describe the approaches of shrinking dimensions after 

lithography has taken place.251

Spacer mask patterning is achieved by forming a spacer of a sacrificial material such as 

SiOx and integrating that spacer into later lithography steps, either as a hard mask itself or as a 

sacrificial  material.  Spacer  materials  vary  but  are  predominantly  silicon  oxide  or  silicon 

nitride.252 Spacer formation often is completed by chemical vapor deposition (CVD)253 or atomic 

layer deposition (ALD),254–256 although alternative methods, such as spin-on sidewalls,257 continue 

to  see development.  Typically,  the  spacer  material  is  applied  over  top  of  a  negative  feature 

known as a mandrel. In Figure 3.22 c, the layer marked “Top Hard Mask” forms the mandrels.  

The spacer is then combined with an etch step and chemical mechanical polishing (CMP).258 The 

mandrels are created utilizing optical lithography, although some work has utilized EBL negative 

tone resists, such as HSQ236 or other organosilicate materials259. There are several applications for 

lithography utilizing a spacer deposition approach, such as FinFets252 and NAND flash.251 The 
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approach has been used in biosensor fabrication,260 nanoimprint template fabrication,261 and in 

extending capabilities of interference lithography applications.261 

Figure 3.22. Example of density doubling multiplication strategies from the International Technology Roadmap for 
Semiconductors. Reprinted with permission from reference 245 Copyright Semiconductor Industry Association (SIA) 
2009.

As  lines  continue  to  narrow  by  utilizing  techniques  that  deposit  sidewall  spacers, 

increasing demand is placed on reducing contact hole sizes.262,263 Combining contact shrink with 

the LELE process enables doubling of features not achievable by immersion lithography.264 One 

method of shrinking is thermal reflow, which involves careful baking steps to cause the resist to 

reflow back  towards  the  centre  of  the  developed  pattern,  reducing  its  effective  dimensions, 

shrinking contact holes. Typically, thermal reflow is done for photolithography265,266 but it also 

has seen application with electron beam lithography resists, such as ZEP.260

Another technique for shrinking contact holes can be referred to as the chemical shrink 

process. There are commercial  solutions for this technique,  such as Shrink Assisted Film for 

Enhanced Resolution (SAFIER)243 used with trenches and Resolution Enhancement Lithography 
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3.3 Conclusion

This  chapter  examined the  notion  that  condensation  structures  of  aminoalkoxysilanes 

could be created using EBL resists as masks for vapor-phase deposition, and that morphology of 

these structures could be controlled. The approach is supported for structure creation but further 

refinement is needed for tighter control over morphology. It was found that some control over 

feature height was possible by varying deposition time, however refined control was not possible 

with this system below times of 15 min. Width of features was controlled with varying pattern 

widths,  as  was  pitch  and  pattern  geometry.  The  behavior  of  organosilane  deposition  and 

condensation  through  ZEP masks  was  examined,  indicating  that  this  process  may  offer  an 

alternative means for spacer deposition, at lower temperatures compared with ALD or CVD. 

Using SiOx nanostructures could remove process steps once formation is optimized. 

The next step for this work is to determine the growth and morphology of the line spacer 

structures in more detail. Very early work showed promise as ring structures were created on 

glass surfaces and imaged, as shown in Figure 3.2. To maximize use of the flood gun, samples 

should be prepared on intrinsic silicon, or glass coverslips inside a ZEP resist and then coated in 

20 nm of carbon before removing the resist. This will improve cross section analysis with the 

Ga-FIB beam and maximize the charge reduction capabilities of the flood gun. This will allow 

for imaging of the wide gap lines and how well  they conform to the sidewalls  of the resist 

template.  To  ultimately  determine  the  structure  of  the  features,  TEM  analysis  should  be 

completed on cross sections of the ring and line features. A properly designed sample can be set 

up for a specialized dicing/FIB routine where a thin (100 µm) section could be analyzed for cross 
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section growth in TEM. Doing this analysis with the structures inside the template will allow for 

accurate determination of the morphology as it conforms to the resist.

After improved characterization of the morphology, tighter control mechanisms can be 

put in place for this deposition system. The current deposition chamber has very poor control 

over humidity, pressure, and temperature. While repeatable over longer time frames, I suspect 

that with small granular changes it will be difficult to interrogate the finer details of this system. 

There are small,  benchtop deposition systems that can be utilized, such as the one shown in  

Figure 3.25 by YES, which is a benchtop R&D system that can control multiple parameters and 

utilize  various  deposition  liquids.  Aminosilanes  have  been  deposited  successfully  utilizing 

systems  such  as  these,  which  could  permit  optimization  of  sidewall  growth,  application  of 

molecular adhesion layers, and other applications of organosilanes.196

Figure 3.25:  Example of  a  commercial  CVD system for  application of  silanes  from the  vapor  phase by YES 
Engineering. Reprinted with permission from YES Engineering.

Following improved deposition and characterization, the system also can be optimized 

further by altering the spacer materials being used. An interesting option for template removal 

could be using supercritical CO2 as mentioned previously, to preserve reactivity. Following a 

100



successful solution removal, exciting opportunities are available for other leading semiconductor 

process. For example, using these reactive features as guides with designed surface chemistry for 

directed self-assembly, influencing how materials such as block-copolymers may interact with 

the guides themselves.

Lastly,  the  application  of  a  metal  deposition  to  double  line  frequency  needs  to  be 

completed  following  confirmation  of  conditions  that  result  in  full  clearance  for  the  line 

structures. This could be completed most easily for the contact hole features first, especially the 

rings >100 nm in diameter.  Following spacer  deposition,  the etch process would take place, 

ideally  exposing  the  underlying  surface  while  keeping  the  initial  template  intact.  Then,  the 

template would be removed and, following spacer removal, would produce metal contacts of 

smaller dimensions.  In the case of a metal deposition onto line feature spacers, the template 

would be removed first, and a metal deposition would follow. Next, the spacers would be etched, 

leaving metal traces at double the frequency of the original template. Finally, both hole and line 

doubling  should  be  done  using  photolithography  processing  and  EUV  compatible  resists, 

showing that the spacers can be extended on EUV lines. Afterwards, the potential for SAQP can 

be explored with double exposure methodologies.

This chapter has shown the effect of depositing APTMS from the vapor phase into EBL 

guided contact hole and trench templates. The line shaped structures formed in as little as 15 min 

which  may  be  attractive  considering  no  long  pumpdown is  required  to  reach  high  vacuum 

conditions needed with other physical deposition processes. Additionally, these structures are all 

formed below the glass transition temperature of the resists  involved; this could avoid resist 

freezing processes that currently are used. ALD and CVD spacer deposition routinely take place 
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at a much higher temperature than in the process shown here. These structures also are likely to 

be complementary to existing thermal reflow and chemical shrink processes, perhaps providing 

an additional level of shrinkage on current existing spacer formation technologies. The features 

also appear to be trimmable with further oxide etching to remove any potential cap formation. 

The  semiconductor  industry  has  well  established  techniques,  and  spacer  formation  is  a 

complementary tool that fits into established immersion lithography and newer EUV process 

flows. This work has shown that the nature of vapor deposition of aminosilanes has potential for 

density multiplication as a spacer formation technique. 

3.4 Experimental

3.4.1 surface and Sample Preparation

Silicon <100> resistivity < 0.005 Ω·cm wafers were cut into 1 cm × 1 cm squares and prepared 

as in Chapter 2. 

3.4.2 Mask Fabrication

Positive tone 57k molecular weight ZEP520 (Zenon Chemicals) was the primary resist utilized 

for  all  work  in  this  chapter.  Samples  were  spin-coated  (Brewer  Cee  Spinner)  to  varied 

thicknesses  with a  pre-exposure  bake of  30 s  at  180 °C.  Both  1:2 ZEP520:Anisole  and 1:1 

ZEP520:Anisole  formulations  were utilized to achieve thicknesses as needed.  Electron beam 

exposure was performed on a Raith 150-Two EBL system. Single pixel dot-shot features were 

created at an accelerating voltage of 30 keV and a beam current of 22 pA and were varied in dose 

systematically. Line features were created with single pixel exposure base doses of 50 pC/cm and 
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increased by utilizing dose fields of 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0 and 10.0 multiplied by all 

base doses in the field. For example, a line feature of dose 50 pC/cm in dose field 2.0 would have 

an actual exposure dosage of 100 pC/cm. Effective clearance dose varied by film thickness, but 

for most line features the effective working regime was from 0.5 to 2 pC/cm. Area doses had a 

base dose of 50 uC/cm2 and were varied in the same dose fields. Pitches for dots and lines were 

adjusted as stated above. Following exposure, ZEP520A was developed in ZEDN50 (Zenon) 

developer for 4 min, followed by rinsing in IPA for 30 s. Samples were blow dried with a stream 

of N2. Patterned surfaces were stored in a class 10 cleanroom (40% relative humidity) until use. 

3.4.3 Vapor-Phase Deposition

The vapor-phase deposition protocol used was identical to that in Chapter 2, utilizing primarily 

APTMS. Deposition times were varied up to 18 h, with 18 h being the standard deposition time,  

unless otherwise stated.  Pumpdown time ranged from 5 min to 7 min.  Deposition time was 

determined starting from sealing the desiccator chamber after reaching 1 Torr and immediate 

loading into the oven (a time lag of  ~30 s)  to  removal  and opening of the main desiccator 

chamber. The temperature of the oven was monitored via a thermometer mounted through a top 

port in the oven.  Desiccators were loaded and unloaded inside a fume hood for all depositions.

3.4.4 Reactive Ion Etching

Following exposure and before immediate use, all samples were descummed in reactive ion 

etching (RIE, Trion) for 30 s at a power of 40 W, 200 mTorr chamber pressure, and 50 SCCM 

oxygen flow. This condition removes 37 nm of ZEP520 consistently. Where resists were stripped 
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completely utilizing a plasma treatment, stripping was completed with RIE oxygen plasma for 

240 s, 200 W, 50 mTorr pressure, and 50 SCCM oxygen flow rate. Samples were inspected in a 

Leica inverted microscope, brightfield, at 10X, 40X, and 100X magnifications for the residual 

resist post strip step. For samples that were exposed to an oxide etch treatment, conditions were 5 

SCCM oxygen flow rate, 40 SCCM CHF3 flow rate, 125 W, 40 mTorr chamber pressure, for 30 

s, unless otherwise stated.

3.4.5 AFM Imaging

All  trench  and  feature  height  profiles  were  acquired  using  tapping  mode  atomic  force 

microscopy  (AFM)  with  a  Digital  Instruments/Veeco  multimode  atomic  force  microscope. 

Collected data were analyzed using the open source software Gwyddion.229

3.4.6 SEM Imaging

Scanning  electron  microscope  (SEM)  images  were  taken  using  a  Hitachi  S4800  SEM  at 

accelerating  voltages  of  15–30  keV  and  a  Zeiss  Sigma  FESEM  at  5-30  keV.  All  SEM 

micrographs  were processed  in  Gwyddion and Fijji.230 Tilted  imaging was completed  in  the 

S4800 at an angles ranging from 45–90°. A standard 45 tilt holder was utilized for 45° images 

and was tilted itself to achieve nearly cross sectional images (~80° tilt). Charge reduction, where 

used, typically was completed by sputter coating with 5 nm of Cr (Gatan). 
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3.4.7 Helium Ion Microscope (HiM) Imaging

A Zeiss scanning helium ion beam microscope was utilized for high resolution imaging, charge 

reduction imaging, and Ga-FIB milling. Imaging was completed at 30.8 keV, 10 µm aperture, 

1.59 pA, and a spot size of 4. Milling was completed using the Ga column at a 9 mm working 

distance in cycles of 5 µs dwell time. Cycles of milling were carried out until visual clearance 

was noted and and drift compensation was adjusted manually.
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4 
Lithographic Approaches for Patterning Organosilanes in 

Fluorescent Nanoarray Applications

4.1 Introduction

The aim of the work in this chapter was to produce a fluorescent nanoarray standard for super-

resolution  localization  fluorescence  microscopy  applications  by  using  the  developed  vapor 

deposition protocol to pattern functional groups, which could be conjugated to fluorophores. This 

application  demonstrated  that  vapor-phase  deposition  of  organosilanes  could  be  used  with 

electron beam lithography to position flurophores on a transparent and insulating surface. This 

was also motivated by the fact that no commercially available standard with multiple regions of 

distance calibration on one slide currently exists. The fluorescent array work focuses on the two 

general fabrication approaches taken to produce the diffraction limited fluorescent arrays. While 

106



super-resolution  microscopy  imaging  below  λ/2  was  was  not  achieved,  this  work  laid  the 

groundwork for earlier chapters, as well as establishing an array methodology that can produce 

competitive  centre-to-centre  distances  to  commercial  microarrays.  The  array  fabrication  and 

characterization will be described and the potential extension of this work into the sub-diffraction 

limit regime discussed.

4.1.1 Lithography for Fluorescent Nanoarray Fabrication

Society’s obsession with big data continues to push bioanalytics towards increasing throughput. 

Array-based  technologies  have  been  a  cornerstone  in  meeting  these  demands.270,271 Creating 

addressable  surfaces  for  high  throughput  fluorescence  readouts  can  be  achieved  in  multiple 

ways.  Briefly,  some examples  include  bubblejet  printing,272 photolithography combined with 

DNA synthesis, 273,274and mechanical spotting.275,276 DNA technologies are a large driver in array 

miniaturization, as well as protein arrays,277 biosensor development,278 and enzyme arrays.279

Improving the power of microarrays as an analytical tool can be done by maximizing the 

amount  of  information  per  unit  area.  Increasing  the  density  of  information  is  achieved  by 

shrinking both the probe feature size and their relative pitch to one another.131 The reduction of 

feature  sizes  and  pitches  has  led  to  the  investigation  of  array  technologies  with  submicron 

features.  Shown  in  Figure  4.1  is  an  example  of  an  array  technology  utilizing  nanoscale 

dimensions for human genome sequencing. By reducing feature dimensions to 700 nm, centre-

to-centre, the authors were able to improve the number of DNA spots per image by 3.4 times, 

compared to 1.29-micron arrays.280
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properties.282,283 In addition to arrays for assay development, the use of micro- and nano-patterned 

surfaces are becoming valuable tools to investigate and manipulate fundamental cell behavior.284–

293

Fluorescence microscopy is  a  foundation measurement  tool  for  acquiring  information 

from the array surface,  regardless of its end application.  As array dimensions move into the 

nanoscale regime, developments in fluorescence microscopy techniques are keeping pace with 

demands  for  higher  resolution.  More  information  can  be  obtained  by  circumventing  the 

diffraction  limit  of  light  with  super-resolution  microscopy  methods.294–296 Super-resolution 

microscopy  has  proved  essential  for  examining  cell  behavior  below the  diffraction  limit  of 

traditional fluorescence microscopy.297,298 To date, few have combined sub-diffraction limit EBL 

patterned SAMs with super-resolution microscopy to reap their combined benefit.299,300

4.1.2 Super-Resolution Fluorescence Microscopy

As  discussed  in  Chapter  1,  circumventing  the  diffraction  limit  is  not  only  important  for 

diffraction-limited lithography, such as optical photolithography, but also for huge advancements 

in  other  visible  light  technologies  like  fluorescence  microscopy.  The  2014  Nobel  Prize  in 

chemistry was awarded to Erik Betzig, Stefan Hell, and William Moerner for their development 

of  super-resolution microscopy techniques  and circumventing Abbe’s  law.  The Academy has 

divided super-resolution microscopy methods  into  two farfield  microscopy categories.296 The 

first  was,  “super-resolved  single  fluorophore  microscopy”,  or  localization  techniques.296 The 

second is point spread function engineering techniques, or “super-resolved ensemble fluorophore 
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microscopy”.296 Localization microscopy will be introduced here as this technique was a focus 

for this work’s late stage application.

The highest achievable resolution of a far field light microscope is approximately equal 

to λ/2, where λ is the wavelength of incident light.301 With a higher numerical aperture objective 

and short  wavelength of light,  resolution is on the order of 200 nm for the far blue.  Super-

resolved fluorescence microscopy can achieve resolution in the 10’s of nanometers, with newer 

techniques  reaching  below 10  nm.302 The  super-resolution   method  discussed  here  is  called 

Stochastic Optical Reconstruction Microscopy (STORM).303 STORM techniques are becoming 

more accessible on existing microscopes, and new commercial STORM systems are becoming 

available.  STORM,  like  most  localization  techniques,  relies  on  the  repeated  localization  of 

fluorescent dyes over time. These dyes are photoswitchable and can be fluorescent proteins,304 

small  organic  dyes,305 and,  occasionally,  quantum dots.306 Common small  organic  dyes  used 

include Cy5,  Alexa647,  Atto488,  with new ones  constantly being developed.307 As shown in 

Figure 4.2, localization microscopies rely on multiple, sparsely located emitters being captured 

over a large number of imaging frames. A strong laser is utilized initially to cause fluorophores to 

enter an off state, and then the fluorophores blink as they stochastically return to an on state. 

Combined with specialized imaging buffers to induce blinking, the on and off states are imaged 

in each frame, identifying the centre of each fluorophore’s point spread function according to a 

Gaussian distribution of intensity. After many images are collected into a stack, that stack is 

merged into a single image, which is the reconstructed super-resolution image.

While  localization  has  mathematically  unlimited  precision,  it  has  several  practical 

limitations.  Complicated  buffer  systems  are  short  lived  and  often  are  needed  for  adequate 
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imaging. Laser intensities at high power can cause photobleaching and photodamage over the 

long imaging times required to capture all the frames to produce an image. 

Figure 4.2: a) Conventional image of closely spaced fluorescent molecules that form the shape of a boxing glove. 
The resolution of the image is limited by diffraction.  b–e) By sequentially switching on and imaging different 
subsets of molecules (b,c), the location of each molecule corresponding to the centre of the emitted fluorescence 
point spread function, can be precisely determined (d,e), and f) A super-resolved image is created by plotting the 
positions of all localized molecules. Reprinted with permission from reference 308 © 2016 Nature Publishing Group, 
a division of Macmillan Publishers Limited. 

 Overlapping fluorophores also reduce localization efficacy; thus, fluorophores should not 

overlap while in their  on state.  Overlapping fluorophores were a principal challenge for this 

work. The fluorophores ideally must blink on and off at regular intervals; thus, random blinking 

events are harder to utilize, as in the case for quantum dots. Algorithms for reconstruction are 

often proprietary, and many software packages maintained by individual research groups are for 

their internal use.308 Background noise must be kept to an absolute minimum for super-resolution 

techniques, such as STORM. Often,  relative signal to background is very low for the sparse 

labeling  in  STORM  microscopy  and  random  emitters  can  cause  significant  problems  for 

reconstruction algorithms. Lastly, biological structures, such as microtubules, are still the gold 

standard for verifying localization precision309 rather than the use of a commercially accepted 

lateral standard. New, DNA-based standards are seeing use,310 but a single-slide lateral standard 
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that rapidly can identify and verify resolution is not presently available. An ideal standard would 

consist  of multiple regions of discrete distances between fluorescent features.  After imaging, 

analysis  of  this  single  chip  could  reveal  diffraction  limited  lateral  resolution,  as  as  well  as 

achievable resolution under super-resolution conditions.

This work demonstrated that vapor-phase silane deposition with EBL could be used to 

position flurophores on an optically transparent surface, in a nanoscale array that could function 

as  a  lateral  distance  standard  for  STORM. As there  are  multiple  lithographic  approaches  to 

achieve this positioning, it was also thought that lithographic approach, positive- or negative-

tone would influence the amount of nonspecific background during the labelling steps.

By combining vapor-phase silane deposition with EBL techniques for insulating surfaces, 

I have developed two general approaches of patterning functional groups for use as chemical 

linkers.  These  methods  are  demonstrated  by  immobilizing  small  organic  fluorophores  in  a 

nanoarray arrangement. These methods offer additional means by which researchers can exploit 

EBL’s  resolution  to  achieve  functionalized  surfaces  with  desired  molecule  placement  that  is 

compatible with fluorescent labeling protocols. Here, the capability of the method in standard 

total internal reflectance fluorescence (TIRF) microscopy was examined, and its potential for use 

in super-resolution localization microscopy is investigated. 

4.2 Results and Discussion

Both positive and negative tone patterning schemes to create the nanoscale fluorescent array 

were utilized for this work. The methacrylate resist PMMA (950k) initially was selected for the 
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profiling and metal liftoff are two methods that can be used to confirm film clearance. Shown in 

Figure 4.4 a is  a  clustered design nanoarray with 250-nm pitch holes.  After  oxygen plasma 

descumming (Harrick), hole profiling was successful for this template as full film clearance (50 

nm)  was  confirmed  by  comparing  with  filmetrics  measurements  of  the  film  after  the 

descumming step (50 nm, 99.9% goodness of fit). It should be noted that PMMA films etch very 

fast in oxygen plasmas.312 A barrel style plasma cleaner, as opposed to reactive ion etching, was 

used for descumming purposes due to the lower power output. Later negative tone work was able 

to utilize a more directional RIE etch as thicker sacrificial films could be prepared to achieve 

reasonable process windows (32 to 50 s). Array template clearances were checked also by metal 

liftoff  deposition.  This  method  is  used  often  to  confirm  dose  clearance  and  is  a  principal 

nanofabrication technique to deposit layers of metals on a surface with known heights. 15 nm of 

gold–palladium was sputter deposited (Gatan) through a 150-nm pitch square array (Figure 4.4 

b). After lift-off in 1,2-dichloroethane, samples were analyzed by AFM to confirm the deposition 

of metals in their respective dose fields. Successful film clearance was found from 4 fC/dot to 12 

fC/dot. After 12 fC/dot, dot features were very large (>100 nm diameter) and at higher doses 

would cause significant defects, such as hole merger due to proximity effects.313 After electron 

beam  patterning  parameters  were  determined,  fluorescent  array  layouts  were  adjusted  to 

determine if patterned APTMS could indeed be resolved in standard, diffraction limited TIRF 

illumination without the need for super-resolution microscopy first. Fluorescent conjugation with 

small organic fluorophores is rarely carried out on a patterned surface feature without the use of 

antibodies or bioconjugates such as biotin-streptavidin.311
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Figure 4.7 shows the results of patterning APTMS for later conjugation to FITC. Initial 

results confirmed that a fluorescent array had been constructed and that successful conjugation 

had taken place. Figure 4.7 b shows the FITC-APTMS array with a dense initial design which is 

a denser layout than examples such as the one shown in Figure 4.1 or the nanoarrays utilized by 

Wind et al. (2016)155 that measured distances of 1 µm in pitch (Figure 4.18). FFT images were 

used to confirm the presence of periodic fluorescent features. As the rationale for design was to 

produce  an  array  that  could  be  utilized  for  super-resolution  applications,  this  separation  of 

features could be accessed easily following successful application of later STORM localization 

protocols. It was important to confirm that individual features within clustered layouts could be 

identified laterally before application of more advanced microscopy techniques and switching to 

a localization appropriate fluorophore. Therefore, the same array was constructed with features 

separated by 500 nm within each cluster (Figure 4.7, d and e) to confirm that the feature was 

resolvable  and  was  not  connected  or  aggregated  with  neighbouring  features.  FFT  again 

confirmed that periodic arrays were created. A common issue was the presence of interference 

fringes,  as  shown in  Figure  4.7,  a  and  b.  The  cause  of  these  interference  fringes  was  not 

determined, abut is is likely due to uneven illumination or imperfections in the beam path of the 

instrument, and this may be unique to each sample.314 Additionally, an obvious issue noticeable in 

Figure 4.7, a and d, is background haze. This haze was a very significant problem, which will be 

discussed in a later section. 

After confirming that periodic fluorescent arrays had been created, an attempt was made 

to resolve each individual feature within 250-nm and 500-nm clusters without the use of super-

117



 

 

 

 
 
 
 

 

 

 



fluoropore centroids, assuming equal labeling of the feature. At a 200-nm separation, this would 

be a minimum of 20% reduction in achievable resolution for a 488-nm sample.

FFT analysis  of  the  sparse  and  dense  cluster  designs  in  Figure  4.7  indicated  some 

discrepancy  in  distance  between  fluorescent  features  and  actual  designed  pitches.  These 

distances were measured in inverse space (inverse pixels) from the centre of the FFT image, and 

then converted back into real space. For the sparse design, distance measured via FFT analysis in 

Gwyddion suggests a cluster-to-cluster distance in the X direction of 2.83 µm, rather than 3 µm. 

Similarly  in  the  Y  direction,  the  sparse  design  FFT  indicated  cluster-to-cluster  distances 

measuring  1.88  µm  rather  than  2  µm.  These  discrepancies  may  be  due  to  broadening  of 

fluorescence features due to uneven labelling, or unintended increases in actual feature size. In 

both cases of the cluster-to-cluster distances, FFT measurements indicate shorter pitches than 

expected,  which may be a result of the edges of larger features shifting the centroids of the 

feature fluorescent signals closer towards the outside edge of the actual features. The FFTs also 

confirmed that feature-to-feature distances in the dense layout could not be resolved.

Figure 4.8 shows a comparison between the mean column intensity  for  each feature, 

moving horizontally across the arrays. This method has been utilized before to confirm locations 

of fluorescent nanoarray features.157 As shown in Figure 4.8, a and b, the 250-nm clusters were 

able to be separated by line intensity profiles, but each feature within the cluster could not be 

resolved.  Each cluster  had  the  appearance  of  a  horizontal  fluorescent  spot  after  background 

subtraction. After adjusting the cluster pitch to 2 µm, it was confirmed that with the 500-nm 

pitch features, the system could resolve each individual cluster of features at a 500-nm centre-to-

centre distance. Considering the feature edge-to-edge distance in the 500-nm array, the resolved 
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and development of feature pillars from HSQ, a sacrificial layer of PMMA(950k) was used to 

vertically confine silanes (and thus fluorophores) on the SiOx posts. This approach possibly could 

improve feature localization by allowing for non-specifically bound fluorophores to be washed 

away with  the  sacrificial  layer,  preventing  their  adsorption  to  the  surface.  Additionally,  this 

design could be attractive for 3 dimensional (3D) imaging applications.315

Figure 4.9: Negative tone fabrication scheme for fluorescent nanoarrays. First, the surface is coated with a negative 
tone resist HSQ. Following exposure and development, the chip is coated with a layer of sacrificial PMMA. Next,  
the PMMA layer is etched back in oxygen plasma to expose and activate the tops of SiO x pillars. The sample with 
exposed pillars is placed into a desiccator with neat organosilane. Following deposition, the chip is removed and  
immersed in a labeling solution containing a reactive fluorophore of interest. Finally, the sacrificial resist is removed 
in a solvent such as dichloroethane (DCE). 

Negative  tone  pattern  fabrication  and  processing  also  was  confirmed  prior  to  fluorescent 

labeling.  This  approach  to  axial  confinement  of  surface  area  for  vapor  deposition  of 

organosilanes is entirely novel, to the best of our knowledge. Figure 4.10 shows the pillar arrays 

before coating with sacrificial PMMA. 

Ideally, the array format would consist of discrete regions of different feature separation 

distances; this format was attempted with later work. Figure 4.10 b shows some features that 

have fallen over, likely due to handling and cleaning of these samples before imaging. Figure 

4.10 c is an AFM example of features before coating with the sacrificial layer. Heights of SiOx 
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features  were  nominally  100 nm.  Figure 4.10  d shows feature  clusters  after  oxygen plasma 

etchback,  exposing  10  nm  of  the  underlying  SiOx pillars.  Films  initially  were  coated  at 

thicknesses that would allow more granular tuning of the PMMA etch rate. Coating the 100-nm 

pillars to a full film thickness of 200 nm, and then etching for 50 s in oxygen plasma at 40 W 

exposed 10 nm of the SiOx pillars. 

There are multiple parameters to adjust to optimize this approach. The choice of resist, 

which is discussed in Chapter 2, has enormous implications for the later removal of resist films 

that have been exposed to aminosilane vapor. Before detailed examination on silicon surfaces, it 

was found that using the more sterically hindered APDIPES for pillar labeling improved film 

removal by brightfield optical inspection (Leica, 4X magnification). Use of the negative tone 

method introduced the complexity of cleaning the surfaces with fragile features in comparison to 

the positive tone scheme. As sonication in the case of the SiOx pillars would damage and destroy 

features,  the  most  effective  solution  based  removal  combination  to  achieve  labeling  of  the 

features and permit resist removal was APDIPES in combination with PMMA and DCE. Large 

resist pieces visible to the naked eye were found routinely on the surface after soaking in DCE 

when using APTMS. As was found later, APTMS film permeation into PMMA films is a large 

contributor and, in addition to hampering resist removal attempts, likely was causing significant 

background labeling.  Permeated silanes would be present in the positive tone scheme as the 

patterned surface was being labeled. These would be labeled themselves and could be the reason 

for the significant background haze seen in the positive tone patterning route. 
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microscopy.317 These methods rely on the controlled blinking behavior of the dyes under certain 

buffer  and  excitation  conditions.  Cyanine  dyes  are  available  as  a  variety  of  small  molecule 

conjugates, such as activated esters, maleimides, etc. A Cy5-NHS ester conjugate was utilized for 

labeling to primary amines on the array surface (Figure 4.5). The performance of Cy5 in TIRF 

was first evaluated. Figure 4.14 shows the initial results. Figure 4.14, a and b, indicate that the 

500-nm square array was clearly defined, with FFT distinguishing the periodic nature of the 

array. Again, as with FITC, the 250-nm pitch is unable to be resolved.

As the 250-nm arrays are clearly non-distinguishable, line profiling was completed only 

for the 500-nm pitch array with Cy5 (Figure 4.15). Mean column intensities of the first 20 µm 

show that peak intensities correlate with expected feature distances for Cy5, with peaks every 

500 nm. This correlation was seen method validation in a diffraction limited system and that it 

could  be  applied  in  an  arrangement  suitable  for  testing  under  super-resolution  microscopy 

protocols. As the negative tone patterning scheme was shown to work with APDIPES, HSQ, and 

Cy5, an array was constructed that simultaneously could aid in identifying lateral  resolution 

limitations in a diffraction limited system and an achievable feature resolution under STORM 

imaging conditions. The entire array is shown as a montage of individual sections in Figure 4.16. 

Each  column heading  consisted  of  a  500-nm wide  linewidth  text  to  delineate  the  distances 

between features.  Under  the  column headings,  three  columns  consisting  of  two features  per 

column were utilized.  The distance,  centre-to-centre,  between each cluster of two features is 

indicated by the column heading. For example, under the 200-nm heading, the first, leftmost 

column has clusters of two features which measure 200 nm apart, as does the second and third 

column. 
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Unfortunately, evidence of fluorophore aggregation and surface fouling is noticeable on 

the overall array, with particularly large spots seen between the 100- and 125-nm section. After 

realizing  background  contamination  was  still  a  substantial  issue,  even  with  switching  to  a 

negative tone scheme, a surface passivation strategy for the background areas was investigated 

try to prevent nonspecific surface binding.

Figure 4.16: Raw montage of TIRF images captured with 60X TIRF objective. Glass coverslip with variable pitch 
SiOx pillar arrays of APDIPES with Cy5. Each column’s number heading indicates the separation distance, in nm, of 
the  features  inside  each  cluster.  Each  column consists  of  3  clusters  of  variable  distances,  and  each  cluster  is  
separated from the neighbouring cluster by 2 µm.

4.2.5 Evaluation of Surface Passivation

Quantifying the effectiveness of surface passivation strategies is challenging and has been done 

by simple counting of fluorescent spots per imaging area after surface treatment.318–321 The well 

known passivation strategy of applying a monolayer of polyethylene glycol on the background 

surface areas was examined before attempting the use of two-sequence passivation strategies, 
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such as the previously mentioned DT20 surface.320 Control surfaces of -NH2-only (APDIPES), 

PEG-only, and bare glass were prepared. As background passivation would occur after features 

had  been  defined,  a  solution  deposition  protocol  for  mPEG-silane  (5000  MW,  Gelest)  was 

used.223 An  overnight  deposition  of  0.1%  volume  in  dry  toluene  on  piranha  cleaned,  high 

tolerance coverslips produced uniform covered surfaces with water contact angles (sessile drop) 

of 34 ± 4° and RMS roughnesses measuring 0.5 nm over a 4-µm squared area. PEG surfaces 

were found to be conformal to the glass surface. Surfaces were passivated after EBL exposure 

and development of the HSQ arrays, immediately following activation by piranha cleaning and 

before coating with sacrificial PMMA.

After each unpatterned control surface was prepared, it  was labeled using the scheme 

shown in Figure 4.5. Cy5 was aliquoted and diluted to concentrations ranging from 1 nM to 1 

mM in 10-fold increments. A minimum of 10 random areas were selected for each area, and 

spots were segmented and quantified using the spot detector plugin in the standalone imaging 

software, Icy.322 Integrated intensities were calculated for all spots and totaled for each surface. 

As shown in Figure 4.15, it was found that for concentrations of 1 mM and 100 µM of Cy5, 

PEG-only surfaces produced the fewest amount of random spots compared to bare glass and 

amine presenting surfaces (Figure 4.15). After 10 µM and further dilution, no improvement was 

seen for PEG surfaces over any of the remaining surfaces for the amine surface. No difference in 

total integrated spot intensity was seen for all concentrations on bare surfaces, as well as on PEG 

surfaces. This indicates that PEG was effective at higher labeling concentrations, but at lower 

concentrations background passivation appeared to have little impact on nonspecifically bound 
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application  of  PEG  background  passivation  strategies.  Resolution  tests  below  350  nm  all 

localized as one discrete feature, with a 0% yield of successfully separated features. Tests at 475 

and 500 nm in Figure 4.16, g and h, show 15 of 18 feature clusters with discretely localized 

features; however, spots are uneven in intensities. 

Unevenness in labeling may be one reason for the poor yield in reconstructed spots. For 

surface arrays of these dimensions, higher concentrations of label generally are required,157,323 

which places more stress on an effective background passivation. The uneven labeling density 

also has the possibility of overlapping emitters. With super-resolution localization, effectiveness 

of the reconstruction relies on non-overlapping emitters; if they do overlap, they must both be in 

an off state, or one can be in an on state. If both emitters are in an on state within a frame capture 

for reconstruction, the software will interpret this emitter as a single spot, and the PSF will be 

localized to the centre. Some software, such as Bayesian blinking analysis (3B) is able to deal 

with overlapping emitters.324 However, applying this analysis over large areas is computationally 

expensive and may require access to supercomputing clusters for practical application.325 

Overlapping emitters is an issue for this work; there are likely several vertically stacked 

emitters up the sides of the SiOx pillars, as well as within the area on top of the post. The most 

substantial  problem for the fabrication of these arrays is  nonspecific background.  Preventing 

nonspecific  adsorption  of  fluorescent  probe  molecules  is  becoming  increasingly  important, 

particularly in the context of single molecule studies.157,320,326

Nonspecifically bound flurophores can cause the appearance of artifacts during analysis. 

As fluorescent assay development marches inexorably towards single-molecule imaging,157,327–331 
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it  becomes critical to consider the interactions between the dye-conjugate and the underlying 

surface.332

There is a large parameter space for determining why nonspecific binding was such an 

issue  for  these  array  fabrication  schemes.  It  has  been  shown that  the  characteristics  of  the 

fluorochrome  can  impact  the  cell  labeling  behavior  of  a  dye-conjugate.333–335 Clarke  et  al. 

reported that the non-specific binding of fluorescent probes to a glass surface depends primarily 

on the dye and less on the protein to which it is bound.318 Dye chemistry has a strong influence 

on dye-protein conjugates interacting with surfaces nonspecifically.318,336 Work has been done 

emphasizing  the  choice  of  probe–surface  interactions  over  spectral  characteristics.337 Daniels 

made  the  case  for  using  anionic  fluorescent  probes  when  examining  dye–glass  surface 

interactions due to electrostatic interactions.337
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produces a methyl-terminated surface.  Alternative surfactants,  such as F-127, also have been 

utilized this way.338 There also has been analysis of the effectiveness of PEG monolayers on glass 

surfaces in the context of nanoarrays (Figure 4.17 a). The authors found that glass surfaces, due 

to impurities during glass formation, are likely to result in formation of patches of PEG. They 

found that planarization of the surface by spin-coating with HSQ, followed by thermal curing of 

the  HSQ,  can  help  to  improve  uniformity  of  surface-presenting  silanols,  and  thus  increase 

passivation effectiveness.

It is important to note that while the super-resolution results for this work were partly 

successful,  the  diffraction limited system results  were successful.  Without  the  application  of 

super-resolution  techniques,  500-nm  centre-to-centre  distances  are  distinguished  easily  with 

accessible, open access techniques. Sparse arrays with feature pitches of 1 µm have enabled high 

throughput analysis with much less stringent fluorescent imaging requirements.323
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centre dimensions are readily achievable with this technique, and that, after resolving nonspecific 

background labeling, this technique likely could be pushed further towards rapidly identifying 

the limits of a fluorescence microscope. It is likely that the majority of the background produced 

in these experiments was caused by aminosilanes which permeated the protective resist layer 

during the labeling stage as is described in chapter 2. In addition, substantial residual resist is left  

by PMMA with solution removal, especially without the application of sonication. It is possible 

that noncovalent interactions took place between residual resist and the dyes in question. With 

proper application of background passivation and prevention of silane permeation, this technique 

may expand into super-resolution work, as will be discussed in the outlook section of chapter 5. 

4.4 Experimental

4.4.1 Surface and Sample Preparation

High tolerance glass coverslips No 1.5 were used as patterning and imaging surfaces for all 

fluorescent  experiments.  Chips  were  bulk  cleaned  by  successive  sonication  for  5  min  in 

methylene chloride, milliQ water, and isopropyl alcohol and blow dried with a gentle nitrogen 

stream.339 Next, samples were piranha cleaned in a class 10 cleanroom for 15 min and blow dried 

with N2. Samples were piranha cleaned immediately prior to coating for lithography steps and 

were dried individually, edge-on, to avoid breakage. 
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4.4.2 AFM Imaging

All  trench  and  feature  height  profiles  were  acquired  using  tapping  mode  atomic  force 

microscopy  (AFM)  with  a  Digital  Instruments/Veeco  multimode  atomic  force  microscope. 

Collected data were analyzed using the open source software Gwyddion.229

4.4.3 Vapor-Phase Deposition Verification

The vapor-phase deposition protocol utilized was identical to that in Chapter 2 with deposition 

times of  18 h.  As glass surfaces were utilized for this  work,  high tolerance coverslips  were 

cleaned  with  piranha  and  checked  in  AFM  and  by  water  contact  angle.  Contact  angle 

measurements  (FTA-200) were completed for homogeneous monolayers using a  sessile  drop 

method with milli-Q water to confirm deposition. Roughness measurements were calculated over 

2 µm x 2 µm areas via afm measurements in Gwyddion. For axial confined monolayers on SiOx 

pillars, pillar surfaces were fabricated on Si and exposed to mercaptosilane vapor to produce free 

thiols on top of pillars. This allowed for immersion in colloidal gold solution and then SEM to 

visualize bound particles confined to the surface.
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Positive tone patterning was completed as in prior chapters, utilizing PMMA (950k) as 

the  primary resist  for  all  work in  this  chapter.  Single  pixel  dot  shot  features  were  used for  

defining deposition features. Pitches for dots were varied according to the array distances being 

tested. Patterned surfaces were stored in a class 10 cleanroom (40% relative humidity). 

Following exposure, ZEP520A was developed in ZEDN50 (Zenon) developer for 4 min, 

followed by rinsing in IPA for 30 s. Samples were blow dried with a stream of N2. Patterned 

surfaces were stored in a class 10 cleanroom (40% relative humidity). 

4.4.5 Vapor-Phase Deposition

The  vapor-phase  deposition  protocol  utilized  was  identical  to  that  in  Chapter  2,  using  both 

APTMS and APDIPES. Deposition times were 18 h, unless otherwise stated. Both positive tone 

and negative  tone  arrays  utilized  the  same deposition  protocol.  Negative  tone  patterns  were 

functionalized  after  etchback  and  AFM  confirmation,  while  positive  tone  patterns  were 

functionalized  after  descum etching  (RIE,  Trion)  for  30  s  at  a  power  of  40  W,  200  mTorr 

chamber pressure, and 50 SCCM oxygen flow. 

4.4.6 Fluorescent Imaging and Mounting

Fluorescence labelling with FITC (Sigma) was completed by preparing a 1 mg/mL stock solution 

in 200-µL aliquots. Stock aliquots were frozen at -20 °C until use. The stock was diluted to 2.57 

µM in pH 9.0 carbonate buffer before labelling.  Labelling was completed by immersing the 

patterned surface in a vial with the labelling solution in the dark at room temperature for 4 h.  
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confocal  dishes  in  volumes of  3  mL and were made immediately before use.  Samples  were 

located dry (no buffer) in DIC before adding imaging buffer.

4.4.7 Image Reconstruction

Image reconstruction was attempted utilizing the localizer tool in Igor (32 bit) pro.341 Images 

were  analyzed  as  multi-file  .TIFF  series,  using  a  3x3  media  pre-processing  filter,  GLRT 

segmentation, and MLEwG localization algorithm. A minimum of 2000 images was utilized for 

STORM imaging attempts.342
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5 
Thesis Summary and Outlook

5.1 Summary of Chapters

The overall thesis statement was supported by the work described in experimental chapters 2-4. 

Electron beam lithography is an effective means to develop methods for patterning organosilanes 

on  silicon  and  silica  surfaces  with  arbitrary  geometries  and  high  resolution.  Electron-beam 

lithography can be used in conjunction with vapor-phase deposition of organosilanes to create 

high-fidelity  nano-patterned  surfaces  of  self-assembled  monolayers  organosilanes  on  oxide-

capped silicon and silica surfaces for diverse application. This section summarizes the chapters 

and how each chapter’s results supports the use of EBL to pattern SAMs by using vapor-phase 

deposition.
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5.1.1 Chapter 1

In Chapter 1, the concept of lithography and top-down versus bottom-up fabrication schemes 

was  introduced.  With  this  came  the  introduction  of  self-assembled  monolayers  and  the 

pioneering work with silanes and organosilanes. The reactions and conditions which govern the 

coupling  of  silanes  to  various  surfaces  was  reviewed.  The  methods  of  deposition  of 

organosilanes  was  discussed,  comparing  solution  deposition  to  vapor  deposition.  Current 

methods of patterning organosilanes were reviewed over a wide range of techniques.  Lastly, 

electron beam lithography and its  working principles were examined. The chapter concluded 

with a discussion of electron beam lithography for patterning self assembled monolayers, with 

attention to vapor-phase deposition through fabricated templates.

5.1.2 Chapter 2

Chapter 2 supported the thesis statement by demonstrating that EBL-guided vapor-phase  could 

be used to pattern self-assembled monolayers of aminoalkoxysilanes. In addition chapter 2 tested 

whether  resist  choice  would  impact  nonspecific  deposition  of  aminoalkoxysilanes.  The 

importance of  resist  and organosilane choice was stressed by reporting on the  patterning  of 

aminosilanes  through  EBL  resists.  Three  electron  beam  lithography  resists  were  used, 

PMMA(950k), PMMA(495k), and ZEP520(57k). After patterning these resists in EBL, a vapor 

deposition  protocol  was  introduced,  allowing  deposition  of  3-aminopropyltrimethoxysilane 

(APTMS) and 3-aminopropyldiisopropylethoxysilane (APDIPES) through the patterned masks 

onto  the  exposed  silicon  native  oxide  surface.  After  deposition  and  template  removal,  the 

surfaces were immersed in a gold nanoparticle solution for electrostatic self-assembly. It was 
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found that  substantial  non-specific  binding occurred  for  both  PMMA resists,  while  ZEP520 

resulted in nearly 0% nonspecifically bound particles. Various control surfaces were prepared for 

each aminosilane and resist combination and subjected to nanoparticle deposition and surface 

energy analysis. It was found that each resist leaves a residual on the silicon surface, and that the 

residual  alone  is  not  sufficient  for  nanoparticle  deposition.  However,  unpatterned  PMMA 

surfaces exposed to vapor deposition were able to bind particles in high quantities, especially for 

APTMS. This indicated that silanes likely had penetrated the film during deposition, leading to 

unwanted  background  deposition.  Surface  energy  analysis  was  completed  to  determine  the 

interfacial energy components of the various surfaces at work. It showed that ZEP520 residual on 

silicon is a highly electron donating surface in comparison to PMMA, possibly indicating more 

efficient  removal.  Coupled  with  analysis  by  XPS,  this  also  indicated  that  while  nonspecific 

aminosilane deposition certainly takes place, the aminosilane penetrants may not exists on the 

surface as a covalently bound contaminant.  Ultimately, a ZEP520(57k) and APDIPES deposition 

produced excellent pattern selectivity for electrostatic self-assembly of gold nanoparticles and, in 

some cases, resulted in the patterning of single nanoparticles.

5.1.3 Chapter 3

Chapter 3 supported the thesis statement by sowing that EBL-guided vapor-deposition could be 

used  to  pattern  aminoalkoxysilanes  and that  by  varying  deposition  conditions,  condensation 

structures  of  APTMS  could  be  formed  with  limited  morphological  control.  Condensation 

structures were created with the deposition protocol, and it was revealed that tighter control and 

further characterization is required to fully integrate these structures into existing methods of 
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semiconductor feature multiplication strategies. Chapter 3 explored the promising condensation 

structures produced by vapor deposition of APTMS through ZEP masks with a perspective for 

use as spacers in density doubling applications for the semiconductor industry. With the standard 

deposition method described in Chapter 2, it was found that  when APTMS is deposited through 

ZEP masks, it left both ring-shaped and line-shaped condensation structures, which conformally 

coat the inside of the template mask. Extensive SEM imaging was completed for these structures 

as well as AFM to determine that their peak heights are on the order of 150 nm, with line widths 

of 50 nm and hole spacers with diameters of 81 nm. The hole structures, functioning as spacers,  

were  shown to  have  complete  clearance  to  the  surface;  this  indicates  a  high  probability  of 

success for a chemical shrink-type process. A potential hole shrinkage of 37 to 48% was found 

for APTMS in ZEP. The line structures proved difficult to characterize, however a deposition 

curve was determined. It was found that deposition of these structures occurs in less than 2 h for 

maximal height features at 80 °C. However, AFM only revealed small trenches in the line shaped 

structures.  It  may  be  that  current  conditions  are  causing  complete  line  fill-up  with  APTMS 

structures  or  that  characterization  methods  were  insufficient  to  determine  the  actual  cross-

sectional  morphology  of  these  structures.  Current  investigations  into  the  line  structures  are 

ongoing as promising oxide etching appears to show the development of a trench-like profile in 

SEM tilt imaging. HiM imaging and Ga-FIB, as discussed in this chapter helped to determine the 

likely morphology of the line structures; however, TEM analysis would be the ideal choice for 

future characterization.
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5.1.4 Chapter 4

Chapter  4  supported  the  thesis  statement  and  demonstrated  that  the  vapor-deposition  of 

aminosilanes  through EBL-patterned masks could  be used to  create  a  fluorescent  nanoarray. 

Additionally  it  was  shown that  positive-  and  negative-tone  strategies  influence  the  labeling 

performance and nonspecific background of the arrays. In Chapter 4, I discussed the fabrication 

of a nanoscale fluorescent array, which was the initial device goal for the thesis. As described, 

two fabrication processes were used, based on positive tone and negative tone strategies. Positive 

tone  work  was  completed  with  500-nm  centre-to-centre  spacing,  patterning  APTMS  and 

APDIPES for conjugation with the fluorophore FITC through PMMA(950k). It was shown that 

single features could be resolved at this resolution, while 250-nm features could not. A novel 

method was developed utilizing a negative tone resist, HSQ. Pillars of SiOx 110 nm tall and 35 

nm in diameter were coated with a sacrificial PMMA layer to etch back and expose the tops of 

the pillars  for vapor phase functionalization.  Potentially,  the strategy is  very useful for axial 

confinement of self-assembled monolayers. However,  as was shown in Chapter 2, PMMA is 

subject to silane permeation, and the strategy would benefit from alternative sacrificial layers 

being examined. Nevertheless, it was shown that Cy5 could be patterned effectively with a 500-

nm pitch using the negative tone scheme and that a bimodal distribution of intensities existed 

when utilizing this route, making the scheme promising for automatic thresholding in an array 

analysis context. Super-resolution imaging was attempted, but substantial non-specifically bound 

fluorophores  hampered  image  reconstruction.  Ultimately,  this  search  into  the  cause  of 

background functionalization lead to the discovery of effective colloid patterning in Chapter 2, as 

well  as the discovery of the silane spacer structures in Chapter 3. The array methodology is 
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exciting  for  epifluorescence/TIRF  approaches.  Improvements  to  remove  background  and 

increase labelling efficiency were discussed in this Chapter.

5.2 Process Development for Future Research Optimization

5.2.1 DLVO/XDLVO for Particle Immobilization

The patterning of gold nanoparticles demonstrated in Chapter 2 is attractive in methodology, and 

the role of resists/organosilanes interactions is clear. However, this type of work would benefit 

substantially from in depth analysis, particularly making use of Derjaguin, Landau, Verwey, and 

Overbeek (DLVO), and extended DLVO.343–345 Shown in Figure 5.1 is an example of an extended 

DLVO plot, or energy balance diagram, as depicted in Carel van Oss’s  Interfacial Forces in  

Aqueous Media.344 Such a diagram is an excellent way to depict the summation of electrostatic, 

Lifshitz–van der Waals, and acid-base components, demonstrating the effect that each of these 

components has on the system. Typically, these plots are useful to describe colloidal stability, 

however, it is possible to utilize DLVO with a sphere and flat plate model.346 With the surface 

energy work in Chapter 2, the effect of the apolar AB component also could be demonstrated, 

similarly to the way the addition of an acid-base component to the system can move a colloid 

interaction from an unstable (Figure 5.1 b) to a stable system (Figure 5.1 d) by overpowering the 

electrostatic interaction at close distances to remove the primary minimum for interaction.
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(2.1)   

and the free energy balance for the surface can be summarized as:

(5.1) ΔG=ΔG LW +ΔG AB+ ΔGEDL

From equation 5.1,  both  ΔGLW and  ΔGAB can be plotted as a function of surface/particle 

distance.  ΔGLW can be determined by computing the Hamaker Constant, A, utilizing the data 

from surface energy analysis, as described in Chapter 2. The unretarded Lifshitz–van der Waals 

energy of interaction for a sphere of radius R and a semi-infinite flat plate at distance l is:

(5.2) ΔGLW =−AR
6 l

The Hamaker  Constant,  A,  can be determined from the surface energy measurements  of  the 

apolar interfacial tensions components by:

(5.3) A=24π l o
2 γLW ; where lo = 1.57  ±  0.09 Å.

Then, the interfacial contribution from the polar surface tensions components can be computed 

as: 

(5.4)

leaving only the electrostatic double layer component, ΔGEDL remaining. ΔGEDL for a sphere 

of radius R and a flat plate is expressed as:

(5.5)
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where  ψp  and  ψs  are  the surface  potentials  for  both  the plate  and sphere,  respectively. 

Future  work  requires  more  experimental  determinations,  which  are  achievable.  The  gold 

nanoparticle  is  readily  analyzed  by  dynamic  light  scattering  instruments,  and  the  surface 

potential of the plate, or zeta potential of the sphere, can be determined a number of ways, such 

as the streaming potential measurement in an electrokinetic analyzer. This instrument requires a 

4.0-cm minimum span to fit the probe mounting plates, therefore, the processes utilizing this tool 

would have to use larger surfaces, ideally 7.0 cm long by 3.0 cm wide.

There are relatively few examples where DLVO theory has been utilized to describe gold 

nanoparticle  interactions  with  patterned aminosilanes  on  a  surface  and  their  assembly.  A 

particularly nice  example  is  given in  the work by Ma  et  al.,199 who utilized  DLVO to help 

characterize their electrostatic funneling system, which was used to place single nanoparticles at 

wafer scale (Figure 5.2). This work was important in demonstrating that larger scale (~100 nm) 

guiding  templates  can  be  used  to  funnel  smaller  molecules  by  engineering  the  electrostatic 

gradient  the particles  experience in  solution as they approach the surface.  The patterning in 

Chapter 2 could be extended to a larger scale by using DLVO to help predict assembly and guide 

the design of future processes.
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methods, such as sputtering,347,348 and can be etched in a variety of gentle etchants.349,350 Figure 

5.3 shows the results from etching a 40-nm magnesium layer deposited on a silicon surface by 

etching through a patterned resist mask. First, the magnesium layer was sputter deposited (1 Å/s, 

ATC Orion 8, AJA International Inc), and a PMMA(950k) film was spin coated over top of the 

hardmask layer at a thickness of 110 nm. Following electron beam lithography, development was 

done in MIBK:IPA 1:3 for 1 min, followed by rinsing in IPA for 20 s. The use of an organic 

developer was critical as an aqueous developer would dissolve the underlying mask material. 

After development, the chip was immersed in varying concentrations of IPA in water to achieve a 

desirable etch rate and minimize anisotropy. Figure 5.3 shows the most promising results for wet 

etching, utilizing a 1% H2O in IPA as an etchant for 3 min. The chip was immersed in the etching 

solution and stirred at 1200 rpm. The sample was positioned to ensure directional flow of etchant 

into the mask holes before immediate removal and rinsing in acetone. The acetone functions to 

quench etching as well as to simultaneously remove the PMMA(950k) resist. The masks were 

examined before any vapor deposition took place.  It  was found that although larger features 

appeared to etch completely, small features that were of interest for the work, routinely contained 

surface  contamination.  This  could  potentially  be  a  form  of  Mg(OH),  which  has  very  low 

solubility.351 Additionally,  repeatable  control  of  a  somewhat  anisotropic  etch  was  difficult, 

probably due to fluid access through the PMMA etch mask therefore this idea would require 

further optimization to improve anisotropy and maintain small feature sizes.

 

154



 
 
 

 

 

 

 

 

 

 

 

 



 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



the RIE control requires optimization. This could be done by reducing the overall height of the 

bilayer post stack so that the exposed PMMA profile underlying the etch mask is less susceptible 

to  sidewall  etching.  Additionally,  other  etch  parameters,  such  as  alternative  etch  gases  and 

increased  surface,  could  be  explored.  ICPRIE  (Inductively  Coupled  Plasma  Reactive  Ion 

Etching)  capabilities  exist  at  the  UAlberta  nanoFab  and  are  highly  anisotropic.  Lastly,  as 

described later, the method of metal deposition likely will play a large role with this negative 

tone liftout process, and reducing step-edge coverage of the pillars onto the mask background 

likely would improve yield dramatically.

In an effort to simplify this negative tone liftoff methodology, it was thought that a pure 

post material would be less complicated as it would entirely remove the RIE etching step. This 

initially was designed, as shown in Figure 5.6, with the idea of utilizing an HF-based removal to 

remove the SiOx posts. This method was inspired by work utilizing HSQ liftoff after germanium 

and platinum depositions.355 Before attempting HSQ, however, an attractive option to replace 

HSQ as a negative resist that utilized organic solvents was found, Ma-N. Ma-N is a negative tone 

deep UV resist which can be sensitive to electron beam exposure.356
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the lack of an adhesion layer resulted in a cracked mask film (Figure 5.8 b), making an adhesion 

layer necessary for preventing permeation to unwanted areas. To avoid a second metal in the 

hard  mask,  3-mercaptopropyltrimethoxysilane  (MPTMS)  was  used  as  an  adhesion  layer. 

Organosilanes are being utilized more often as molecular adhesion layers for both hard168 and 

soft lithography surfaces.357 After HSQ exposure and development, MPTMS was deposited using 

the vapor deposition protocol on the surface and posts. The surface had 20 nm of gold evaporated 

on it and was found to have excellent continuity. As in Figure 5.8, the film appears dramatically 

smoother  than its  Cr adhesion layer counterpart.  Next,  an aqueous HF (1%) dip with gentle 

agitation for 10 s was used. A high yield of liftout in small features of interest is seen in Figure  

5.8 d. This procedure is incredibly promising for future work, particularly when combined with 

Ma-N2401. After removal of the film (Fig 5.8 d), there was an anisotropic undercut present by 

the  HF removal.  In  the  case of  vapor  deposition,  this  effectively  could  increase  the  feature 

diameter. However, by utilizing Ma-N2401 with this more directional evaporation deposition, the 

features likely could be sonicated in acetone and descummed aggressively in oxygen plasma to 

produce  a  clean,  activated  silicon  surface  in  the  hole  array  with  vertical  sidewalls  and  no 

undercut. Then, the mask could be etched in a KI/I2 solution, although the interactions between 

gold etchants and the organosilane of choice would have to be considered. This again opens up 

the possibility of utilizing magnesium; however, a target for Mg will needed for the evaporation 

system.
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5.2.3 Super-Resolution Microscopy

In  Chapter  5,  the  limitations  of  the  lithography  approaches  used  with  respect  to  unwanted 

background have been addressed. However, there are other improvements that may be done in 

the  construction  of  a  standard  for  super-resolution  microscopies.  The  first  is  the  use  of  an 

inorganic quantum dot pattern rather than that of small organic molecules. Patterning of quantum 

dots via electrostatic self-assembly has been demonstrated in the elegant work by Jiang et al.358 

Their work, shown in Figure 5.9, demonstrated that electrostatic assembly of sparse quantum dot 

arrays is achievable. Coupled with an accurate picture of zeta potential and patterned surface 

potentials  via  XDLVO  plots,  it  may  be  possible  to  extend  this  patterning  methodology  to 

patterned organosilanes rather than metal patches of aluminum oxide shown here. With quantum 

dots, such as QD705, super-resolution is possible by application of Bayesian blinking analysis 

software like 3B. This, coupled with analysis on a cluster, could produce a very robust pattern of 

high brightness and photostability normally shown for quantum dots. Additionally, the quantum 

dots  may be able  to  survive plasma etching if  background functionalization is  desirable.  As 

patterned streptavidin-biotin has been shown as effective in nanoscale assemblies of a variety of 

molecules, another potential  route to standard fabrication could be by potential  collaboration 

with nanoscale origami research.310,359 
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