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Abstract

In this thesis, the wafer-scale fabrication of SiIN membranes, Au films and Au membranes
with arrays of sub-pm holes is described. Two conceptually different processes (1) and
(2) were developed, both of which are based on nanosphere lithography (NSL) with self-
assembled close-packed monolayers of polystyrene (PS) beads. PS beads with a diameter
D in the range of 420 nm to 530 nm were used. The hole array periodicity p was thus
determined by D. Different bead deposition methods were tested; by spin-coating, a
monolayer wafer coverage > 90% could be obtained. By O,-RIE, D could be reduced
in a controlled way down to 0.3D.

In process (1), holes were etched into the device layer using a hole etch mask made by
NSL. The hole size @ was determined by the reduced D. In this way, 100 nm thick SiN
membranes with a maximum size of 2400x2400 pm? and a hole density on the order of
10® holes/cm? were fabricated by etching holes into the SiN. The membrane release was
done in a combined dry-/wet-etch procedure.

Similarly, hole arrays were fabricated on 2”7 glass wafers by sputter-etching into 200 nm
thick Au films. With this process, different @, e.g. from 60 nm to 180 nm, could be
obtained for initially identical mask holes by tuning the sputter-etch parameters.

In process (2), NSL was used to realize high aspect ratio Si and oxidized Si pil-
lars that were subsequently used as a lift-off template. Free-standing, 200 nm thick,
1200x 1200 pm? large Au membranes with @ from 100 nm to 300 nm were successfully
fabricated using Si pillars as KOH lift-off template and a Si-DRIE release procedure.
Using oxidized Si pillars for lift-off in HF instead, such hole arrays in Au films could be
transferred to flexible, transparent parylene films.

The fabricated devices were characterized and successfully tested for stencil and re-
fractive index sensing applications:

Holey SiN membranes were bulge-testet and withstood pressures up to 5 bar, showing
their suitability for stencil and filtration applications. Stenciling was successfully done
for (a) the deposition of arrays of 230 nm in diameter Au and Ag dots onto Si substrates
and (b) the etching of holes into a 500 nm thick SiN membrane.

The light transmission characteristics of wafer-scale hole arrays in Au films were re-
producible for different measurement locations. Similar hole arrays were used to detect
refractive index changes in water of varying glycerine concentrations. The transmission
through Cr/Au membranes with sub-wavelength hole arrays was measured. Upon Cr

removal, the transmission was enhanced by a factor 2.4.

Keywords Nanosphere lithography, colloidal lithography, self-assembly, hole arrays,

porous membranes, Si pillars, stencil, microfiltration, plasmonics, EOT.
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Zusammenfassung

In dieser Doktorarbeit wurde die Fabrikation von diinnen SiN Membranen sowie Goldfil-
men und -membranen untersucht, die mit regelméssig angeordneten Lochern von < 1 pm
im Durchmesser (@) perforiert sind. Insbesondere fand die Herstellung grossflichig und
auf Basis von 2”7 bzw. 4”7 Scheinbensubstraten statt.

Zwei unterschiedlich Ansétze (1) und (2) wurden untersucht. Anfangs basieren beide
auf Lithographie mittels autoassemblierten Monolagen sphéarischer Polystyrolpartikel
(PS) (en: nanosphere lithography NSL). Der PS Durchmesser D war 420 bis 530 nm.
D bestimmt die Gitterkonstante der spéateren Lochgitter. Es wurden unterschiedliche
Methoden untersucht, um PS Monolagen aufzubringen. Durch Aufschleudern von PS
Suspensionen konnten 90% der Flache von 4”7 Scheiben mit Monolagen bedeckt werden.
Durch Atzen in Os-Plasma konnte D kontrolliert bis zu 0.3D reduziert werden.

In (1) wurden Locher in die Diinnfilmschichten hinein geétzt. Als Maskierung diente
eine Lochmaske, die mittels NSL hergestellt wurde. Das Si Substrat wurde lokal durch
Riickseitenatzen entfernt. So wurden 100 nm dicke SiN Membranen bis zu einer Grofe
von 2400x2400 pm? mit einer Porendichte ~ 103 /cm? realisiert. Ebenfalls mittels Atzen
durch eine NSL Lochmaske wurden 200 nm dicke Goldschichten perforiert. Mit der
angewendeten Atzmethode ist es moglich, @ in einem weiten GroBsenbereich einzustellen
ohne Anderung der Lochmaske.

In (2) wurden 200 nm Au direktionell auf Si oder oxidierte Si Saulen aufgedampft.
Durch das hohe Aspektverhéltnis konnten diese nachfolgend durch Nassatzen in KOH
bzw. HF selektiv entfernt werden. Auf dem Substrat verblieb so ein poroser Goldfilm.
@ wurde in diesem Fall durch den Durchmesser der Sdulen bestimmt und lag im Bereich
von 100 bis 300 nm. Lochrige Membranen mit einer Grofe bis zu 1200x 1200 pm? wurden
dhnlich wie in (1) durch Riickseitendtzen des Si Substrats realisiert.

Die hergestellten porésen Filme und Membranen wurden charakterisiert sowie erfol-
greich fiir diverse Anwendungen getestet. So zeigten Wdélbungstests dass die porosen
SiN Membranen als Filtrationsmembranen geeignet sind. Weiterhin wurden SiN Mem-
branen als Schattenmaske benutzt, wodurch (a) Metall punktuell aufgedampft wurde,
(b) eine 500 nm dickes SiN punktuell geédtzt und damit ebenfalls perforiert.

Lochrige Au Filme und Membranen wurden beziiglich ihrer optischen Eigenschaften
charakterisiert. Die Lichttransmission konnte durch Anregen von Oberflachenplasmo-
nen um einen Faktor 2.4 erhoht werden. Schliellich konnnte gezeigt werden, dass die

16chrigen Au Filme als Brechungsindex-Sensor geeignet sind.

Schliisselworter Colloid Lithographie, Auto-assemblierung, Locher Arrays, porose Mem-

branen, Si Saulen, Stencil, Mikrofiltration, Oberflichenplasmonen, EOT.

v






Contents

1

Introduction

1.1 Holey thin films and membrane applications . . . . . . . .. ... .. ..

1.1.1 Applications overview . . . . . . . . .. ...

1.1.2  Stenciling . . . .
1.1.3 Filtration . . . .

1.1.4 Hole arrays for surface plasmon based sensing . . . . .. .. ...

1.2 State-of-the-art . . . . .

1.2.1 Conventional fabrication methods . . . . . . . . . .. .. ... ..
1.2.2  Self-assembly based methods . . . . . . . ... .. ... ... ...

1.3 Research objective . . .

1.4 Choice of fabrication method . . . . . . . . . . . . . ... ... ... ...

1.5 Research outline. . . . .

Bead deposition

2.1 Forces governing bead self-assembly . . . . . . .. .. ...

2.2 Convective self-assembly of beads . . . . . ... ... ... ...

2.3 Experimental . . .. ..

2.3.1 Drop-coating convective self-assembly . . . . . . . ... ... ...
2.3.2  Controlled convective self-assembly with CAPA tool . . . . . . ..

2.3.3 Spin-coating . . .

2.4  Summary and conclusions

Bead size reduction

3.1 Etching of PS beads in oxygen plasma . . . . . .. ... ... ... ...

3.2  Experimental . . .. ..

3.2.1 Anisotropic etch characteristics . . . . . . ... ... .. ... ..

3.2.2  Bead surface roughening . . . . ... ..o

3.2.3 Bead dislocation
3.2.4  Cutting polymeric

3.3 Summary and conclusions

links between beads . . . . . . . .. ... ...

11
17
17
20
24
26
27

29
30
39
42
44
52
60
74

75
76
78
78
82
82
83
84

vil



Contents

4

viil

Bead pattern transfer

4.1 Nanosphere lithography . . . . . .. ... ... ... . ... .......

4.2 Experimental . . . . ...
4.2.1 Holey thin metal films by NSL lift-off . . . . . . . ... ... ...
4.2.2 Sipillars by NSL etching . . . . . . .. ... L.
4.2.3  Micro-patterning of holes and dots/pillars . . . . . .. ... ...

4.3 Summary and conclusions . . . . .. ...

Device fabrication

5.1 Holey SIN membranes . . . . . . . .. ... ... ...
5.1.1 Process outline . . . .. .. .. ...
5.1.2  Results and discussion . . . . . ... ..o oL
5.1.3  Preliminary conclusions . . . . . . ... ... ... ...

5.2 Hole arrays in Au films on glass substrates by sputter-etching . . . . . .
5.2.1 Process outline . . . .. .. .. ... oL
5.2.2 Results and discussion . . . . .. ...
5.2.3 Preliminary conclusions . . . .. .. .. ... ... ... ...

5.3 Holey Au films and membranes using pillars as lift-off template . . . . .
5.3.1 Process outline . . . .. .. .. ...
5.3.2 (Oxidized) Si pillars as lift-off templates . . . . . ... ... ...
5.3.3 Au membranes with sub-pm holes . . . . . ... ... ...
5.3.4 Au films with sub-pm holes transferred to parylene . . . . . . ..
5.3.5 Preliminary conclusions . . . . . . ... ... L.

5.4 Summary and conclusions . . . . . .. ... Lo

Characterization of SiN and Au films and membranes

6.1 Bulge tests of holey SiIN membranes . . . . . . ... ... ... ... ...

6.2 Light transmission through hole arrays in Au films and membranes
6.2.1 Sputter-etched hole arrays in Au films on glass substrates . . . . .

6.2.2 Sub-wavelength hole arrays in Au membranes . . . . . ... ...

Stenciling and refractive index sensing
7.1 Deposition through holey stencils . . . . . .. ... ... ... ... ...
7.2 Etching through holey stencils . . . . . .. .. ... ... ... ... ...

7.3 Refractive index sensing . . . . . . .. ... Lo

Conclusions and outlook

8.1 Conclusions . . . . . . . . .
.2 Outlook . . . . .,

87
88
89
89
91
96
104

105
106
106
108
117
118
118
121
127
128
128
130
134
138
141
142

143
144

. 146

147
149

151
152
154
156



Contents

Bibliography
A Appendix
Acknowledgements

Curriculum vitae

167

185

X






Beforehand, a brief statement on the choice of terminology.

Sub-pm = nano ? Strictly speaking, “nano” applies to patterns with at least one
dimension < 100 nm™?. On the other hand, it is quite common in the current micro-
and nanotechnology literature to refer to patterns with at least one dimension in the
range of 100 nm to 1 pm as “nano” already. This may be justified by the fact that a new
set of fabrication methods, nanotechnologies, evolved with the downscaling of structures
below 1 pm. Those methods are often conceptually different from the traditional tools
used for MEMS (micro electro mechanical systems) fabrication®.

Therefore, when I consider it important to differentiate the devices fabricated in this
thesis from truly nanoporous films and membranes, we use the term “sub-pm” to describe
holes with a diameter in the range of 200 nm to 400 nm. The terms nanopatterning
or nanofabrication are used to distinguish non-traditional from traditional fabrication
methods.

Holey ? I have to admit that this term may be unfamiliar, and porous may be the more
widely accepted term to describe materials that include a large fraction of voids. During
this thesis, holey was coined by a collaborator. It has also been used in the literature
before. I chose to take it over, as it helps to differentiate thin films and membranes
decorated with latererally arranged holes (id. pores), from generally porous media with

e.g. a sponge-like structure.






1 Introduction

Thin films and membranes with arrays of sub-um holes are interesting for
a wide range of applications. | will give a broad overview in the beginning,
and then describe in more detail the advantages of such thin porous films
and membranes for stenciling, filtration and surface plasmon based
sensing.

Thin films and membranes with nano- to um-size holes are not new. A
brief overview of existing conventional (top-down) and self-assembly
based (bottom-up) methods will be given.

In the research objective, the device specifications are defined and based
on this, a fabrication approach based on nanosphere lithography is
chosen.

An outline of this thesis concludes the chapter.




1 Introduction

1.1 Holey thin films and membrane applications

1.1.1 Applications overview
Inorganic holey membranes

Thin holey inorganic membranes provide a versatile template for various material syn-
thesis or patterning applications, for example in the form of stencil shadow masks®%°.
Micro- and nanoporous membranes are also widely used in filtration applications, such

789 or reverse osmosis!’, to name a few.

as ultrafiltration®, micro- and nanofiltration
Separation based sensing applications range from molecule or ion sensing %3 to DNA
sequencing'*'°. They also provide a useful tool for various life-science and medical ap-
plications, such as cell toxicology studies'®, tissue engineering scaffolds'?, or the use as
implantable drug delivery devices'?.

The applications in this group have in common that they require a mechanically strong
and chemically robust membrane material to withstand high differential pressures and
harsh cleaning procedures. Silicon nitride (SiN) has a high Young’s modulus and can
be cleaned by organic and acidic etch treatments. It was therefore chosen as the device

material for holey membranes that can be used for stenciling and filtration.

Metallic holey films and membranes

An interesting field of applications for metallic films and membranes with periodic arrays

of holes is related to the interaction of light with sub-wavelength structures. Optical

1819 "and with the avail-

filters were first developed in the infrared and microwave region
ability of nanofabrication tools, comparable devices could be fabricated operating in
the visible wavelength regime®’. Other interesting applications are based on the excita-

21

tion of surface plasmons (SPs)*! at sub-wavelength structures. This effect can be used

22,23

for plasmonic sensing????, enhanced spectroscopy?*, optical particle trapping?®, switch-

ing of light?, or may be considered as a circuit element in nanophotonic integrated
circuits?7.

An important material characteristic for plasmonic applications are the metal dielec-
tric properties. In the visible wavelength regime, surface plasmons can be excited at the
surface of e.g. gold (Au) or silver (Ag). Au, in addition, is chemically inert and provides
a convenient surface chemistry for bio-sensing applications. This is why Au was chosen

as the device material for plasmonic applications.

Below, stenciling, filtration (section 1.1.3) and SP based sensing (section 1.1.4) will

be described in more detail.
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1.1.2 Stenciling

Stenciling is a high resolution shadow mask fabrication method®* that can be used
for the fabrication of micro- and nanoscale patterns. Material can either be deposited
through the stencil membrane (stencil lithography (SL)), or the stencil can be used

as an etch mask. For example, stenciling has been used for the deposition of micro-

4,28,29,30 31,32

and nanodots , ion implantation®® or pattern transfer by dry-

34,35

, nanowires
etching Compared to photoresist based lithographic methods, stenciling has the
distinctive advantage to be a “clean”, non-contact method. This allows the patterning of
substrates and pre-fabricated devices that are incompatible with wet-processing, either
due to a rough surface topography or delicate surface chemistry. In an unprecedented
fashion, stenciling has been used for the deposition of semiconductor nanowires33%,
the fabrication of CMOS integrated bio-sensors®’, the patterning of flexible, polymeric
substrates>®, or the transfer of the stencil pattern onto protruding or recessed structures

by dry-etching?.

Stenciling principle

|:| Evaporation source ‘ RIE electrode

Source material diffusing
4L &
through vacuum Etch radicals A

\\ . ¥, : 3
Stencil frame
N N

Stencil
‘B EE N membrane

Protective metal layer &
evaporated onto stencil
Substrate before use as etch mask | Substrate

Figure 1.1: Schematic of material deposition and etching through a stencil membrane.

Figure 1.1 shows the principle of deposition and etching through a stencil. The sten-
cil can be aligned to the substrate and mechanically fixed. Then, material is locally
deposited or etched away. Directional methods, such as evaporation or anisotropic dry-
etching, yield a good pattern transfer. Note that, when using the stencil as an etch
mask, it is usually coated with an etch protection, for example a thin Al layer. After the

patterning process, the stencil can be removed, if necessary cleaned, and then re-used.

As with any other patterning method, the result depends on process parameters and
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on the experimental setup. In SL, important parameters are the stencil-material source
distance, the stencil-substrate distance, and the amount of material deposited. When
using the stencil as an etch mask, the question of stencil damage comes up. This will

be briefly discussed in the following.

Influence of stencil-source/substrate distance

SL owes its advantages largely to the fact that it is a non-contact patterning technique.
But this engenders also some limitations. A geometrical constraint is imposed due to
the finite size of the source S, the source-stencil distance D and the gap in between the
stencil and the substrate G. This defines the outer and inner dimensions X, and X; of

the deposited patterns (c.f. figure 1.2). If the thickness of the stencil membrane can be

Clogging

eff

-,

Blurring

Xp/2

|’/—\E“i|

Figure 1.2: The final dimensions of patterns obtained by deposition of material through
a stencil are determined by the machine configuration (S and D), the sample

setting (G), aperture clogging (Weys), and surface diffusion (X3).

neglected with respect to the lateral aperture dimensions, X, and X; can be expressed

as>:

G
Xos=WxS5—=. 1.1
i~ ST (1)

This means that, for a good patterning result, S and G should be as small as possible,
while D should be maximized (e.g. by using an evaporator with a source-substrate
distance of ~ 1 m). Stencil deformation induced by the evaporated material can lead
to a variation of G*°. Therefore, preferably strong membrane materials are used which

are not easily deformed.

Influence of the amount of material deposited

The material deposition leads to clogging of the stencil aperture. Especially for small
apertures or thick films, the reduced width W.;; = W — AW should be taken into
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account when anticipating the stencil deposition result (c.f. equation 1.1). W,s; can be

approximated by

S

tdepﬁ'
Here again, the importance of a large D and small S to reduce the loss in lateral

AW = (1.2)

pattern dimension becomes clear. Equation 1.2 is based on the assumption that no
material is deposited onto the aperture sidewalls, which is valid for a high D and small
S. Also, sidewall deposition can be reduced by surface modification of the stencil, e.g. by

silanization®°.

Blurring due to surface diffusion

As schematically shown in the lower right of figure 1.2, material diffusion on the sub-

28 However,

strate surface can be another source of loss in lateral pattern dimensions
the influencing parameters are more difficult to assess as compared to the purely ge-
ometrical contstraints. This is because blurring is greatly influenced by the substrate

type, material deposited, deposition method, etc.

Stencil damage during etching through stencil and stencil cleaning ?

Quantitative reports on possible stencil damage when used as a dry-etch mask were not
available at the time of this thesis manuscript. However, it can be assumed that etch
induced damage due to membrane abrasion is negligible when a thin protective layer of
material with a low etch rate is used (e.g. Al in case of Si dry-etching).

Stencil cleaning to remove deposited material and thus retain the aperture dimensions
is especially important when depositing sub-pm-size patterns. Metals can be conve-
niently removed in wet-etches, thus stencils can be reused many times*!. On the other
hand, ultra-sonication should be avoided in all cases, which limits the removal of dust

particles.

1.1.3 Filtration

Filtration is the act of passing a gas or fluid through a filter in order to remove solid
particles. In its simplest form, filtration is based on a size-exclusion principle. Those
who drink coffee or tea use this every day, where the permeate is a clear coffee or tea

and the retentate corresponds to the ground coffee or tea leaves retained in the filter.

Micro-sieves versus mesh-type holey membranes

In order to distinguish thin filtration membranes with well-defined holes in a 2D arrange-
ment from mesh-type holey membranes obtained by e.g. sol-gel processing or solvent-

casting, the former are also called sieves. A sieve is characterized by a low pore height to
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pore diameter ratio: h/d < 1%2. Going back to the coffee example, coffee filter paper is a
membrane filter while espresso machines use a perforated metallic sieve. The coffee filter
versus espresso sieve example illustrates two important advantages of sieves over filters:
While water will pass through the sieve almost unhindered, it slowly drips through the
filter paper. This is because the filter paper is a maze of fibers with high surface area
and tiny dead-end pores that soaks up water and lets it pass only slowly. The sieve,
however, has a flat surface and only retains the ground coffee beans. Secondly, clean-
ing of the filter paper is almost impossible, while the espresso sieve is easily cleaned in

running water.

In principle, this every-day example also applies for nano- and micro-sieves in com-
parison to fibrous, holey membranes. The improved filtration properties when using a
sieve with a small pore size distribution in a thin membrane are illustrated in figure 1.3.
It compares the pore size distribution of solvent cast, track-etched and micro-fabricated
membrane filters and shows how this influences the flow rate through the membrane.
For a micro-/nano-sieve with small pore size distribution, the flow rate is orders of

magnitude higher than for solvent-cast or track-etched membranes.

DL ) . 0 10
....‘. ° . Micro-/nano-
©® ® @ ® 0 4 fabricated
'...'..... " microsieve

Micro-/nanofabricated
microsieve

Solvent cast

Flow rate [I/hr/mA2/bar]

Pore size density [log scale] —p

Sl 104
olvent cast
"!‘rkﬂf‘"’ Track-etched
10°
1.0 20 5.0 10 0.2 0.5 1.0 2.0 5.0
Pore size [um] =——b Pore size [um] ——b

Figure 1.3: Typical pore size distribution of various membrane filters and corresponding

clear water flux rate. Figure adapted from van Rijn?3

The first micro-sieves were developed** and patented**® by Cees van Rijn in the
1990s. Today, the micro-sieves sold by his company Aquamarijn Micro Filtration BV!
are used for diverse applications such as the filtration of beverages (beer, milk, etc.) or
membrane emulsification technology.

Lwww.microfiltration.nl
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Microfiltration

There exist different types of filtration processes, classified according to the filtered
particulate size. Figure 1.4 gives an overview of the separation process terminology.

In this thesis, the targeted filtration regime is microfiltration: the physical retention of

I I I T I I I
lonic range Molecularrange ~ Macro molecular range Micro particle range Macro particle range
T T T I T T I
Typicalam 0.001 0.01 0.1 1 10 100 1000
T O I N 7Y ST S 1111 S (1) R O S R N 111 O S A 1111 A O R T111 O IR N 1111
T T
Aqueous saltg] [ Albumin protein | |
Typical feeds [Carbon black]| [ Paint pigment | [ Pollen |
[ Virus | [ Bacteria | [ Beach sand
|
[ Tobacco smoke I Milled flour |
I I
[ Latexes / emulsions  [goq |
Colloidal silica blood Human hair
cells
Separation Reverse osmosis Ultrafiltration | l !
process 15 - 25 bar 1-5bar rof . Particle filtration
Pressure range Micro |Itra;|on
| |
Membranes } - ,
I Fibrous media
| | | [ I I I
Figure 1.4: The filtration spectrum. Figure adapted from www.h2ro.com and

www.millipore.com.

particles in the size range from several tens of nm to a few pm, such as bacteria, yeast
cells or latex particles. In microfiltration, the typical trans-membrane pressure Ap is
in the range of 0.5 to 3 bar. These low operating pressures can be used because the
osmotic pressure Il can be neglected. II is inversely propotional to the molecular weight
M2

Important factors to consider in microfiltration are the particle diffusivity Dy and
the suspension viscosity 1. Do o< T'/(nr), where T is the temperature and r is the
particle radius*”. For a micron-size sphere in water at 20°C, Dy is on the order of
10713 m?/s, which is three to four orders of magnitude lower than the diffusivity of
e.g. sodium chloride. This inhibits back-diffusion of large colloids and particles away
from the membrane, giving rise to membrane fouling and highlighting the importance

of membrane cleaning.

Flow rate

The flow rate ) through the membrane is an important parameter in filtration applica-

tions. To obtain a high @, the ratio of the channel length (the membrane thickness h

2For example, large colloids with M on the order of 10* kg/mol only build up a IT of ~ 0.1 mbar. II
is described by the van’t Hoff equation?”.
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in this case) to the hole diameter r should be as small as possible. In the optimum case
of h/2r < 0.5, the holes in the membrane can be treated as an orifice and the influence

of h on @ can be neglected*®:

r3Ap
= . 1.3
=" (1.3
Otherwise, for h ~ r,
r3Ap 8h \ 1
= 1+ — 1.4
@ 3n ( + 37‘(‘7’) ’ (14)

and thus @ scales with 1/h. This is the reason why filtration membranes should be as

thin as possible.

Mechanical membrane properties

As mentioned above, microfiltration requires that the membranes withstand differential
pressures Ap of up to 3 bar. A schematic of a membrane under pressure is shown in
figure 1.5 for membranes of sidelength [ and for the case with and without holes. The
bulge test is a convenient method to measure the membrane vertical deflection z as
a function of Ap. The obtained pressure-deflection curves can be fitted to analytical
models, and thus material parameters such as the intrinsic stress and Young’s modulus

can be extracted®.

Perforated membrane Unperforated membrane
Young's modulus E g = (T-))E Young's modulus £

T
Inflection
point

A
\

Figure 1.5: A membrane with and without holes under pressure. Under the same con-
ditions, a holey membrane will have a higher vertical deflection z due to its
weaker Young’s modulus E.fr. The highest stress in the membrane occurs

at the inflection point 7.

According to literature, the maximum tensile stress o4 before rupture occurs in
low-stress SiN is on the order of 4 x 10 GPa. For a 100 nm thick and 1 mm wide square
SiN membrane with 0.33% porosity and F = 290 GPa, Rijn*® calculated a pressure at
break pyreqr Of 3.1 bar. However, in this calculation, weakening of the membranes due to

%0 compared different analytical

the presence of holes was not taken into account. Kovacs
expressions for membrane bursting pressures and introduces an effective Young’s modu-

lus: E.rr = (1 —1)E, where 1 is the hole fraction. 0.4 has a square-root dependence

10
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on F. Taking this into account in the above calculation, py,cqr is lowered by a factor 0.82
and thus on the order of 2.5 bar. Thus, from a theoretical point-of-view, membranes for
micro-filtration applications should either be thicker, smaller in lateral dimension, or of

lower porosity.

Design considerations

The membrane vertical deflection z is a function of the lateral position x. At the
inflection point 7 where d?z(z)/dz* = 0, maximum stress occurs (c.f. figure 1.5). This
has important consequences for the membrane design. For example, in case of a low-
stress, but thick SIN membrane (I = h = 1 mm), 7 is located ca. 25 pm away from the
clamping points*3. For thinner membranes, or equally, materials with lower Young’s
modulus, 7 will move closer to the clamping edges. Thus, for the membrane design, the

hole array area should be placed at least 25 pm away from the support frame.

1.1.4 Hole arrays for surface plasmon based sensing

Hole arrays are a 2D form of a periodic surface structure. The interaction of light with
such structured surfaces can be classified into different regions depending on the ratio
of the wavelength \ to the periodicity of the structure p°!. In the intermediate regime
where A is on the order of the periodicity p, interesting light diffraction effects and
coupling of light to evanescent waves occurs.

The case when a diffracted beam becomes grazing to the plane of the grating was
first observed by Prof. Wood in 1902°? as a dip in the reflection spectrum. It was later
explained by Lord Rayleigh® and is known as a Wood-Rayleigh anomalies (WR). For
light under normal incidence, WR are observed when the condition A\ = p, /¢  is fulfilled,
where ¢4 is the dielectric constant of the medium adjacent to the grating.

Much later, focussed ion beam milling made it possible to precisely fabricate hole
arrays in thin metal films with a p on the order of the wavelength of visible light (VIS, A
=390 - 750 nm). In 1989, Ebbesen published a seminal paper in which he described the
unusually high transmission of light through sub-wavelength hole arrays in thin gold films
(extraordinary optical transmission (EOT))% . The high transmission is explained by
the coupling of incoming light to surface plasmons (SPs, c.f. below) via light diffraction
at the hole array. SPs excited at the incoming side guide light through the holes as an
evanescent wave. By diffraction of this wave on the other side of the hole array, light
is outcoupled again into freely propagating light. In this way, more light than actually
incident on the area occupied by the holes is transmitted and gives rise to EOT.

The wavelength at which SPs are excited depends on the geometry of the hole array
and on the dielectric properties of the metal and adjacent dielectric medium, ¢, and

€q, respectively. Therefore, changes in ¢4 will influence the wavelength at which EOT
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occurs. This can be detected by measuring the spectrum of the transmitted light. For
€4, one can also write n = /€, where n is the refractive index (RIX) of the dielectric.

This is why measuring changes in the transmitted light spectrum as a function of ¢, is
called “RIX sensing”.

Surface plasmons

Surface plasmons (SPs) are charge density fluctuations that are linked to the propagation
of electromagnetic surface waves at a metal/dielectric interface®!. This is schematically
shown in figure 1.6 for a wave propagating in x. The magnetic field H is oriented
perpendicular to the electric field E, thus the surface wave is transverse-magnetic in

nature.

A

Z =H
Sd y

-Qﬁmm

+++\./ \./+++\./ X

€

Figure 1.6: Schematic of the charge distribution in the metal free electron gas and the

associated SP propagation in x-direction. Figure adapted from Barnes®®.

The wavevector of SPs, kgp, follows a dispersion curve according to?!

w EmEd
kSP = )
c\ €, + €

(1.5)

where w is the angular frequency and c is the speed of light. From equation 1.5, the res-
onant condition for the excitation of SPs can be derived, which is that the denominator
under the root needs to be less than zero: ¢, + ¢4 < 0.

For real w, real ¢; and a complex €,, = €, + i€/ with €/ < |e.,|, the wavevector of
surface plasmons is also complex: ksp = kiyp + iklp. To obtain a real kip, €, < 0
and |e€/ | > €;. At a metal-air interface, this condition is for example fulfilled for Au
A < 480 nm (also c.f. the dispersion curve for Au in the appendix A.1.). k% is associated
with internal absorption in the metal. Such losses are high for example for Cr, which is

why SPs do not propagate at Cr surfaces.
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1.1 Holey thin films and membrane applications

Coupling of light to surface plasmons

The wavevector of freely propagating light in air, kg, can be decomposed into a com-
ponent parallel and orthogonal to the metal surface. SPs can be excited by light
when the parallel component of the light wavevector k/; = ksgp. The maximum value
of ks, is equal to kg = 2m/X\ = w/c. Thus, there exists a momentum mismatch
Ak = \/(€m€a)/(€m + €4) between k/;; and kgp. This is schematiclly shown in the

SP dispersion curve in figure 1.7a. The blue region represents the range of k,, that

exist for incoming light, k;,.. ksp always lies to the right of the light line w = ck. As
a consequence of the momentum mismatch, SPs can not be excited directly by freely

propagating light.

O O 040

O OLI®
O O O
O O O O

Y

(b)

Figure 1.7: (a) k. is the wavevector of incoming light parallel to the metal surface. G
provides the additional momentum Ak to couple incoming light to SPs. It
can for example be provided by light scattered at the holes in a hole array

with periodicity p and hole diameter a (b).

There exist two main approaches to provide for AAk. The one is based on coupling of
light through a prism (Kretschmann-Raether configuration)?'. The other one is called
grating coupling where Ak is provided by light scattered at periodic corrugations with
a periodicity p on the order of .

The periodic surface corrugation can be a 2D array of holes as shown in figure 1.7b.
When the light is scattered at the holes, the situation is similar to the case where a
wave propagates in a periodic potential, such as those caused by electron oscillations in
a crystal lattice®®. These surface waves are therefore also called Bloch-waves. In the
same way as for crystals, a reciprocal lattice vector G = {g,,g,, 9.}’ can be defined

which fulfills the condition exp{iGR} = 1, where R = {r,, r,,r.}" is the set of primitive
Ty XTy
Ty (iy Xrz) "

lattice point position vectors. G can be constructed from R as follows: g, = 27

Permutation of indices gives the relations for g, and g,.

13
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For a 2D hexagonal lattice, one obtains g, = 27/p{1, —1/+v/3,0}T and g, = 27/p{0,2/v/3,0}".
With this, the 2D Bloch-Wave wavevector kgy, can be constructed. Coupling to SPs

will be achieved when kg = kgp:

\kpw| = |ksp (1.6a)
W . . . w €Eméd
Y sinby +ig, + jg, = 2 1.6b
o st ige £ gy = 7y [ — - (1.6b)

with
2
| £ ig, £ jg,| = 5\/4/3\/i2iz’j—|—j2 (1.6¢)

Here, i and j are integers. For light under normal incidence (6, = 0), solving equa-
tion 1.6a yields the wavelength Agp at which freely propagating light can be coupled to

SPs via a hexagonal array structure:

€Em€d
€m T €4

Asp X p (1.7)

Equation 1.7 shows the dependence of Agp on €;. For SP excitation in the visible
wavelength regime (VIS), hole arrays with p in the range of 400 nm to 800 nm are

interesting.

Light transmission through sub-wavelength holes

Bethe derived an expression which predicted the transmission efficiency 7ng, the trans-
mitted light 7" normalized to the hole area, through a single hole in a metal screen®”.
Assuming that the screen be infinitely thin and the metal a perfect conductor, he found
that ng o< (r/\)1. For a finite film thickness, the light is exponentially attenuated in the
hole, and a cut-off wavelength A\. = 47 can be defined. In real metals of finite conduc-
tivity, the electric field penetrates into the metal up to a skin-depth . This effectively
widens the hole. For example, 6 of Au in the visible wavelength regime is on the order
of 30 nm.

Figure 1.8 shows a schematic of T" through a single hole as a function of \. Above
the cut-off wavelength, T rapidly decays. The situation is drastically different when
such holes are arranged in an array, where light is resonantly coupled to SPs that guide
the light in the form of evanescent waves through the holes. An example is shown in
figure 1.8 for a hexagonal hole array in an opaque Ag film. The hole diameter is 130 nm,
thus A, =~ 260 nm. Light is transmitted for A > A.. EOT, defined as n > 1, is observed
for the long-wavelength peak. The transmission enhancement is influenced by many
parameters, such as hole size a, periodicity p, and hole depth h°%5%6961 This is why it
is important that the hole array parameters can be tuned with the hole array fabrication

process.
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(a) Transmission through a single hole. (b) Transmission through hole arrays.

Figure 1.8: (a) Schematic of light transmission 7" through a single sub-wavelength hole,
and (b) transmission enhancement 7 and normalized transmission /Iy mea-
sured through an array of sub-wavelength holes milled into a Ag film. Figures

adapted from Genet 2.

Vertical lines in figure 1.8b indicate the calculated Agp for that particular hole array
geometry (Ag film thickness 225 nm and p = 520 nm). Clearly, the transmission peaks
do not coincide with the indicated Agp. An explanation for this is not very clear from
the literature. One explanation is that the red-shift is due to interference of different
SP modes on both sides of the metal film®®?. Another one is the interference between

direct transmission through the holes and the SP surface mode%3%4,

Refractive index sensing with hole arrays

As shown above, the excitation of SPs at periodic hole arrays gives rise to high trans-
mission at certain wavelengths. As Agp is a function of €4, a change in RIX can be
correlated to the shift of the peak transmission wavelength.

Figure 1.9 shows a schematic explanation of RIX sensing by analyzing the spectra of
the light transmitted through hole arrays. Figure 1.9a shows the corresponding experi-
mental situation: a hole array in a symmetric dielectric environment, illuminated with a
white light source. One spectrum represents the transmission for an array in a medium
with dielectric constant €4;. It is shifted relative to the spectrum when the hole array is
immersed in a medium with dielectric constant €go.

As mentioned before, one approach in RIX sensing is to measure the shift of the peak
transmission A\ (figure 1.9)%%¢. Another one is to measure the change in transmitted

light intensity AT at a constant wavelength. In this way, the white light source can be
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Incid.ent Hole
white
W array
] (] (] (] (] ) (] [
Dielectric
medium
€y

(b)

Figure 1.9: (a) The transmission spectrum is modified by changing the dielectric medium
(dielectric constant €g1 42). This can be detected by measuring the peak
wavelength shift, AX | or a change in intensity at a fixed wavelength, AT.

(b) Schematic of the experimental situation.

replaced for example by an LED (light emitting diode) or a LASER (light amplification

67,68 The latter is particularly interesting for

by stimulated emission radiation) source
miniaturization of the measurement setup. Commonly obtained sensitivities for hole
array based RIX sensors are on the order of 600 nm/RIU%", With an optimized array

design and measurement setup, Tetz et al. obtained a sensitivity of 1000 nm/RIU.

Hole array versus prism-coupled RIX sensing

Hole array based sensors offer distinct advantages as compared to prism-coupled sensing.
One is related to the experimental setup (compare the images shown in figure 1.10) 2.
Integration of prism-coupled devices is challenging as it requires high angular resolution
measurements or the integration of a spectrometer, which limit the setup to - if not
bulky - then at least not chip-size instruments. Hole arrays on the other hand, offer a

68,72 or can be realized as minimally invasive probes

high density chip-level integration
at the end of optical fibers™.
Also, owing to the small hole sensitive region, the limit-of-detection can be reduced to
attomolar amounts of molecules”™. Increase in measurement speed can be achieved for
example by optimizing the hole geometry®, improving the measurement setup (e.g. fixed
wavelength intensity measurements with signal chopping, multiplexing with arrayed hole
arrays), or increasing the hole array area (which means that more light = signal is

75

available for spectral analysis) Hole arrays in free-standing membranes with the

same dielectric at both metal interfaces (symmetric systems), are promising to improve

both the sensitivity and the measurement speed 7.
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Figure 1.10: (a) Photograph of a commercial FT-IR (fourier transform infrared) spec-
trometer based on attenuated total internal reflection. The shown setup is
sold by Bruker optics as the world’s smallest FT-IR Spectrometer. (b) A
hole array based RIX sensor integrated in a fluidic multichannel microarray.
The optical elements have still great potential for miniaturization, e.g. based

on fiber optics. Figure taken from Im™2.

This shows that the development of integrated hole arrays in thin metal films and
membranes is a promising route to achieve miniaturized, highly sensitive and high speed

RIX sensors.

1.2 State-of-the-art

In this section, a selection of state-of-the-art fabrication methods of thin Si-based and
metallic films with sub-pm holes will be described. Nanotube membranes such as an-
odized aluminum oxide membranes” will not be considered. The description is divided
into what will be called conventional or top-down methods, and self-assembly based or
bottom-up methods. The former will also comprise recent methods that are often termed
“emerging nanopatterning” methods™. For a more detailed description of the respective
methods, the reader is referred to the references given. At the end of this section, a brief
comparison of the methods is made with respect to the device specification mentioned

in the foregoing paragraphs.

1.2.1 Conventional fabrication methods

Of the serial writing techniques, focused ion beam milling (FIB) is one of the most
widely employed tools to fabricate hole array geometries in both metallic® and insu-

81

lating™®° thin films and membranes®. Here, a focussed Ga™ ion beam is is used to

locally ablate the substrate material. When fibbing insulating materials, a thin con-
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ductive coating is applied prior to fibbing to avoid charging. A strong point of FIB is
its versatility. Holes with a diameter of a few tens of nm can be fabricated. The hole

82,69

shape is almost arbitrary and the hole arrangement can be precisely controlled, an

important parameter to obtain the desired response in case of plasmonic materials?™3.
Furthermore, hole arrays can be placed locally as a post-process onto devices which
cannot be processed otherwise™®*. There do exist some drawbacks to FIB. First, the
fact that it is a serial writing technique makes it inherently slow and costly. It is not
suited for the fabrication of devices that should find their application in mass products,
such as complementary metal oxide semiconductor (CMOS) sensors or even disposable
point-of-care bio-sensors. Secondly, there are still some challenges to be solved in terms
of hole shape control. Fibbed structures usually exhibit a rounded edge profile (c.f. e.g.
the tilted angle SEM images in Laux® or Przybilla®). Contamination with Ga™*-ions
can be avoided by milling through a sacrificial layer®, but this is not a technique that
can be employed for all kinds of materials.

Another serial writing technique is electron-beam-lithography (EBL). A focussed elec-
tron beam is used to locally irradiate photosensitive material. The developed patterns
can then be used as an etch mask directly®” or as a lift-off template for evaporated
metals®. Often, EBL is used to pattern Si master molds which are then replicated into
e.g. nickel shims®® or polymeric soft stamps®. In the same way as for FIB, EBL has the
intrinsic disadvantage of being a serial writing technique. Although writing is already
much faster than in case of FIB (e.g. the fabrication of a 30x30 hole array in 200 nm
Au by FIB takes =~ 2 hrs, while the same pattern can be exposed by EBL in a few
minutes only), realization of wafer-scale hole array templates would still take 2-3 days,
even using a fast writing technique such as dot size determination by beam defocussing

¢

and exposure time rather than “writing” dots with a strongly focussed beam. The long
write time may be tolerated for one-time master fabrication. However, small amend-
ments such as a variation of the dot size require a complete re-fabrication of the EBL
written master and shims. Last but not least, both FIB and EBL have an extremely high
cost-of-ownership due to the initial and maintenance costs plus the required clean-room
environment.

Another method resembles the fabrication of track-etched polymeric nanopore-membranes!:
thin SiN membranes are irradiated either with heavy ions, or with electrons from a trans-
mission electron microscope (TEM)®2. Ton irradiation has suffers from limited control
over the pore position, resulting in non-uniform distribution and coalescence of pores,
while TEM writing is, as most serial techniques, inherently slow and costly.

From the group of parallel lithography techniques, for example deep-UV (DUV)? and
(laser) interference lithography (LIL)%*%%% have been used to fabricate thin films and
membranes with holes sub-um in size. In case of DUV, shrinking of the dimensions is

achieved by using an irradiation source generating UV light with wavelengths A below
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1.2 State-of-the-art

300 nm (e.g. using the krypton fluoride (248 nm) or argon fluoride (193 nm) line). With
this, feature sizes on the order of 50 nm can be achieved. Here, the challenge is to adapt
the absorption characteristics of the photosensitive material and reflection/interaction
with the base substrate.

In LIL, a laser beam is split and brought to interference at the substrate surface. The
interference pattern is on the order of A\/2. The appealing feature of LIL is that it is
a maskless exposure technique suitable for the large area (on the order of tens of cm?)
patterning of regular structures. A one-step LIL exposures will generate a 1D grating
pattern, by rotation of the substrate with respect to the laser source, 2D arrays can are
obtained by double exposure”®. LIL is comparatively cost-efficient. However, exposure
parameters need to be carefully adapted to the substrate type and exposed material.
Generation of random structures is not possible.

Another parallel lithography method is phase-shift interference lithography (PIL)%".
Here, one takes advantage of the interference generated by phase differences to improve
the resolution of standard UV lithography. Using PIL, 1D and 2D patterns with a reso-
lution of tens of nm can be achieved. The 1D fringe pattern resembles the one obtained
by LIL. In PIL, fabrication of the mask is crucial. The phase shift is usually obtained by
imposing a topography onto the photomask, correlated with the opaque mask pattern.
By combining PIL with a soft-lithography technique, the Odom group?% has success-
fully developed an advanced process (PEEL = phase-shifting photolithography, etching,
electron-beam deposition, and lift-off) with multiple replication steps for the fabrication
of thin metallic membranes with sub-pm holes. For plasmonic applications based on
thin gold membranes, the primary challenges of this technique remain the integration of
the fabricated membranes on a chip support frame that can be manipulated, as well as
overcoming the need for a Cr adhesion layer for the Au to stick to the substrate before
membrane release.

Finally, there exist various forms of contact-lithography techniques, such as nanoim-
print lithography (NIL)! or micro-contact printing (p-CP)!%192 NIL is “a parallel
patterning method in which a surface pattern of a stamp is replicated into a material
coated on a hard substrate by mechanical contact and 3D material displacement, to be
used in fields until now reserved to electron beam lithography (EBL) and photolithogra-
phy (PL). This includes all variants of reversal imprint, as long as a prepatterned film is
transferred and bonded to another substrate” (a quotation taken from Schift'??). Going
into detail into the variants of NIL is beyond the scope of this brief summary. NIL has
been employed to create polymeric pillars which were then used as a lift-off template
to create hole arrays in evaporated thin metal films!%*!%  The inverse approach, etch-
ing into the material, has been employed using a NIL fabricated pillar stamp to create
holes in a polymer mask layer. Using a “mix and match” strategy combining UV pho-

tolithography and conventional dry-etch processes, holey SiN membranes on a Si frame
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were fabricated®®. One of the major challenges of NIL remains the minimization of
the loss in dimension along the various replication steps. Thermal shrinkage and stamp
design (pattern homogeneity, cross-sectional stamp profile, stamp rigidity etc.) need to
be carefully optimized for each pattern replication step. This imposes limitations on
the transferable pattern geometry (allowing only demolding of positive sidewall profile
stamps) and aspect ratio (structures with an aspect ratio > 1 are difficult to demold).
Nevertheless, it should be noted that recently, enormous progress has been made in
this field. Relatively simple (homogeneous pattern density and low aspect ratio, e.g. for

optical gratings or color filters'0%:107)

nanoscale patterns are nowadays transferred on
large-scale flexible substrates using roll-to-roll processes.

1CP has been developed since the end of the 1980s particularly in the Whitesides
group %1% They demonstrated that using an elastomeric stamp, self-assembled mono-
layers (SAMs) of alkanethiolates could be patterned on the surfaces of coinage metals
and SAMs of alkylsiloxanes on Si/SiOy substrates. It matured to become a low-cost
technique to print sub-pm features with a resolution of < 100 nm(c.f.'?? and references
therein). Not only SAMs can be printed, but also other biological molecules or par-

ticles 109,110

SAMs can be used as a an etch mask for the wet-etching of thin gold
films 12 Thus, it can also be employed for the fabrication of thin holey gold films
and membranes.

NIL and pCP have in common that they require a high resolution master tool. The
master is usually fabricated by a high resolution serial writing technique such as EBL.
Therefore, also being methods that have (proven) their potential for up-scaling and high
through-put fabrication, the master fabrication is the crucial step which does require a
high investment cost, high resolution lithography technique.

As last comment, it should be mentioned that the fabrication of membranes with sub-
nm holes does not necessarily require a nanopatterning (holes with a diameter < 100 nm)
method. In many cases, it may also be considered to “simply” shrink the size of the
holes in a post-process by conformal material deposition (e.g. Tong™). Furthermore,
this allows to adapt the surface chemistry - for example from Si-based materials to

metallic surfaces.

1.2.2 Self-assembly based methods

As just described in the previous section, there exists a big toolbox of conventional
methods that can be used for the fabrication of sub-pm holes in Si-based and metallic
thin films and membranes. Thus the question is justified why there is an interest in
the development of bottom-up, self-assembly based methods®. Below, an outline will

be given on the distinct advantages of self-assembly based methods, which are in short:

3For a more detailed explanation of self-assembly, please refer to the following chapter 2.
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flexibility with respect to the choice of substrate material, low cost of ownership, speed,
facile tuning of the the pattern dimensions, integration with standard micro-fabrication
techniques, and one-step patterning of wafer-scale substrates.

Self-assembly refers to the process by which nanoparticles or other discrete com-
ponents spontaneously organize due to direct specific interactions and/or indirectly,
through their environment 3. Here, the discussion will be limited to block-copolymer
and nanosphere lithography.

Block-copolymer lithography

A block copolymer (BCP) consists of two (or more) polymeric chains (“blocks”) which
are covalently attached to each other and which exhibit differing solvent and interfacial
interactions. This is the basis for the self-assembly of such polymeric systems into

14 summarizes the principle self-

nanopatterns. A comprehensive review by Hamley
assembly mechanisms as well as the various potential applications. A widely used BCP
approach is based on the deposition of preformed BCP micelles. This is schematically
shown in figure for spherical PS-P2VP (polystyrene - polyvinylpyridine) BCP micelles.
The result is a hexagonal arrangement of polymer “bumps” with short-range order. A
thin residual polymer layer remains in between the bumps, it can be removed by a brief

exposure to an oxygen plasma.

;:( “C:’ZR;“’ e 2’%§ Depostion pr o
S SL2
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Figure 1.11: Formation of a spherical micelle from a PS-P2VP block copolymer. Deposi-
tion of the pre-formed micelles gives a “bumpy” dot pattern in a hexagonal

arrangement.

There exist different routes to control the ordering of (spherical as well as elongated)

micelles 115116

. Examples are pre-patterning of the substrate chemically or topographi-
cally "7, adapting the BCP system used!'®, or the deposition process!'!?. Typical length-
scales of the polymeric pattern template are on the order of tens to a few hundreds of
nm, that is on the order of the size of the BCP.

An appealing aspect of using BCPs to create nanoscale pattern templates is that the
size and spacing can be conveniently controlled by tuning the macromolecular char-
acteristics (molecular weight, block-ratio, etc.), as well as by adapting the deposition

120,121

conditions . Pattern inversion (from “bumps” to “doughnuts”) by post-exposure
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to selective solvents is also possible!??. By spin-coating, BCP micelles can be deposited
onto various kinds of wafer-scale substrates, thus making integration of the bottom-up
fabricated nanostructures with conventional micron scale devices feasible.

BCP lithography - the pattern transfer of this soft, polymeric material - into Si-
based or metallic materials in order to create nanoporous thin films or membranes
can be achieved in different ways. A favored technique, in analogy to conventional
microfabrication, is to use the polymeric pattern as an etch mask in highly selective

123,124 Tf the etch selectivity to the substrate material is not high

dry-etch processes
enough, a convenient method is the use of an “intermediate mask”: First, the micellar
pattern is transferred into a very thin inorganic layer, which is subsequently used as
the actual etch mask. Alternatively, micelles can be pre- or post-loaded with metallic
nanoparticles that exhibit a higher etch selectivity?>. Finally, either the BCP bumps

124

themselves, or after transfer of the same into a pillar template'**, can be used as lift-off

template for thin (& 10 nm) evaporated metal layers 26127,

In this way, employing the one or the other technique, porous Si'?*!28 SiN'2? and
Au'3%131 thin films and membranes have been realized. As the pattern is on the order of
macro-molecular dimensions, BCP lithography is ideally suited for true nano-fabrication.
However, achieveing pattern with characteristic length scales > 200 nm becomes chal-
lenging. While high aspect ratio structures in Si can be achieved relatively easily thanks
to the highly selective Si process chemistry, transferring micellar patterns into high
aspect-ratio insulating (such as SiOs or SiN) or metallic materials remains difficult.

Fortunately, there exists another self-assembly based patterning approach: nanosphere
lithography (NSL), that closes the gap between nanoscale and micron-scale structures,

i.e. the fabrication of sub — yum patterns.

Nanosphere lithography

Nanosphere lithography (NSL, also known as colloidal (CL) or natural lithography) was

132 and Deckman and Dunsmuir'®*. Hulteen and van Duyne!3*

first reported by Fisher
described NSL as a “materials general” process for the fabrication of periodic particle
arrays as it allows to obtain particle arrays of different materials - without the need to
change the principal bead template. Most NSL works employ either polystyrene (PS)
or silica beads with a small size distribution on the order of 2%. in the size range from
200 nm to 1 pm. The bead size determines the feature spacing, while the actual feature
size - as determined by the transfer option chosen (material deposition, beads used as
etch mask, post-deposition treatment of the beads to modify their size) - can vary from
tens to several hundred nm.

There exist various deposition techniques, which constitutes one basis of the versa-

tility of NSL. A concise review on bead deposition and sub-sequent modification of the
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Figure 1.12: Examples of bead deposition methods.

bead template can be found in Yang'®>. Figure 1.12 schematically shows some of these
techniques, exploiting different experimental setups as well as different driving forces.
Methods to form hexagonally close-packed arrays include drop-coating convective self-
assembly (CSA)'3¢  dip-coating CSA 7, spin-coating'®®, controlled meniscus CSA '3,

0

and bar-coating'4’. Here, the bead arrangement is dominated by capillary immersion

forces (c.f. chapter 2). By adapting the suspension composition and deposition parame-
ters, ordered but non-close packed arrays can also be obtained by spin-coating!#'. There
exists a range of other methods to form dis-ordered, non-close packed arrays where the

2 or molecular attraction'*3. Other bead

145

bead deposition is driven by electrostatic!*

deposition methods include such as boiling**, dip-pen lithography'*® or ink-jet print-

ing 4%, Finally, controlled particle placement can be achieved by template assisted bead

147,109,148 = Thys, there exists a large toolbox for the de-

assembly and transfer printing
position bead in different arrangements and on various kinds of substrates with the

potential for wafer-scale patterning.

An additional convenient feature of NSL using PS beads is the possibility for post-
deposition modification of the bead template. This can be conveniently achieved by

149,150,151,152

exposure to an oxygen plasma or by thermal treatment 3.

After obtaining the desired bead template, the ways to transfer the bead pattern into
the substrate (bulk, thin film or membrane) material by etching or material deposition
on top of the bead template are sheer unlimited **13%15%  In its simplest form, NSL is
similar to a lift-off process. After deposition of the spheres (or beads or colloidal par-
ticles) onto the substrate, the material to be patterned is deposited by physical vapor
deposition (PVD). The resulting pattern depends on the PVD method (e.g. evapora-

tion %% sputtering ", back-filling of the bead template!®® or atomic layer deposition ')
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Figure 1.13: Example process scheme to transfer a monolayer of hexagonally close-packed
PS beads into either pores or pillars in the Si substrate. The bead size
is tuned by etching in an oxygen plasma. The SEM micrographs to the
right show typical fabrication results. Pores were etched with a Bosch-type,

pillars were etched with a continuous Si deep reactive ion etch process.

and the orientation of the substrate with respect to the material source!'®®. In this way,
various geometric patterns such as holes, triangles, or annular holes can be obtained

160,135 = The characteristic dimensions are inherently

using the identical bead template
determined by the size of the beads used. An example process scheme transferring a
monolayer of hexagonally close-packed PS beads into pores or pillars in a Si substrate is
shown in 1.13. At the same time, this shows the versatility of the NSL process - a tuning
of the feature size and switching from pores to holes by the simple change of one pro-
cess step. Thus, in varying combinations of bead pattern replication into underlying or
deposited material, thin holey films have been realized for example in Si'6H162) SiQ4 191,
SiN 199163 " or noble metals!64165:166.75  Instead of etching holes, pillars can serve as a
structure either directly, e.g. as cell growth substrates!%?, for the tuning of the surface
wetting properties!®®, light harvesting structures integrated in photovoltaic devices!®,
or as lift-off templates to again create films with pores!'™. A sophisticated way to trans-
fer the “soft” beads directly into “soft”, photoresist pillars has been demonstrated by
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Wu et al. by using the PS beads as lenses” . Substrate with either pillars or pores can

again be replicated - and thus transferred back into a “soft” material. This has been
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1.3 Research objective

used to fabricate gecko-like structures in parylene, or antireflective coatings by UV-NIL
on glass'™?.

Free-standing holey SiN'™ as well as polymeric!™

membranes have been successfully
fabricated as well. However, in case of the SiN membranes, the pore density is extremely
low due to the chosen bead deposition method (electrostatic self-assembly). To our
knowledge, the fabrication of metallic membranes with sub-pm hole arrays based on

NSL has not been reported yet.

1.3 Research objective

The goal of this thesis is the fabrication of arrays of sub-pym holes in thin SiN and Au
films and membranes. Target applications are stenciling, filtration and RIX sensing.
The process should be flexible, that is it shall be possible to achieve different hole
array and membrane geometries on various kinds of substrates without major process
changes. Furthermore, for an easy employment, the cost-of-ownership should be low,
and the overall patterning process should be fast. The table below list the specifications

for holey SiN and Au films and membranes.
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Criterion

SiN and Au specification

Hole diameter a

Patterning methods

Tunable without major process changes
Parallel, suited for the integration with microfabrication, mi-
cropatterning of the hole array area, fast (< 1 day for initial

pattern template), low cost of ownership

Miscellaneous For comparison of material properties, holey as well as non-
holey films can be fabricated simultaneously
SiN specific specification

Material Low-stress SiN

Film thickness h
Hole density
Hole array order
Membrane size

Mechanical strength

100 nm

On the order of 10® holes/cm?

Not needed

> (400 pm)?

Withstand differential pressure at break > 3 bar

Au specific specification

Material

Film thickness h
Hole spacing p
Hole array order

Size of the array

Au (preferentially without the use of an adhesion layer such as
Cr or Ti)

Tunable > 100 nm

400 to 600 nm

Over several periodicities

> (100 pm)?
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1.4 Choice of fabrication method

1.4 Choice of fabrication method

Table 1.2 gives an overview of the typical feature dimensions that can be achieved with
the conventional and self-assembly based patterning methods described above. The cri-
teria mentioned are chosen with respect to the fast and low-cost fabrication of large
area short-range ordered patterns that can be potentially transferred into thin films or

membranes. From table 1.2; it is clear that the choice of a certain patterning method

Conventional methods

Self-assembly methods

Feature dimensions

Feature spacing

Tunability of feature di-

mension and spacing

Substrates

Potential for up-scaling

Control of feature location
Integration with microfab-
rication

Cost-of-ownership

From tens to hundreds of nm :-)

Few hundreds of nm :-)

Requires careful adjustment of

process parameters :-(

Process rather sensitive to sub-
strate type esp. for lithographic
techniques due to reflection from

substrate surface :-(

Good for parallel lithography or
replica methods such as NIL or
nCP :-)

Controlled :-)

Good :-)

High for at least one instance :-(

Limited to nanoscale for BCP
lithography :-( ; sub-pm for NSL
)

At most ~ 300 nm for BCP
lithography :-(, few hundreds of
nm for NSL :-)

Tuning rather straightforward by
either changing deposition con-
ditions, BCP/PS bead size, or
one-step post-deposition modifi-
cation :-)

Substrate type dependent, but
chemistry can be rather well ad-
justed. Various deposition meth-
ods at hand for the same result-
ing pattern template :-)

Good both when used for single
wafer patterning as well as for
master tool fabrication :-)
Limited control :-(

Good :-)

Low :-)

Table 1.2: Characteristics of conventional and self-assembly based patterning methods.

is not obvious. In this thesis, the use of a self-assembly based methods was chosen,
principally due to its attractive low cost-of-ownership which is an important criterion
for the use in laboratory and research conditions. This allows a fast research and de-
velopment of the fabrication process as well as optimization of the device geometry
(hole size, spacing, film thickness etc.), even if for future industrialization, a replica
technique might be employed to multiply the patterns generated by self-assembly based
methods. Another important aspect is the comparatively easy tunability of the feature
dimensions. As a maskless method, dimensions can be adapted individually by adapt-

ing either the deposition conditions or post-modification of the self-assembled pattern,
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without the need for renewed mask fabrication (e.g. phase shift lithography), pattern
generation and dose calculations (EBL and LIL) or master tool fabrication (NIL, pCP).
Furthermore, the absence of long-range order - not straight forward to generate when
designing a pattern - may be an advantage for some applications, e.g. when polarization
sensitivity is undesired or uniqueness of the pattern become a distinctive feature, such
as in anti-counterfeiting applications.

Choosing from either BCP lithography or NSL, NSL was chosen as it allows the
fabrication of array structures with a periodicity p on the order of the wavelength of
visible light (VIS), and which are thus suitable for plasmonic applications in the VIS
(c.f. section 1.1.4). In addition, the PS bead size can be reduced after deposition onto
the substrate and thus allows tuning of the hole size without changing the periodicity
(c.f. figure 1.13).

1.5 Research outline

The structure of this thesis is as follows: First, a suitable process is determined for the
deposition of PS beads of different sizes. The bead monolayer should exhibit short-range
order, hexagonally close packed, and homogeneously deposited onto 4” wafer substrates
(chapter 2). Tuning of the hole size requires tuning of the initial bead template. This
is described in chapter 3 by reducing the PS bead size by oxygen plasma treatment.
For many transfer options, such as the dry-etching of SiN or Au, the etch selectivity
of the polymeric pattern template is not sufficient. Also, the etching of holes requires
an inversion of the bead pattern. Device integration and mechanical stability demand
a micro-patterning of the hole array pattern template. The pattern inversion, transfer
into an intermediate hard mask and micro-patterning is described in chapter 4. How
the resulting hole and dot masks can be used for the fabrication of holey, thin SiN
and Au films and membranes is described in chapter 5. Mechanical tests of holey SiN
membranes and the optical characterization of hole arrays in Au films and membranes is
shown in chapter 6. In chapter 7, the suitability of the fabricated devices for stenciling
and refractive index sensing is demonstrated. In chapter 8, the results of this thesis are
discussed, and an outlook will be given on further work that can be done based on the

achievements of this thesis work.
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2 Bead deposition

The topic of this chapter is the wafer-
scale deposition of close-packed
monolayers of polystyrene (PS) beads.

First, the forces governing bead self-
assembly are described from a
theoretical point-of-view. For beads
confined within a liquid film, bead self-
assembly is driven by capillary
immersion forces.

Three bead deposition methods were investigated experimentally,
namely (1) drop-coating convective self-assembly (CSA), (2) controlled
CSA using the so-called “CAPA”-tool (capillary assisted particle assembly),
and (3) spin-coating (SC). For each deposition method, first the
experimental procedure is described, followed by a discussion of the
results and a preliminary conclusion.

SC was the most efficient and reliable method. Thus, close-packed
monolayers with good uniformity across the wafer surface and an
average coverage > 90% were obtained for bead sizes in the range from
420 to 530 nm.




2 Bead deposition

2.1 Forces governing bead self-assembly

Historically, with the development of the Langmuir-Blodgett technique, molecularly con-
trolled fabrication of nanostrutures by self-assembly has been used for about 70 years!™.
In a widely referenced publication, Whitesides'™® defined molecular self-assembly as the
spontaneous association of molecules under equilibrium conditions into stable, struc-
turally well-defined aggregates joined by non-covalent bonds due to van-der-Waals or
ionic interactions or hydrogen bonds. These non-covalent bonds are much weaker as com-
pared to covalent bonds (1-5 kcal/mol as compared to several tens to hundreds kcal /mol,
respectively). Stability of self-assembled systems is achieved when the constituents are
joined by many of these non-covalent interactions, for example when large size molecules
are held together by van-der-Waals interactions, or thanks to the existence of multiple
hydrogen bonds.

Molecular self-assembly can be considered as a new strategy to chemically synthesize
structres in the size range of 1-100 nm. In fact, in the upper size range, this is compara-
ble to structures prepared by high-resolution top-down fabrication methods. In addition,
several research groups have demonstrated self-assembly of larger, particulate or even
chip-size building blocks of different shapes, sizes and materials into ordered super-

170,178 An important example is the self-assembly of sub-pm polystyrene or

179,135

structures
silica spheres into 2D and 3D colloidal crystals . Here, the automous organization
can be achieved by different kinds of particle-particle or particle-surface interactions,

135,148,180 " Tp the following, the particle-interaction

such electrostatic or capillary forces
forces are described in more detail. It will be shown that, in case of particles con-
fined within a thin liquid film on a substrate, capillary immersion forces dominate the

autonomous assembly.

The DLVO theory: Electric double layer and van-der-Waals interactions

Particles, such as the PS beads used in this thesis, are usually provided as a stable
colloidal suspension. Colloidal suspensions belong to the group of fluid dispersions.
They contain small particles in the size range of 1 nm to 10 pm, and the interaction
between the particles is dominated by Brownian motion'®'%2. The particle and solution
medium can be of the same or of different types , e.g. solid particles in air = aerosol, such
as smoke; fluid in fluid = emulsion, such as milk; or solid in fluid = dispersion, such as
ink, paint, or the polystyrene (PS) bead suspensions in water used in this thesis. There
exist different stabilization mechanisms. One of the most widely used one is electrostatic
repulsion 183184,

A typical situation of negatively charged beads in a liquid with positive and negative

1 181

ions is depicted in the simplified schematic 2. based on the Gouy-Chapman model.
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2.1 Forces governing bead self-assembly

Let the beads be the solid substrate with negatively charged sulfate groups at their
surface (c.f. Materials 2.3). Thus the bead surface has a negative potential with respect
to the bulk solution. The negative surface potential is compensated by a layer of positive
ions close to the bead surface (region I). This is also called the Helmholtz-layer. The
second region is the so-called diffuse layer in which counter-ions, of negative charge in
this case, are not rigidly attached but tend to diffuse into the bulk (region II). This
diffusion is instigated by their kinetic energy, and counter-balanced by the electrostatic
potential. The concentration of these ions follows a Boltzmann-type distribution (c.f.

below). Region III represents the neutral bulk solution.

[ I S Solid substrate with
O O OO OO negative surface charge

8 ®) OO | Excess positive charge
o O
O

Il Diffuse layer
Ill Neutral bulk

O O | O Negative ions
@) ® O Positive ions

000000000
OO0 ~O

Figure 2.1: Schematic of an electric double layer.

The electric double-layer is the source of a repulsive force R, while van-der-Waals
interactions cause a particle attraction A¥4¥_ R and A are competing interactions
between particles in suspensions. The resulting total interaction potential Vi is de-
scribed by the Derjaguin and Landau, Verwey and Overbeeck theory (DLVO theory) as
a summation of R and A:

Vr=R+ A=~100 J/kgT (2.1)

It can be shown that the attractive van-der-Waals forces are inversely proportional to the
particle separation distance L, while the double-layer repulsion follows an exponential

decay with increasing L%

1
A _
T

R x exp{—kL}

with x~1 called the Debye-length which characterizes the electrostatic potential decay
from a charged surface into the bulk solution!. The higher the solutions ionic strength,
the shorter the Debye-length.

'Below will be given more detailed definitions as well as an approximate derivation of R and A for

the colloidal PS bead suspensions used in this thesis.
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2 Bead deposition

Figure 2.2 shows how R and A sum up to Vp as a function of the particle sepa-
ration distance L. () is a potential barrier that prevents the particles from aggrega-
tion. The energy necessary to overcome () may be supplied by the random collisions
of the particles with each other or molecules of the suspension medium - Brownian
motion'®. The average translational energy is $kgT, where kg is the Boltzmann con-
stant (kg = 1.3806 x 10723J/K) and T is the absolute temperature in Kelvin. (For an
inter-particle collision at room-temperature, this energy is on the order of 1 kgT'.) Con-
sequently, as long as ) > kgT, the colloidal suspension is stable. As the Debye-length
k1 is influenced by the solvent composition, so is R via its exponential dependence on
k and L. Thus, for example by the addition of salt, a colloidal suspension will change

its state from stable to un-stable (c.f. figure 2.2).

'\,  Electrostatic double layer Low ionic strength Intermediate High ionic strength
\\ repulsive force ionic strength
\\ i Q>>ksT Q~ksT Q<<ksT
el Sl At
= by © k= Fel
a = ~explxl} E = Ur\staple o
L Total o o] 9] Diffusion limited
potential VT g £ e aggregation
U I ——— A
l """ van der Waals L I L u Reversible L L
¢ attractive force 0 Stable aggregation

Figure 2.2: DLVO potential curves. The left-side schematic shows the attractive and
repulsive contributions to the total interaction potential V. The smaller
graphs to the right show how Vi as a function of the particle separation
distance L is influenced by the solution’s ionic strength. @ is the energy
barrier that prevents particles from spontaneous aggregation, r is the particle

diameter. Figure adapted from Schurtenberger '*2.

Van-der-Waals interactions

A depends on the particle size (radius r) and the separation distance between the par-
ticles L (c.f. inset in figure 2.2). The dielectric properties of the particles and the liquid

contribute with a proportionality factor, the Hamaker constant, which is a complicated

function of the frequency-dependent dielectric properties of all the media involved. 2

Thus, A can be written as!88:186,184;

_ rHpg/m20/Ps (2.3)

A= 121

2Note that the Hamaker constant also plays an important role in the wetting/de-wetting behavior of

thin films as described for example by Seemann '87.
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2.1 Forces governing bead self-assembly

For r = 250 nm, L = 2r, a two media system of PS/H20/PS and Hps/ma0/ps =

1.3 x 10720 J18% a5 an approximate value for PS beads in aqueous suspension:

A = —0.133508 in J/kyT.

Double-layer repulsion

As mentioned above, the electrostatic double-layer repulsion R follows an exponential
decay with the particle separation distance L. The constant pre-factors are the particle
radius r and the dielectric properties of the liquid medium ege,, where ¢ = 8.854 X
107'2As/Vm is the dielectric constant and ¢, is the relative dielectric constant. For
water at 21°C, ¢, = 80. The scaling factor for the exponential decay is the inverse of
the Debye-length x with the Debye-length denoted by x~!. The surface potential v

contributes with its’ square. Thus:
R = 27rege, 2 exp{—kL} (2.4)

The Debye-length is defined as the distance from a charged particles’ surface at which
the surface potential has fallen to /e or 0.368 5. Therefore, in order to calculate k!,
the surface potential ¢ (x) at distance x needs to be known. It can be derived via the
Poisson-Boltzmann equation which is based on the Guy-Chapman model for the electric
double layer (c.f. above, Boltzmann-like distribution of ions across the diffuse layer).
First, for the simple case of an electric field generated by a charged flat surface, based

on Maxwell’s equations one can derive:

d*(z) p(z) (2.5)

dx? €0€r

where p(x) is the net charge density at position z. p(x) depends on the electrolyte type
and ion concentration. For dilute solutions where the potential in the bulk ¢)(B) = 0, the

local ion concentration C;(x) for ions i can be written as (Boltzmann-like distribution):

—Ziqp()

Ci(z) = Cy(B) exp{ "o

} (2.6a)
and with this

plr) = Z Z;qCi() (2.6b)

Here, ¢ is the elementary charge (¢ = 1.602x1071PAs) and Z; is the valence of ion i.

Substituting equation 2.6b into equation 2.5 yields the Poisson-Boltzmann equation:

T 95 7By exp{ 2200, 2.1)

dx? €0Er
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2 Bead deposition

For 1:1 electrolytes where (—Z;q(0))/(kgT) < 1, which is fulfilled for ¢y < 25 mV, an

approximate solution for the electrostatic potential decay is given by:

U(x) = o exp{—ra} (2.8)
k is derived from equation 2.7 and defined as:

kgT

-1 B

KX =———s 2.9

>, C(B) 22 29
With these equations, one can derive approximate values for the PS suspensions used in
this thesis (c.f. section 2.3). The suspensions are provided in water and thus a pH value
of 7 is assumed. There is an equal amount of H3O" and OH™ ions. The valency of each
ion is 1. Thus the sum in the denominator in equation 2.9 per 1 cm?® cubic volume can

be written as:

> Ci(B)Z} =2 x1077-Na/18 x 10~° in m?,

where Ny = 6.022 x 10?3 is the Avogadro constant and 18 x 1076 m? is the water volume
containing 1 mol. Thus, inserting for ¢, = 80 and a temperature of 7' = 294 K, one
obtains a Debye-length ! = 128 nm.

It remains to derive the surface potential 1)y. To do this accurately, the surface charge
density needs to be known from which the net particle charge can be calculated by

184) The charge density is not known however. Therefore,

integration (equation 6.26 in
based on the Hiickel equation, it is assumed that ¢(,—,-1) = ¢, where ( is the so-called
Zeta-potential. (Strictly, this holds true only for kr < 1). The (-potential depends
on the ion mobility, the medium viscosity and the dielectric properties. For a rough
estimate, ¢(,—,-1y) = —60 mV, which is in the range of the (-potential given by the
manufacturer!®?, Inserting this into equation 2.8 yields ¢y = —163 mV. With these

values and using equation 2.5, R can be calculated for » = 250 nm and L = 27:
R =147 in J/kgT.

Thus, the potential energy Vi for two PS beads in aqueous suspension separated by
distance one times their diameter is clearly positive and thus repulsive. In magnitude,
it by far overcomes the van-der-Waals attractive forces, thus R > A, which means that

the colloidal suspension is stable.

Steric stabilization

Colloidal suspensions can also be stabilized by the adsorption of amphiphilic polymeric

86

macro-molecules at the particle surface! The resulting stabilization mechanism is

termed steric or entropic. When such particles approch each other, two effects may take
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2.1 Forces governing bead self-assembly

place: Interpenetration of the polymeric soft shells results in a local osmotic pressure
increase, causing the inflow of solvent which will separate the particles. The second
effect is a volume effect due to crowding of the inter-particle. This decreases the polymer
chains’ degrees of freedom, thus decreasing their entropy. This is unfavorable and causes

the particles to re-solvate.

Depletion flocculation

Depletion flocculation is similar to steric stabilization, with the important difference
that polymeric macro-molecules or smaller particles are only weakly adsorbed at the
colloid surface!'®®. Thus, when two colloidal particles approach, the adsorbed species
may be expelled from the inter-particle space. This will create a local osmotic pressure
increase around the particles, sucking liquid out from the inter-particle space and thus

causing particle aggregation.

Capillary flotation and immersion forces

In the above two sections, it has been shown that for PS beads in a stable colloidal
suspension, the repulsive electric double layer force prevents aggregation. However,
when the beads are immersed in a liquid film, capillary forces arise that cause either
repulsive or attractive forces. These capillary force interactions have been extensively
investigated both theoretically and experimentally by Nagayama and Kralchevsky et
al. 190:136,191,192,180,193,194,195 " The following description of bead assembly due to capillary
forces is based on their works.? Finite element simulations have been done for example
by Nishikawa and Okubo et al.'%7. They took into account typical physical parame-
ters, especially viscous drag forces which they also measured in earlier experiments (c.f.
Maenosono 1%%).

Figure 2.3 shows different situations of capillary flotation and immersion forces. Flota-
tion forces are present for particles freely floating at the gas-liquid or liquid-liquid inter-
face®. Immersion forces occur for particles confined within a liquid film. The origin of
the lateral capillary forces is an overlap of the deformed liquid menisci induced by neigh-
boring particles (figures 2.3 (a-d). The force interaction is attractive if both meniscus
slopes 11 and 1y for particle 1 and particle 2, respectively, have the same sign (fig-
ures 2.3 (a) and (b). It is repulsive for meniscus slopes of dissimilar sign. A concave
slope (figure 2.3 (a) has a negative sign, a convex slope (figure 2.3 (b) has a positive
sign.

For example, an attractive flotation capillary force occurs when the particles’ gravita-

tional potential energy can be decreased upon approaching each other. Hence, the force

3In a recent publication, the extension of their model to electro-capillary interactions is well de-

scribed 196,
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Figure 2.3: Capillary interactions between floating and immersed particles. v o are the
meniscus slope angles; o 2 are contact angles; v is the liquid surface tension,
R is the particle radius, and r; 2 are the radii of the wetting film contact line
at the bead surface. Beads of different sizes will possess a different “capillary
charge” (c.f. below), as sketched for generalization in the immersion force

attractive case. Figure according to Kralchevsky %0



2.1 Forces governing bead self-assembly

is related to the particle weight. ¢ ~ 0 for particles with a radius smaller than ~ 10 pm.
For such small particles, the immersion depth is solely determined by the contact angle
and the thermal energy is larger than the capillary interaction.

For particles partially immersed in a liquid layer, the perturbation of the meniscus is
determined by the particles wetting properties and thus the capillary immersion force
depends on the position of the wetting film contact line and the magnitude of the contact
angle (c.f. figure 2.4). The immersion force is significant even for particles with a radius
of only a few nm* (figure 2.3 (f)).

It is worthwhile to note that for a = 0, flotation forces do not exist as the particles

will be submerged in the liquid, while immersion forces still do exist for o = 0.

Figure 2.4: An attractive capillary immersion force F. draws two particles separated by
L closer to each other. The height of the liquid film decays at infinity to lg.
r12 are the radii of the three-phase contact line at the particle surface. R is

the particle diameter. Figure adapted from'36 and?%°,

The energy of lateral capillary interaction is derived by solving the Laplace-equation of
capillarity for small meniscus slopes (c.f. Denkov!'3¢ or Kralchevsky!'%? for a summary

202

or Kralchevsky?*? and Paunov'?! for a detailed description). The energy of the lateral

capillary interaction can be written in the form

where K is the modified Bessel function of the second kind and zero order. Here, L
is the particle center to center separation distance. For thick films, ¢> = Apg/~v, with
Ap = pr;r — pr being the mass density difference between the lower and upper fluid
(e.g. region I: air and region II: water as shown in figure 2.3 (a)), g = 9.80665 m/s? is
the acceleration due to gravity, and ~ is the liquid surface tension (e.g. 73 mN/m for
water). @; (i = 1,2) are so-called “fluidic charges”. In the case of immersion forces, Q;
are readily defined by the radii of the wetting film contact line r; and the meniscus slope

angles 1;. In case of flotation forces, (); are proportional to the gravity force. Chan et

41t has been predicted theoretically by Kralchevsky et al.?%C and shown, for example, by Alivisatos et

al?%! that the capillary immersion force can dominate kgT for particles as small as 2 nm.
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2 Bead deposition

al?® derived an approximate expression under the condition that r; /Apg/y < 1 and

L > 4r;. Thus, for the respective capillary charges, one can write:

1 .
Qi ~ équf(Z — 4P P 3 cos oy — cos?

«;) for flotation forces (2.11a)
Pi — P11

Q; =r;-siny; for immersion forces. (2.11b)

AW (equation 2.10) represents a variation in the gravitational energy in case of the

194 Derivation

flotation force, or in the energy of wetting in case of the immersion force
of equation 2.10 with respect to the separation distance L yields the lateral capillary
force F:

F, = =2mvQ1Q2qK;,(qL) for r; < L. (2.12)

(K7: modified Bessel function) An intuitive asymptotic expression can be derived which

resembles the Coulomb interaction between two electric charges?%3194:

F,~ =21y Q1Qy/L for r <L <q". (2.13)

Equations 2.12 and 2.13 hold for both flotation and immersion forces. Thus they have
a similar dependence on L. Their different physical origin is contained in );. Thus, for

particles of equal radius and r; < L < ¢!, one finds that:

F,ocy 7% for flotation forces (2.14a)
F, < v ryry for immersion forces. (2.14b)
F, ~ 10000 J/kpT (2.15)

An increase of the liquid surface tension lowers the flotation, but increases the immersion
capillary force. Also, the decrease of F,. with decreasing particle diameter is more pro-
nounced for flotation forces, which can be understood by the fact that it is the particle
weight (a volume property) which causes the deformation of the liquid surface.

Figure 2.5 shows the variational energy AW normalized to kg1 which is associated
with the flotation and immersion capillary forces as a function of particle radius R

136) [y is the liquid film height at inifinity

191
)

(equation 2.10) (figure adapted from Denkov
(c.f. figure 2.4). Flotation forces were calculated using equation 4.7 in Paunov

immersion forces were calculated using equation 4.11 in Kralchevsky %

. The particle
distance is fixed at L = 2r for beads of the same size which are immersed in a water
film (for example polystyrene beads with Ap = 1 g/cm?® and a water surface tension
v = 73 mN/m and a wetting contact angle at the bead surface of o = 30°). From
figure 2.5, is becomes clear that for small particles with a diameter < a few tens of

pm, the flotation forces become insignificant. For the particle size range shown, the
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Figure 2.5: Variational energy associated with flotation and immersion forces normalized
to the thermal energy as a function of the particle radius. Figure adapted

from Denkov 136,

immersion forces are orders or magnitude larger than the flotation forces. As compared
to the immersion force, the thermal energy plays a negligible role over the whole range.
Indicated by the grey arrow is the energy that can be expected for particles with a radius
~ 250 nm. The energy is on the order of 10*J/kgT and thus a factor of 100 larger than

the electric double layer repulsion.

Inter-particle and particle-substrate interactions

Provided that the colloidal suspension is stable, capillary immersion forces are the dom-
inant forces causing assembly of particles that are partially immersed in a liquid. How-
ever, the assembly mechanism can be influenced by either modifying the inter-particle
or particle-substrate interactions®.

For example, the influence of the magnitude of the electrostatic repulsion has been

investigated for immersed (e.g. Rodner?™) 209y,

and floating particles (e.g. Sirotkin
The electrostatic repulsion force was either varied by changing the electrolyte concen-
tration?"* or choosing particles with a different density of carboxylic surface groups?®.
The degree of order was measured by calculating the next-neighbor correlation func-

tion (e.g. Hansen?"%)

or investigating the crystallinity by an analysis of Fast-Fourier-
Transform images (e.g. Kittel®®). Tt was found that high salt concentrations, which
reduced the electrostatic repulsion, transformed directly into a decreased array order
when depositing particles onto a solid substrate surface. On the other hand, for freely

floating particles, reduced electrostatic repulsion was to some extent advantageous for

5This is also true for particles floating at a liquid-gas interface, which are thus subject to flotation

forces rather than immersion forces.

39



2 Bead deposition

large domain formation. The difference in the effect of reduced electrostatic repulsion
can be explained by the difference in the experimental setups and materials used, as
well as by the difference in the attractive forces driving the bead assembly (capillary
immersion vs. flotation forces).

Other works have investigated the influence on array order and the possibility for lo-
cal deposition of particles by changing the particle-substrate interactions. The particle-
substrate interactions can be tuned by several means, e.g. by modifying the surface

207 208

energy (hydrophilic vs. hydrophobic substrates, e.g. Okubo®’’, Fan®"®) or Himmel-

209)

haus or inducing charges on the substrate (positive or negatively charged substrate

210) " In all cases, increased particel-substrate interaction reduced the

surfaces, e.g. Yan
array order, which can be explained by a reduced mobility of the beads on the substrate
surface. For very strong interactions, beads could be locally deposited on substrates

with a patterned surface chemistry 299208,

In the experiments performed in this thesis, the concept of hydrophilic/hydrophobic
pre-patterning the substrate was qualitatively investigated (c.f. section 2.3.1). Also
here, a decreased bead array order for an increased particle-substrate interaction was
observed. The locality of the bead deposition, however, was rather stimulated by a
pinning of the wetting film contact line and a change in the meniscus slope angle (c.f.

section 2.2 below).

2.2 Convective self-assembly of beads

In the above section, it has been motivated that capillary immersion forces can be used
for the arrangement of sub-pm particles into 2D arrays. This was confirmed by Denkov
et al.'3®. By investigating the influence of parameters such as particle size, particle
concentration, electrolyte concentration, or the presence of surfactants, they concluded
that immersion capillary forces remain dominant over other particle interactions.

The array formation process by CSA can be divided into two stages: i) the trans-
portation of new particles to the wetting film contact line by a convective flow (figure
2.6), and ii) the integration of particles that have arrived at the wetting film contact line
into the array by immersion capillary forces (c.f. figure 2.4). The position and meniscus
slope angle of the wetting film contact line are crucial. Depending on the experimental
137

setup, those parameters can be more or less well controlled (e.g. dip-coating'®" or tem-

212,213

plate assisted CSA?'118 vs. drop-coating CSA 3¢ or spin-coating , respectively).

The following assumptions are made for the description of the convective particle

flow: (i) the solvent evaporates, (ii) the contact line is pinned, and (iii) the wetting
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2.2 Convective selt-assembly of beads

Figure 2.6: Convective flow of particles to the wetting film contact line. J., J, and Jy,
are the water evaporation, the particle flow and the water flow from the bulk
suspension to the contact line, respectively. Fg is a hydrodynamic drag force,
caused by Jy,. F. is the capillary immersion force. vy and ; are the film and
liquid surface tension, o is a viscous friction force. The height of the wetting

film is h, and the array growth velocity is v. Figure adapted from 93137,

film slope angle is non-zero®. The water evaporation at the wetting film J, causes a
water flow J,, towards the contact line. J,, creates a hydrodynamic drag force F;, which
results in a continuous particle flow J, towards the array. The surface tension of the
wetting film ~; is directed opposite the liquid surface tension «;. o is a viscous drag
force resulting from J, and J,. Together, v; and ¢ inhibit a free droplet shrinkage
which leads to the formation of stripe patterns. A detailed theoretical description of
this dynamic phenomenon can be found in'?3. When the viscous drag force is neglected,
the growth of the particle array can be described in a more simple way. Experimentally,
this corresponds to a situation where the position of the contact line is controlled by
moving the substrate relative to the bulk suspension!3"1%®. The array growth velocity v
can then be described as a function of the water evaporation above the wetting film J.,
the volume concentration of the particles in the suspension ¢, the wetting film height h
and a proportionality constant § (equation 2.16 a,b).
v = BJe¢ (2.16a)

h(1—e)(1—¢)
_ B

2R - k-0.605(1 — ¢)

(2.16D)

Vg

3 relates the water flow J,, to the particle flow J, and has values between 0 and 1. It
depends on the particle-particle and particle-substrate interactions. For non-adsorbing
particles in dilute suspensions, 3 approaches 1. e describes the porosity of the array.
For example, for a hexagonally close-packed monolayer, (1 — ¢) = 0.605. If h is equal

to the particle diameter 2R, the growth velocity vy for bead arrays with k layers can be

6Tn fact, these conditions are identical to the ones causing the well-known coffee-ring effect that gives

rise to a convective particle flow similar to the one observed in CSA of beads, c.f. Deegan?'.
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written as shown in equation 2.16b.

Beads can only be integrated into an array if an array of beads already exists. Thus,
some beads need initially be immobilized on the substrate surface. For the formation
of well-ordered close-packed arrays, it is advantageous if beads have a high mobility on
the substrate surface (c.f. Yan?!Y). At the same time, it limits the probability of the
formation of an initial three-phase contact line as the beads tend to be withdrawn with
the receding droplet meniscus. The formation of the initial wetting film contact line de-
pends on the deposition method, the wetting properties of the bead suspension, and the
substrate surface chemistry and morphology. As an example, figure 2.7 schematically
shows drop-coating CSA from wetting and de-wetting suspensions. The latter one shall
also have a low contact-angle hysteresis”. In case of the wetting suspension, the array

formation starts once the liquid film thickness has fallen below the particle diameter.

Wetting suspension De-wetting suspension
P o ﬁ
[ [ | ] [ | ]
Bead deposition No bead deposition
Water evaporation Convective particle flow

X Y, !
h ® o —~0
ggg 04906 W(C))(E)QOOOO

Figure 2.7: Drop-coating CSA for wetting and de-wetting suspensions.

In the de-wetting case, the beads remain contained in the droplet due to the high
contact angle which prevents a thinning of the liquid film to a thickness below the par-
ticle diameter. However, by using either chemically or topographically pre-patterned
substrates, pinning of the three-phase contact line and thus a controlled deposition of
beads can be achieved. Fan and Stebe?® for example have shown the local bead depo-
sition within micron-size hydrophilic patches within a hydrophobic surface. The bead
suspension was deposited all over the substrate surface. Due to de-wetting, the sus-
pension withdrew to the hydrophilic patches, where the three-phase contact line was
pinned at the hydrophilic-hydrophobic border, initiating the bead deposition. Alter-
natively, substrates have been patterned topographically with grooves or protrusions.

Then, by externally controlling the position of the wetting film contact line, the lig-

"The contact angle hysteresis is the difference in the advancing and receding contact angle '8,
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uid meniscus will be locally deformed at these surface patterns, changing the direction
and increasing the magnitude of the lateral capillary force, and thus initiating the bead
deposition. Experimentally, this can be realized e.g. by dip-coating?’!; or by confin-
ing the bead suspension between a moving substrate and an inclined cover-glass slide
as in the case of template-assisted-self-assembly (TASA) or, with a different naming,
capillary-assisted-particle-assembly (CAPA)?2!1,109,148,

2.3 Experimental

Materials
Beads

Aqueous suspensions of monodisperse PS beads of different sizes were purchased from
microparticles GmbH (Germany). Polystyrene beads are also referred to as Latex parti-
cles or PS nanospheres. The beads are synthesized by seeded-growth polymerization of
styrene in aqueous solution with potassium persulfate as a polymerization initiator?2!.
The decomposition of the initiator molecules leads to sulfate endgroups at the bead
surface. As a result, the beads are negatively charged. The (-potential of the obtained
particle suspensions is in the range of -50 to -70 mV. Characteristic particle properties
such as the size and size distribution are determined by disc centrifugation (c.f. CPS

216) " The coefficient of variance CV is less than 3% for the obtained par-

instruments
ticles, where CV = ¢/u with o being the standard deviation and p being the mean
particle size. Modified bead suspensions, e.g. after dilution in Di-H5O or after a solvent
exchange from H,O to ethanol, were not further characterized. However, it could be
observed that the colloidal stability was reduced in ethanolic suspensions, which can be
explained by a reduction of the absolute value of the (-potential (c.f. above). The beads

used for the experiments in this thesis are listed in table 2.1.

'0,80—+——CH—CH;——0S0,

L —4n

Figure 2.8: Polystyrene.
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Name Nominal bead Concentration microparticles

diameter [nm)] [% w/v] product name
PSB281 281 £ 2 10 PS-R-L1225
PSB284 284 £ 10 5 PS-R-B1270
PSB428 428 £+ 12 10 PS-F-L2088
PSB508 508 £ 11 10 PS-R-B1035
PSB517 517 £ 18 10 PS-R-B1187
PSB535 535 £ 16 10 PS-F-B1266
PSB836 836 + 24 10 PS-R-L1157

Table 2.1: Polystyrene bead aqueous suspensions used in this thesis.

Solvents and surfactants

The solvents used in the experiments are listed in table 2.2.

Solvent Molecular Boiling Manufacturer
formula point [°C]

DI-water H>0O 100 (tap)

Ethanol (VLSI) CyH;0H 78 BASF

Isopropanol (VLSI) CH3;CHOHCH3 82 Rockwood

Acetone (CH3)2CO 56 Rockwood

Ethylene glycol HOCH,;CH>;OH 197 N.A.

Triton-X C14H520(C2H40),, >200 Fluka

Table 2.2: Solvents used in this thesis.

Silicon substrates

If not mentioned otherwise, the silicon substrates used in this thesis were of (100) crystal
orientation and had a low dopant concentration (n: boron or p: phosphor) with a
resistivity in the range of 0.1 to 100 € cm. Single-side and double-side polished 4”
wafers (100 £+ 0.5 mm in diameter) had a thickness of 525425 pm and 380410 pm,

respectively.

2.3.1 Drop-coating convective self-assembly

In this method, a drop is dispensed onto a substrate and left for drying. Ultimately, the
dispensed liquid should wet the whole substrate surface. For a given liquid, this can be
achieved by a proper substrate pre-treatment. For example in the case of aqueous sus-
pensions, the substrate can be rendered hydrophilic by treatment in an oxygen plasma or

in a Piranha solution. Additionally, surfactants can be used to lower the surface tension
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of the liquid and thus promote the wetting. Drying proceeds from the substrate border
towards the center region. This is schematically shown in figure 2.9. The drying process
may be more complicated, especially for large substrates, when other solvents such as

ethanol are used due to evaporation induced instabilities at the liquid-gas interface.

Bead suspension uniformly spread Hexgonally

close-packed
monolayer

o pas 5 oGy & Rt et o6 0 DO B B,
| |

Drying starts at substrate border

(i)
I g—m Fars B S o m‘

Multilayers in
B~ hexagonal
] or
square
arrangement

All solvent has evaporated
(i) (iii)

Figure 2.9: Convective self-assembly of beads using the drop-coating method.

Sparse, randomly
deposited beads

All of the dispensed beads need to be distributed across the substrate. This is different
from the other deposition techniques and an important aspect with respect to the for-
mation of monolayers. It can be taken into account by balancing the volume necessary
to obtain complete wetting of the substrate with the suspension concentration, so that
the dispensed volume contains the number of beads Np.qs needed for a hexagonally
close-packed (hep) monolayer coating. For a given concentration, the monolayer-coating

volume V,,,ono can be calculated as follows:

Aye = (2r)% cos 30° (2.17a)

NBeads = Asubstrate/ Aue (2.17b)
VBeads = NBeads§7TT3 (2.17c)
thus: Vieno & 100 X Vpeaas/c (2.17d)

Here, A,. is the unit cell area of a hexagonal lattice (c.f. figure 2.9), r is the bead
redius, Vpeads is the volume of Ny..qs beads with a radius of r, and ¢ is the suspension
concentration in % (w/v)8. For example, 250 pl of a 1% w/v aqueous suspension of
beads with » = 250 nm contains Npg..qs for a monolayer coverage on a 4” wafer.
Drop-coating CSA in this way allows only limited control over the bead deposition pa-
rameters and hence the quality of the obtained bead layer. For a perfect hcp monolayer

coating, the water evaporation rate (and thus humidity and temperature) which causes

8In the approximation in equation 2.17d, it is taken into account that the densities of water, ethanol

and PS are similar (pg20 = 1.0 g/cm?, ppihano = 0.789 g/cm?, ppeads = 1.05 g/cm?).
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the convective particle flow to the three-phase contact line, and the three-phase contact
line position needed to be precisely controlled at every instant. When this is not the
case, defect formation has to be taken into account. This is shown in the cross-sectional
and top-view schematics in figure 2.9: They show the formations of (i) a hcp mono-
layer array, (ii) multilayers in a square and hexagonal arrangement, and (iii) sparsely
distributed beads. (ii) preferentially occurs when the three-phase contact line is pinned
to a fixed position under a high contact angle and excessive supply of beads. This situ-
ation can typically be found at the substrate edge. A sparse deposition may occur if the
three-phase contact line receeds too quickly for the convective flow to provide enough

beads at the array edge, or simply if the suspension has been excessively depleted.

In the following, drop-coating CSA experiments are described and qualitatively ana-
lyzed. The goal was to investigate if simple drop-coating CSA seems feasible to obtain
a monolayer coverage across the whole wafer surface, or at least in specific areas, in a
fast and reliable manner. Thus, no effort was made for a precise control of the liquid
evaporation rate or of the position and speed of the three-phase contact line. Different

suspension concentrations, volumes, and solvent compositions were used.

Experimental

Suspension compositions

Initial experiments with diluted aqueous suspensions had shown that wetting of the full
wafer surface was difficult to obtain. Addition of a reasonable amount of surfactant en-
hanced the wetting, but resulted in the fast formation of bead agglomerates (0.1% v/v of
Triton-X 100). Therefore, bead suspensions were prepared by diluting the as-delivered
10%w /v aqueous PSB517 bead suspension with a 1:1 HyO:Ethanol mixture or pure
ethanol. Optionally, 0.001%oc0r 0.05%0v/v of Triton-X 100 was added to HyO:Ethanol
solvent mixtures to further lower the liquid surface tension. All suspensions were pre-

pared just before use.

Substrates with hydrophobic patches

Hydrophobic patches were photolithographically patterned on 4”7 silicon wafers. This
was done with the aim of locally having a preferential deposition of beads. The wafers
were silanized with HMDS (Hexadimethysilazane) in an oven process. HMDS is a silane
commonly used as an adhesion promoter for photoresists. After silanization, the wafers
were spin-coated with a 2 pm thick positive tone photoresist, exposed through a pho-
tolithographic mask, and developed. One cell of the mask pattern is shown in fig-
ure 2.10a, the dimensions of the patterns per cell range from 50 pm to 1000 pm. The

mask used was a bright field mask, thus patches of photoresist remained on the wafer.
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With these photoresist patches as etch mask, the wafer was treated in an oxygen plasma
in a barrel etcher for 1 min at 500 W. This removed any photoresist remains and silane
on the exposed areas. Then, the photoresist was stripped by immersing the wafers for
5 min in a remover bath with a high content of NMP (1-Methyl-2-pyrrolidon) heated to
75°C, followed by a thorough rinsing procedure.

Procedure

The drop-coating was done under controlled ambient conditions at a temperature of 21°C
and 40% relative humidity. 4” silicon wafers were used repeatedly for bead deposition
experiments. Prior to each use, they were stripped of PS beads by polishing the wafers
with clean-room tissue in organic solvents, followed by sonication in organic solvents
and rinsing in Di-water. A final 30 min oxygen plasma in a barrel etcher at 400 W
removed all possibly remaining polymer residues and rendered the substrate surface
hydrophilic. Then, the wafers were placed in 5" plastic petri dishes and suspension
was dispensed in the middle of the wafer. The plastic lid was closed, but not sealed.
Optionally, a spacer was placed in between the lid and the dish to enhance the solvent
evaporation, but avoid air turbulences at the same time. Wetting of the whole wafer
surface was supported by gently tilting the wafer. Then, the wafers were kept still until

all solvent had evaporated. Figure 2.10b shows a photograph of a wafer surface after the

Figure 2.10: (a) One cell of the mask layout used for the photolithographic patterning of
hydrophobic HMDS patches. The numbers in red indicated the dimensions
of the patterns in the respective areas. The de-wetting around areas with
HMDS is shown in (b).

photolithography process described above. A droplet of Di-water was dispensed onto
the wafer surface. Arrows indicate the HMDS patches. The liquid is spreading well on
the surface which was exposed to the oxygen plasma, but de-wets around hydrophobic
patches with a size > 200 pm. Smaller hydrophobic areas are covered by the liquid.
Shown in the inset of figure 2.10b is droplet of Di-water dispensed onto a HMDS patch.

The contact angle was measured to be 60°. However, for a liquid to totally de-wet a
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surface, the contact angle should be higher than 90°. This explains why smaller HMDS
patches are still covered with water. For ease of use, HMDS patches will be referred to

as “hydrophobic”.

Results and discussion

Variation of suspension concentration and dispensed volume Figure 2.11 shows
photographs of wafers drop-coated with PSB517 beads. In all cases, the solvent was a
1:1 mixture of HoO:Ethanol with 0.001%0v/v of Triton-X 100 sufactant. Ethanol was
added in order to reduce the evaporation time; the surfactant was added in order to fur-
ther decrease the liquid surface tension and thus promote the wetting of the full wafer
surface. The suspension concentration was either 1%w/v or 0.5%w /v, and the dispensed

volume was either 1xV, . or 1.5XV,_ 4.

Initially after dispensing the bead suspension, the three-phase contact line was pinned
to the wafer border while the thickness of the liquid layer decreased. After approximately
5 min, the contact line started to recede from the wafer border towards the wafer center.
This took place in two stages: an initial fast movement and a second, slower movement.
(The total liquid evaporation time was 15 to 25 min.)

In all cases, a multilayer rim is formed on the wafer surface (grey dashed lines in
figure 2.11 and figure 2.12a). When a 1% w/v bead suspension was used, the multilayer
rim is located close to the wafer edge. It is placed closer to the wafer center in case
of 0.5% w/v bead suspensions. For identical bead suspension concentrations, the mul-
tilayer rim is located closer to the wafer center for larger volumes. The region within
the multilayer rim is covered with a sparse monolayer of beads (yellow dashed lines in
figure 2.11 and figure 2.12b). In case of the 0.5% w/v suspensions, a sparse layer was
found at the very wafer border. This sparse layer is broader when a larger amount of
volume was used. Significantly large regions of hcp bead mono-layers were formed when

using 0.5% w/v suspensions (star-shape patterns in figure 2.11 and figure 2.12c¢).
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19% wiv, 1 x Vcalc = 250 pl 1% wiv, 1.5 xVealc= 375 p |

———————

Monolayers Regions of Multilayer rim from
sparse bead two-stage evaporation
coverage process

Figure 2.11: PSB517 beads deposited onto 4” silicon wafers by drop-coating CSA. The
solvent was a 1:1 mixture of HoO:Ethanol. The concentration and the
volume of the bead suspension was varied from top left to bottom right as:
1%w/v 1xVege = 250 nl, 1%w/v 1.5X Vege = 375 nul, 0.5%w/v 1x Vg =
500 pl, and 0.5%w/v 1.5x Vg = 750 pl. Mono-, multi- and sparse layers
are indicated by star-shaped and dashed lines (compare figure 2.12).
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(a) Multilayer (b) Sparse (c) Monolayer

Figure 2.12: Typical optical microscope images of PSB517 multi-, sparse and monolayers
of beads are shown in (a), (b) and (c), respectively. All microscope images

were taken with a 40x magnification objective.

The presence of the above described bead layer regions is explained as follows: A
two-stage evaporation process was observed which is due to the fact that ethanol has a
lower vapor pressure and thus evaporates faster as compared to water, causing the fast
movement of the contact line in the first stage. At the same time, the convective flow
of particles to the contact line is very high, causing multilayer deposition in case of the
1% w/v suspensions. In case of the 0.5% w/v suspensions, the liquid volume dispensed
onto the wafer was doubled (equation 2.17d) in order to have the same number of beads
available for deposition. This decreases the convective particle flow rate. In conjunction
with the fast contact line movement, sparse bead layers are deposited first. Due to the
liquid evaporation, the bead concentration increases and finally results in a monolayer
deposition.

At the time when the majority of ethanol has evaporated, the contact line speed
slows down. Simultaneously, a change in meniscus shape at the three-phase contact line
takes place as water forms a higher contact angle on the substrates as compared to a
water:ethanol mixture. A steeper meniscus slope, however, favors the deposition of mul-
tilayers (as long as it is < 90°, which favors no bead deposition at all, c.f. section 2.2).
Multilayer deposition is further promoted by the large amount of beads in vicinity of
the contact line, transported there by the fast ethanol evaporation and thus the strong
convective flow. Although the convective flow slows down upon switching to the second,
water evaporation stage, a redistribution of beads within the remaining liquid layer on
the substrate surface cannot be achieved instantly, nor before the beads become subject
to capillary forces and are integrated in the bead array. As a result, the bead suspension

is depleted, and thus the last bead layer within the center region of the wafers is sparse?'*.

Drop-coating of wafers with hydrophobic patches

In the above described experiment, the wafer surface neither had chemical nor topo-
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graphical surface patterns. The bead deposition was solely determined by the particle
convective flow induced by the liquid evaporation rate at the three-phase contact line
and its position, as well as by the bead concentration. In this experiment, it was in-
vestigated whether the position of the three-phase contact line could to some extent be
controlled by patterning hydrophobic patches on the wafer surface. Also, the different
surface chemistry may favorably influence the bead mobility, and thus the bead deposi-

tion, on the wafer surface (see for example Fan?%®).

The coating procedure was the same as in the above experiments. Two different
0.5% w/v bead suspensions were used. The solvent used to dilute the as-provided
10% w/v aqueous suspension was (a) a 1:1 HyO:Ethanol mixture with 0.001%ov/v of
Triton-X 100, and (b) pure ethanol. The dispensed liquid corresponded to 1.1XV e,
equal to 550 nl. The petri-dishes were closed using a spacer between the petri-dish and
the cover-lid.

Both bead suspensions spread well on the wafer surface. Some of the larger hydropho-
bic patches were not covered initially, but were recovered by a gentle tilt of the wafers.
Patches larger than 200 pm showed a tendency to de-wet again, particularly in case of
the HoO:Ethanol solvent mixture. This is due to the higher surface tension as compared

to pure ethanol.

0.5% w/v in 1:1 H20:ethanol 0.5% w/v in ethanol
1.1xVcalc = 550l 1.1xVcalc = 550l

PR = = = =

Figure 2.13: Drop-coating CSA of PSB517 beads on wafers photolithographically pat-
terned hydrophobic patches. See figure 2.11 for the meaning of the dashed
lines. Arrows indicate de-wetted areas where no beads were deposited.

Photographs of the coating results are shown in figure 2.13. The HyO:Ethanol wafer
has a bead layer coverage which is very similar to the results obtained previously for
wafers without hydrophobic patches (c.f. figure 2.11). It was observed that the liquid
film broke up across the largest hydrophobic patches, and thus no beads were deposited
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b) ©

Figure 2.14: Optical microscope images of PSB517 beads deposited onto silicon wafers
with photolithographically patterned HMDS areas. (b) is a zoom into the
image shown in (a). (c) Bead agglomerates found on wafers coated with
PSB517 suspensions in pure ethanol. (a) was taken with a 5x, (b) and (c)
with a 40x magnification objective.

within those areas (c.f. the inset in figure 2.13). Such breaking up of the wetting film
was not observed when the purely ethanolic suspension was used. As a result, apart from
a thin multilayer rim at the very border of the wafer, the wafer surface is homogeneously
coated with a sparse monolayer of beads. The coverage is almost 100%.

On the microscopic scale, the hydrophobic patches which are actually coated with
beads are very similar on both wafers. As compared to the surface coverage on the
surrounding hydrophilic area, beads preferentially deposited within the hydrophobic
patches. This is shown in the optical microscope images in figures 2.14a and 2.14b. Fig-
ure 2.14a is a low magnification image which shows a sparse bead monolayer with some
empty areas (white spaces in the image). Indicated by dashed lines are spherical pat-
terns which correspond to the hydrophobic patches. In comparison to the surrounding
area, the hydrophobic patches are preferentially coated with beads. The hydrophobic
patch appears darker due to a higher density of defects within the crystal domains
(figure 2.14b).

The reason for the higher density of beads within the hydrophobic patches is the
pinning of the wetting contact line when the liquid film retracts from the wafer surface.
Such a pinning was observed during the drying process and is shown for pure water in
figure 2.10b. Pinning of the contact line coincides with an increase of the meniscus slope
due to the higher contact angle on the hydrophobic surface, both of which effects favor
the bead deposition. The reduced ordering of the beads within the hydrophobic patches
can be due to an increased bead-surface interaction, reducing the mobility of the beads
on the substrate surface?!.

The overall homogeneous bead deposition using an ethanolic suspension is explained

by the absence of a two-stage evaporation process (c.f. the experiments described above).
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However, it was found that the stability of the colloidal suspension is greatly reduced
in ethanol. This is contrary to what would be expected from the DLVO theory for
electrostatically stabilized colloidal suspensions (section 2.1). An explanation for this
observation cannot be given at the moment. An agglomerate deposited onto the wafer
surface is shown in figure 2.14c. An alternative to the use of ethanol is the use of
a surfactant that decreases the liquid surface tensions, thus allowing wetting of the
complete wafer surface even for a small amount of aqueous suspension (which is desirable

to reduce the total evaporation time), but without deterioration of the colloidal stability.

Preliminary conclusions

4” wafers plain silicon wafers and silicon wafers patterned with hydrophobic patches were
coated with PSB517 beads by drop-coating convective self-assembly. The experimental
setup was kept simple, for example the evaporation speed and the position of the three-
phase wetting film contact line were not externally controlled. The resulting coatings
were analyzed qualitatively by optical microscopy. HoO:ethanol suspensions resulted in
inhomogeneous bead coverages. Depending on the bead concentration and dispensed
volume, bead multi- and sparse layers dominated the coating result in different regions
on the wafer surface. The formation of bead monolayers was mainly observed towards
the wafer border, which restricts the use for continued processing of the wafers with
standard micromachining techniques which are optimized (under laboratory research
conditions) for optimum results within the wafer center area. The bead deposition was
partially controlled and directed towards specific areas by photolithographic patterning
of hydrophobic patches. The best results were obtained for coatings from ethanolic sus-
pensions. However, the colloidal suspension stability was significantly reduced, resulting

in bead agglomerates deposited onto the wafer surface.

Thus, in order to obtain a controlled and uniform monolayer coating, the experimental
setup has to be improved. In the following section, this is attempted by controlling the

position of the wetting film contact line, as well as the evaporation rate.

2.3.2 Controlled convective self-assembly with CAPA tool

As it has been shown in the previous section, CSA of beads on large size, flat substrates
using a simple setup without control over the dominant bead assembly mechanism (evap-
oration rate and position of the wetting film contact line) does not yield homogeneous
nor reproducible results. Therefore, in the following experiments, a more sophisticated
setup was used that allows the precise control of these parameters. PSB281, PSB508
and PSB517 beads were deposited onto different types of substrate (c.f. below). The
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experiments were done in collaboration with Heiko Wolf and Cyrill Kiimin at the IBM

Riischlikon research labs.

Camera
mounted Glass slide

microscope

Evaporation ) z\

Substrate

> T

Moving stage with peltier element temperature control

Figure 2.15: Convective self-assembly of beads controlling the water evaporation rate

and the position of the three-phase contact line using the CAPA tool.

The experimental setup is schematically shown in figure 2.15. The substrate vacuum
fixed on a Peltier-element temperature controlled stage whose position and speed can be
precisely controlled via a LabVIEW(®) interface. Typical stage speeds are a few pm/sec.
A clean microscope glass slide is placed under an angle of ca. 30° in vicinity to the
substrate. The gap between the lower edge of the glass slide and the substrate surface is
on the order of 1 mm. Both the gap and the glass slide angle can be adjusted according
to the colloidal suspension wetting properties and deposition conditions (speed, stage
temperature). A small amount of colloidal suspension is carefully dispensed between
the glass slide and the substrate. During the deposition process, the particles are then
transported to the wetting film contact line by convective flow. The bead deposition
process is monitored using a camera mounted microscope. In the following, this setup is
referred to as CAPA tool (Capillary Assisted Particle Assembly), which was developed
at the IBM Riischlikon research labs for the precise particle placement on pre-patterned

substrates (c.f. Kraus and Malaquin?'7148).

Experimental

Suspension compositions
The concentration of the bead suspensions was 0.25% w/v. The deposition of beads from
aqueous, ethanolic and non-ionic surfactant modified aqueous suspensions was tested.

The suspensions are listed in table 2.3.

Substrates
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Suspension Solvent Comment

name

PSB281:aq Water Original bead suspension diluted with Di-HoO

PSB508:EtOH Ethanol Solvent exchange from water to ethanol by successive
centrifugation and re-dispersion of beads in the new
solvent

PSB517:aq Water Original bead suspension diluted with Di-HoO

PSB517:EG Water with 0.1% A small amount of EG was added to the 0.25% aque-

v/v EG ous suspension just prior to use of the suspension

Table 2.3: Bead suspensions used in the CAPA-controlled CSA experiments. EG = ethy-
lene glycol.

Two different types of substrates were used: 15x15 mm? manually cleaved silicon sub-
strates coated with 100 nm of silicon oxide and 500 nm of amorphous silicon (SiO,-aSi)
and 24x24 mm? microscope coverslips coated with 300 nm of gold. These types of sub-
strates were chosen as they were relevant for subsequent experiments (c.f. chapters 4 and
5). The gold, silicon oxide and amorphous silicon were deposited by sputter deposition
and evaporation. The root-mean-square roughness R,,,s of the gold coated substrates
was determined by AFM imaging; the sputtered gold substrates had a R,,,s of 1.39 nm,
while the roughness of the evaporated gold substrates was slightly higher with a R,
of 2.54 nm. The SiO,-aSi coated substrates were cleaned by sonication in organic sol-
vents after the cleavage. The gold coated substrates received no further treatment after
deposition of the gold. Prior to the CSA experiments, the substrates were treated in an

oxygen plasma at 200 W for 30 sec.

Procedure

The depositions were done under standard laboratory conditions, the ambient temper-
ature was 18°C and the relative humidity was 54%. The glass slide was cleaned by
sonication in a 1:1 HyO:Ethanol solution for 30 min, followed by a 30 min treatment in
a 200 W oxygen plasma. The distance of the lower edge of the glass slide was 1 mm
in case of the SiO,-aSi coated silicon substrates, and 1.3 mm in case of the gold coated
glass coverslips. The bead deposition process was observed with a microscope-mounted
camera. An example snapshot is shown in figure 2.16. For SEM imaging of the deposited

bead layers, the samples were sputter-coated with a 10 nm thick gold layer.
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Figure 2.16: Camera snapshot during deposition of PSB517 onto SiO,.-aSi substrates.

Results and discussion

Deposition of PSB517 beads from aqueous suspension
PSB517:aq suspensions were used for CAPA-controlled CSA experiments on SiO,-aSi
and sputter-coated gold substrates. Further, the deposition of beads from PSB281:aq

suspensions was tested on sputtered and evaporated gold substrates. Figure 2.17 shows

PSB517:aq on SiOx-aSi _ / . PSB517:aq on Au

Double layer j : - Double
\1 : : & / = ¢ i ormultilayer
Coas TR | Ko ]

No beads : No beads f \a e

Monolayer o A

——
: Monolayer
i

200 pm
—-4— Directioniofistage/movement

Figure 2.17: Typical SEM images of PSB517 beads deposited onto SiO,-aSi (left) and
gold (right) substrates. Explanations in the text.

low magnification SEM images of PSB517 beads deposited onto SiO,-aSi and sputtered
gold substrates. The bead layer was grown towards the right of the images, the stage
was withdrawn towards the left. The stage speed was varied between 1 pm/sec and
2.5 pm/sec; the stage temperature was varied between 20°C and 26°C. These external
parameters were adapted dynamically with the goal to obtain a dense monolayer of
beads. For example, an increase of the stage speed will influence both the shape of the
meniscus between the bottom substrate and the glass slide edge. The bead pump speed
is influenced by the substrate temperature due to change of the liquid evaporation rate.

On the very left side of the images, the onset of the bead deposition can be seen (“No
beads”). On both types of substrates, a continuous bead monolayer could be grown for
several 100 pm. Disturbances due to substrate contamination (dust) or local roughness
peaks (gold granular structure) caused the growth of double or multilayers. A in figure
2.17 (right) indicates such a disturbance point with a broadening tail of bead double

layers (dark grey area). From A to B, the deposition conditions were kept constant.
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To terminate the double layer deposition, the stage speed was slightly increased which
caused a break-up of the bead array (B). When the convective flow of particles was
lowered at constant stage speed by decreasing the stage temperature and thus reducing
the liquid evaporation rate, the deposited bead layer became sparse (C in both images).
After adapting the stage speed to the decreased convective particle transport, the de-

position of a continuous bead monolayer was reinitiated.

It was observed that the deposition of the PSB517 beads in aqueous suspension is very
similar on both types of substrates. This confirms that the substrate specific interactions
are dominated by the capillary immersion forces (c.f. section 2.1).

With respect to CAPA-tool controlled CSA, the above described manipulations show
the flexibility and control options of CSA using the CAPA tool which allow a dynamic
adjustment of the bead deposition parameters. Below, assembled bead layers are de-

scribed in more detail for beads deposited onto the SiO,-aSi substrate

Figure 2.18 shows SEM images of typical PSB517 layer formations. Arrows A, B,
C point to specific locations described below. The directional growth of the bead array
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Figure 2.18: SEM images of PSB517 beads on a SiO,-aSi substrate. Deposition from

aqueous suspension. Explanations in the text.

can be seen; crystalline domains have a tendency to orient along the growth direction
(figure 2.18 (a)). The perfect growth of large crystalline regions is hindered by the bead
size distribution. For example, the integration of small beads into the array may cause
line defects A. A void point defect is indicated by B. C indicates a 2-dimensional defect,

the beads are arranged in an almost square rather than in a hexagonal lattice. This is
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2 Bead deposition

stimulated by two joining crystal domains, which open up a cone whose width vertical to
the growth direction does not match a multiple of the bead diameter. As the deposition
in a square lattice is not energetically favorable, the square lattice domain is terminated
soon and the layer growth continues in a hexagonal fashion. The onset of such a double

layer growth with a transition from a square to a hexagonal arrangement is shown in
figure 2.18 (d)

Deposition of PSB281 beads

In the follwoing experiments, PSB281 beads were deposited. The first deposition was
done on sputtered Au substrates with the lower surface roughness. Compared to PSB517:aq
suspension on the same substrate type, a drastic difference in behavior of the bead sus-
pension was observed. The PSB281:aq wetted the substrate surface to an extend that
no pinning of beads to the substrate surface, which is necessary for the formation of an
initial bead layer, could be achieved. The second deposition on evaporated Au substrates
with a higher surface roughness showed the same wetting behavior. An initial wetting
film contact line was formed upon halting the stage, accumulating a large amount of
beads beneath the glass slide edge and depositing a bead multilayer which subsequently

acted as a barrier to the liquid flow opposite the array growth direction.

Figure 2.19: SEM images of PSB281 beads on an evaporated gold substrate. Deposition

from aqueous suspension. Explanations in the text.

The continuous monolayer deposition remained very difficult to achieve, the stage
speed and temperature needed to be finely tuned to find an equilibrium between no
deposition and multilayer deposition of beads. This typically resulted in stripe patterns
as shown in figure 2.19 (a). Figure 2.19 (b) shows an SEM image of a large monolayer
region after successful tuning of the deposition conditions. These results show that
different bead sizes can be deposited with the same experimental setup if the deposition
parameters are finely tuned to the suspensions wetting properties.

Deposition of PSB508 beads from ethanolic suspension
PSB508 beads were deposited onto sputtered gold substrates from an ethanolic suspen-

sion’. The evaporation rate of ethanol is higher compared the one of water under the

9Drop-coating CSA deposition of PSB508 and PSB517 beads gave the same results. Thus one can
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same ambient conditions (temperature, relative humidity). Consequently, also the con-
vective particle flow of beads in ethanolic suspension to the wetting film contact line is
higher. Consequently, an increased and turbulent particle flow rate was observed during
the deposition of the beads. Additionally, the lower surface tension of ethanol promotes
wetting of the substrate surface and lowers the meniscus slope angle at the wetting film

contact line.

<— Direction of sta

Figure 2.20: SEM images of PSB508 beads on a sputtered gold substrate. Deposition

from ethanolic suspension. Explanations in the text.

Figure 2.20 shows typical depositions obtained for ethanolic suspensions. The ma-
jority of the bead arrays were either multi- or sparse layers. The multilayer deposition
reflects the chaotic flow within the ethanolic suspension. Unlike in the case of beads
deposited from aqueous suspensions, the multilayer starting line is not perfectly straight
and parallel to the glass slide edge, but rather distorted. Locally, the deposition of a
monolayer was observed (figure 2.20 (b)). However, the bead ordering was less good
as compared to the one observed for beads deposited from aqueous suspension, and
frequently beads were locally deposited in a multilayer configuration. To better con-
trol the bead convective flow, the stage temperature was lowered to 10°C. This did
not significantly improve the bead deposition process; turbulences in the bead flow re-
mained high. Further lowering of the stage temperature was not feasible as this would
have resulted in water condensation. These results show that beads in ethanolic sus-

pension can not be deposited in a controlled manner under standard ambient conditions.

Deposition from aqueous suspension with EG

Surfactants are an alternative to ethanol to lower the surface tension and thus tune
the meniscus slope at the wetting film contact line. In the experiments below, a small
amount of ethylene glycol (EG) was added to the PSB517:aq suspension, which is hence
termed PSB517:EG (c.f. table 2.3).

assume that differences in the CAPA-assisted CSA are not related to the different type of beads
used.
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2 Bead deposition

It was observed that the wetting of the substrate surface was enhanced as compared
to the pure water suspension. The convective flow of the particles in the PSB517:EG
suspension was similar to the one in the PSB517:aq suspension, and beads were deposited

under similar stage speed and temperature settings (0.75 pm/sec and 23°C).

Figure 2.21: SEM images of PSB517 beads on a sputtered gold substrate. Deposition

from aqueous suspension with EG. Explanations in the text.

Figure 2.21 shows the resulting bead layers obtained from a PSB517:EG suspension.
Over the first ~100 pm, a continuous monolayer was deposited. The bead arrangement
in this monolayer region has the same characteristics as shown in figure 2.18. After a few
minutes of deposition, agglomerates formed in the bead suspension and were deposited
onto the substrate, preventing further monolayer growth.

The pre-formation of the agglomerates in the suspension means that the addition
of EG reduces the colloidal stability. Originally, the aqueous PS bead suspensions are
stabilized by the presence of an electric double layer (c.f. section 2.1). However, EG
is a non-ionic molecule with two hydrophilic chain ends. Thus, molecular chain end
interactions are likely to cause the agglomeration. A non-ionic amphiphilic molecule,

such as Triton-X, is an alternative to EG.

Preliminary conclusions

PS beads were deposited in a controlled manner using the CAPA tool. This has been
shown for different bead sizes in different suspension compositions, and on different types
of substrates. The stage speed and temperature have an important influence on the de-
position process. In order to obtain a continuous bead monolayer, both parameters have
to be finely tuned. As a result, large polycrystalline bead monolayers could be obtained
(figure 2.18). Importantly, large monolayer were also obtained for bead sizes which could
not be deposited successfully by the drop-coating CSA method (figure 2.19). The exper-
iments showed that the bead deposition process is very sensitive, e.g. to local roughness
variation on the substrate surface or fluctuations in the water evaporation rate. Both
variations can cause the formation of sparse or multilayers. Thus, the monolayer coating

of larger areas will be a challenging task. Different bead suspensions require different
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deposition parameters. This is because both the wetting properties of the suspensions
and the dynamics of the convective bead flow differ. For example, smaller beads are eas-
ier to transport to the wetting film contact line by convective drag forces as compared to
large beads. Also, the capillary immersion forces that drive the integration of beads into
an already existing layer are stronger for larger beads (c.f. section 2.2). This explains
why it is more straight forward to obtain continuous bead monolayers for PSB517 beads
than for PSB281 beads. The deposition of beads from ethanolic and surfactant modified
aqueous suspensions was investigated. In both cases, the deposition process was inferior
as compared to deposition from pure water suspensions. Especially, bead agglomeration

in suspension was observed when using EG as surfactant.

The most stringent limitation of CSA using the CAPA-tool is the substrate area that
can be coated in a controlled way. It is is limited by the size of the glass slide used to
control the wetting film meniscus and the area observable by the microscope mounted
camera. Also, the deposition speed is rather low (between 1.0 to 2.0 pm/sec). Therefore,
a third method, bead deposition by spin-coating, was investigated and is described in

the following section.

2.3.3 Spin-coating

Spin-coating is a well known technique commonly employed in silicon micromachining
or by the semiconductor industry to deposit polymer layers of controlled thickness onto
a wafer"?!8. In a standard spin-coating procedure, the substrate is fixed to a rotating
substrate holder (chuck) by vacuum. Then, the liquid to be deposited is dispensed. After
spreading of the liquid on the wafer, the chuck is accelerated to its final spin-speed. The
substrate is kept rotating until most of the solvent has evaporated.

For the spin-coating of viscous liquids, the resutling film thickness is determined by

the centrifugal force which is counteracted by the viscous force (c.f. Emslie?!?)

5%

2= —n—s 2.18
pwr = s, (2.18)

where p is the liquid density, w is the rotational speed, r is the radial position on the
substrate with the center r = 0, 7 is the liquid viscosity, v is the shear flow velocity as
a function of vertical position z. Applying no-slip and no-shear boundary conditions at
z = 0 (substrate surface) and z = h (liquid surface), respectively, allows to determine
the shear flow. By integration, the radial flow per unit volume can thus be determined.
Applying an equation of continuity leads to the following relation between film thickness

h and w and spin time t:

hoc —. (2.19)
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Interestingly, for Newtonian fluids and neglected liquid evaporation, the film thickness
is independent of the radial position. Also it has been shown that thicker films become
thinner faster?', which means that thickness variations are leveled out during the spin-

coating procedure.

Spin-coating of photo-resist Depending on the kind of liquid spin-coated, the layer
formation process is very different. Photo-resist spin-coating is most widely known in
the MEMS community. In that case, a thin, almost solid crust forms at the resist-air
interface that inhibits further solvent evaporation. More resist is then ejected from in
between the substrate-resist and resist-air interface due to the centrifugal force. Thus
(within a certain viscosity range) the resulting layer thickness is solely determined by

the spin-speed and spin-time, as predicted by equation 2.19.

Spin-coating of colloidal suspensions However, in case of spin-coating of colloidal
suspensions, not only the film thickness (or the number of colloidal array layers), but
also the arrangement of the colloidal particles, is influenced by the spin-coating param-
eters. Moreover, one needs to distinguish the spin-coating of colloidal suspensions in
volatile and non-volatile media. In the latter case, shear-induced ordering plays an im-
portant role when the Peclet-number is > 1 (c.f. Ackerson®", Britten?*!, Vermant?*?
and Shereda®?®). The dimensionless Peclet number Pe is a measure for shear-thickening

of non-Newtonian fluids8%222:

_ ma’

Pe —
T kT’

(2.20)

where 7 is the shear rate, 7 is the medium viscosity, and a is the particle radius. Pe > 1

means that convective forces associated with e.g. the shear flow dominate Brownian

223 Pe ~ Gprriéi%—z)a3

scale arrays of non-close packed (ncp) colloidal crystal templates could thus be fabricated
(for example Jiang and McFarland?**, Venkatesh?*® and Min?2%).

When the colloidal suspension is rather dilute (low effective 1 at low particle volume

diffusion. An approximation is given by . Highly ordered wafer-

concentrations below ~ 15%) and/or in the case of volatile solvents (fast thinning of
the liquid layer due to evaporation), the particle assembly is dominated by inter-particle

204,212.227.228 and by capillary immersion forces (sec-

and particle-substrate interactions
tion 2.1). For Ap = peottoid — Psotvent << 1, inhomogeneous particle distribution within
the liquid film due to centrifugal forces can be neglected. In this way, Deckman and
Dunsmuir obtained hexagonally close-packed (hep) monolayers of sub-pm PS beads on

133) In subsequent

small size substrates (c.f. their original article on Natural lithography
works, researchers have chosen different experimental conditions with respect to the
choice of solvent, particle concentration, use of surfactants or substrate pre-treatment.

For all the different cases, a good reproducibility of the spin-coated layers could be ob-
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tained 134:229,230.165  Mono- as well as multilayers with different stacking order (e.g. face-
centered-cubic or body-centered-cubic) have been fabricated by tuning the spin-speed,
colloidal suspension concentration or solvent composition (e.g. Ozin'™ and Mihi®?).
By adjusting for example the electrostatic inter-particle interaction, also ncp monolay-

ers can be obtained (e.g. Peng??).

Drying and array formation process The array formation process observed in this
thesis was comparable to previous results reported by Ogi?'® and Giuliani'®®*. Both
suggest a substrate-induced array formation during the drying process, that is when
the liquid film thickness is on the order of the bead size. Giuliani et al. observed a
wafer border to center progression of the drying front. They could fit their experimen-
tal observations with a linear decrease of the evaporation rate and an increase of the
dried colloidal layer thickness towards the substrate center. This is similar to what was
observed in this thesis.

A schematic of the spin-coating of PS beads from an volatile solvent suspension is

shown in figure 2.22. The suspension is dispensed statically. Spreading of the bead

Static dispense  —— Spinning Initially ejected
excessive suspension

c?% Receeding contact line
%o — - -—

DD 0O 0 0 O 0D O 00O, o_og.os.oo‘-xm&-"o“ &Cchnanononn

Spin-coating
‘ chuck w \_J)

Figure 2.22: Spin-coating of PS beads.

suspension across the whole wafer surface can be enforced by a manual tilt and rotation
of the substrate. This allows to reduce the amount of suspension needed. Then, wafer
rotation is initiated and liquid is ejected from the wafer due to the centrifugal force. The
ejected volume depends on the spin-speed, acceleration, and liquid viscosity, but also
on ambient conditions such as temperature and relative humidity. For example, at high
relative humidity, the liquid evaporation rate and thus the drying process are slower
compared to under low humidity conditions. Consequently, more colloidal suspension
will be ejected from the wafer, leaving less beads for deposition on the substrate. The
drying front moves inwards from the wafer border. From the onset of drying, the amount
of beads on the substrate is fixed. This will ultimately determine whether sparse, mono-

or multilayer bead arrays will be formed on the substrate. Within a certain range,
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the parameters suspension concentration, spin-speed and humidity are interchangeable.
Thus, obtaining a homogeneous bead distribution across the wafer surface is feasible but

not trivial and requires careful balancing of the inter-dependent parameters.

Ultimate limitations to obtain long-range array order There are two main lim-
itations to obtain perfect 2D, hexagonally close-packed crystals by spin-coating: First,
as pointed out in chapter 2.3.2 and illustrated in figure 2.18, the size distribution of
the beads inherently limits perfect array order due to the creation of point and line
defects. Secondly, for evaporation induced array formation starting at the substrate
border, crystals with different principal orientation merge and domain boundaries are
created. However, for the target applications in this thesis, only short-range order over

~ 10 periodicities is required.

Experimental

Suspension compositions

PSB284 5%w /v, PSB535 10%w /v and PSB836 10%w/v aqueous suspensions were used
as delivered. PSB428 and PSB535 suspensions with higher or lower bead concentra-
tion were prepared by dilution with Di-HyO or centrifugation and solvent extraction.
Characterization of the colloidal suspension properties such as surface tension and (-
potential was not conducted. However, it could be observed that the PSB284 suspension
foamed when agitated, PSB535 and PSB836 suspensions did not. This may be linked
to particle induced foam-stabilization, which is more promoted for smaller beads and
at lower particle concentrations (c.f. Fujii?**). Centrifugation of the PSB284 suspension
in order to increase the bead concentration to 10%w/v was not feasible as this lead to
a permanent bead agglomeration. Just before use, the suspensions were filtered with a

5 um fluoroethylene filter to remove agglomerates.

Substrates

Test-grade 4” Si wafers with a thermal oxide of 100 nm thickness were used as substrates
in the systematic spin-coating experiments. Different types of substrates were used to
show the influence of varying the spin-coating conditions, such as Si wafers with native
oxide only, coated with 100 nm thermal oxide or 100 nm of SiN, and on Pyrex wafers.
Prior to the bead spin-coating, the wafers were treated in an oxygen plasma, either in a
barrel etcher for 10 min at 1000 W or in O,-RIE for 2 min at 100 W and then stored in
air. The time delay between the bead deposition and the plasma treatment was limited
to 30 min. For comparison, wafers were alternatively treated with Piranha ca. 5 hrs

prior to bead deposition.
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Procedure

Spin-coating was done under standard, class 1000 or better, clean-room conditions. The
wafers were positioned on a spin-coating chuck integrated into a laminar flow hood.
900 pl of bead suspension'® was statically dispensed into the middle of the wafer and let
spread for 1 to 2 seconds before spinning. In case of incomplete wetting of the wafer sur-
face, the suspension was manually dispersed across the wafer surface by either a gentle
tilt and rotation of the wafer or by a careful spread with a clean pipette tip. The wafer
was spun until all solvent had evaporated. Typically after at most 60 sec, the wafer was
dry. The wafer edge was cleaned of beads with a piece of clean-room wipe soaked in

acetone held with tweezers and pressed to the wafer border of the rotating wafer.

Bead array analysis
Optical microscope images were taken along the wafer diagonal. The percentage of

sparse, mono- and multilayers of beads was analyzed as described in the appendix A.2.

Results and discussion

Substrate dependent wetting behavior

Different wetting behavior was observed for identical suspensions on different substrate
types and substrate pre-treatment, namely Si with native oxide, Si without native oxide
where the bead suspension was dispensed only a few minutes after removing the thermal
oxide in an HF etch, Si with 100 nm thermally grown oxide, Si with 100 nm low-stress
silicon nitride (LS-SiN), and pyrex glass wafers. These substrates have different dielectric
properties, which results in different Hamaker constants, and a different wetting behavior
is expected (c.f. section 2.1 and Seemann'®7).

In the following, good wetting behavior will be defined as the case when 900 pl of
suspension spreads on the 4” wafer surface either autonomously or by gentle tilting of
the wafer; insufficient means that the suspension had to be forced to spread with the
use of a horizontally held pipette tip; de-wetting means that the suspension recoils into

small droplets on the wafer surface. In summary, the following was observed:
e PSB284 suspensions spread well on any kind of substrate.

e PSB535 and PSB836 suspensions wetting was good on Si wafers with native oxide
or 100 nm of LS-SiN and pyrex wafers, but insufficient on Si wafers with 100 nm

thermal oxide.

e PSB535 suspension wetting on Piranha treated 100 nm SiO, wafers was less good

than on Os-plasma treated wafers.

1ONote that this corresponds to 30 to 40x V4. (c.f. 2.3.1).
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e PSB836 suspensions on bare Si wafers without native oxide de-wetted completely.

The above observations were confirmed by dynamic advancing 6, and receding 6,
contact angle measurements performed on O,-plasma pre-treated wafers. The plasma
treatment was done to make the measurements comparable to the spin-coating condi-
tions. On Si wafers with 100 nm thermal oxide, 6, ~ 20 to 30° for 10%w/v aqueous
suspensions of PSB428, PSB535 and PSB836, but it was significantly lower for PSB284
5%w /v aqueous suspension with 6, &~ 17+5°. 0, was less than 10° in all cases and could
not be measured accurately. In the case of Si wafers with native oxide only, both 6, and
0, were below 10°.

The different wetting properties did however not translate into significant differences
of the deposited bead layer (apart from the total de-wetting case). This is explained
by the fact that bead assembly driven by capillary immersion forces takes place under
receding contact angle conditions which were identical both for good and insufficient
substrate wetting. This is consistent with early results reported by Denkov !¢ that cap-
illary immersion forces dominate over suspension surface tension modifications, which

is similar to changing the wetting properties by changing the substrate type.

Suspension dependent drying behavior !!

Shortly after the wafer rotation was initiated, interference rings indicated liquid film
thinning. In case of the PSB535 and PSB836 suspensions, with one exception, the
interference rings moved from the wafer border towards the center. This is due to
a linear increase in evaporation rate with the radial distance from the wafer center.
PSB535 spin-coated at 2000 rpm revealed an oscillatory interference ring movement.
Air flow fluctuations in the laminar flow hood and solvent evaporating from the liquid
accumulated in the spin-coater basin can not be excluded as a contributing factor to
this un-expected behaviour. Another factor is the competition between centrifugal forces
driving the suspension to the wafer edge and the radially increasing evaporation rate
driving the drying front in the opposite direction.

The PSB284 suspension showed a totally different drying behavior. At all spin-speeds,
the interference rings moved from the center to the border of the wafer. This is related to
the lower bead concentration (5%w /v as compared to 10%w/v in case of the PSB535 and
PSB836 suspensions). Shear thinning or thickening varying with the radially increasing
shear flow rate can be another factor. Also, the smaller bead size and lower suspension
concentration is lowering and retarding the capillary immersion forces: (i) because they
are proporitonal to the the particle size, and (ii) as they become effective only once the
liquid film height has dropped below the particle diameter. Finally, as mentioned above,

the PSB284 suspension showed different wetting behavior and produced foam, which is

1 Observations made during the systematic spin-coating study.
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due to a different and/or stronger suspension stabilization mechanism. This influences
the particle-substrate and inter-particle interactions as well as the suspension viscous

flow behavior.

Bead layers as a function of spin-speed and bead size

PSB284, PSB535 and PSB836 aqueous suspensions were spin-coated onto Os-plasma
treated Si wafers with 100 nm thick thermally grown SiO, as described above. The
spin-speed was increased from 400 rpm to 2000 rpm in steps of 400 rpm with an ac-
celeration of 500 rpm/s. No spread-step was used. The bead layers were analyzed by
optical microscopy. The bead-substrate contrast was enhanced with a differential inter-
ference filter (c.f. appendix A.2). Figures 2.23a, 2.23c and 2.23e show the monolayer
coverage for radial distances Az from the wafer center for different spin-speeds. No
measurements are available for Ax = 440 mm due to limitations of the microscope x-y
table. Figures 2.23b, 2.23d and 2.23f are the corresponding radially averaged percentages

of sparse, mono- and double-layers as a function of spin-speed, the sum of which is 100%.

Radial distribution Overall, the bead layer distribution was homogeneous across the
wafer surface. Only in case of PSB535 beads deposited at speeds > 1600 rpm, a mono-
layer coverage decreasing with increasing Az could be observed, indicated by dashed
lines in figure 2.23c. This can be correlated with the oscillatory movement of the drying
front when spin-coating PSB535 suspensions at high spin-speeds as follows: The outward
directed drying drives beads away from the wafer center. These beads accumulate at the
wafer border and are eventually ejected from the wafer, increasingly depleting the bead
concentration with increasing Ax. In some cases, a scattered distribution of data points
can be observed, e.g. for PSB284 coated at 800 rpm or PSB535 coated at 400 rpm. This
can be explained by local defects due to satellite formation during spin-coating and the
limited amount of microscope images analyzed. Also, in some cases, the imaged area
was on the order of the size of one continuous bead layer region, which explains jumps
from 0% to 40-50% monolayer coverage in figure 2.23c for 400 rpm (also c.f. figure A.5
in the appendix).

Bead layer types For identical spin-speeds, different bead layers were obtained for dif-
ferent colloidal suspensions (figures 2.23b, 2.23d and 2.23f). A high bead monolayer
coverage > 90% could be obtained for both PSB284 and PSB535 spun at 800 rpm and
1200 rpm, despite their different volume concentration (5%w /v vs. 10%w/v, respec-
tively). Another characteristic similar for PSB284 and PSB535 beads is the transition
from mainly multilayers at low spin-speed to increasingly empty areas with no beads at
high spin-speeds. These transitions are sharper for PSB284 than for PSB535 suspen-
sions, e.g. at 400 rpm and 800 rpm, PSB284 yielded 100% and then 5% bead multilayers
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Figure 2.23: PSB284, PSB535 and PSB836 aqueous suspensions spin-coated at different
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spin-speeds. The left columns shows the radial monolayer distribution for
different spin-speeds. The right column shows the wafer-averaged percent-
age of mono- and double-layers (multilayers) and areas not covered with

beads as a function of spin-speed.
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with the remaining area covered with bead monolayers, while PSB535 transitioned from
75% to 10% multilayers.

In case of the 10%w/v PSB836 suspensions, the bead layer coverage, parted between
bead monolayers and no beads, is almost constant for a wide range of spin-speeds from
400 rpm to 1600 rpm. The low monolayer percentage at 1200 rpm is not in line with
the data, which is explained by an experimental error (e.g. wrong spin-speed settings).

The monolayer coverage remains < 60% even at the lowest spin-speed.

Optimization of spin-coating on different substrates by changing spin-speed
and suspension concentration

Increasing or decreasing the suspension concentration is to some extent identical to de-
creasing or increasing the spin-speed?*!. Thus, both parameters can be tuned in order to
optimize spin-coating on different substrates, for different bead sizes or under different
temperature and humidity conditions, as long as critical low or high values are not sur-
passed!?. The inter-dependence of the parameters suspension concentration, spin-speed
and substrate are shown with the example of PSB428 beads spin-coated onto O,-plasma
pre-treated Si wafers coated with either 100 nm SiO5 or 100 nm LS-SiN and onto pyrex

walfers.

Variation of suspension concentration and spin-speed Figure 2.24 shows the results ob-
tained by spin-coating PSB428 aqueous suspensions of different concentration and at
different spin-speeds onto Si wafers with 100 nm thermal oxide. For clarity, the mono-
layer distribution as a function of radial position Ax is shown in three different graphs
for suspension concentrations of 10%, 8.3% and 7%. Figure 2.24d shows the wafer aver-

aged relative amount of bead mono- and double-layers and areas not covered with beads.

The radial bead layer type distribution was inhomogeneous, unlike the results obtained
for PSB284, PSB535 and PSB836 beads. The monolayer ratio varies by up to 40% from
the wafer border to its center (figure 2.24a). This radial variation was observed for all
suspension concentrations and for mono-/double-layer as well as for mono-layer /no beads
coatings; for 7% suspension concentrations coated at 1200 rpm, the radial variation was
lowest with ~ 20%. In all cases, the bead density increases towards the wafer center
(figure 2.24b). This means that the centrifugal force driving beads to the wafer border
is not well balanced with the bead concentration. Non-Newtonian viscous behavior may
also cause a shear-flow that is different from the one for PSB284, PSB535 or PSB&36

beads and disadvantageous for a homogeneous distribution.

12For example, homogenization of the liquid film can not be achieved at very low spin-speeds?'®. The
upper limit is set by the spin-coater specifications and the amount of beads affordable to waste when

high suspension concentrations are coated at high speeds.

69



2 Bead deposition

70

100 [ . 100 - ~— N
= L 4 N
% i I Sl 90 - ’ d e ]
bt F / A
80 - | o - 80 —X " v, .
— L i —_ £ - b
270f e 4 4 B 7 N
0] @ r
g 60 | g’ 60 f B
g 50 i 100 nm SiO, % 50 B ) ]
a L 10% wiv o F 100 nm SiO,
540} g 401 8.3% wiv ]
&4l m— 1400 rpm &L ]
2 [ —e 1600 rpm = I 1400
s 5 pm
=201 =20 ~v- 1800 rpm
10p | —™ R 10 b
From mono- to multilayers L
0F ] 0 B
1 1 | 1 1 1 L 1 1 1 1 1 1 1 1 1
-50 40 -30 -20 10 O 10 20 30 40 50 40 -30 -20 -10 O 10 20 30 40
Distance from wafer center [mm] Distance from wafer center [mm]
(a) PSB428 10% (b) PSB428 8.3%
100 |- * * E
s . 1 0% w 8.3% w/v 7.0% w/v
90 + 2 < 100 i
80| gt 4 ] 90 | % i
270t “« — 80 |- i
Py L
260+ E T 70} -
] 5t
g S0r . S 60 ]
[&] | fae -
5 40 | 100 nm SiO, 4 % 50 | E
530 [ 7.0% wiv 1 S sl ]
[ Q[ EZZA Monolayers
S 2| ¢ 1200 rpm | S 30} I Double-layers | -
< 1400 1 L
10 St '_rp"-r| B 20 ESS no Beads i
From sparse to menolayers L
0 C L 1 1 1 'l 1 1 1 ] 10 B ]
-50 -40 -30 -20 -10 O 10 20 30 40 0 I / / / / / '/
Distance from wafer center [mm] 1400 rpm 1600 rpm 1400 rpm 1800 rpm 1200 rpm 1400 rpm
(c) PSB428 7.0% (d) Mono-/double-layers and no beads

Figure 2.24: PSB428 aqueous suspensions spin-coated onto Si wafers with 100 nm ther-

mal oxide. Both suspension concentration and spin-speeds were varied.
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By adapting the suspension concentration, also for PSB428 beads a homogenization
of the radial bead layer distribution was achieved (a wafer border to center variation of
~ 20% in case of the 7% suspension, figure 2.24c).

Spin-coating PSB428 beads from 10% suspensions at 1400 rpm and 1600 rpm pro-
duced mono- and double-layers. Reducing the concentration to 8.3% increased the ratio
of multi- to double-layers for the same spin-speed (1400 rpm), while empty areas ap-
peared upon an increase of the spin-speed to 1800 rpm. The best monolayer coverage
was obtained for spin-coating a 7% concentration suspension at 1200 rpm. The ratio of
mono- to double-layers is almost identical for 8.3% and 7% concentration suspensions
coated at 1800 rpm and 1400 rpm, respectively, showing that spin-speed and suspension

concentration are to some extent interchangeable.

Spin-coating on SiN and Pyrex wafers Si wafers coated with 100 nm LS-SiN and pyrex
wafers were spin-coated with PSB428 aqueous suspensions. In case of the LS-SiN wafers,
the suspension concentration was kept constant at 8.3% and the spin-speed was varied
from 1200 rpm to 1600 rpm. In case of the Pyrex wafers, the spin-speed was not further
lowered but kept constant at 1200 rpm. Instead, the suspension concentration was 8.3%
and 10%.

The radial monolayer distribution is shown in figures 2.25a and 2.25b for LS-SiN and
pyrex wafers, respectively. The monolayer coverage varied in a range of 20% and was thus
much less pronounced than in case of the 100 nm SiO; coated wafers (c.f. above). Under
different conditions, monolayer coverages > 85% were obtained. The substrate influence
manifests itself by significant differences in the bead layer coverages obtained under
identical conditions. For example, spin-coating 8.3% suspensions at 1200 rpm yielded a
wafer-averaged 80% monolayer coverage on pyrex wafers, while it was close to 90% on
LS-SiN wafers. A similar difference is seen by comparing the results obtained on 100 nm
SiOy wafers and LS-SiN wafers coated from 8.3% suspensions at 1400 rpm (compare
figures 2.24d and 2.25c¢). While the monolayer coverage is in both cases ~ 80%, the
remaining area is occupied by double-layers on SiOy and empty areas on LS-SiN wafers.

Finally, a linear dependence of the monolayer coverage on spin-speed not observed
before was found in case of the the LS-SiN wafers. For this bead and substrate type,

this greatly facilitates an optimiziation of the spin-coating conditions.

Aqueous vs. Triton-X and ethanolic suspensions

The spin-speed influences the centrifugal forces and the liquid evaporation rate, both of
which determine the amount of beads present on the wafer at the onset of the drying
process. Therefore, instead of increasing the suspension concentration or lowering the
spin-speed, water was exchanged for a solvent with a higher vapor pressure. (This is

only a valid approach if the colloidal suspension remains stable, at least for the duration
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of the experiment.)

PSB836 beads were spin-coated onto hydrophilic pre-treated 100 nm oxide wafers at
400 rpm from 10%w /v suspensions of different solvent compositions: (a) aqueous (c.f. above)
(b) 3:7 v/v HyO:1%Triton-X 100 and (c) 3:7 v/v HyO:Ethanol. The addition of Triton-
X lowers the surface tension and is thus expected to enhance the wetting properties
without a major influence on the evaporation rate. The addition of ethanol enhances
both the wetting of the wafer surface and the solvent evaporation.

The Triton-X suspension foamed strongly when being agitated, and the wetting of the
substrate was slightly enhanced as compared to wetting by aqueous suspensions. Mono-
and multilayers were obtained with multilayers increasing towards the wafer center.
Thus, the percentage of monolayers decreased from 90% to 34% at Az = 40 mm to 0 mm.
This radial dependence was not observed in case of aqueous suspensions (figure 2.23e).
The higher bead density (mono- and multilayers instead of monolayers and no beads) as
well as the radial dependence show that the addition of a large amount of surfactant does
influence the viscous flow properties and the bead array formation mechanism. Spin-
coating experiments at different spin-speeds with the same H5O:Triton-X composition
are foreseen.

The ethanolic suspension completely wetted the substrate surface. During spinning,
an oscillatory movement of the drying front could be observed (c.f. above: PSB535
aqueous suspensions spun at 2000 rpm). The resulting bead layer is dominated by
multilayers of > 2 layers. This is explained by the enhanced evaporation rate of ethanol.
The domain sizes are smaller as compared to the ones obtained by spin-coating from
aqueous or Triton suspensions, which is caused by instabilities of the ethanol evaporation

and the lower surface tension as compared to water.

Preliminary conclusions

Close-packed monolayers covering > 90% of the wafer surface were realized on different
substrates (100 nm SiOs or LS-SiN, Pyrex) by spin-coating aqueous suspensions of
PSB284, PSB535 and PSB428 beads and adapting the suspensions concentration and
spin-speed. In case of PSB836 suspensions, the monolayer coverage did not exceed
60%. First shot experiments by spin-coating PSB836 Triton-X modified suspensions
suggest that lowering the liquid surface tension, and thus obtaining an initially more
homogenous bead distribution across the substrate surface, will improve the deposition
results. A radially homogeneous monolayer distribution was obtained by fine-tuning
the suspension concentration and spin-speed. Different drying behaviors were observed.
Radially homogeneous coatings were obtained when the drying front progressively moves
inwards from the wafer border to its center (c.f. PSB284 and PSB535 coated on 100 nm
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Si0O3). The substrates’ dielectric properties considerably influence the wetting of the

188,187 "and thus the array formation process. A low

substrate by the bead suspension
receding contact angle favors the formation of well-ordered and radially homogeneous
bead layers. Spin-speed and suspension concentration were partially inter-changeable
parameters, facilitating an optimization of the spin-coating parameters. All experiments
were conducted under standard clean-room conditions; coating of one wafer took less
than 2 min. The dispensed volume was kept constant at 900 pl. For identical substrate

types and bead suspensions, the results were reproducible and consistent.

Comments on the chosen spin-coating methodology and suggestions for further

improvements

The bead deposition approach taken in this thesis is empiric and the objective of the
current work was to use such 2D colloidal crystals as an initial pattern template. For the
formation of large-area (>>10 pm in domain size) hexagonally close-packed 2D colloidal
crystals by means of spin-coating necessitates are more thorough theoretical and experi-
mental investigation of the influence of the bead size, suspension stabilization mechanism
(e.g. charge-stabilized or steric), particle-substrate as well as particle-particle interac-
tions, suspension viscous behavior as a function of solvent and bead concentration.

As mentioned in chapter 2.3.3, highly ordered colloidal crystals can be obtained by
spin-coating of high viscosity, non-volatile solvent where shear-induced ordering of steri-
cally stabilized particles, treated as hard spheres, plays a crucial role. In particular, this
requires a high Peclet number (equation 2.20). Therefore, for applications where good
long-range order is needed, spin-coating of particles from non-volatile viscous solvents
should rather be used??2.

On the other hand, spin-coating from aqueous suspensions has several advantages, the
most obvious one being the complete evaporation of the solvent during the spin-coating
process that alleviates a post-deposition process step to remove suspension components
in dry state (e.g. either Og-plasma etching of a polymeric matrix or dissolution of silica
beads??t). Secondly, suspensions are relatively easy to manipulate and readily available
from various manufacturers. To optimize the ordering and gain a better understanding
of the influencing parameters, the spin-coating process can be analyzed with respect to
the following parameters: 1) wetting of the substrate and distribution of the colloidal
suspension on the substrate surface, 2) progression of the liquid evaporation, 3) liquid
film thinning profile, 4) distribution of particles within the bulk suspension and in the
vicinity of the wetting film contact line, 5) inter-particle and particle-substrate interac-
tions that favor or inhibit the formation of close-packed arrays, and 6) an analysis of the

1 227

different competing forces (c.f. page 043302-7 in Zhao et al.**". For such an analysis,

the following theoretical investigations and experiments are appropriate:
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e Zhao and Marshall?*” proposed a discrete-element method to model the time-
resolved distribution of colloidal particles within the liquid and on the substrate
surface during spin-coating. Although the method is limited to the non-evaporative
phase of the spin-coating process, it could yield useful insight to obtain the op-
timum amount and distribution of bead suspension before the onset of the evap-
oration induced array formation (c.f. 1) above). Furthermore, the influence of
particle-substrate interactions on bead mobility, and thus on the formation of
highly ordered bead arrays, can be investigated for different substrate and suspen-
sion types (c.f. 5) above). A different model should be used to tackle the questions
concerning 2), 3), 4), and 6) (c.f. above). To my knowledge, however, models to
adequately simulate the spin-coating of aqueous colloidal suspensions have not yet

been proposed.

e Experimentally, 1), 2), 3) and eventually 4) (using e.g. fluorescent beads) can be
analyzed using high speed camera observation with varying illumination settings '3
and /or laser interferometry?®. Such experiments yield the information necessary
to quantify the influence of substrate type, suspension composition, and spin-
coating conditions (spin-speed, ambient as well as substrate temperature, ambient
humidity) on the progression of the array formation, correlated with the liquid film
thinning. Dynamic contact angle measurements with different bead suspensions
on different substrate types reveal the liquid film profile at various receding contact

line speeds.

e Assessing the influence, lest be the magnitude, of the competing forces (c.f. 6)
above) is challenging. Indirect observation methods could be used based on a crude
analysis of the obtained particle coatings for e.g. different spin-speeds (varying the
centrifugal force), different bead sizes or densities (varying the capillary immersion
force, brownian motion, and to which extent beads are subject to centrifugal and
gravitational forces), or different colloidal suspension stabilization methods and
magnitudes (varying inter-particle and particle-substrate interactions). Priority
should be given with respect to the target colloidal crystal and application. For
example, in the present case, this means that only polystyrene beads stabilized as

provided by the manufacturer should be used.

Despite the complexity of the spin-coating process, a feature that makes it so popular
for the uniform deposition of various suspensions and solutions, was evident: Good pa-
rameters can be found quickly and spin-coating proves to be a reliable and reproducible

coating method.
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2.4 Summary and conclusions

Three different bead deposition methods, namely drop-coating convective self-assembly
(CSA), CSA controlled with the CAPA-tool (capillary assisted particle assembly), and
spin-coating, have been investigated. The goal was to obtain a wafer-scale monolayer
coverage. Table 2.4 compares the different methods with respect to the monolayer cov-
erage that could be obtained, deposition time, cost, and complexity of the experimental

setup.

Criterion

Drop-coating CSA
Section 2.3.1

Controlled CSA
Section 2.3.2

Spin-coating
Section 2.3.3

Bead layers

Mainly sparse or multi-
layers, especially in the
center wafer region.

Monolayer deposition
locally well controlled.

Mono- and/or multilay-
ers can be deposited.

Monolayer Poor. Good within the con- Up to 90% of the wafer
coverage trolled region. surface. Can vary with
radial position on the
wafer.
Time 1 hr to 1 day. Couple of hours for Few minutes.
cm-size substrates.
Cost Cheap. No bead waste. Expensive. Requires Moderate. Bead waste
presence of operator. most important factor.
Bead waste low.
Experimental Very easy. Good for Rather sophisticated.  Very easy. Compati-
setup laboratory conditions. ble with standard clean

room equipment.

Table 2.4: Comparison of the employed bead deposition methods.

For all deposition methods, a significant influence of the bead size, solvent compo-
sition, substrate type, surface chemistry, and ambient conditions was observed. This
means that, for example, for the deposition of different bead sizes or coating of different
substrate types, the coating conditions need to be adjusted.

For bead spin-coating, good parameters were found quickly, also owing to the short
deposition time itself. By spin-coating, uniform close-packed bead monolayers were
realized with a coverage > 90% on a 4” wafer scale. As the final devices targeted in
this thesis, based on arrays of sub-pum holes in thin films and membranes, do not require
long-range ordering nor precise hole positioning, these criteria can be neglected. Thus, in

the remainder of this thesis, bead layer templates were always obtained by spin-coating.
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In this chapter, it will be shown how the
size of PS bead can be tuned after
deposition of the beads onto the substrate.

In this way, starting from an identical bead
template, different dot sizes are obtained
without changing the spacing between the
dots. Size reduction is done by etching the
PS beads in an oxygen plasma. The etch
behavior depends on the machine setup
and etching conditions. Roughening of the bead surface and bead
displacement during the etching process was observed.

First, typical etch conditions and characteristics as reported in the literature
are briefly reviewed. Then, the main results on etching PS beads by O2-RIE are
presented and discussed.
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3.1 Etching of PS beads in oxygen plasma

PS is a hydrocarbon molecule and thus can be decomposed by reactive oxygen species
into CO5 and water. Depending on the plasma setup and conditions, the etching process
may be either isotropic, or have an additional anisotropic etch component. Figure 3.1a
schematically shows cross-sections of beads and how they shrink in case of 100% isotropic
etching; figure 3.1b shows the 100% anisotropic etching situation. In the following
paragraphs, the results reported in the literature will be briefly summarized. Table 3.9
at the end of this section puts in relation these previously reported results with the ones

obtained in this thesis.
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Figure 3.1: (a) and (b) Schematic showing the cross-sectional views of the bead shrinkage
under either 100% isotropic or anisotropic etch conditions. (c) Non-linear

radial etch rate. Figure reproduced from Haginoya et al.®?.

O.-RIE

Haginoya et al.'* etched PS beads by oxygen reactive ion etching (O-RIE) with a
radio-frequency (RF) source. They report a non-linear relationship between the bead
diameter d and O9-RIE etch time t: D = Dycos(arcsin(kt/2Dy)). Here, Dy is the
initial bead diameter and k is a constant depending on the experimental conditions.
This means that the radial etch rate increases with increasing etch time in a non-linear
fashion, in this case from 50 nm/min to ca. 150 nm/min. The highest etch rate increase
occurs once the bead diameter is less than 50% of its initial diameter (c.f. figure 3.1c).

Other works employing a similar RIE setup report a constant radial etch rate, i.e.

236,165,170

a linear relationship between the bead diameter and etch time Minor non-

linearities are explained by a preferential exposure of the top part of the beads to the

165,236 o1 a gradient in “softness” of the particles?*®. In the case of Cheung et al'™,

plasma
it should be mentioned that for the results shown, their beads are at most reduced to 80%
of their initial diameter, which is above the bead size where the non-linearity reported
by % becomes effective. All works employing O,-RIE state an average radial etch rate

in the range of 50 to 80 nm/min, despite varying etch gas compositions (Oq or Oy with
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CF,), gas flows, chamber pressures (40 mT, 50 mT or 200 mT) and machines used (c.f.
table 3.9).

Another common observation is a roughening of the bead surface. Lohmueller et al
report it to be increasing linearly with etch time!®®. Also, beads exposed to Oo-RIE
were found to be difficult to remove from the substrate; bead traces remained on the
substrate!"1%  The exact origin of these effects remains unclear. It may be related to
an inhomogeneous bead stiffness or composition, possibly further enhanced by additional
UV radiation induced polymerization during the etch process. Difficult to remove bead
traces could be an indication of inorganic compounds which serve for stabilization of the
beads in aqueous suspension (e.g. sulfonate groups in this case c.f.figure 2.8). These do

not form volatile etch compounds with reactive oxygen species.

uvo

To alleviate the roughening of the PS beads surface during O,-RIE, Reimhult et al'®!
etched beads using an ozone cleaner. In this setup, UV light is used to create the oxygen
radicals. Beads with a diameter of 200 nm and 100 nm were reduced to less than 50% of
their original size without significant roughening of the bead surface. The UVO radial
etch rates were linear and on the order of 10 nm/min. Both the low etch rate and the
reduced surface roughening are advantageous for the size reduction of small beads with

diameters less than 300 nm.

Low temperature ICP-RIE

Plettl et al'®? observed that beads tend to “tip-over” when being etched by anisotropic
O,-RIE. This is attributed to etching induced changes in the viscosity of the PS particles:
small polymer chains are created that diffuse into the particle and act as plasticizer?37.
Another possible explanation is stress-induced mobility, as reported by Lee and cowork-
ers?8. Furthermore, it was observed that the beads preferentially dislocate towards
lattice defects. A locally higher etch rate was excluded as an explanation. According to
Plettl et al, it is more likely that induced polarization charges in the beads follow local
strong electric field gradients.

They solved these issues by combining an initial room-temperature RIE etch step
with further etching at -150°C in an inductively coupled plasma. The initial RIE etch
step serves to cut inter-particle polymer connections (also c.f. section 3.2.4). This was
followed by an almost perfectly isotropic etch in ICP mode. The ICP plasma was
stabilized with a small amount of RIE power, but the self-bias was kept above -8V at
all times. At -150°C with an ICP power of 60 W and a chamber pressure of 55 mT,
the etch rate was very low with approx. 1 nm/min. However, the beads retained their

spherical shape and dislocation of the beads could be avoided.
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3.2 Experimental

Here, the results obtained for O-RIE size reduction of PS beads are described. As an
example, figure 3.2 shows PSB428 etched by Os-RIE. The spherical beads are trans-
formed into oblate, elliptical particles. This is caused by the anisotropy of the etch
process, which was investigated as a function of etch time, RIE self-bias and RIE sys-

tem used. An increase of the bead surface roughness and dislocations of the PS beads

during O9-RIE was also observed.

500 nm

Figure 3.2: 40° tilt SEM image of PSB428 beads etched for 2 min at 50 mT and an
oxygen flow of 20 sccm. The RF input power was 80 W, resulting in a
self-bias voltage of -400 V. The machine used was O2-RIE (B).

Two different Oxford Plasmalab 80Plus machines were used, in this text referred to
as O»-RIE (B) and Oy-RIE (N) (c.f. the etch recipes in A.3).

3.2.1 Anisotropic etch characteristics
0,-RIE (B)

Figure 3.3 shows etch results obtained for PSB428 and PSB535 beads deposited by spin-
coating onto 4” silicon wafers. The chamber pressure was 200 mT at 50 sccm O, gas
flow; the RIE incident power was 80 W, resulting in a self-bias voltage of -300 V. Four
etch runs were done on each wafer by shading 3/4 of the substrate with a dummy silicon
wafer, rotating the etch protection by 90°, and performing another etch. The etch times
for the quarter wafers were 120 sec / 140 sec / 120 sec / 100 sec and 150 sec / 170 sec
/ 150 sec / 130 sec for PSB428 and PSB535 wafers, respectively. Thus, the data points
at 120 sec and 150 sec are the mean values of two etch runs.

SEM images of beads were taken with a Philips XL30 ESEM-FEG at 10 kV accelera-
tion voltage and a source-substrate distance of 10 mm. The beads had not been coated
with a conductive layer. Image analysis was done in two ways, first using the Olym-
pus software analySIS, and secondly by a manual procedure using Gimp and ImagelJ.

The measured average bead diameter obtained by the two different analysis procedures
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Figure 3.3: Size reduction of PSB428 and PSB535 using O2-RIE (B) at 80 W and a
resulting self-bias of -300 V. The continuous lines are linear fits within a
limited data range, the error bars correspond to 20. The corresponding etch

rate is indicated in the figure.

differed within a range of £10 nm. Thus, in the following, when threshold setting was
impossible due to an insufficient contrast between the beads and the silicon substrate,
the particle size analysis was done manually.

Figure 3.3 shows that the etch rate is increasing with increasing etch time. Dashed
lines in figure 3.3 are linear interpolations for a selected data range. The first range is
from the initial bead diameter to the first measured data point which lies at half the
initial bead diameter; the second range is over the three following data points. The
etch rates increase with increasing etch time from 107 nm/min and 125 nm/min to
215 nm/min and 168 nm/min for PSB428 and PSB535 beads, respectively. This means
that the spherical beads are etched anisotropically (c.f. Oo-RIE 3.1).

0,-RIE (N)

Figure 3.4 shows etch results obtained for PSB508 and PSB281 beads deposited by
spin-coating onto small silicon chips. The chamber pressure was 200 mT at 50 sccm O,
gas flow and thus identical to the conditions used in the Oy-RIE (B) experiments shown
above. However, the RIE incident power was 100 W, which resulted in a self-bias voltage
of -253 V. Four etch runs were done for each bead size and for each chip separately. The
etch times were 60 sec / 90 sec / 120 sec / 180 sec In this case, the bead diameter
measurements were done during image acquisition using the measurement tool of the
SEM software.
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500 -

® PSB508
PSB281 | -

450 |-

400
=50 — 60 nm/min
300 -

250 - —

Bead diameter [nm]

200 - =
150 I 71 nm/min ]
100 -

50 | .
[T H T T R T E E S T

0 20 40 60 80 100 120 140 160 180 200
02-RIE etch time [sec]

Figure 3.4: Size reduction of PSB508 and PSB281 using O2-RIE (N) at 100 W and a
resulting self-bias of -253 V. The continuous lines are linear fits over the
complete data set, the error bars correspond to 20. The corresponding etch

rate is indicated in the figure.

Other than in the Oy-RIFE (B) experiments, the etch rate stays constant with increas-
ing etch time, which means that the etch process is less anisotropic. Despite the higher
RF input power, the etch rates are considerably lower: 60 nm/min and 71 nm/min for
PSB508 and PSB281 beads, respectively. The more isotropic etch behavior and the
lower etch rates is due to the lower self-bias voltage. A lower self-bias reduces the physi-
cal, anisotropic component relative to the chemical, isotropic etch component. Another
factor could be that the machines are differently pre-conditioned, as O-RIE (N) is also
used for RIE processes employing etch gases other than Os.

Influence of self-bias voltage

The etch results described above show that the self-bias voltage has an important in-
fluence on the etch characteristics. This was verified in etch experiments performed
with Os-RIE (B) using two different RF input power settings, 70 W and 80 W, which
induced a self-bias voltage of -255 V and -295 V, respectively. PSB428 and PSB535
beads on silicon chips were etched for 100 sec and 120 sec, respectively. Figure 3.5a
shows the radial etch rates as a function of RF input power. At 70 W, the radial etch
rates were 86 nm/min and 106 nm/min; at 80 W the etch rates were 103 nm/min and
122 nm/min for PSB428 and PSB535, respectively. This significant increase in etch rate
is explained by the lower self-bias voltage (absolute higher value), which augments the

physical sputter-etch component of the Oo-RIE etch process.
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Figure 3.5: Dependence of etch rate and anisotropy on RF power and self-bias voltage.
Beads etched with Oz-RIE (B).

Shown in figure 3.5b is a plot of the diameter to height ratio as a function of RF
input power. PSB517 beads on small silicon chips were etched for 125 sec at 80 W and
for 130 sec at 70 W. Top-view and cross-sectional SEM images were taken with a LEO
Zeiss SEM at 3 kV electron acceleration voltage and a working distance of 4 mm. The
diameter to height ratios were measured to be 1.52 and 1.65 for etching at 70 W (-255 V
self-bias) and at 80 W (-285 V self-bias), respectively. This is a further manifestation

that a lower self-bias increases the anisotropic, physical etch component.

Reproducibility

Reproducible radial etch rates could not always be obtained. This is related to the
variation of the self-bias voltage with the machines used in this thesis. The self-bias
varied +10 V for identical RF power and pressure settings. It was observed that the
resulting self-bias is sensitive to the pre-conditioning and prior type of use of the machine,
requiring conditioning runs to obtain reproducible etch rates. Another factor is the
loading factor, i.e. how much polymeric material is etched and thus how many reactive
species are consumed. For example, this needs to be considered when changing from

chip-size to wafer-scale substrates.
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3 Bead size reduction

3.2.2 Bead surface roughening

Roughening of the bead surface during O,-RIE has been reported before!®. Similar
observations were made in this thesis. An example is shown in figure 3.6, which shows
PSB428 beads etched for different etch times. The etch conditions are indicated in the
figure caption. For better contrast of the SEM images, the samples were coated with a
few nm of gold prior to SEM imaging. After 100 sec of etching, the particles have lost
their spherical shape. The crumbly residues kept a constant shape and did not disappear
from the surface if the etching continued for > 60 sec. This means that these residues

are of inorganic nature and stem from the bead synthesis process (c.f. 2.3).

(a) 40 sec (d) 100 sec

Figure 3.6: The bead surface roughness is increasing with increasing etch time. PSB428
beads were etched with Oy-RIE (B) at 200 mT Og at 50 sccm flow, 80 W,
and a resulting self-bias voltage of -300 V.

3.2.3 Bead dislocation

Plettl et al.'®? observed a preferential tilting of beads away from domain boundaries.
The beads tilt if they give way to external forces, or due to plasma induced changes of
their properties, such as viscosity changes or local stress-gradients. External forces, such
as electric field gradients, are responsible for preferential tilt directions, while changes
in the beads material properties cause random dislocations.

In the present case, both random and preferential dislocations were observed. Fig-
ure 3.7a shows an SEM image of PSB535 beads after etching for 120 sec in O, RIE (N)
at 200 mT with 50 sccm oxygen gas flow and an RF input power of 100 W, resulting in
a self-bias of -260 V. During SEM imaging, selected beads preferentially located at line
defects of the bead array charged. They are encircled in figure 3.7a. The bead charging
is explained by a reduced contact to the silicon substrate. An actual dislocation can
be seen in in figures 3.7b and 3.7c. They are different SEM images of beads shown in
figure 3.6c. Preferential dislocations can be identified in figure 3.7b, while a random tilt

of beads is indicated by the arrows in figure 3.7c.
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(a) Beads charging (b) Beads preferentially dislo- (c) Beads randomly dislo-
due to lost sub- cated away from array line cated within an array.
strate contact. defect.

Figure 3.7: Beads tilting in random or preferential directions when etched by Os-RIE. (a)
shows beads charging in the SEM due to lost contact to the silicon substrate.

(b) and (c) Beads tilt both in preferential and random directions.

3.2.4 Cutting polymeric links between beads

The results from the paragraphs above show that Os-RIE for size reduction has limi-
tations due to a non-linear radial etch rate, bead surface roughening and dislocation of
beads. However, a strong bridging was found for the PSB535 charge obtained from mi-
croparticles GmbH. In that case, directional etching shows it usefulness to break polymer

bridges connecting neighboring particles.

\‘ a 500 nm
(a) 50 sec (b) 140 sec

Figure 3.8: PSB535 beads etched in Oz-RIE (N) at at 200 mT with 50 sccm oxygen gas
flow and an RF input power of 100 W, resulting in a self-bias of -244 V.

Figure 3.8 shows SEM images of PSB535 beads etched for a 50 sec and 140 sec. After
50 sec of etching, the particles are bridged. Continuing the etching process breaks these
bridges. These initial bridges need to be broken at an early stage of the bead size
reduction process. Otherwise, beads are dislocated, being pulled towards each other as

some links will be cut earlier than others.
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3 Bead size reduction

3.3 Summary and conclusions

PS beads were etched by Os-RIE after bead deposition. In this way, the bead size was
reduced in a controlled way down to 0.3x the original bead diameter. The obtained re-
sults are in accordance with results previously reported in the literature, as summarized
in table 3.9.

The influence of different plasma conditions on the bead shrinkage process was in-
vestigated. A low self-bias voltage leads to an anisotropic etching, and consequently
a non-linear radial etch rate. The etch process can be tuned to be more isotropic by
increasing the self-bias voltage. The self-bias voltage depends on the RF input power
settings, but also on the machine configuration and pre-conditioning of the machine.

Morphological changes of the beads such as a roughening of the bead surface or bead
dislocations were observed. Due to non-linearly increasing radial etch rates and rough-
ening of the bead surface, the reduced bead size is limited to ca. 30% of the initial bead
size. In some cases, the formation of inter-particle polymeric links was observed. There,
the directional sputter-etch component of an RIE system is necessary to make sure these
links are cut at the very beginning of the size reduction process!2.

Previous works have shown that substrate temperature'®?, electric field gradients !5
and the type of oxygen reactive species!'®! play an important role during size reduction
of polystyrene beads by plasma etching. In addition, as found in this work, the etch
behavior is not identical for beads from different delivery charges. This is explained by
minor differences in polymerization state and surface groups that are also affected by

UV irradiation?*® and reaction with the oxygen reactive species?

, respectively.

The above partially illustrates the actual complexity of the bead size reduction process
that deserved a more thorough investigation. This is out of the scope of the current
thesis work. Nevertheless, a few indication shall be mentioned that could lead to a
better understanding of the PS bead O,-plasma etching process:

First of all, size reduction experiments, correlated with a detailed chemical analy-
sis (e.g. ¢-potential measurements, X-ray photoelectron spectroscopy), need to be con-
ducted. Information on the influence of the substrate temperature on the etch behavior
could be accelerated by placing PS beads on membranes with different sizes (and thus dif-
ferent membrane-to-bulk heat transfer coefficients). Heat measurements with integrated
thermo-resistive sensors could provide experimental information on the membrane tem-
perature. A theoretical anticipation of the heat generated during the etch process is
challenging due to the different possible decomposition pathways?*.

UV induced cross-linking during etching can be avoided by separating the plasma
source from the etching chamber, e.g. using an ICP-RIE setup with a long diffusion

cylinder. In an alternative approach, the etch behavior of only partially cross-linked PS
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beads (that are commercially available) could be compared to those of 100% cross-linked

PS beads?*!.

Reference Plasma Gas flow Chamber Incident RF Self-bias Radial etch  Radial etch  Bead surface
setup [scem] pressure power [W] voltage rate rate roughening
[mT] V] [nm/min] ?

Haginoya RIE N.A. 40 80 W* N.A. 50 to 150 Non-linear  Yes
1997
Hanarp PlasmaThar N.A. 250 50 N.A. 75 Approx. N.A.
2003 m Batchtop linear

VII RIE/PE
Cheung Parallel 02: 200 200 100 N.A. 60 Linear Yes
2006 plate RIE CF4:8.4
Reimhult uvo -- atm. -- -- 20 Linear No
2007
Lohmdller Oxford 02:30 50 50 -150 60 Linear Yes
2008 plasmalab Ar:10

80 plus RIE
Plettl 2009 Oxford 15 55 60 W (ICP) >-8 1 Linear No

Plasmalab 1 W (RIE)

80Plus RIE-

ICP
In this work  O,-RIE (B) 50 200 100 -285 to PSB428 : Non-linear  Yes

-300 110 to 225
PSB535 :
130 to 190
O,-RIE (N) 50 200 80 -250 to PSB428 : 61 Linear Yes
-260 PSB535: 76

* 160 mW/cm> =» 80 W for a round electrode with a diameter of 20 cm.

Figure 3.9: Comparison of oxygen plasma etching of PS beads. Top row data extracted

from

149,236,170,151,165,152
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4 Bead pattern transfer

In this chapter, two process options of
nanosphere lithography (NSL), to generate
either a “hole” or a “dot” pattern, are
described.

The processes will be briefly outlined in the
first section. The experimental results for L& 1 '
both pattern transfer options are shown in |
the second part. The related process issues
and limitations will be discussed.

*?

WM AA
| o o0 M A B
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In the third section, the combination of wafer-scale nanosphere with UV
lithography for micro-patterning of the nanostructures is shown.
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4 Bead pattern transfer

4.1 Nanosphere lithography

In the introduction 1.2.2, the principles of nanosphere lithography have been outlined
briefly. In this work, size-reduced PS beads were used either as a lift-off template or as
an etch mask for a pattern transfer by dry-etching as shown in figure 4.1. Using the
lift-off routine, a thin holey metal layer is fabricated on top of a silicon substrate. Using

the etching routine, an array of silicon oxide dots is produced.

Lift-off Etching

L1.Bead deposition E1.Bead deposition

Bead monolayer

0000000000 AXFK COOOOOOO0O0
XX
XXX
XX
L2.Bead size reduction T E1.Bead size reduction
0O 000000000 00000000 0O0
L3. Metal evaporation E3.Dry etching
0060006060600 epARAARARRARRA AR
Hole mask Dot mask
. O O O 0O
L4. Lift-off 0 0 o ¢ E4Polymerremoval
_________ OOOO M /M /M /A /A /A /| /A /| /)
D O O O ¢
OO0 00

Figure 4.1: Schematic of nanosphere lithography. The beads are either used as lift-off
template or etch mask, respectively resulting in a hole or dot mask on the

substrate. Explanations in the text.

In both cases, the first two bead processing steps are identical: a layer of beads is
deposited onto the substrate. Then, optionally, the bead size is reduced to the desired
diameter. To obtain a holey metal layer, metal is evaporated directionally onto the
beads. Lift-off is done by removing the beads, for example by sonication of the wafer in
organic solvents. This produces a thin metal film with an array of holes on the silicon
substrate. To obtain an array of dots, e.g. in a thin silicon oxide layer, the beads
are used as a mask in a dry-etch procedure. Removal of the beads after dry-etching is
optional and depends on the subsequent process steps, if any.

The patterned material layer, a hole mask as obtained by the lift-off routine or a dot
mask as obtained by the etching routine, can be used as a functional device layer. This

is appropriate if only thin layers with low aspect-ratio are needed. If high aspect-ratio
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structures are needed, NSL in its simplest form faces limitations.

In case of the lift-off routine, the thickness of the metal film is limited by the cross-
sectional bead dimensions. Under optimum conditions (high source-substrate evap-
oration distance, low pressure), lift-off can be performed for metal film thicknesses
tm < 0.2D,q, where D,.4 is the reduced bead diameter. Typical evaporated film thick-
nesses are usually lower 133134156 The characteristics of the lift-off routine are discussed
in more detail in section 4.2.1.

In the etching routine, the PS bead template is used as a dot maks directly. The etch
rate selectivity between the polymeric dot mask and the inorganic material to be etched
can be rather good in chemicallyl driven dry-etch processes. This is for example the
case in silicon dry-etch processes based on a SFg chemistry ™.

In this case, however, the bead shading cross-section of the beads which turns from
spherical to elliptical after Oo-RIE size-reduction needs to be considered. This causes
early mask failure at the bead edge (section 4.2.2), which makes it difficult to obtain
high aspect ratio pillars with a well-controlled and smooth side-wall shape.

The use of an intermediate mask is an alternative approach. This can be either a
holey metal film produced by NSL lift-off, or a dot array produced in a thin oxide layer
by NSL etching. The advantage is that the inorganic intermediate masking layer has
a homogeneous thickness and a higher etch-rate selectivity to the substrate material
(depending on the substrate material and etch process used) . In this thesis, such an
intermediate masking layer was used for the etching of holes into thin metal films and
for the etching of high aspect-ratio silicon pillars with controlled side-wall shape (c.f.
chapter 5).

4.2 Experimental

4.2.1 Holey thin metal films by NSL /ift-off
Optimum lift-off results

Figure 4.2 shows low and high magnification SEM images of a chromium thin film
patterned by NSL using the lift-off routine (c.f. figure 4.1). 4” silicon wafers with a
100 nm thick silicon nitride film served as substrates. PSB428 beads were deposited by
spin-coating; afterwards the size of the beads was reduced in by Os-RIE as described
in chapter 3 (O2-RIE conditions: 80 W at 200 mT O for 1 min 5 sec, self-bias voltage
-300V). The diameter of the beads after size-reduction was 260 nm, the bead rim height
h,im can be estimated to be ca. 110 nm based on cross-sectional SEM images of beads
after size-reduction. After bead size reduction, a 15 nm thick Cr film was evaporated

directionally onto the wafers. Lift-off was performed by sonicating the wafers for 1 min
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each in THF, acetone, and isopropanol, followed by a thorough rinse with flowing Di-

water. The wafers were left for drying under a flow hood.

Figure 4.2: SEM images of a holey metal film produced by NSL lift-off. All beads and
metallic bead caps were removed from the substrate, the hole shape is per-

fectly circular.

The low magnification image in figure 4.2a shows that a 100% lift-off yield can be
obtained over a large area. All beads have been removed, leaving behind a hole in the
thin metal film. Figure 4.2b shows that the round shading cross-section of the beads has
been perfectly copied into the metal film. The edges of the circular holes in the mask
pattern are smooth without any indication of ripped-off metal film. This result shows
that metal films much thinner than the bead rim height h,;,, can be easily patterned by
NSL.

Lift-off limitations

Using Os-RIE size reduced PS beads as a lift-off template is subject to two main lim-
itations: (a) The evaporated metal film thickness should not exceed ~ 0.66 h,,, even
if a highly directional evaporation process is used, and (b) room-temperature Oo-RIE
can induced tilting of the beads and thus produce elliptical holes in the metal mask
(section 3.2.3). These two limitations are illustrated in figure 4.3.

Note that 0.66 h,;, translates into ~ 0.2D,.4 for beads reduced to about half their
initial diameter under anisotropic etch consitions.

In case (a), deposition of the metal under a small angle, e.g. due to a small misalign-
ment of the substrate relative to the evaporation source, or local thickness variations
due to columnar grain growth, may result in closing of the gap between the metal on top
of the bead and the metal on the substrate. This will make a lift-off impossible (if not
mechanically induced by e.g. rubbing the wafer surface), which is shown in the left-hand
side SEM images in figure 4.3. The images were taken after the lift-off procedure. The
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(a) Rim height limits metal film thickness (b) Tilted beads produce elliptical holes

70 W 2'10" 80W 205"

Bead tilt 20°

Irregular hole shape
Elliptical holes

Bead not removed
during lift-off

Figure 4.3: (a) Using beads as a lift-off template, the metal film thickness t,, for which
a successful lift-off can be achieved is limited by the rim height A.,. In
the example shown, h,;y, and t,, are both 100 nm. (b) Tilting of the beads
induced by Oo-RIE size reduction results in elliptical hole shapes after lift-
off. In this example, t,,, = 15 nm and thus much lower than h,;;, = 70 nm.
Cross-sectional SEM images were taken prior to metal evaporation. Top-view

SEM images were taken after the lift-off procedure.

rim height h,;, and the evaporated metal film thickness t,, both were 100 nm. The low
magnification SEM images shows many white speckles, which represent beads that still
adhere to the surface after lift-off; the lift-off yield is low. The high magnification SEM
image shows a zoom into one of those bead still attached to the surface. The irregular
hole shape is due to roughening of the bead surface during O,-RIE (section 3.2.4). In
case (b) (right-hand side images in figure 4.3), the beads tilted during Os-RIE. This
results in elliptical hole shapes after lift-off. The lift-off yield was still successful because
tm was chosen much lower than h.;, (15 nm and 70 nm, respectively). Tilting of the
beads is another factor that limits the metal film thickness as, on one side, the bead
edge will be closer to the substrate surface than the nominal h,.;,,.

While the film thickness limitation by h,;,, is inherent to the lift-off process, a bead
dislocation could be avoided by using a different bead size reduction procedure (c.f. sec-
tion 3.1).

4.2.2 Si pillars by NSL etching

In the above section, the bead pattern was used as a lift-off template to create holes in

thin metal films. The inverse structure - dots or pillars - can be obtained by using the
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beads as an etch mask instead (c.f. figure 4.1). Using only beads as etch mask limits the
control over the Si pillar sidewall shape and the attainable aspect-ratio (height/width).
Thus an intermediate oxide layer is introduced. In this way, Si pillars with and aspect-
ratio > 3:1 and controlled sidewall shape were realized by Si deep reactive ion etching
(Si-DRIE).

Beads as etch mask

Example Si pillar arrays using PSB535 beads as an etch mask in Si-DRIE are shown
in figure 4.4. A continuous silicon etch procedure was used based on a SFg chemistry.
The beads have not been removed after Si-DRIE. This kind of procedure has a very
good etch rate selectivity to polymeric masking materials; it is usually better than 10:1.

The pillars in figure 4.4a and figure 4.4b are 600 nm and 800 nm high, respectively;

: 500 nm

()

Figure 4.4: SEM images of silicon pillars etched using size-reduced PS beads as a poly-
meric etch mask. The aspect ratio of the structures is limited by finite etch

selectivity and elliptical bead shape.

they were obtained with the same bead etch mask by partially shading the wafer during
Si-DRIE. The etch gas ratio was different in the two cases, thus the different resulting
pillar diameter. This does not obscure the main observation that the bead mask fails
after attaining a pillar aspect ratio of approximately 1:3. Mask failure starts at the
border of the circular shading cross-section because this is where the mask thickness
is lowest. The onset of the bead mask failure is already visible in figure 4.4a. The
resulting terraced pillar shape becomes obvious after continued etching (figure 4.4b). It

is undesirable where high aspect ratio pillars with a controlled sidewall shape are needed.

Intermediate silicon oxide etch mask

Fabrication of the intermediate oxide dot mask
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The oxide dot mask is fabricated using the beads as an etch mask during SiO2-RIE
with C,Fg chemistry. This process step is shown in figure 4.1. Figure 4.5 shows PSB428
and PSB517 beads after size reduction and the corresponding resulting dot mask after
etching of 100 nm of silicon oxide. Indicated in the figure caption are the mean bead and
oxide dot diameters. While the size of the PSB517 beads is well retained in the oxide
mask, a loss in dimension of 20 nm in diameter can be observed in case of the PSB428
beads. There are two possible reasons: First, the reduced diameter of the PSB428 beads
is less than !/, the original bead diameter. At this size, the particles have become oblate
due to the anisotropy of the O5-RIE bead size reduction. The PSB517 are still relatively

“thicker” as their reduced diameter is still above half the original bead diameter.

& &% 181 nm,
¢ & o @
® & ¢ ¢
¢ ¢ ¢ ¢
® ® Soonm ® & 85
(a) PSB517 beads (b) PSB517 oxide (c) PSB428 beads (d) PSB428 oxide
dots dots

Figure 4.5: Size comparison between the diameter of the PS bead template and the
diameter of the oxide dots obtained by SiO2-RIE into 200 nm silicon oxide.
(a,b) shows the results for PSB535 beads, (c,d) the ones for PSB428 beads.

Secondly, although the etch rate selectivity of polymeric masking material to silicon
oxide is at most 2:1, 200 nm thick oxide was patterned without major loss in dimensions
for reduced bead sizes larger than approximately !/, the original bead diameter and
with a bead thickness of less than 200 nm. This can be explained by a softening of the
PS beads when the temperature rises above the melting temperature (100°), re-flowing
on the substrate, and thus a redistribution of the polymer from the center of the bead to
the border. Such a deformation of beads was observed by SEM imaging of pillars after
Si-DRIE, prior to stripping of the beads in organic solvents or Os-plasma. Temperature
anneal experiments had revealed that such a reflow occurs only for beads that are still
relatively large. This is the second reason why the loss in dimension occurs for beads

smaller than !/, the original bead diameter.

Etching of high aspect-ratio silicon pillars
Using the silicon oxide dots as an etch mask, high aspect ratio pillars were fabricated.
Figure 4.6 shows several schematics that explain the terminology used to describe etch

profiles.
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Scallop size Positive sidewall Negative sidewall Mask undercut
taper —! I=—Undercut
Si02 mask { ] i
Scallop height ! 90°
! Vertical
Ny sidewalls

Scallop depth

Figure 4.6: Schematic etch profiles with corresponding terminology.

A well-known process for the etching of high aspect-ratio silicon structures is the

1,218,242 \With a selectivity greater than 70:1, it has an extremely high

Bosch-process
etch rate selectivity for silicon oxide as a masking material. In a Bosch-type process, an
isotropic etch cycle is followed by a passivation cycle. This results in a scalloped sidewall
profile. A reduction of the etch cycle time will reduce both the lateral as well as the
vertical etch depth; the scallop dimensions can thus be reduced. However, depending
on the machine condition and pillar density on the wafer, significant variations of the
scallop size were observed. The variations could also happen within one continuous
etch run, possibly related to thermal variations (e.g. loss of vacuum clamping of the

wafer to the substrate), or simply instabilities in the fast switching gas flow. Such an

(a) Bosch process (b) Si Opto 15 W (c) Si Opto 15 W (d) Si Opto 15 W
40/55 SFG/C4F8 35/55 SF6/C4F8 30/55 SF6/C4F8

Figure 4.7: Silicon pillars etched by a Bosch-type process and by the continuous etch
process Si Opto. In case of Si Opto, the etch rate and mask undercut was

investigated as a function of SFg gas flow.

example is shown in figure 4.7a, obtained using the ICP-RIE AMS200 DSE system.
The SFg/CH, /04 gas flows and cycle conditions were 300 scem/200 scem/100 scem for
2.5 sec/2 sec/1 sec. The chamber pressure was flow-controlled with a constant butterfly
valve setting and varied from 2x10—2 to 9x10—3 mbar. The ICP power was constant at

1500 W, with a low-frequency RIE pulsation only during the SFg etch cycle. The chuck
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temperature was controlled at 0°C. As etch mask, 100 nm thick silicon oxide dots with
a diameter of 210 nm in diameter were used. The etching was performed continuously
for 4 min, during which the scallop size varies. The change in scallop shape at the
top of the pillars is explained by a non-zero etch rate of the sidewall passivation layer
at the top, thus smoothing out the scallop shape with increasing etch time. However,
the scallop size variations as indicated by the arrow can not be explained other than
by uncontrolled gas or wafer temperature fluctuations. Due to such fluctuations, it was
regularly observed that silicon pillars with an aspect ratio > 10 and a diameter < 200 nm

were “cut-off” at some point during the etching process.

For this reason and for a better control of the sidewall slope angle, a continuous etch
procedure was used. The etch rate selectivity Si:SiO,, and thus the attainable aspect-
ratio, is then reduced to 20:1. This remains a sufficient aspect-ratio for the target
applications. The continuous etch process Si Opto is tuned for the etching of high
aspect ratio structures in silicon with vertical sidewalls and small mask undercut.! SFg
and C4Fg are used as etch gases. Fluorine radicals provide the chemical etch component,
reacting with silicon to SiF. C4Fg decomposes into carbon and fluorine radicals, thus
providing both an etch and a passivation component thanks to the in-situ deposition
of thin fluorocarbon polymer film. The plasma is generated by an ICP-RIE system
with low frequency pulsation. The ICP input power determines the plasma density.
The chuck coupled RIE power stabilizes the system and allows to tune the self-bias
voltage independently from the plasma density. A certain self-bias voltage is needed to
preferentially remove the passivation layer at the bottom of the etched silicon surface
by ion impact. Thus, tuning the process involves balancing of the etch gas ratio, flow,

and ICP and RIE input powers?#2.

Figures 4.7b, 4.7c and 4.7d show typical etch results using the same oxide dot mask as
in figure 4.7a. The ICP and RIE input powers were 1500 W and 15 W, respectively. The
SFs/C4Fg gas flows were varied from 40 sccm/55 scem to 30 scem /55 scem as indicated
in the figure captions. The chamber pressure was stabilized at 3 x 1072 mbar. All
samples were etched continuously for 4 min. The etch rate decreases from 545 nm/min
to 345 nm/min. While the pillar sidewall shape is vertical in all cases, the mask undercut
is reduced from 40 nm to 20 nm with decreasing SFg gas flow. This is because the
passivation component related to the C,Fg gas is relatively increased. This shows how
the mask undercut can be controlled by changing the etch gas ratio. A minimum mask
undercut can not be avoided as the silicon oxide dot mask fabricated by the NSL [lift-
off routine produces dot patterns with an irregular border shape and slightly slanted
sidewalls. On the other hand, by using a higher SFg flow, the pillar diameter can be
reduced. This is an option for tuning of the pillar dimensions without the necessity to

!The process had been optimized by the staff of the Center for Micronanotechnology (CMI) at EPFL.
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change the oxide dot mask dimensions.

Figure 4.8 shows 5% Opto etch results that show how the pillar sidewall taper can be
tuned from negative (undercut) to positive (broadening towards the pillar base). Again,
100 nm thick silicon oxide dots were used as a mask pattern; all samples were etched
for 3 min. The dot diameter was 215 nm in this case. The conical toppings on top of
the pillars are remains of the PS bead mask that was not totally removed after etching
of the silicon oxide dot mask. The ICP input power was 1500 W. The RIE input power
was 30 W instead of 15 W. This increases the physical etch component, thus reducing

the Si:SiOy etch rate selectivity, consequently inducing an earlier mask failure.

(a) 40/55 SFG/C4F8 (b) 35/55 SFG/C4F3 (C) 30/55 SFG/C4F8 (d) 25/55 SF6/C4F8

Figure 4.8: The silicon pillar sidewall shape is controlled by changing the gas flow ratios
SFg/C4Fg of the etch process Si Opto. The ICP input power was 30 W.

The etch gas ratio was changed, this time from 40 sccm/55 scem SFg/CyFg to a
SF¢ flow as low as 25 sccm. This has a major influence on the pillar sidewall shape:
it is changed from negative for a high SFg ratio to a positive sidewall slope for the
lowest SF¢ gas ratio. Simultaneously, as in the above case, the etch rate decreases with
decreasing SFg gas ratio: from 470 nm/min to 160 nm/min. This is in accordance with

the observations above that a lower SFg gas ratio reduces the etch rate.

4.2.3 Micro-patterning of holes and dots/pillars

For the integration of the sub-pm structures into functional devices, they need to be
placed within specific areas on the wafer substrate. Commonly, top-down nanopat-
terning methods such as electron beam lithography, nano-imprint lithography or nano-
stenciling, but also some bottom-up methods such as template-assisted assembly 47148
intrinsically have this option. Other bottom-up methods, especially those based on self-
assembly, often do not. This is also the case for NSL using spin-coated beads. Therefore,

the structures obtained by NSL need to be micro-patterned in an additional process step.
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UV photolithography

Standard UV photolithography was used for the purpose of micro-patterning. Both hole
arrays as well as dot masks were patterned in this way. Figure 4.9 shows a standard

UV photolithography process using positive tone photoresist. The wafer surface is pre-

Photolithography P3.Exposure
P1.Dehydration or HMDS | — —
|
P2.Photoresist spin-coating P4.Development

[ l

Figure 4.9: Schematic of positive-tone photoresist UV photolithography.

treated to enhance the adhesion of the photoresist to the substrate. The pre-treatment
depends on the wafer surface chemistry. Silicon substrates are generally pre-treated with
a silane (hexamethyldisilazane) in an oven process. This dehydrates the wafer surface
and renders it hydrophobic. For oxidized wafers or noble metal surfaces, better results
are obtained by only dehydrating the wafer in a convection oven for 1 hr at 150 °C.
Generally, the pre-treatment becomes important for small isolated patterns, e.g. thin
photoresist lines, with critical mask dimensions of a few pm. After wafer pre-treatment,
a thin resist layer of typically 2 to 10 pm is spin-coated onto the wafer. Here, a spread-
step at low speed is followed by a spin-step at high speed which determines the final
film thickness. Remaining solvent is removed during a bake step. The photoresist is
exposed through a photoresist mask using a mask aligner. Standard photoresist masks
consist of quartz plates with a patterned chromium layer. The mask is aligned and
placed in contact to the photoresist coated wafer. The exposure dose depends on the
photoresist thickness and wafer surface, typical values are in the 100 mJ/cm? range. In
the case of positive tone photoresist, the photoresist exposed by UV light is removed in
the subsequent development step (figure 4.9). The inverse is the case for negative tone
photoresist. Ususally, a short descum step in a barrel type oxygen plasma finishes the
photolithography. This is done to remove any possible photoresist remains in the open
areas.

Thus, the process of UV photolithography involves wet chemistry and temperature
steps which may potentially influence pre-patterned nanostructures. For example, bake

steps can reach a temperature of up to 120°C, and commonly used developers con-
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UV photolithography

[ [
]

\ Y Y

(M ) 3)
Dry-etching of the substrate Metal wet etching Metal evaporation
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Stripping photoresist Lift-off
Stripping photoresist Dry-etching of the substrate  Dry-etching of the substrate
g Uogr 10 M m U1
Metal wet etch Metal wet etch Metal wet etch
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=> Pores in planar substrate (I) => Pores in mesa structures => Pores in planar substrate (ll)

Figure 4.10: Schematic patterning of metallic hole masks and the resulting micropat-
terned nanostructures. Process option (1) was used in the fabrication of

thin SiIN membranes with sub-pm holes (c.f. chapter 5).

tain KOH. The KOH content of the developer needs to be considered when pattern-
ing metallic surfaces (c.f. below). Spin-coating and wet-processing steps may threaten
fragile, free-standing structures are already present on the wafer. In other cases, the
device functionality may critically depend on the materials purity, and contamination
by photolithography with organic molecules may pose a problem. In such cases, stencil

lithography can be a convenient alternative.

Patterning of NSL hole and dot masks by UV photolithography

The photoresist pattern can be used for the micropatterning of nanostructures in dif-
ferent ways. In general, three different types of topographies can be obtained using the
identical photolithographic mask. It depends on whether the photoresist pattern itself,
or in combination with subtractive or additive methods is used. The three options are
shown in figure 4.10 for metallic hole masks, and in figure 4.11 for oxide dot masks.

As mentioned above, for the photolithographic patterning of thin nanostructured
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UV photolithography
P P - N
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=> Pillars within => Pillars protruding => Pillars within
planar substrate (1) from substrate planar substrate (II)

Figure 4.11: Schematic patterning of oxide dot masks and the resulting micropatterned
nanostructures. Process option (2) was used in the fabrication of thin gold

films and membranes with sub-pm holes (c.f. chapter 5).

metal surfaces, the metal needs to be highly resistant to the developer. In this case, it
contained KOH, and developing an exposed photoresist on 15 thick Al hole masks led to
the complete removal of the aluminum layer. Therefore, Cr was used when compatible

with subsequent process steps.

Micro-patterned holes

Hole masks in 15 nm thick Cr were fabricated on 4” Si wafers coated with a 100 nm
thick layer of low-stress PECVD SiN by employing the NSL lift-off routine . The Cr hole
mask was additionally patterned by UV photolithography. In this way, sub-pm holes
were locally etched into the SiN film. This process is schematically shown for the case of
a bare Si substrate in process option (1) in figure 4.10. Figure 4.12 shows SEM images
of photolithographically patterned holes in 100 nm thick SiN layers. The SEM images
were taken after SIN-RIE and after stripping of the photoresist, but prior to the final

Cr mask wet-etch removal. SiN etching was done at room temperature for 40 sec using
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the LS SiN 5:1 etch recipe (c.f. etch recipes in A.3); the etch progress was monitored

using an endpoint detection laser-interferometry system.

Area protected
Nloei- by photoresist Cr hole
, mask
Area not >IN
protected )
by photoresist Si

(c)

Figure 4.12: SEM images of micro-patterned holes etched into 100 nm thick SiN after
stripping of the photoresist mask, but before Cr wet-etching. (a) shows the
homogeneity of the hole etch. (b) shows that the Cr hole mask has been
nicely transferred into the SiN layer. (c) is a zoom into (b).

Figure 4.12a shows a low magnification SEM image of homogeneously etched holes
surrounding the CSEM logo. The logo area was protected with photoresist during dry-
etching. A zoom into such a transition region from an etched to a non-etched area is
shown in figures 4.12b and 4.12c. The transition border is indicated by a white dotted
line. The Cr hole mask pattern has been nicely transferred into the underlying SiN layer.
The top surface is left undamaged, which means that a Cr mask thickness of 15 nm is
sufficient for the etching of 100 nm SiN.

Micro-patterned oxide dot masks

An example of an oxide dot mask patterned according to process option (2) in figure 4.11
is shown in figure 4.13. The photograph and SEM images were taken immediately after
HF wet-etching and stripping of the photoresist. The photograph in figure 4.13a was
taken with a flash, thus the colored light diffraction effects at the patterned nanoscale
dot arrays. Figure 4.13b shows a low magnification SEM image of patterned oxide dots.
The light grey areas represent the oxide dot arrays. Areas without oxide dots within the
otherwise continuous dot array are indicated by arrows. The absence of oxide dots in
those areas are due to empty areas in the original bead template. Such empty areas are
not an issue for the subsequent processing steps (c.f. chapter 5), though not desirable.

Figure 4.13c is a zoom into a transition region. Photoresist covered the dots on the
right hand side during HF etching (arrow A in figure 4.13c¢). Two observations can be
made: Although the oxide on the left hand side was removed by HF wet-etching, circular

patterns remain (arrow B in figure 4.13c). This is due to a small over-etch on the order
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(a)

Figure 4.13: Oxide dots patterned by UV photolithography and HF wet-etching. The
SEM images were taken after stripping of the photoresist. PSB428 beads

with D,eq = 290 nm served as a template for the oxide dot mask etching.

of 5 to 10 nm during the SiOo-RIE etching of the oxide dots that partly transfers the
pattern into the Si substrate, caused by the finite SiO,:Si etch selectivity (also c.f. the
AFM height image in figure 4.14a). This over-etching was done on purpose to ensure a
complete removal of the oxide layer around the beads. An insufficient removal can have
undesirable consequences for subsequent the substrate etchings, e.g. for the fabrication
of micro-patterned high aspect-ratio Si pillars. The Si pillars would be placed upon a
small substrate mesa due to a residual continuous oxide layer (c.f. below). A residual
oxide layer is shown in the AFM height images in figure 4.14b.

Another important observation is that the right half in figure 4.13c (region with arrow
A) has a lighter grey substrate background. The border between the darker and lighter
background shade on the silicon substrate corresponds to the photoresist border. Indeed,
AFM phase imaging after HF etching and stripping of the photoresist showed a phase
change when crossing this transition region (figure 4.14a). Such a phase change is an
indication the the surface chemistry is different.

This can be due to damage of the Si substrate surface by ion impact during SiOs-RIE
which can enhance the re-growth of native oxide. Then, when the wafer is photolitho-
graphically patterned and oxide dots are locally removed by HF wet-etching, the regrown
native oxide is also removed. As chemical wet-etching in HF does not deeply damage
the Si substrate, enhanced re-growth of the native oxide is not the case. The presence
of this comparatively thick native oxide in some wafer regions has to be considered in
subsequent processing steps where is acts as a masking layer.

As a preliminary conclusion, transferring nanoscale patterns by processes designed
for micro-machining applications is technologically involved. Short etch times make
the dry-etching process very sensitive to small variations, e.g. with respect to plasma

stabilization time, self-bias build-up and substrate temperature!.

103



4 Bead pattern transfer

Height
2001 20 nm Si/Si02
“Re-grown” native oxide step height
100
|_— 10 nm over-etch { \ A
into Si substrate [OF S —J e B
0 1 2 3um 0 1T 2 3um
(a) SiO2-RIE over-etch. (b) No SiO2-RIE over-etch.
SiO2-RIE over-etch No SiO2-RIE over-etch
Y o W o W o WY o W o O
Oxide dots after
SiO2-RIE
Oxide dot height Oxide dot height )
| Re-grown native oxide | | gégj?\glght
: . Y o W s W B
Resulting pattern after =/

HF wet etch with ’ T rﬁ I I .
photoresist mask ' :
Oxide dotarea : HF etchedarea  Oxide dotarea | HF etched area

(c) Schematics of (a) and (b).

Figure 4.14: Height and phase AFM images of oxide dots patterned by HF wet-
etching. The SiO2-RIE and HF wet-etch conditions were identical (30 sec
SiO2 PR 5:1 (old) at 0°C (c.f. A.3) and 5 min BHF wet etch), but conducted
in different batches. Below an illustration of the resulting micropatterned
oxide dot arrays in case of a small SiOs over-etch and when the oxide is not

completely etched .
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Micro-patterned high aspect-ratio silicon pillars

Figure 4.15 shows an example of micro-patterned high aspect-ratio Si pillars. Fig-
ure 4.15b is a zoom into figure 4.15a. It shows a transition region from the Si plain
substrate to an area structured with Si pillars. Figure 4.15¢ shows a similar transition
region on a different wafer. The wafers were obtained from the same batch and pro-
cessed in the same manner. Oxide dots were etched into 100 nm SiO, using size-reduced
PSB535 (Dyeq = 225 nm) and PSB428 (D,.; = 150 nm) as a polymeric etch mask
(30 sec at 0°C SiO2 PR 5:1 (old), c.f. etch recipies in A.3). The oxide dot mask was
then patterned by UV photolithography and HF etching. This was followed by Si-DRIE
to locally realize high aspect-ratio Si pillars (process option (2) in figure 4.11). Si-DRIE
was done for 4 min at 0°C using a continuous etch procedure (MK Si Opto type recipe
with a 40/55 etch gas ratio and 15 W RIE source power).

(a) PSB535 (b) PSB535 (c) PSB428

Figure 4.15: SEM images of micro-patterned high aspect-ratio Si pillars using UV pho-
tolithographically patterned oxide dot masks. The same SiO-DRIE pro-
cedure was employed in all images. (b,c) images were taken at a 30° tilt

angle.

On both wafers, Si pillars with a vertical sidewall shape and high aspect ratio >10
were successfully etched in pre-defined areas on the Si substrate. The pillars’ height is
~1.6 pm with a diameter of 155 nm (PSB535) and 100 nm (PSB428). The diameter is
smaller than the diameter of the oxide dot mask before Si-DRIE due to an early mask
failure at the border of the oxide dot masks, in addition to a ca. 20 nm mask undercut.

In case of the PSB535 wafer, the Si substrate is etched homogeneously. In case of
the PSB428 wafer, a small step pattern can be observed as indicated by the arrow in
figure 4.15¢. Thus the pillars are placed on top of a Si mesa structure. As described in
the previous section, a thin residual oxide layer remains within the oxide dot area when
the SiO9-RIE is insufficient. Indeed, a Si/SiOs step height of 10 nm could be measured
in case of the PSB428 wafer. As a conclusion, for a reliable and reproducible Si pillar

etching, the process flow has to account for such fabrication process related variations.
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In the present case, this was successfully achieved by (i) monitoring the SiOy-RIE etch
progress with a laser interferometric end-point-detection system and over-etching for
5 sec, and (ii) performing a 2 sec SiOo-RIE etch prior to Si-DRIE.

4.3 Summary and conclusions

Size-reduced PS beads were used for the wafer-scale fabrication of holey thin metal films.
This is done by a nanosphere lithography [lift-off routine. The metal film thickness is lim-
ited by the vertical dimensions of the beads, for a high yield lift-off result, the metal film
thickness should be less than the bead rim height A,;,. Typical metal film thicknesses
in this thesis are in the range of 10 to 20 nm for hole diameters of 150 to 400 nm. Bead
tilt induced by the anisotropic Os-RIE bead size-reduction results in elliptical rather
than spherical holes.

Employing a nanosphere lithography etching routine, the PS beads were used as direct
etch mask to transfer pillars into the underlying substrate. However, the attainable
aspect-ratio is limited due to the elliptical cross-sectional shape of the beads, inducing
an early mask failure at the border of the pillars.

To obtain high aspect-ratio pillars, an intermediate oxide dot mask was used. This
allowed to realize silicon pillars with an aspect-ratio greater than 10:1. By tuning the
Si-DRIE etching conditions, the sidewall taper of the pillars tuned in a controlled way.

Finally, standard UV photolithography was used for the micro-patterning of hole and
pillar arrays. Two process options were demonstrated for (a) the local etching of holes
into a thin SiN layer, and (b) the local etching of SiOy dots and Si pillars. The latter
is technologically involved as the dry-etch times are extremely short and sensitive to
various process conditions. The micro-patterning of metallic hole masks is less sensitive
to process condition variations, but puts limitations with respect to the nanostructured
metal. In both cases, the process flow was adapted accordingly and micro-patterned

holes and pillars were fabricated reproducibly.

106



5 Device fabrication

In this chapter, the fabrication of thin films
and membranes perforated with sub-pm
holes is described.

Holes were transferred into thin gold (Au)
and silicon nitride (SiN) films by etching
into the device layer. In another approach,
holey gold films and membranes were
fabricated using Si or SiO2 pillars as lift-off
template. The hole etch masks were fabricated by the nanosphere
lithography (NSL) lift-off routine, whereas the high-aspect ratio silicon pillars
were fabricated using the NSL etch routine.

Hole arrays in 2.4x2.4 mm”’ large SiN membranes and 1.2x1.2 mm’ large Au
membranes were fabricated on 4” wafer substrates, as well as in Au films on
2"’ glass wafers .

First, the fabrication of porous SiN membranes is shown. This is followed by a
description of the fabrication of hole arrays in thin Au films on glass
substrates, and then the fabrication of holey Au membranes either supported
by a Si frame or transferred to a transparent parylene layer.
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5.1 Holey SiN membranes by etching through Cr hole

mask

There is a demand in industrial and academic applications for thin holey SiN membranes
of large size with sub-pm holes of narrow size distribution.

Using the NSL lift-off routine, 100 nm thick SiN membranes of up to 2.4 mm in side-
length with a hole density on the order of 10% holes/cm? were fabricated in a collaboration
with Dr. Veronica Savu in the group of Prof. Brugger at EPFL.

Membranes with holes of narrow size distribution having a 20 standard deviation is
< 8% were fabricated. This size distribution corresponds to the size distribution of the
beads used in the NSL process step. The fabrication process was designed in a way to
allow the simultaneous fabrication of membranes of different size on one wafer. Fur-
thermore, high density arrays of membranes can be realized thanks to the anisotropic
membrane release procedure. Also, the process has the flexibility to realize membranes

with different holes sizes on the same wafer.

After an outline of the fabrication process, the crucial steps will be described in more
detail in the results and discussion section. For more details on the bead deposition,
bead size reduction and NSL [lift-off routine process steps, c.f. chapters 2, 3 and 4,
respectively. The mask layouts can be found in the appendix A.7.

5.1.1 Process outline

The schematic fabrication process is shown in figure 5.1. 4”7 single-side (SSP, 525425 nm
thick) or double-side (DSP, 380+10 pm thick) polished (100) Si wafers served as the base
substrate. The process on SSP and DSP wafers was identical with the only difference
that final membrane release on DSP wafers was accomplished faster. 100 nm of low stress
Si nitride (LS-SiN) was deposited by LPCVD (low pressure chemical vapor deposition).
The nominal residual tensile stress of the deposited LS-SiN is less than 200 MPa. 200 nm
of Al were deposited by PVD onto the wafer backside and later served as an etch mask
during Si-DRIE. Process steps H3 to H5 show the NSL lift-off routine as described in
detail in previous chapters: a monolayer of beads was deposited by spin-coating. The
size of the PS beads was reduced by O»-RIE and then served as a lift-off template
for the fabrication of a 15 nm thick Cr hole mask on top of the SiN layer. Process
steps H6 and H7 show the fabrication of micro-patterned hole areas by standard UV
photolithography and SiN RIE. The photoresist on the wafer frontside was stripped.
Backside photolithography was performed to define etch windows in the Al and SiN
layer aligned to the frontside patterns. The Al was patterned by wet-etching. At this

stage, also the Cr hole mask on the wafer frontside was stripped in a Cr wet-etch. After
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Figure 5.1: Process flow for the fabrication of SiN membranes with sub-pm holes.
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stripping of the photoresist in a combination of Os-plasma and organic solvents, windows
in the backside SiN layer were opened by dry etching using the Al layer as mask.

H11 through H15 show the membrane release procedure. First, the Si substrate was
etched from the backside in an anisotropic Bosch-type Si-DRIE procedure with a high
etch rate on the order on the order of 10 pm/min. This etching was done until a ~ 50 pm
thick Si membrane was produced. Then, the Al backside mask was stripped by wet-
etching and the wafer frontside was coated with a protective coating (c.f. ProTEK®)in
section A.5). Membranes release was performed by wet-etching in KOH. Afterwards,
the protective coating was removed either in organic solvents and/or by stripping in an

Os-plasma.

5.1.2 Results and discussion
Fabrication of the hole etch mask by the NSL /ift-off routine

PSB428 and PSB535 beads in 10% w/v aqueous suspensionwere spin-coated onto 4”7 wafers
coated with 100 nm LS-SiN. The wafers were pre-treated in an oxygen plasma, at most
30 min before bead deposition, to render the substrate surface hydrophilic. For the
plasma pre-treatment, no difference was observed whether e.g. 2 min of 100 W Os-RIE
in a parallel platen reactor, or an isotropic etch for 10 min in a 1000 W barrel reactor
was used.

The spin-coating was done under non-clean room conditions with an ambient temper-
ature controlled to 21°C, but fluctuating relative humiditiy. Therefore, the spin-coating
parameters were adjusted to the daily conditions using plain Si wafers as test wafers,
analyzing the obtained bead layer by optical microscopy and adjusting the spin-coating
parameters accordingly. As the goal was to obtain a homogeneous monolayer, advantage
was given to monolayers with small empty spaces rather than monolayers with patches
of multilayers. This ensured that the final holey membranes would not have micron-size
holes (NSL process steps H3 to H5 in figure 5.1). On average, three test wafers were
sufficient to find the good spin-coating conditions. 1 ml of bead suspension were used
per 4”7 wafer; the suspensions were passed through a 5 pm filter just before use to remove
bead agglomerates. Ultrasonication of the bead suspension at room temperature was
not successful to disperse such agglomerates.

The wafers were centered on a spin-coating chuck and the bead suspension was pipet-
ted in the middle of the wafer. If necessary, the suspension was spread across the whole
wafer surface by manually tilting the wafer and/or distributing the suspension with a
horizontally held pipette tip. (For more details on the bead spin-coating and related
issues, please refer to the corresponding section in the bead deposition chapter 2.3.3.)

After a short dwell time between 5 to 10 sec, wafer rotation was initiated. Homogeneous
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monolayer coatings with a radially uniform distribution and a coverage of 86% were

obtained with the following parameters:

e PSB428: 60 sec at 1800 rpm, acceleration 500 rpm/sec, dwell time 10 sec, at a
relative humidity of 20%

e PSB535: 60 sec at 1100 rpm, acceleration 300 rpm/sec, dwell time 60 sec, at a
relative humidity of 36%

The beads were removed at the wafer edge after all solvent had evaported to avoid
contamination of subsequently used equipment.. This was done under wafer rotation,
using an acetone-soaked tissue held with tweezers and gently pressed to the wafer border.

In the next step, the bead size was reduced by O9-RIE using Oo-RIE B at the standard
conditions of 200 mT Oy, sustained at a flow of 100 sccm, 80 W RF input power resulting
in a self-induced DC bias of -300 V. The first column in figure 5.2 shows size-reduced
PSB535 (first row) and PSB428 (second and third row) beads. (Bead size analysis was
done software based but using manual threshold settings; the same holds true for the
subsequent size analysis of the Cr mask hole size and the holes etched into the SiN
layer.)

Beads on the PSB535 wafer were etched for 1 min 20 sec, resulting in an average
bead size of 310 £+ 32 nm. The 20 standard deviation of the measured bead size was
+ 32 nm. Two different bead sizes were obtained on the same PSB428 wafer by shading
the other wafer half during Os-RIE using a half Si dummy wafer. On the one wafer
half (L), beads were etched for 1 min 5 sec, resulting in a bead size of 257 4+ 21 nm;
on the other wafer half (R), beads were etched for 1 min 15 sec, resulting in a bead
size of 207 £ 22 nm. The bead radial etch rates thus were 169 nm/min (PSB535),
158 nm/min (PSB428 L) and 177 nm/min (PSB428 R). The higher etch rate in case of
PSB428 (R) is explained by the anisotropy of the etch process (c.f.chapter 3). In case
of the PSB428 wafer, the 20 standard deviation is on the order of 7%, which is only
slightly larger than the size distribution of the original beads (3% for both PSB428 and
PSB535 beads). The 20 standard deviation of up to 14% in case of the PSB535 wafer
is comparatively large. Reasons for this are bead tilting and bead surface roughening
induced by the Os-RIE etch procedure. Due to bead surface roughening makes, the
diameter can not be measured accurately and broadens the measured bead and hole
diameter size distributions.

The second column in figure 5.2 shows the 15 nm thick Cr hole etch mask realized using
the size-reduced beads as lift-off template in the NSL lift-off routine (chapter 4). The
Cr was evaporated directionally onto the beads. A 100% lift-off yield was obtained by
ultrasonication of the wafers in THF, acetone and isopropanol for 2 min each, followed by

a thorough rinse in Di-H,O and drying in air. After lift-off, the Cr mask thickness was
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(c) @ 313 + 36 nm

B 500 nm

(e) @ 255 £ 21 nm

(g) @ 207 £+ 22 nm (h) @ 199 + 20 nm (i) @ 198 + 16 nm

Figure 5.2: By using different bead templates, different hole densities and sizes can be
fabricated without changing major fabrication process parameters. The first
row and the second/third rows show SEM images on a wafer where PSB535
and PSB428 beads were used as template, respectively. PSB428 beads were
reduced to different sizes on the same wafer. The diameter of the size-reduced
beads transfers exactly into the later hole size. The indicated range corre-
sponds to 20.The columns from left to right show the size-reduced beads, the
holey Cr mask, and the holes etched into 100 nm thick SiN.
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confirmed by AFM imaging. For different evaporations, the mask thickness deviated
by £2 nm off the set value. The Cr mask hole sizes were 306 + 44 nm (PSB535),
255 £+ 21 nm (PSB428 L) and 199 + 20 nm (PSB428 R). They correspond well to the
reduced bead size and confirm the accuracy of the pattern transfer by the NSL lift-off
routine. The AFM images taken after lift-off revealed that a small amount of PS bead
remains where the bead was attached to the substrate surface. In order to minimize
the masking effect of theses polymer remains in the subsequent hole etching process,
1 min O5-RIE was performed. Not all of the polymer could be removed, though. The

remaining scum is inorganic and stems from the PS bead synthesis process.

Etching of micro-patterned holes

After fabrication of the Cr hole mask, holey membrane areas were defined by UV pho-
tolithography (H6 in figure 5.1). The critical mask dimensions were on the order of a
few nm and thus the lithography process had not to be optimized. Mask alignment was
done with respect to the wafer flat. The lithography process plays a crucial role in the
fabrication procedure as it ensures a controlled membrane release by KOH wet-etching
and well defined membrane sizes. Furthermore, the micro-patterning is necessary to
render the holey membranes more stable by placing the holess away from the Si frame
within the inner membrane area (section 1.1.3).

The micro-patterned Cr hole mask was transferred into holes in the underlying LS-SiN
by SiN-RIE (H7 in figure 5.1)). Etching was done at room temperature; 40 sec of etching
were sufficient to etch through the 100 nm of SiN. The standard recipe SiN LS 5:1 was
used (c.f. etch recipes in A.3). Simultaneously, the progress of the etching progress
was monitored with an endpoint detection system; over-etching was done for ~ 5 sec to
ensure that the SiN was cleared at the bottom of the holes. The photoresist was stripped
after hole etching in a combined dry/wet etch procedure, first performing > 1 min of O,-
plasma in a microwave barrel reactor at 500 W. This induces damages in the photoresist
top layer which is hardened by the SiN-RIE. Then, the photoresist was cleanly removed
by stripping at 60°C in photoresist remover provided by the photoresist supplier. The
remover contains a high content of NMP (1-methyl-2-pyrrolidone, c.f. solvents?*?), which
is a good organic solvent.

The third column in figure 5.2 shows holes in 100 nm LS-SIN, etched using the Cr hole
mask that is shown in the second column. The SEM images were taken before stripping
of the Cr mask. The hole diameters were 313 + 36 nm (PSB535), 255 4+ 24 nm (PSB428
L) and 198 + 16 nm (PSB428 R). Within a range of 4+ 10 nm, they correspond well the
the previously measured bead and Cr hole mask diameters.

At this fabrication step, micro-patterned SiN layers with holes have been obtained with
different hole densities and porosities: The hole densities are 6.3x 10% and 4.0x 10® holes/cm?
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for PSB428 and PSB535 beads, respectively. The respective porosities for holes of
313 nm (PSB535) and 255 nm as well as 198 nm (PSB428) in diameter are 31%, 32%
and 19%.

Membrane release by Si-DRIE and KOH wet-etching

Schematically, the membrane release process is shown in process steps H8 to H15 in fig-
ure 5.1). First, membrane openings were defined in the Al/SiN double layer by means of
photolithography, Al wet-etching and SiN-DRIE. Two different frontside/backside mask
layouts were used as described in the appendix A.7. After the Al wet-etch procedure to
define the membrane opening on the wafer backside, the frontside holey Cr mask was
removed in a Cr-etch. Then, the patterned Al mask served as a dry-etch mask to open
windows in the backside SiN. This was done with the same etch parameters that were
used for the frontside hole etching.

The membrane release process was done in a combination of Si dry- and wet-etching.
The dry-etch using a Bosch-type etch procedure has the advantage of having a higher
etch rate as compared to standard KOH wet-etching at 60°C (Si-DRIE >10 pm/min
vs. KOH =~ 0.33 pm/min in <100> direction). Also, the Bosch-process allows the deep
anisotropic Si etching with vertical sidewalls and thus is not accompanied by a lateral
loss in dimensions. The sidewalls obtained by etching a (100) Si wafer in KOH have
a tapered angle of 54.7°!, thus e.g. etching through a 500 pm thick Si wafer results
in a lateral mask opening shrinkage by 353 nm. This limits the attainable membrane
integration density. As the Si-DRIE has only limited etch selectivity between Si and
SiN, the final release step was done in KOH, which has an almost infinite Si/SiN etch
selectivity.

Si-DRIE using a Bosch-type process was done until &~ 50 pm of Si were left to etch
before SiN membrane release. For the etch recipe conditions, c.f. AMS etch parameters
in A.3. The Si-DRIE was subject to aspect-ratio dependent etching (ARDE). This
means that the large membrane openings are etched faster than the small ones. The
Si-DRIE was stopped when the largest membranes were thinned down to the desired Si
membrane thickness. ! As a consequence of ARDE, KOH etch times to release small
membranes were considerably longer than those for large membranes. This means that
KOH etch solution could penetrate through the already released, larger membranes, and
start etching the Si through the holes in the not-yet released, smaller membranes (figure
5.3). The use of a sealed KOH etch chuck would not solve this problem.

However, etching of the Si substrate through the frontside holes should be avoided in

L An attempt to compensate for ARDE by integrating grill structures in the large membrane windows
was not successful and repeatedly lead to Si remaining in the membrane middle (more explanations

are given in A.7).
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1.Initial etching by Si-DRIE Bosch process 2.Final membrane release in KOH

§ % O 00 KOH
o O

Figure 5.3: Due to aspect-ratio dependent etching in Si-DRIE, the Si to be etched is less

thick in case of larger membranes. In the following wet-etch release step,
KOH solution may penetrate through the larger membrane holes. This leads
to undesirable etching of the Si substrate through frontside holes.

any case. As has been reported by Kuiper*?, pressure build-up due to H, gas generation
associated with the KOH etching process causes SiN films with sub-pm holes to break.
While Kuiper et al. employed a front-side dry-etch procedure through the SiN holes,
in this thesis, a temporary protective front-side coating during wet-etch release, Pro-
TEK®), that can be applied by spin-coating, was used. This is shown in process step
H13 in figure 5.1. (For more information on ProTEK and the applied coating procedure,
please c.f. A.5.)

Although ProTEK is not etched in KOH, it was found that it tends to to delami-
nate from the perforated SiN layer (H14 in 5.1 and figure 5.5). Therefore, additional
micro-patterning of the holes is needed that restricts the holey area to within the inner
membrane region. This shall be explained with an illustrative example of a membrane
where the holes were not micro-patterned. A photograph of a wafer after the membrane
release in KOH is shown in figure 5.4a. In that case, holes were etched into the SiN layer
all across the wafer (no micro-patterning of holes) apart from some membranes which
had no holes at all. These non-holey membrane chips appear dark because the smooth
surface does not diffract the camera flash light. Shown in the inset is an photograph
taken under ambient light. The non-holey membranes are intact and have well defined

square borders; the holey membranes are broken and have rounded, enlarged corners.

The enlargement of the membrane area can be explained by the delamination of
ProTEK, after which the Si frontside was attacked by KOH in the open hole areas (fig-
ure 5.5). An optical microscope image of an intact, but enlarged holey membrane is
shown in 5.4b. The dashed square indicates the membrane area as defined by pho-
tolithography. The arrow points to SiN with holes that has been under-etched by KOH
attack from the frontside. A transition region of this under-etch is shown in the SEM
micrograph 5.4c. The arrows indicate holes through with the Si frontside was attacked
by KOH; the typical pyramidal KOH etch groove pattern can be identified. As the KOH
etch rate in <111> direction is slow but non-zero, the etch pyramids of closely spaced

holes will eventually join (dashed square in figure 5.4c).

Thus, the miro-patterning of the holes serves two purposes: (a) it is viable during the
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SiN underetch acrg:)ss_. iy
defined membrane area

3

Membranes that

Pores etched into
SiN all over wafer surface

() (b)

Figure 5.4: (a) Photograph of a wafer with holey and non-holey membranes. (b) Optical
microscope image illustrating the KOH underetch through the frontside holes.
(c) SEM image of a membrane/substrate transition region showing the attack
of the Si substrate through the frontside holes.

combined dry-etch /wet-etch release procedure to avoid Hy gas pressure build-up beneath
the holes and to obtain well-defined membrane sizes (figure 5.5), and (b) it renders the
holey membranes more stable by placing the mechanically weaker, perforated membrane

region away from the high-stress inflection points towards the Si frame. 2

As last fabrication step (HS15 in figure 5.1), the ProTEK was removed. This can
be done either by O,-plasma ashing or by wet-etching in acetone and isopropanol. For
the plasma ashing, it should be noted that the choice of the plasma asher plays an im-
portant role. It was found that plasma ashers with a microwave powered source had a
destructive influence on the membranes, while ProTEK removed by RF generated O,
plasmas did not damage the membranes. The etch rate in a 1000 W RF barrel type O,
etcher was ~ 1 pm/min at a temperature of 62°C. For the piecewise ProTEK removal
on chips cleaved after KOH backside release, the wet-etch procedure was preferred. The
chips were carefully immersed in acetone and isopropanol for 10 min each, then left for
drying in air. Residual polymer scum was removed on the membrane front- and backside

by 1 min etching at 100 W in an RF powered O,-RIE parallel platen reactor.

2For a thin, low stress membranes, the location of the inflection point (7) away from the support frame
can be approximated by 7 = 1/241/(2v/3). As an example, 7 ~ 25 pm for a square SiN membrane
of sidelength [ = 1 mm and a Young’s modulus on the order of 290 GPa*5.
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Micro-patterned holes Holes across whole wafer
ProTEK Holes in SiN
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SiN membrane released
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Figure 5.5: Schematic illustration of the need for hole micro-patterning and the use of

ProTEK when the final membrane release is done by KOH wet-etching.
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Released membranes

By the combined use of a protective coating and micro-patterning of the holes, differ-
ently sized membranes were successfully fabricated on the same wafer. Figure 5.6a shows
photographs of holey and non-holey released membranes. The SiN is 100 nm thick, and
the membranes have a side-length of 400, 800, 1200 and 2400 pm. Thus the largest
size membrane have an aspect ratio (membrane width/thickness) of 24000. Chips with
6x6 arrays of 400 pm large membranes were fabricated on the same wafer. All mem-
branes within the array were intact, showing that the fabrication process is suitable for
the fabrication of high density membrane arrays. Non-holey membranes were integrated
on the same wafer for comparison of the mechanical strength of holey vs. non-holey

membranes (c.f. chapter 6.1).

Membranes with holes Membranes with holes

Membranes without holes

400 ym 800pum 1200 um 2400 pm 400 um 6 x 6 array

(a)

Figure 5.6: Successfully fabricated 100 nm thick SiN membranes. The photographs in (a)
show that membranes of different sizes were fabricated on one wafer. (b-c)

show SEM micrographs of micro-patterned holey membranes.

Figure 5.6b shows a low magnification SEM micrograph of the backside of a holey
membrane with a side-length of 1200 pm. The backside opening is only slightly enlarged
by the final KOH etch procedure. Thus, membranes released by the combined Si-
DRIE/KOH procedure can be densely integrated. Figure 5.6¢ shows a SEM micrograph
of the transition region from the holey to the non-holey membrane area. The image was
taken on the backside of the membrane, showing that the holey area is limited to the

free-standing membrane region. The hole shape and openness of the holes was confirmed
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by SEM imaging of both the membrane frontside and backside. To avoid charging of
the membranes during SEM imaging, they were coated with a thin Au layer. The size
of the holes as measured from the frontside and from the backside was 212 + 40 nm and
220 +24 nm, respectively.

An explanation for this difference remains speculative. Rather the inverse, larger hole
openings on the frontside and smaller ones on the backside, is expected from the SiN-
RIE etch process. It has a strong physical etch component, which results in positive

tapered sidewalls rather than negative sidewall tapers®.

5.1.3 Preliminary conclusions

NSL has been successfully employed for the wafer-scale fabrication of 100 nm thick SiN
membranes with sub-pm size holes.

The hole density depends on the size of the bead template used and was 6.3x10%
and 4.0x10% holes/cm? for PSB428 and PSB535 beads, respectively. Within a range of
10 nm, the SiN hole size corresponds precisely to the diameter of the size-reduced PS
beads. SiN holes in the range of 200 to 320 nm in diameter were realized by using a
different NSL bead template.

By developing a membrane release procedure that combines Si-DRIE with KOH wet-
etching and employing a temporary protective coating, square membranes of different
size were fabricated on the same wafer. Here, micro-patterning of the hole area plays a
crucial role.

The smallest membranes had a side-length of 400 pm, the largest ones had a side-
length of 2400 pm. The membranes can be integrated into dense arrays thanks to the
vertical etch profile of the Si-DRIE etch process.
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5.2 Hole arrays in Au films on glass substrates by

sputter-etching

In this section, the fabrication of arrays of sub-pm size holes in 200 nm thick Au films
on glass substrates is described. The process combines NSL using spin-coated PS beads
with a sputter-etching process. This allows the batch fabrication of several 1000 pm?
large hole arrays in 200 nm thick Au films without the use of an adhesion layer for
the Au film. The hole size and lattice period can be tuned independently with this
method. This allows a tuning of the optical properties of the hole arrays for the desired
application.

First, the process outline is described; the important tuning parameters are briefly
stated. In the results section, the experimental observations for each crucial process step

will be discussed. The results are summarized at the end of this chapter in 5.4..

5.2.1 Process outline

Figure 5.7 shows the schematic of the process flow for the sputter-etch fabrication of

hole arrays in thin Au films on glass substrates.

SE1. Borosilicate glass wafers, SE4.02-RIE bead size reduction, DAlis equivalent to the
50 mm in diameter, 150 pm thick evaporation of 40 nm Al reduced bead diameter D
O.O0.0.0.0.0.0.0.00 hrim is the limiting lift-off factor
e’ ' o,
SE2. Substrate cleaning, SE5. Lift-off by ultrasonication in
200 nm Au sputter deposition organic solvents

DAuAir is larger than D,
DAusi02 is smaller than D,
0 is the sidewall tapered angle

SE3.Bead spin-coating SE6. Au sputter etching

DAuSiOZ

Figure 5.7: Process flow for the fabrication of thin Au films with sub-pum holes on glass

substrates.

Preparation of Au substrates

The preparation of the Au coated glass wafers corresponds to process steps SE.1 and
SE.2 in figure 5.7. As base substrates, 150 pm thick borosilicate glass wafers of 50 mm in

diameter obtained from Karl Hecht Assistent GmbH (Germany) were used. The wafers
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were cleaned in organic solvents assisted by sonication and blown dry in a stream of
nitrogen. Prior to the Au deposition, the wafer surface was exposed to an argon plasma
for 5 min. Then, a 200 nm thick Au film was DC sputtered onto the wafers in a Balzers
BAS450 at a rate of 10 A/ s at room temperature. Under these deposition conditions,
the adhesion of the Au film to the glass substrate is good, despite the lack of an adhesion
layer such as Cr or Ti for the Au. No delamination has been observed after sonication
in organic solvents for more than 30 min. This can be attributed to a mechanical
adhesion mechanism?** as Atomic Force Microscope (AFM) characterization showed
that the glass wafers are decorated with small indentations of ca. 2 nm in depth and
width, with a density of ca. 90 indentations/um?, despite the overall smoothness of the
glass substrates (R,,,s = 0.5 nm). For comparison, Au films deposited under the same
conditions onto glass substrates of similar R,,,s, but without the small indentations,

delaminated immediately when sonicated in organic solvents.

NSL fabrication of a hole etch mask

The NSL lift-off routine was used to fabricate a holey Al film on top of the Au substrates
(process steps SE.3, SE.4 and SE.5 in figure 5.7). Two different sizes of polystyrene
beads, PSB419 and PSB517, were used. In the remainder of this section, wafers ot type
A and B are meant when 419 nm size and 517 nm size beads were used in the NSL
process step, respectively. This naming rule also holds for the figures shown.

For spin-coating of the beads, the suspensions were diluted with ethanol just before
use (1.5% (v/v) and 2.0% (v/v) for PSB419 and PSB517 beads, respectively). The
dilution with ethanol improves the wetting of the wafer surface and speeds up the solvent
evaporation. Thus only 100 ul of bead suspension were necessary for the coating of one
wafer. The spin-coating was done at room temperature and the relative humidity was
controlled between 30 to 40%. To obtain a dense monolayer of beads, the spin-coating
parameters (speed, acceleration, dwell time) were determined experimentally and are
shown in table 5.1. The quality of the bead layers with respect to the arrangement of
the beads (e.g. hexagonally close-packed (hcp) or non-close packed (ncp)) as well as the
overall coverage of the wafer surface was analyzed by optical microscopy.

Note that these conditions differ from the optimum conditions found for spin-coating
beads onto 4”7 Si wafers. At the same time, this shows that the bead spin-coating
parameters such as spin-speed and humidity can be optimized for the coating of different
substrate types and sizes. It also shows that the amount of beads needed for wafer spin-
coating can be reduced by adapting the solvent composition and concentration.

After deposition of the beads, the size of the beads was reduced by etching by Oo-RIE
(c.f. O3-RIE (N) in chapter 3). The incident RF power was set to 100 W. At a pressure
of 200 mTorr, the resulting self-bias voltage was -260 V in this case. As described in
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Beads Spin speed Acceleration time
[rpm] [rpm/sec] [sec]
A PSB419 500 300 2
100 100 1
1500 500 60
B PSB517 500 300 5
100 300 1
1500 500 60

Table 5.1: Spin-coating conditions for bead monolayers deposited onto Au coated glass

walfers.

chapter 3, the etching of the beads is slightly anisotropic with a faster etch-rate in the
vertical than in the lateral direction. The beads on type A and B wafers were etched in
the oxygen plasma for 2 min 40 sec and 3 min 35 sec, respectively, resulting in reduced
bead diameter of a D of 19545 nm and 22545 nm, respectively.

In the next step, the size-reduced PS beads were used as a lift-off template to fabricate
a holey Al mask on top of the Au layer. A 40 nm thick Al film was evaporated at a rate
of 4 A /s in a Leybold-Optics LAB600H evaporator with a source-substrate distance of
approximately 1 m. Lift-off of the PS beads was done by overnight swelling in tetrahy-
drofuran (THF), followed by sonication in THF and rinsing in organic solvents. Gentle
manual polishing during the rinsing process was applied on type A wafers to increase
the lift-off yield to almost 100%. The size of the holes in the Al layer, D 4 was confirmed
to be identical to D.

Sputter etching of holes

Finally, holes were etched into the Au film by sputter-etching using the holey Al film as
a hard mask (c.f. process step SE.6 in figure 5.7). The etching was done in an Alcatel
SCM600 sputtering machine operated in reverse mode. The pressure was set to 5 mTorr
and the plasma is sustained under an incident RF power of 400 W, resulting in a self-
bias voltage of -190 V. Wafers of type A and B were sputter etched in a continuous
(Cont.) and intermittent (Int.) etching procedure (see 5.2). The continuous etching
was done for 30 min, the intermittent etching was done in four steps from 20 to 50 min
of cumulative etch time. The resulting hole geometry was analyzed after each etch run

by Scaning Electron Microscope (SEM) and AFM imaging.
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Wafer type Procedure Etch time

Cont./Int. [min]

A Cont. 30
B Cont. 30
Int. 20

+10 = 30

+10 = 40

+10 = 50

B Int. 20
+10 = 30

+10 = 40

+10 = 50

Table 5.2: Etch protocols used for the continuous and intermittent sputter-etching of

holes.

5.2.2 Results and discussion
Spin-coating results

Both A and B type wafers were homogeneously coated with a monolayer of PS beads
by spin-coating. A photograph of a wafer after spin-coating is shown in figure 5.8 (a)
(wafer type A). Regions of hep and nep bead monolayers can be found on the wafer
surface. Those regions can be distinguished as shown in figure 5.8 (b) (wafer type B).

The typical domain size of hep regions is on the order of several 1000 pm?.

g
b

@
50 mm

Figure 5.8: (a) Photograph of a 200 nm Au coated glass wafer spin-coated with PSB419
beads. (b) Optical microscope image of a typical region of the wafer shown

in (a). Hep and ncp bead monolayers are indicated by arrows.
Low magnification optical microscope images were taken at several locations across

the wafer surface. They reveal long-range order defects in the bead monolayer such

as areas not covered by beads or bead multilayers. Image analysis revealed that the
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overall defect area occupies less than 10% of the wafer surface. Again, this shows that
NSL provides a flexible method for wafer-scale nanopatterning that can be adapted to

different bead sizes, bead suspension compositions and substrate types.

Bead size reduction

The bead size reduction has been discussed extensively in chapter 3. No special etch

behavior differing from the previously described one has been observed in this case.

Al hole mask

Figure 5.9 shows SEM images of both type wafers after completion of the NSL [lift-off
routine. The holes in the 40 nm thick Al layer precisely reproduce the top-view shading
cross-section of the size reduced beads. The size of the Al mask holes is 195 nm on
type A and 225 nm on type B wafers. As the bead surface is roughened during the
size-reduction, this roughening translates into small notches in the overall circular holes
in the Al mask.

Figure 5.9: SEM images of the holey Al mask fabricated by the NSL Ilift-off routine on
Au coated glass substrates using PSB419 (a) and PSB517 (b) beads.

On the type B wafers, the lift-off yield was 100% after swelling and sonication in
THEF. In case of the A wafers, the yield had to be increased by applying a gentle manual
polishing procedure. This difference in lift-off behavior can be explained by the fact
that the rim height h,;, of the 419 nm size beads after size reduction is only 50 nm,
as compared to 70 nm in case of the 517 nm size beads. h,;, is the bead height at the
bead’s outer diameter(c.f. figure 5.7).

Large arrays of holes by sputter-etching

The advantage of sputter-etching is that it is a parallel process allowing hole fabrication
on a full wafer in a single etching step. Figure 5.10 shows SEM images of a type B wafer

after continuous etching for 30 min. The uniformity of the etching procedure and of the
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distribution of holes is shown in figure 5.10 (a). Two distinct areas can be identified in
figure 5.10 (a) - regions of a hexagonally close-packed (hep) and non-close packed (nep)

holes. Domains of good short-range order in the hcp region appear as a Moiré pattern.

Figure 5.10: SEM images of hole arrays etched into 200 nm thin Au films using
PSB517beads as NSL lift-off template. (a) Low magnification image show-

ing the homogeneity of the etch result. (b) and (c) are zooms into regions

marked as hcp and ncp in (a). The insets above (b) and (c) show the
corresponding FFTs.

Figures 5.10 (b) and (c) show a zoom into the areas marked as hcp and ncp in
figure 5.10 (a). The insets show the corresponding Fast-Fourier-Transform (FFT) images
of figures 5.10 (b) and (c). The FFT of the hcp image shows the peaks of a hexagonal
crystal structure, while the FF'T of the ncp region shows a ring pattern typical for the
absence of long-range order. In the latter case, the radius of the inner ring corresponds

to the characteristic distance between the holes in the absence of array order.

Sputter-etch selectivity and widening of the mask holes

Sputter-etching is a purely physical etching process. Therefore, the etch rate mainly
depends on the materials hardness. While the bulk hardnesses of Au and Al are similar,
Al oxide is much harder than both Au or A1?*>. The etch rate selectivity Au:Al for plain
20 nm thick films was measured to be > 10. This may be explained by the presence of a
thin Al oxide layer on top of the Al film. Oxidation of the Al mask also has a significant
influence on the etch results obtained by either the continuous or the intermittent etching
procedure (c.f. below for more details).

For dense patterns with sub-pum features, faceting!, which erodes the masking layer at
the pattern edges, may lead to an early mask failure. In the present case, the masking
layer consists of closely spaced holes in a thin Al film. Thus, faceting leads to a widening

of the mask holes until they start to merge, eventually resulting in a complete removal of
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Figure 5.11: AFM analysis of the hole sidewall slope of sputter etched holes.

the masking layer. Thus, in order to obtain a certain hole size for a given hole spacing,
it is important to take into account the continuous widening of the mask holes.

When etching the holes into the Au film, the hole will eventually reach the glass
substrate and the glass substrate will start to be etched. The etch rate selectivity of
Au:SiO, was measured to be > 2 for plain substrates. Therefore, although the glass
substrate is etched, it is at a much lower etch rate than the Au.

Conical hole cross-section

Figure 5.11 illustrates the cross-sectional hole profile obtained by sputter-etching. Fig-
ure 5.11a shows AFM images of both type wafers after 20 min of etching. Figure 5.11b
shows the measured sidewall slope for different cumulative etch times when the inter-
mittent etch procedure was used. The data shown in figure 5.11b were obtained by
combining AFM height with SEM topography measurements. An image analysis soft-
ware was used to extract the hole diameters D syqiass and D gy4: from the SEM images
(software: analySIS by OLYMPUS). D aygiass and D a,ai are sketched in figure 5.7.

For varying cumulative etch times, the sidewall slope is constant around 58+3°. This
value is in good agreement with theory, according to which the highest etch rate is
obtained for ions incident under an angle of 60° to 70°2%6:21%  Mask faceting, the ion
angular distribution and redeposition of non-volatile etch products may explain the
slightly lower value of 58°.

Continuous versus intermittent etching procedure

Figure 5.12 shows SEM images of holes on type A and B wafers after 30 min of con-

tinuous etching. The hole diameter at the Au-glass interface, D su¢iass, 1S 80 nm and
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170 nm on type A and type B wafers, respectively. This corresponds to a hole filling
factor ff of 3% (A) and 10% (B), where the ffis the hole area at the Au-glass interface
divided by the area of a hcp unit cell. The diameter at the Au-air interface, D gy iS
280 nm (A) and 320 nm (B). Originally, the diameter of the Al mask holes D, was
195 nm (A) and 225 nm (B). Thus the widening of the mask holes diameter during the
etching is about 90 nm on both types of wafers. This may be explained by faceting at
the mask edges.

Figure 5.12: Holes in 200 nm thick Au films obtained on type A and B wafers by the

continuous etching procedure. (BSG = borosilicate glass)

The Al masking layer is used up after 30 min of continuous etching. The absence of a
residual Al mask was confirmed by energy dispersive X-ray spectroscopy measurements
taken before and after the etching procedure and compared to bare 200 nm thick Au
films on glass substrates. This shows how an in-situ removal of the masking layer is
possible, eliminating the need for a post-treatment to remove the masking layer.

On the other hand, further etching would result in a thinning of the Au layer and
in a continuous widening of Djeie auciass- This limits the attainable D 4u¢iass, and thus
the ff, to rather small values. A possible approach to increase D 4,¢14ss and reduce the
effect of the mask hole widening would be to use a thicker Al mask. A thicker Al mask,
however, may only be realized at the trade-off of accepting a larger D 4; as the lift-off
metal film thickness is limited by hyip,. Using a larger Dpee a1, however, faceting would
pose a problem as the holes in the Al mask will merge even sooner. Despite a thicker
masking layer, early mask failure could be the case. Thus, a more practical solution is
either to have a more resistant etch mask, or to modify the etching process.

Figure 5.13 shows SEM images of holes on type A and B wafers after each step of
the intermittent etching procedure. The hole size increases with increasing cumulative
etch time due to faceting of the mask holes. The relationship between etch time and
hole diameter is shown in figure 5.14. With the cumulative etch time increasing from
20 to 50 min, D gyaG1ess increases from 65 nm to 195 nm and from 105 nm to 250 nm
for type A and type B wafers, respectively. The corresponding hole filling factor can
thus be tuned from 2% to 19% (A) and 4% to 20% (B). This shows how the continuous
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Figure 5.13: Holes in 200 nm thick Au films obtained on type A and B wafers by the
intermittent etching procedure.
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Figure 5.14: The hole diameter at the Au-glass interface as a function of increasing
cumulative etch time.
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widening of the holes in the Al mask provides a convenient way to obtain different hole
diameters for originally identical mask dimensions.

Another observation from figure 5.13 is that the Al mask is still valid even after 50 min
of cumulative etch time, while it was completely removed after only 30 min of continuous
etching. Two factors contribute to the prolonged mask lifetime: a) a re-oxidation of the
Al masking layer in between the consecutive etch runs and b) reduced heating during
the etching process. The prolonged mask lifetime allows to use a thinner masking layer
and still achieve a large hole size without reducing the Au film thickness. A thinner
masking layer also allows to realize smaller mask hole diameters which are limited by
the height of the PS bead lift-off template in the NSL process step.

5.2.3 Preliminary conclusions

By combining NSL using spin-coated PS beads with a sputter-etching process, nanoscale
hole arrays in 200 nm thick Au films were fabricated on 50 mm in diameter glass wafers.
All process steps are wafer-based and thus allow a low-cost, high throughput fabrication.
The hole array periodicity is determined by the original size of the PS beads (419 nm and
517 nm in the present case). The order of the arrays is dependend on the spin-coating
parameters and can be optimized. By O,-RIE size-reduction of the deposited PS beads,
the hole size in the Al etch mask can be tuned. Sputter-etching is then used to transfer
the Al hole mask into the Au layer. The resulting holes have a conical cross-section with
a sidewall slope of ca. 58°. By adapting the sputter-etch parameters, different hole sizes
in the Au film can be realized without the need to modify the Al mask. For example,
the hole size in 200 nm thick Au films was tuned from 65 to 195 nm for a mask hole

diameter of 195 nm, or from 105 to 250 nm for a mask hole diameter of 225 nm.

129



5 Device fabrication

5.3 Gold thin films and membranes with sub-pm holes

using Si and oxidized Si pillars as lift-off template

200 nm thick Au membranes with sub-pm holes were fabricated using Si and oxidized
Si pillars as inorganic lift-off template. The high aspect ratio of the pillars allows the
fabrication of holes with almost vertical sidewalls and an aspect-ratio > 1. The pillars are
fabricated using wafer-scale NSL with PS beads. In this way, up to 1200 pm large holey
membranes were fabricated in a parallel process. The hole size and spacing depends on
the initial bead template and can be varied by choosing beads of a different size and
adjusting the bead size reduction parameters. Here, membranes with hole sizes in the
range of 150 nm to 300 nm in diameter with a spacing of 428 nm and 535 nm were
fabricated. Two process schemes have been developed: (1) Free-standing membranes
supported by a Si frame were fabricated, and (2) holey thin Au films were realized on a
Si substrate and then transferred to a transparent, flexible layer.

One application of the holey Au membranes are surface plasmon resonance based
sensors (c.f. chapter 1). Therefore, one criterion was the realization of Au membranes
either totally without the use of a lossy metal adhesion layer such as Cr or Ti, or with the
option to remove the adhesion layer within the process flow. Other important criteria
were that the attainable Au film thickness be at least 200 nm and that the hole arrays
cover an area of at least 100x 100 pm?. All of these specifications were met successfully.

First, the developed process flows are briefly described. Then, the use of Si and
oxidized Si pillars as an inorganic lift-off template is described. The fabrication of
the pillar etch mask and pillar etching are described in chapters 3 and 4, respectively.
The fabrication of the holey free-standing Au membranes and membranes on a flexible

substrate are described in two separate sections.

5.3.1 Process outline

Figures 5.15 and 5.16 show the schematic process flows for the fabrication of Au mem-
branes with sub-pm holes supported by a Si frame and transferred to a thin flexible
substrate, respectively. The first two process steps are identical. The initial substrate
was a Si wafer with arrays of oxide dots. These dots served as a mask in the subsequent
Si-DRIE process and were fabricated using the NSL [lift-off routine in combination with
photolithographic micro-patterning. This as well as the fabrication of high aspect-ratio

Si pillars with controlled sidewall shape is described in chapter 4.
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Figure 5.15: Process flow for the fabrication of Au membranes with sub-pm holes.
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Figure 5.16: Process flow for the fabrication of thin Au films with sub-um holes on flexible

substrates.
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After etching of the Si pillars, the two process flows differ. For the fabrication of the
free-standing holey Au membranes, the Si pillars were used as they were. A 10/200 nm
thick Cr/Au layer was deposited onto the wafers in a highly directional evaporation pro-
cedure. Then, the pillar template was removed by wet-etching in KOH. The membranes
were released by Si-DRIE. For the backside mask, 200 nm of Al were deposited onto
the wafer backside and windows aligned to the frontside micro-patterns were defined
by photolithography and Al wet-etching. An alternative backside patterning procedure
using a SiOy/SiN etch mask is briefly described in the appendix A.6. Finally, the Cr
was removed in the membrane area by wet-etching.

In case of the fabrication of holey Au membranes transferred to a flexible substrate,
the Si pillars were first thoroughly cleaned and the intermediate oxide dot mask was
removed by BHF wet-etching (buffered hydrofluoric acid®!”). Then, the pillars were
thermally oxidized with an oxidation depth > 1/2 of the maximum pillar diameter.
This was followed by anisotropic SiOo-DRIE until the Si substrate around the pillars is
reached. The shape of the oxidized pillars is not majorly affected by this. Then, 200 nm
of Au were directionally evaporated onto the substrates. By careful HF wet-etching, the
oxidized Si pillars were removed, resulting in a micro-patterned holey Au film. 10 pm
of Parylene-C (c.f. A.4) were conformally deposited onto the substrates. Then, the
parylene was carefully peeled-off. As the adhesion of parlyene to Au is superior to the
one of Au to Si, the holey Au films could be leveled off and were glued to a PDMS

(polydimethylsiloxane) frame.

5.3.2 (Oxidized) Si pillars as lift-off templates
Choice of Si-DRIE etch process: Bosch-type or continuous

Initial tests were performed to validate that the shape of high aspect-ratio Si and oxi-
dized Si pillars are suitable as lift-off template for Au films with a thickness > 200 nm.
Two types of Si-DRIE etch procedure were used: a cycled Bosch-type process and a
continuous etch procedure. For both types of etch process, an aspect ratio > 5 was
achieved.

Dot arrays were written by e-beam lithography into thin nLOF-photoresist on double-
side polished Si wafers with a 100 nm thick thermal oxide. The photoresist pattern was
transferred into the oxide layer by SiOo-DRIE. After stripping of the photoresist, the
oxide dots were used as hard mask in either continuous or Bosch-type Si-DRIE etching.
In the continuous Si-DRIE etch procedure, the SFg/C4Fg gas ratio was 40/55 sccm with
an ICP/RIE power of 1500/15 W. In the Bosch-type process, SFg/CH4/O, cycle times
were 2.5/2/1 sec with an ICP power of 1500 W and a pulsed RIE coupling of 90 W only
during the SFg cycle. The gas flows were 300/200/100 sccm, respectively. A Bosch-type
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process has the advantage to surely provide undercut patterns due to scalloping. On the
other hand, the lateral scallop depth is difficult to control at nanoscale dimensions due to
the extremely short cycle times and singular large scallops may result in a pillar cut-off.
When tuning the etch gas and ICP/RIE electrode settings appropriately, the continuous
etch type procedure is suitable for the vertical etching of Si structures?*?. Here, it was
to be investigated if the verticality of Si pillars and under-cut of the oxide dot mask
is sufficient to provide a reliable lift-off template, and whether this is maintained after
oxidation of the pillars. Thus, one half of the test-wafer was thermally oxidized after

etching of the Si pillars with a nominal oxide thickness of 100 nm.

i A

I
500 nm

(b) Oxidized Si (c) Si (d) Oxidized Si

Figure 5.17: Cross-sectional SEM images of Si (a,c) and oxidized Si (b,d) pillars etched
by Bosch-type (a,b) or continuous (c,d) Si-DRIE. 10/200 nm Cr/Au and
200 nm Au were evaporated onto the Si and oxidized Si pillars, respectively.
The dot mask for those initial tests was patterned by EBL.

10/200 nm Cr/Au and 200 nm Au were directionally evaporated onto Si and oxidized
Si pillars, respectively. Cross-sectional SEM images after evaporation are shown in
figure 5.17. The pillars shown in 5.17a and 5.17b were etched by a Bosch-process, those
shown in 5.17c and 5.17d were etched by continuous etch procedure. The latter ones (b
and d) were oxidized; the transition from the Si base substrate to the oxide top-layer is
indicated by blue arrows.

In all cases, the directional evaporation was successful, the metal layer at the bottom
of the pillars is disconnected from the pillar tops and thus will provide a suitable lift-
off template. Volume growth due to oxidation does not have a significantly negative
influence, the under-cut is preserved in all cases.

The scallops of Bosch-type Si-DRIE etched pillars pose a problem, however. Columnar
vertical growth of metal from the outmost extension of the scallops is observed. This
means a reduced material deposition at the bottom of the pillars, making a controlled
film deposition difficult. Also, the columnar growth threatens to form an interconnected
network for thicker films, thus limiting the applicability as a lift-off template for thick
Au films. Therefore, in the following, Si pillars etched by the continuous type Si-DRIE

were used as a lift-off template.
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Lift-off in KOH and BHF

In the next step, the lift-off procedure was validated. Si and oxidized Si pillars served as
inorganic lift-off template. Figure 5.18 shows the pillar templates after metal evaporation
and the resulting holey metal films after lift-off. In both cases, PSB428 beads were used
for the initial dot mask patterning. The micro-patterning and transfer into high aspect
ratio pillars is described in chapter 4.

Si pillars shown in figure 5.18a were etched for 1 min in a continuous type Si-DRIE
at 10°C with a 40/50 sccm SFg/CyFg etch gas ratio. The ICP/RIE RF power was
1500/15 W, resulting in a low self-bias of ca. -8 V. The pillar aspect-ratio was 7. The
pillars shown in figure 5.18c were etched under the same conditions except for a different
etch gas ratio. Here, the ratio was set to 35/55 sccm SFg/CyFg and etching was done for
2 min 30 sec; the pillar aspect-ratio was 4. The gas ratio was adapted after calibrating
the resulting pillar shape with test samples. The etch rate could be lowered by reducing
the ratio of the etch gas SFg to the passivation gas C4Fg. In this way, the desired pillar
shape was obtained.

After pillar etching, the substrates were thoroughly cleaned by treatment in an oxygen
plasma, Piranha and an HF dip. Then, the wafer was thermally oxidized with a nominal
oxide thickness of 200 nm. After oxidation, the bottom SiO, was etched directionally
by SiOy-DRIE for 1 min at 10°C. The etch progress was monitored with an endpoint
detection system and removal of the SiO, at the bottom of the pillars was confirmed by

SEM imaging.

Figure 5.18: SEM images after metal evaporation and lift-off. (a,b) Si pillars with
10/200 nm Cr/Au and after lift-off in KOH. (c¢,d) Oxidized Si pillars with
200 nm Au and after lift-off in BHF. All SEM images were taken under a
tilt angle of 30°.

10/200 nm Cr/Au and 200 nm Au were evaporated directionally onto wafers with Si
and oxidized Si pillars, respectively (figures 5.18a and 5.18¢). The metal was deposited
only onto the pillar tops and at the bottom of the pillars, no metal was deposited onto

the pillar sidewalls. A small columnar growth was observed towards one side at the
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base of the oxidized Si pillars. This is due to a slight inclination of the wafer during
evaporation, i.e. the wafer was not perfectly aligned at a right angle with respect to
the evaporation source. The metal caps on top of the pillars also grew in the horizontal
direction, thus increasingly shading the bottom substrate, which is a limiting factor for
lift-off of thick metal films when holes of vertical sidewalls are desirable.

Figures 5.18b and 5.18d show the holey metal films after lift-off in 40% KOH at 60°C
and in a 1:1 by volume mixture of BHF and water at room-temperature, respectively.
(Note that the use of this harsh base and acid limits the lift-off procedure to metals
not attacked or deteriorated by these chemicals, such as Au and Cr.) KOH etching was
done for 1 min, the onset of the etching process was observed by eye as it was linked
to a strong Hs gas bubble generation. Equally, once the Si pillars were etched, the etch
process naturally slowed down when facing (111) Si planes. At that point, the wafer
was removed from the KOH etch solution, immersed in water and sonicated at room
temperature. The sonication was necessary to level up metal caps attached to the wafer
surface (also c.f. below). The leveling off of these caps was observed by eye as milky
clouds dispersing into the water. Also, the micro-patterned areas changed their optical
impression from dark (due to incoherent light diffraction by the metal caps) to bright
golden color. In order to remove the caps from the Au surface across the whole wafer
surface, the wafer had to be rotated and placed in different locations in the sonication
bath as the sonication power had local concentration points in the bath. The overall
sonication process took =~ 2 min. Afterwards, the wafer was rinsed under flowing water
and left for drying in air.

BHEF' etching of the oxidized Si pillars was done in a similar way, first etching the
inorganic pillar template and then removing the metal caps from the surface by sonica-
tion of the wafer in water. Pillar etching was done for 1 min. Here, the etch progress
could not be as easily observed as it does not involve gas generation. The security issues
associated with HF etching hindered observation of color changes on the substrate as
an indication of the etch process. After HF etching, sonication in water was done in a
similar way as described in the KOH lift-off procedure. However, in this case, care had
to be taken due to the weak adhesion of the Au film to the Si substrate. Rinsing was
done by carefully immersing the wafer several times in fresh Di-H5O. The wafer was left
for drying in air.

Figure 5.19 shows photographs of wafers after KOH (a) and BHF (b) lift-off. The
Cr/Au surface in the KOH lift-off case is intact. On the other hand, the problem
related to a delamination of the Au film during sonication is visible in the BHF lift-off
case. Arrows in the middle of the wafer in figure 5.19b indicate areas where the Au film
peeled off. At the border of the wafer, damage is primarily due to handling of the wafer
with tweezers.

While the KOH lift-of result was overall uniform also on large micro-patterned areas
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R L

Au film peeled off during HF lift-off

(a) KOH lift-off (b) BHf lift-off

Figure 5.19: Wafer photographs taken after lift-off of 10/200 nm Cr/Au and 200 nm Au
in KOH and BHF, respectively. The corresponding SEM images are shown
in figure 5.18.

and across the whole wafer surface, the limited sonication time in the case of BHF lift-
off lead to many holey areas still covered with Au caps. This is shown in figure 5.20.
Figure 5.20a shows an optimum result where a large micro-patterned area was rendered
almost free of Au caps. In a less optimum case, the result was as shown in figure 5.20b
where almost all Au caps remained on the surface. A zoom of such a Au cap is shown
in figure 5.20c. Initial trials to prevent the Au layer from delamination by protecting it
with photoresist did not prove to be successful. Other remedies to solve this issue are
under investigation. Improvements can be made by using a pillar template with even
higher aspect ratio, modifying the BHF etch procedure (e.g. under continuous laminar

flow), or performing the lift-off on small chips.

Figure 5.20: Ultra-sonication of full wafers in Di-H,O was restricted by Au delamination.
Thus, while in some areas the lift-off was successful (a), in others (b,c), the

holey layers remained covered with Au caps (arrow in (c).
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5.3.3 Au membranes with sub-pm holes

The following process steps involve the backside release of the micro-patterned layer by
Si-DRIE and removal of the Cr adhesion layer by wet-etching. This concerns fabrication
steps Sib and Si6 in figure 5.15. Full 4”7 wafers were processed to the end of this fab-
rication procedure. Figure 5.21 shows the same wafer, first after spin-coating with the
PSB428 bead template, then after micro-patterning of the oxide dot mask, and finally
after Si-DRIE membrane release. Only few membranes were broken. This is related
to over-etching in the Si-DRIE as the etch rate radially increased towards the wafer
border. Another factor was aspect-ratio dependent etching (ARDE), although this was
partially compensated by integrating grill structures in the larger membrane openings
(c.f. appendix A.7).

(a) (b)

Figure 5.21: Photographs of DOX4-4-1 at different processing steps: (a) after spin-
coating of PSB428. (b) After patterning the oxide dot mask by BHF
wet-etching. (c) After backside release of 20/200 nm thick Cr/Au holey
membranes by Si-DRIE.

For the backside release by Si-DRIE, the 380 + 10 pm thick double-side-polished
wafer was glued to a handle wafer with a solid resin dissolvable in acetone and a melting
temperature of 135°C (Quickstick QS135). A 200 nm thick Al layer on the wafer backside
was patterned and served as Si-DRIE etch mask; the Cr layer served as an etch-stop
layer. Anisotropic etching using a Bosch-type process with 7/2 sec etch/passivation cycle
times and an etch rate on the order of 4 pm/sec was used (“SOI accurate ++++"), in
conjunction with an isotropic etch process with a vertical/lateral etch rate on the order
of 4/2 pm/sec (“Si release”).

After etching 100 pm, an isotropic etch was performed to partially remove the ARDE
compensation structures. The detached ARDE Al grill was removed by blowing the
wafer in a stream of nitrogen. Etching was continued anisotropically, the etch depth
was regularly controlled with an optical microscope equipped with a micrometer mea-
surement gauge. The onset of the release was also observed visually (transparency of the
etch windows). At that point, only the Si release procedure was used in steps of 1 min.

Etching was stopped when larger membranes started to break due to over-etching. At
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that point, ca. 80% of all membranes had been released. In some cases, remains of the
ARDE structures were left.

Before wet-etching of the Cr adhesion layer, electron-dispersive X-ray (EDX) spectra
were taken on the membranes for comparison of the membranes material composition
before and after wet-etching. In the material analysis, Au, Cr, Al and Si were compared.
A strong Al peak was visible, while a Cr peak was only found on some of the membranes.
This is due to the comparatively small amount of Cr present. (Asshown in chapter 7, the
Cr removal by wet-etching was confirmed by comparing the optical transmission spectra
before and after Cr wet-etching.) The presence of Al is attributed to the use of the
Al backside etch mask and the ARDE structures. An Al wet-etch was thus performed
in addition to a Cr wet-etch. (Standard wet-etchants were used, such as CR-7 with
Todine and Al etch type A%'7). The relative amount of Al as measured by EDX was
reduced. Due to the thinness of the membranes, it can not be excluded that the Al peak
stems from the wafer substrate holder used during EDX spectra recoding in the SEM.
A different analysis technique is thus required.

Both Al and Cr etches were done at room temperature, the etch progress was observed
visually. Etching was done by immersing the wafers horizontally in laboratory glass ware
petri dishes (c.f. figure 5.22a). Rinsing was done by multiple vertical immersions in Di-

H50. The etched wafers were left for drying in air.

(b) ()

Figure 5.22: Photographs of DOX4-5-1 immersed in Al wet-etch (a) and in dry state
after completion of the Cr wet-etch: backside (b) and frontside (c).

The wet-etch procedures caused additional harm to the membranes, and the yield at
this final stage of the fabrication process was ~ 30%. This can be improved by using
vertical etch setups as most membranes broke during horizontal immersion of the wafers
into the etch solution, especially in case of the rather viscous Al etchant.

The removal of the Cr adhesion layer was visible as the membrane backside changes
from grey to golden. This is shown in the insets of figures 5.22a and 5.22b. The green-
purple color in of the Si wafer backside is due to the presence of a 650/200 nm thick
SiO9/SiN layer. A photograph of the wafer frontside is shown in figure 5.22c. Here, the
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broken membranes can be dinstinguished as black holes.
In the following, it will be described how initial bead template was preserved through-

out the process. In summary, this is shown in figure 5.23. Shown are top-view SEM
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Figure 5.23: SEM images of the DOX4-4-1 wafer at different processing steps (a~e). The
evaporated metal film thickness was 20 nm Cr 4+ 200 nm Au. (f) Compar-
ison of the “dot” sizes.

images of the same wafer. From (a) through (e), it shows the oxide dot mask, the Si
pillars, the Si pillars with 20/200 nm Cr/Au evaporated on top, and a frontside and
backside image after membrane release. Figure 5.23f is a graph with the measured
dot/hole diameters, the error bars correspond to the 20 standard deviation. The oxide
dots, Si pillars and backside hole dimensions are of similar size with average diameters
of 220 nm, 208 nm and 197 nm, respectively.

The decrease in size is explained as follows: The oxide dot mask is “used” during
Si-DRIE, particularly at the edge. This results in a reduced Si pillar diameter. Then,
the cross-sectional sidewall shape of the Si pillars was etched to be negative, i.e. having
an under-cut (also c.f. the tilted SEM image in figure 5.18a). Au has a high mobility
and thus, even if evaporated directionally, it diffuses closer to the pillar bottom and thus

narrows the hole diameter as compared to the pillar top.
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The evaporated pillars and the frontside hole diameter are 80 nm wider as compared
to the pillars before evaporation. This is due to a horizontal growth of the metal caps
formed on top of the Si pillars.

The holes have a sidewall cross-section which is almost vertical. For a 200 nm thick
Au film, a difference in hole size from the bottom to the top of 80 nm in diameter yields

a sidewall taper of 11° (90° corresponds to vertical sidewalls).

5.3.4 Au films with sub-pm holes transferred to parylene

The process chart for the transfer of thin holey Au films to parylene, a flexible transpar-
ent polymer, is shown in figure 5.16. The main differences as compared to the fabrication
of holey Au membranes (figure 5.15) is that (1) the Si pillars are oxidized after Si-DRIE
etching, (2) Au is evaporated without the use of an adhesion layer, (3) the lift-off is done
in BHF, and (4) the holey films are not released from the backside, but transferred to a
transparent flexible polymer film. The use of oxidized Si pillars as lift-off template and
the lift-off procedure have been described in the above section 5.3.2. Here, the transfer
of the holey Au film to parylene will be described. (Also c.f. Parylene®) in section A.4
which also contains the description of an initial experiment to validate the adhesion of
Au to parylene.)

Two transfer options were investigated as shown schematically in figure 5.24. In one
case, the parylene was left as deposited and the parylene/holey Au composite layer was
peeled off and transferred to a rigid support frame. In the other case, photolithography
was done after parylene deposition to define windows accessible for etching by Oo-RIE.
The etch windows were aligned to the micro-patterned holey Au areas. By choosing an
appropriate photoresist thickness, the parylene can be locally removed. Simultaneously,
this etches the photoresist. Then, the patterned parylene/holey Au composite layer
was attached to a semi-rigid frame,e.g. made from a thin PDMS sheet (poly-dimethyl-

siloxane), and peeled off.
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Figure 5.24: Two options for the transfer of holey Au films to a flexible substrate. Leav-
ing the parylene unpatterned renders the Au/parylene composite layer more
rigid. For some applications and characterizations, however, it may be in-

teresting to locally remove the parylene by etching in an oxygen plasma.

Figure 5.25 shows photographs of the chips prepared for the two processing options.
Figure 5.25a shows the un-patterned parylene/Au layer before peeling it off the Si chip.
For that purpose, the conformally deposited parylene was cut with a scalpel. Holey Au
regions can be identified by eye. Figure 5.25b shows a patterned parylene/Au composite
layer after peeling it off using a PDMS frame. In the middle of the PDMS frame, holey
Au membranes are free-standing in air.

After peeling off the parylene/Au composite layers and transferring them to a trans-
port substrate, the samples were analyzed by optical microscopy and SEM imaging.
Figure 5.26a and 5.26d are optical microscope images of holey Au films on parylene
and free standing holey Au membranes in air surrounded by parylene, respectively. In
the images shown, the structures are flat without wrinkles or cracks. This shows that
parylene/Au composite layers can be peeled-off without damaging the holey Au layer.
It also shows that large holey Au films can be produced by the technologically involved
BHF lift-off procedure (c.f. section5.3.2) and be further processed (parylene deposition,
photolithography, dry-etching). In figure 5.26a, arrows indicate small bumps on the
parylene surface. Such bumps were not observed for parlyene deposited onto Si blank
wafers. The origin of these bumps may be related to surface structures acting as depo-
sition nucleation sites. For some applications, e.g. in optics when light is transmitted
through the membranes, these bumps cause undesirable light focussing or diffraction
effects.

Figure 5.26b shows an SEM image of a parylene/Au composite layer where the holey
Au film was torn apart. The Au film was still supported by the parylene film. This
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Au membrane

Parylene cut PDMS frame
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Figure 5.25: (a) The unpatterned parylene/Au layer prepared for peel-off. A parylene
square is cut. (b) A patterned parylene/Au layer has been peeled off using
a PDMS frame.

damage occurs when the Au film undergoes excessive stress when being pulled off the
substrate. The stress is caused by locally good adhesion of the Au film to the substrate,
e.g. due to mechanical stiction to the structured surface. Another reason is distortion of
the peel-off frame during pull-off. The latter can be amended by improving on the design
of the semi-rigid transfer frame used for pulling off the parylene/Au composite layer. At
the same time, this example shows the advantage of having a continuous flexible film
to support the holey Au layer. Depending on the application, the device would still be
functional. The arrow in the inset in figure 5.26b points to a protrusion in the parylene
layer. This stems from the parylene being “molded” into the holes in the Au film. This
exemplifies the conformal deposition of parylene also into sub-pm size features.

A high magnification image of a holey Au film supported by parylene is shown in
figure 5.26¢. It shows the smoothness of the Au film surface that was molded from the
Si substrate. The impression is that hillocks exist between the holes. (This, however,
remains to be confirmed by AFM imaging.) An explanation for these hillocks would be
the rounded interstitial space at the bottom of the initial Si pillars.

Figure 5.26e and figure 5.26f show SEM images of a micro-patterned holey Au layer
surrounded by a micro-patterned parylene layer. The image was taken before peeling off
the parylene/Au composite layer. Figure 5.26f is a zoom into the transition regions from
the holey Au layer to the non-holey Au layer, and from there to the Au layer coated
with parylene. In the region exposed to the RF coupled Os-plasma, the parylene has
been cleanly removed from the Au surface. No obvious damage has been done to the Au
surface (high magnification SEM images not shown). This is noteworthy because holey

Au membranes in air fabricated by the Si pillar templating procedure (c.f. section 5.3.3)
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5.3 Holey Au films and membranes using pillars as lift-off template
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Figure 5.26: Optical microscope and SEM images of holey Au films and membranes
transferred to parylene as a flexible substrate. (a-c) Continuous parylene
layer, (d-f) parylene locally removed on top of holey Au film. (a) Holey
Au layer coated with parylene. (b) A crack in the Au film supported by
parylene. (c) The Au layer molded from the Si/oxidized Si pillar template is
smooth. (d) Holey Au membrane in air supported by a parylene frame. (e)
Parylene has been etched on the patterned holey Au film. (f) The parylene
has been cleanly removed from the Au surface.
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5 Device fabrication

were severely damaged after 1 min exposure to a 500 W microwave generated Oq-plasma
in a barrel reactor %1%,

A size comparison of the dot/hole diameters as done in the previous section will not
be described here. It can be assumed that the relationship between the oxidized Si pillar
diameter and the resulting holes is the same as in case of the Si pillars used as a lift-off

template in KOH.

5.3.5 Preliminary conclusions

Micro-patterned oxide dot arrays were fabricated by the NSL etch routine and pho-
tolithography. These dot masks were then used to create high aspect-ratio Si pillar
with a negative side-wall profile. A pillar aspect ratio > 5 was obtained. Si pillars and
oxidized Si pillars were then used as inorganic lift-off template for the fabrication of
200 nm thick Au membranes and films on a flexible polymer substrate. The oxidized
pillars underwent an additional SiO,-DRIE in order to remove the SiOs at the bottom
of the pillars. Cr/Au and pure Au films were directionally evaporated onto the pillars.
In this way, holes with a sidewall taper of 80° were realized.

Au membranes with hole arrays using Si pillars as lift-off template were released by
Si-DRIE and the Cr adhesion layer was removed by wet-etching. Holey membranes
with a diameter of 1200 pm were fabricated. Au films with hole arrays using oxidized Si
pillars as lift-off template were transferred to a transparent flexible substrate. Parylene
was used for its good adhesion to Au, its mechanical stability and for its conformal
deposition properties. By photolithographically patterning the parylene layer, holey Au

membranes in air were also realized.

5.4 Summary and conclusions

Wafer-scale nanosphere lithography (NSL) using spin-coated PS beads was used either
in its’ lift-off or etching form to produce sub-pm hole and dot array pattern templates
on various kinds of substrates. Additionally, the hole or pillar templates were micro-
patterned by standard UV photolithography, defining specific device regions on the wafer
surface and potentially enhancing the device properties (e.g. improvement of the holey
membrane stability).

Different processes were developed to produce wafer-scale arrays of holes of sub-pm
dimension in different types of material: (i) 100 nm thick, 2400 pm large SiN mem-
branes (5.1), (ii) 200 nm thick Au films on glass substrates (5.2), (iii) 200 nm thick Au
membranes with a sidelength of 1200 pm and in 200 nm thick Au films transferred to a

flexible, transparent substrate (5.3).
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5.4 Summary and conclusions

This shows the flexibility of NSL based patterning of sub-pm hole arrays. Both Si-
based and metallic thin films and membranes can be patterned. The dimensions of the
holes can be easily varied by adapting the size-reduction parameters, while the hole
density and spacing can be varied by choosing a different initial bead size. Furthermore,
as compared to standard top-down fabrication methods, the cost-of-ownership of the

employed process equipment is comparatively low.
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6 Characterization of SiN and Au films

and membranes

In this chapter, test and characterization of
the fabricated holey SiN membranes and Au
films and membranes is described.

SiN membranes with and without holes
were  bulge-tested. They  withstood
differential pressures up to 5 bar.

The transmission of visible light through
hole arrays in Au films and membranes was
measured.

Reproducible optical properties were
obtained by sputter-etching hole arrays into Au films on glass substrates.

Au membranes with sub-wavelength hole arrays were characterized with
and without a thin Cr adlayer. After Cr removal, a light transmission
enhancement of 2.4 was measured.
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6 Characterization of SiN and Au films and membranes

6.1 Bulge tests of holey SiN membranes

The mechanical robustness of 100 nm thick, 400x400 pm? large, holey SiN membranes
was tested in a bulge test. The hole diameter was 200 nm with an average spacing of
428 nm and a hole fraction ff ~ 20%.

Experimental

A schematic of the experimental setup used is shown in figure 6.1. The pressure p
exerted on the membrane was controlled by sealing the membrane chips in a gasket
and pressurizing them from below. A typical 3D representation of a membrane under

pressure taken with a Veeco optical interference microscope is shown in figure 6.1b.

Optical
interference
profiler

(a) Bulge test setup. (b) Deflection of a pressurized membrane.

Figure 6.1: The mechanical proporties of holey and non-holey SiN membranes were char-
acterized in a bulge test setup (a). An example 3D representation of a bulged

membrane recorded with the optical interference profiler (b).

After each stepwise pressure increase, the membrane deflection was recorded with the
interference microscope. The center deflection z was manually extracted from the cross-
sectional membrane profiles. A plot of the relation of p and z is shown in figure 6.2. For
the maximum p = 2.7 bar, z = 12 pm.

After the stepwise increase, the pressure was augmented to 5 bar. Neither the mem-

branes without, nor the membranes with holes broke at that point.

Results and discussion

Pressurizing the membranes to 5 bar showed that mechanically robust membranes can

be fabricated using the nanosphere lithography based fabrication approach.

Still, in order to draw a conclusion with respect to the influence of the holes on the

mechanical membrane properties, more statistically valid measurements are needed. For
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6.1 Bulge tests of holey SiN membranes
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Figure 6.2: Results of the bulge test measurements. The applied differential pressure is

plotted over the center membrane deflection height z.

example, the pressure-deflection curves in figure 6.2 are very similar. This is surprising
as, compared to the unperforated membranes, a larger deflection of the holey membranes
is expected due to a lower effective Young’s modulus E.;¢. In the present case, a small
difference in [ can explain the similarity as, for large deflections, z scales approximately
as z ZW. 3. (A difference in h can be excluded as the membranes were fabricated

on the same wafer.)
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6 Characterization of SIN and Au films and membranes

6.2 Light transmission through hole arrays in Au films

and membranes

Au thin films and membranes decorated with sub-wavelength hole arrays are interesting
for a variety of optical applications linked to the excitation of surface plasmons (SPs)
(c.f. sections 1.1.1 and 1.1.4). For device application, it is crucial to obtain reproducible
optical characteristics. This will be shown with the example of sputter-etched hole
arrays. Secondly, plasmon-mediated transmission enhancements were obtained that are

similar to those reported for focused ion beam milled hole arrays.

Experimental setup

For all light transmission experiments, the same measurement setup was used. A
schematic is shown in figure 6.3. It is based on an inverted optical microscope with
a low numerical aperture (NA < 0.1) with a white light illumination source. The light
is collected through a 40x objective (NA = 0.6) and analyzed using a spectrometer
coupled with a liquid nitrogen cooled CCD camera. The imaged area at a spectrometer

2. The light intensity I transmitted

slit opening of 0.5 mm is approximately 40x5 pm
through the hole arrays was normalized to the light intensity transmitted through a

glass slide, Ij.

Optical fiber

Spectrometer

Thin metal film -
with hole arrays

White light
source

Figure 6.3: Schematic of the optical transmission measurement setup.
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6.2 Light transmission through hole arrays in Au films and membranes

6.2.1 Sputter-etched hole arrays in Au films on glass substrates

In section 5.2, the fabrication of hole arrays in 200 nm thick Au on glass films was
described. All the fabricated samples were also characterized optically. Here, a typical
example is given which shows that using NSL as the hole patterning method, and sputter-
etching to transfer the holes into the Au film, reproducible optical properties can be

obtained. !

Experimental

Hole arrays were intermittendly sputter-etched for 40 min (i.e. 4 x 10 min of etching)
in two different etch runs 1 and 2. The average hole diameter at the Au-glass interface
was 130 nm. For a p ~ 419 nm (type A wafer), this corresponds to a ff of 9%.

For each run, the optical transmission was measured at two different locations. SEM
imaging and FFT confirmed that the hole arrays were of high short-range order across
the the light collection region (40x5 pm?).

Figure 6.4 shows the normalized light intensity as a function of wavelength. The SP

16 - Run 1 pos 1
I - == Run 1 pos 2
141 Run 2 pos 1
121 - --Run 2 pos 2
< 10}
o | }\'SPA
= 3 ,AuGlass

700 800 900
A [nm]

(a) Transmission spectra (b) SEM images

Figure 6.4: (a) Spectra of optical transmission through sputter-etched hole arrays fabri-
cated in different etch runs 1 and 2. For each run, measurements were taken
at two different locations on the wafer surface (pos 1 and pos 2).
(b) Typical SEM images of hole arrays from run 1 and run 2.
Hole array parameters: p ~ 419 nm, Dpole AuGiass ~ 130 nm, ff = 9%.

excitation wavelength for SPs propagating along the Au-glass interface, Asp auGiass =, is

!The optical characteristics, as determined by p and thus Agp, were not only reproducible for hole
arrays of similar diameter, but also for holes of varying diameter. Measured spectra can be found

in the appendix A.8.
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6 Characterization of SIN and Au films and membranes

indicated by an arrow. One dip at 650 nm and two transmission peaks around 515 nm
and 690 nm are observed in the transmission spectra. The corresponding transmissions

for the two etch runs are given in table 6.1.

A 515 nm 650 nm 690 nm

I[/h, Runlposl 65% 1% 11.5 %
Run 1pos2 6.5% 1% 12 %
Run2posl 6.5% 1% 13.5 %
Run 2 pos 2 7% 1% 15 %

Table 6.1: Normalized light transmission at dip and peak wavelengths rounded to 0.5%.

The corresponding spectra are shown in figure 6.4.

Results and discussion

For different etch runs and different measurement locations, the measured spectral lo-
cations of the transmission dip and peak wavelengths are in good agreement. This
shows that reproducible optical properties can be obtained hole arrays by fabricated by
sputter-etching. The hole array short-range order of the NSL hole pattern is sufficient.

The dip in transmission is due to light diffraction at a grazing angle (Wood-Rayleigh
(WR) anomaly). The short-wavelength peak is located within the transparency window
of Au and is thus not linked to SP mediated light transmission?*®. The high transmission
around 690 nm is due to resonant excitation of propagating SPs at the smooth Au-glass
interface. For higher transmission (Run 2 pos 1), the peak is slightly red-shifted as it is
blocked by the WR anomaly.

For samples of Run 2, the long-wavelength transmission is up to 3.5% higher as
compared to the one for Run 1 samples. This is explained by minor differences in hole
diameter, which can not be precisely defined due to the irregular hole shape (c.f. the
SEM images in figure 6.4b).

The last question is whether extraordinary optical transmission (EOT) is observed
or not. For large hole arrays, the enhancement factor 7 is calculated by dividing the
transmitted light in [%] by the ff. EOT requires that n > 1. However, the ff = 9% given
above is based on topographical measurements only, and not taking into account the
conical hole shape and the Au skin-depth ¢ of 30 nm. This means that some amount of
light is directly transmitted through the tapered hole sidewalls, and the “optical”, effec-
tive hole diameter D.s; is actually larger than the topographically measured D uciass
of 130 nm. Assuming a worst case situation, D, is set to 170 nm, which is where the

Au film attains a thickness of 30 nm (the hole sidewall taper is ~ 58°, figure 5.11). 2

2Transmission measurements through thin CrAu films (< 1 nm Cr and 15 nm Au) showed that about
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6.2 Light transmission through hole arrays in Au films and membranes

Consequently, the effective ff becomes 15% and n = 1 (Run 2 pos 1). Thus, EOT is not
observed in the present case.

EOT is caused by the coupling of SP modes on one side of the metal-dielectric in-
terface, with other propagating surface waves on the other side of the metal film. The
Au-air interface of the sputter-etched hole arrays is extremely rough, reducing the SP

decay length drastically. This explains why 7 is limited to 1.

6.2.2 Sub-wavelength hole arrays in Au membranes

Arrays of sub-pm holes in Au membranes were fabricated by a Si-pillar lift-off procedure
(c.f. section 5.3 and figure 5.15). 200 nm Au was evaporated onto a 10 nm thick Cr
adhesion layer. After membrane release by Si-DRIE, the Cr was removed by wet-etching.
The hole array periodicity p was ~ 419 nm. With a hole diameter D = 130 nm, the
hole fractional area ffis 9% (figure 6.5b).

(Transmission measurements through hole arrays in Au membranes and Au mem-
branes on parylene fabricated using SiO, pillars revealed similar results. The spectra

can be found in the appendix A.9.)

Experimental

Optical transmission spectra were taken before and after Cr removal by wet-etching.
Different spectra were taken at arbitrary membrane locations. The spectra in figure 6.5
show typical examples. The spectra were taken over a range from A\ = 450 nm to
950 nm. Beyond 700 nm, light transmission dropped to zero and thus for clarity, only
the interesting region around the observed transmission peak is shown. Agpayair 1S
located at 360 nm and thus not indicated in the graph.

Before Cr etch, a transmission maximum of 3% is located at 540 nm. Upon Cr

removal, a red-shift occurs to 540 nm where 22% of the incident light is transmitted.

Results and discussion

First of all, an interesting comparison can be made between the hole arrays fabricated by
sputter-etching (c.f. the section above) and the membranes fabricated by the lift-off type
procedure. Neglecting the effective increase of Dpoe, auciass i case of the sputter-etched
hole arrays, the hole array parameters are identical. However, no light is transmitted
through the membrane hole arrays at A = 510 nm. This confirms that the short-
wavelength transmission peak observed for the sputter-etched hole arrays is due to direct

light transmission.

45% of incident light is transmitted at A = 700 nm. Thus, widening D¢y to 170 nm where the Au
film attains a thickness of 30 nm can be considered safe.
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6 Characterization of SiN and Au films and membranes

L Before Cr etch
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Figure 6.5: (a) Optical transmission through hole arrays as shown in (b) before and
after wet-etching of Cr. (b) SEM images of the front- and backside of the
characterized Au membrane.

Hole array parameters: p ~ 419 nm, D = 130 nm, ff = 9%.

Upon Cr removal, a drastic increase in light transmission occurs through the mem-
branes. Before Cr removal, propagating SP do only exist at the top Au-air interface.
After Cr removal, SPs are excited at both sides of the membrane, and resonant coupling
of these top and bottom SP modes leads to the high transmission. This explicitly shows
the destructive effect of strongly absorbing metals such as Cr (large € ) on SP mediated
transmission.

In this case, a contribution of direct light transmission can be excluded as the high
transmission occurs far above the cut-off wavelength of 260 nm, the Au film is optically
thick, and the holes have almost vertical sidewalls. Thus, 22% light transmission through
holes with a ff 9% means that EOT with an enhancement factor n = 2.4 is observed.

This EOT is on the same order of magnitude as reported for hole arrays fabricated
by focused ion beam milling?’. This shows the suitability of the developed Si pillar
templated fabrication approach for plasmonic applications such as the collection of light

through sub-wavelength hole arrays.

154



7 Stenciling and refractive index
sensing

In this chapter, the application of the fabricated devices is demonstrated.

Thin holey SiN membranes were used as
stencil masks for the deposition of Au and
Ag dot arrays. In a second stencil
experiment, similar membranes were used
as an etch mask to transfer the hole
pattern into a 500 nm thick SiN
membrane.

Refractive index sensing was
demonstrated by measuring the optical
transmission through sputter-etched hole
arrays immersed in  water-glycerine
solutions.
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7 Stenciling and refractive index sensing

7.1 Deposition through holey stencils

Arrays of sub-pm metallic particles are interesting for a variety of applications, such as

surface enhanced raman scattering (SERS)? or as masks in dry etch processes.

Experimental

100 nm thick holey SiN membranes with an array periodicity p =~ 419 nm and a hole size
of 245 nm were used as stencil masks for the deposition of Au and Ag dot arrays. The
evaporated film thicknesses were nominally 20 nm (Au) and 35 nm (Ag). The stencils
were fixed to Si substrates using Kapton tape. Evaporation was done in an electron-
beam evaporator (Leybolds LAB600) with a high source-substrate distance of ~ 1 m.

The substrates were placed directly above the source.

Results and discussion

First, striking differences can be observed with respect to the morphology of the Au
and Ag deposited onto the stencils (figures 7.1c and 7.le) and onto the Si substrates
(figures 7.1d and 7.1f): The gold film shows a granular, almost discontinuous structure,
while the Ag thin film is continuous. Au is known to have a very high surface mobility

244 and under certain conditions, thin films of high mobility

as compared to other metals
metals may exhibit a de-wetting behaviour?#®. This is what is observed in case of the
Au deposition.

Also, nanoscale Au grains form a broad halo around the main dots. In case of the Ag
dots, such granular deposits are limited to within a few nanometers from the main dot.
This difference is explained by (a) a different stencil-substrate gap height G in the Au
and Ag depositions and thus a difference in geometric blurring (c.f. equation 1.1 in the
introduction), and (b) a more important blurring due to surface diffusion in the case of
Au?,

An overview of the measured hole and (main) dot sizes is shown in figure 7.1b. The
stencil hole diameter before use as a stencil mask is 245 nm (figure 7.1a). After evapo-
ration of Au and Ag through the stencil, the stencil holes have been reduced to 230 nm
(figures 7.1c (Au) and 7.1e (Ag). The reduction of the stencil hole diameter is due to
clogging of the stencil aperture (also c.f. figure 1.2 in the introduction). Figures 7.1d
and 7.1f show the resulting Au and Ag dot arrays on the Si substrate obtained by evap-
oration through the stencil. The Au and Ag main dot diameters are ~ 230 nm and thus
correspond well to the reduced stencil hole sizes. For such aperture dimensions, this is

an excellent result.
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7.1 Deposition through holey stencils
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(a) Stencil before metal evaporation. (b) Comparison of hole/dot sizes.

500 nm

Stencil after evaporation of Au.

(e) Stencil after evaporation of Ag. (f) Ag dots on Si.

Figure 7.1: Use of thin SiN membranes with sub-pm holes as stencil masks for metal
evaporation. (a) Stencil backside before evaporation. (c) and (e) stencil
backside after evaporation Au and Ag, respectively. (d) and (f) corresponding
Au and Ag dot arrays on a Si wafer. (b) shows the mean size of holes/dots
for (a) and (c) through (f) with a 1o error bar.

157



7 Stenciling and refractive index sensing

7.2 Etching through holey stencils

The sub-um pattern transfer into thick SiN films is technologically involved due to the
low etch rate (ER) selectivity of commonly used masking materials to SiN (e.g. pho-
toresist commonly has an ER selectivity & 1:1). This requires thick masks, which in
turn are challenging to pattern at sub-pm resolution. The following experiments will
show how thin holey SiN membranes can be used as dry-etch masks for the etching of
holes with an aspect-ratio of ~ 2 into 500 nm thick SiN membranes®®. These etchings

were done by Dr. Veronica Savu from the group of Prof. Brugger at EPFL.

Experimental

____ RIEelectrode |
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% 2 2 ] . . .
i 100 nm thick SiN stencil
2 L] ] Q
X with
*
AR 20 nm Al as protective layer
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Figure 7.2: (a) Experimental setup for etching holes into 500 nm thick SiN using a 100 nm
thick SiN stencil. An SEM image across the SiN on Si to the SiN membrane

area after hole etching is shown in (b).

:-'-" i
&

The SiN membranes used in this experiment had an average hole diameter of 325 nm
with a hole spacing of p ~ 535 nm. The stencil holes had small notches linked to bead
surface roughening during bead size reduction process (section 3.2.4).

First, a protective 100 nm thick Al layer was evaporated onto the top and bottom of
the holey stencils. Then, the stencil was fixed with an organic resin to a 500 nm thick
SiN membrane in a configuration as shown in figure 7.2. SiN dry-etching was done for
4 min at room temperature in an Alcatel 601E ICP-DRIE system. The recipe used is
based on a C4Fg/CHy chemistry. Under such process conditions, an Al mask thickness
of 100 nm is usually sufficient for the etching of 500 nm SiN. Figure 7.2b shows a low
magnification SEM image of the obtained etch result.
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7.2 Etching through holey stencils

Results and discussion

Figure 7.3a shows an SEM image of the stencil after evaporation of 100 nm Al onto it,
reducing the stencil hole size to ~ 265 nm. Figure 7.3b shows the same stencil after
it has been used as an etch mask during 4 min of SiN dry-etching. The holes in the
stencil are slightly enlarged, measuring ~ 270 nm. Thus Al mask abrasion is very low.
And therefore, coating the stencil with a thin Al layer is an efficient way to protect the

stencil membrane during dry-etching.

K0

(a) ¢ ~ 265 nm | (c) ¢ ~ 250 nm (d) ¢ ~ 250 nm

Figure 7.3: Holes in the stencil after evaporation of a 100 nm thick protective Al layer
(a) and after use as an etch mask for 4 min of SiN etching (b). Holes etched
into 500 nm thick SiN on Si (c) and into the SiN membrane (d). Indicated

in the figure captions are the measured hole diameters ¢.

Figures 7.3c and 7.3d show SEM images of holes etched into the SiN on Si layer and
etched into the SiN membrane, respectively. A comparison of the images shows that
the hole pattern has been transferred throughout the 500 nm thick SiN membrane in
an unprecedented manner. It is a proof-of-concept that using holey SiN membranes as
a stencil etch mask, sub-um holes can be transferred into device layers, even such that

are otherwise difficult to pattern.

The holes in the 500 nm thick SiN layer and membrane were measured to be ~ 250 nm
in diameter, and thus about 20 nm smaller as compared to the holes in the stencil mask.
Also, a halo of granular appearance can be seen around the holes in the 500 nm thick
SiN layer and membrane. Both are explained by a deflection of ions at the stencil aper-
ture and sidewalls, spreading the angular distribution of the reactive etch species. This
concentrates highly energetic etchants to within a region smaller than the stencil holes,
while low energetic etchants are widely spread and damage the top SiN surface.

In addition to surface damage, the halo is caused by Al mask erosion, depositing

non-volatile Al etch products onto the SiN surface beneath the stencil.
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7 Stenciling and refractive index sensing

7.3 Refractive index sensing

The transmission of light through hole arrays in thin metallic films is sensitive to changes
of the refractive index (RIX) in the surrounding dielectric environment (equation 1.7).
In the following, this was used to detect RIX changes in glycerine-water-solutions using

sputter-etched hole arrays (c.f. section 5.2).

Experimental

Hole arrays in 200 nm thick Au films on a glass substrate were immersed in glycerine-
water-solutions. The glycerine concentration was increased from 0 vol% to 1, 2, 3, 5,
20, and 50 vol%, corresponding to a change of the RIX from n = 1.333 to n = 1.3898
(An = 0.0568). In this experiment, sputter etched hole arrays with p &~ 517 nm and
ff = 10% were used. Figure 7.4 (left panel) shows the normalized transmission spectra
for hole arrays in water-glycerine solutions. All spectra show a dip in transmission at
A = 721 nm. For hole arrays in glycerine-water-solutions, two transmission peaks are
observed. At 0% glycerine concentration, these are located at 661 nm and 827 nm. For
increasing glycerine-concentration, these peaks are red-shifted with a maximum shift fo
50 nm at 50% glycerine concentration. The SP excitation wavelengths for a Au-glass and
Au-water interface, Aaugiass and Aquwater, are indicated by vertical lines. The arrows

indicate the increase in glycerine concentration.
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Figure 7.4: Transmission spectra for hole arrays in water-glycerine solutions (left). The
glycerine concentrations were increased from 0% to 1, 2, 3, 5, 20, and 50 vol%,
resulting in a RIX change of An = 0.0568. The sensitivity, measured as a
peak wavelength shift, is 230 nm/RIX unit (RIU) (right).
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7.3 Refractive index sensing

Results and discussion

The dip in transmission at 721 nm is due to a Wood-Rayleigh anomaly. The long-
wavelength transmission peak is caused by SP excitation at the Au-glass interface. Both
are not sensitive to changes of the RIX at the top hole array surface.

The short wavelength peak is due to SP excitation at the top surface. It is sensitive to
RIX changes. Aguwater is therefore red-shifted with increasing glycerine concentrations.
As the SP mediated transmission is caused by coupling of SPs at both metal-dielectric
interfaces, the shift in Aguwaser induces both a shift of the short-wavelength and the
long-wavelength peak. Thus, both peak shifts can be correlated to a change of the RIX.
An analysis of the long-wavelength peak shift as a function of the RIX yields a RIX
sensitivity of 230 nm/RIX unit (RIU) (figure 7.4 right panel).

In the literature, sensitivities larger than 500 nm/RIU have been reported for VIS trans-
mission measurements and hole arrays of similar p™. A higher RIX sensitivity can be
achieved by optimizing the hole array parameters, and thus the interference of different
surface waves involved in the light transmission mechanism?°!.

Precise tuning of the hole array parameters is challenging for sputter-etched hole ar-
rays. p is linked to the size of the beads used in the nanosphere lithography process
step. But commercial beads are not available for arbitrary sizes. The hole shape is

determined by the fabrication process.

On the other hand, sputter-etched hole arrays have some advantages compared to hole
arrays fabricated by e.g. FIB, e-beam lithography or PEEL! :

(i) They provide a sensitive hole array area on a full wafer-scale. They are directly
attached to transparent substrates that are compatible with micro-fabrication post-
processing.

(ii) High light transmission with an efficiency 1 on the order of 1 is possible owing to the
excitation of SPs at the Au-glass interface. This is not the case if a Cr adhesion layer is
used, such as needed in the case of lift-off based hole array fabrication (either using an
e-beam pattern or NSL).

This makes sputter-etched hole arrays a suitable substrate for the facile integration
with microfluidics?*?, where the large hole array area alleviates the problem of precise
positioning of the measurement window. Also, the total amount of light transmitted
is high, for example as compared to FIB arrays that only extend over a a few tens of

periods, increasing the signal-to-noise ratio.

1A combination of phase-shifting photolithography, etching, electron-beam deposition, lift-off??.
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8 Conclusions and outlook

8.1 Conclusions

The goal of this thesis was the fabrication of sub-pm hole arrays in SiN and Au thin
films and membranes on a 4” wafer scale. This has been achieved by developing two
different processes, both of which are initially based on a nanosphere lithography (NSL)
pattern template. The principle process parameters were characterized, and solutions
to fabrication related issues were found by tuning the process or choosing an alternative
method. The most out-standing results of this thesis are the fabrication of 100 nm thick,
2400x 2400 pm? large SiN, and 200 nm thick, 1200x 1200 pm? large Au membranes with
arrays of sub-pm holes. Beyond fabrication of the devices, characterization and test
for applications in the targeted fields of stenciling, filtration and plasmonics was done

successfully.

The conclusions below contain a critical statement, as well as future directions for further

improvements.

Bead deposition (chapter 2)

Different methods were investigated for the deposition of close-packed polystyrene (PS)
bead monolayers onto 4”7 wafers, namely drop-coating convective self-assembly (CSA),
controlled CSA with the CAPA-tool!, and spin-coating.

The influence of the parameters governing bead self-assembly was underestimated in
the beginning, and drop-coating CSA using only a simple experimental setup did not
yield suitable monolayer coatings. With the CAPA-tool?, important parameters such
as the liquid evaporation rate or the wetting film contact line were controlled in experi-

ments on chip-size substrates.

For the coating of 4”7 wafers, spin-coating of beads from aqueous suspensions was used.

Lcapillary assisted particle assembly
2The experiments were done in collaboration with Heiko Wolf and Cyrill Kiimin at the IBM Riischlikon
research labs, where the CAPA-tool is used as a powerful tool for the precise particle placement on

pre-patterned surfaces 148,147
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The spin-speed and suspension concentration was varied in systematic experiments. In
this way, homogeneous monolayer coatings covering up to 90% of the wafer surface were
obtained on different substrate types and for different bead diameters D.

However, both a better understanding of the parameters influencing the bead de-
position results, and further process optimization to reduce bead waste and avoid the
deposition of bead multilayers, are needed. Bead multilayers result in large hole defects
in the later, holey device layer. In case of the NSL lift-off based process, a possible
solution would circumvent this problem by depositing the lift-off metal by conformal
atomic layer deposition!®®. For the fabrication of pillar templates, however, a different

solution needs to be found.

Bead size reduction (chapter 3)

Tuning of the hole diameter in the holey films and membranes was achieved by size-
reduction of the PS beads by Os-reactive ion etching (RIE). The results were repro-
ducible up to reduced bead diameter D,.; = 0.3D.

This limitation is imposed by the anisotropy of the etch process and due to the neg-
ative self-bias voltage in conjunction with the spherical bead shape. At low self-bias
voltage (high absolute value), the bead diameter etch rate increased non-linearly once
D,cq < 0.5D. An increase of the self-bias voltage reduces the anisotropy, but also the
etch rate and the ability to break polymeric links between the beads.

An unsolved challenge remains roughening of the bead surface and bead tilt or dislo-
cation. This is an issue for filtering or plasmonic applications where round holes with a
small size distribution are needed. Cryogenic plasma etching is a possibility to amend

the bead surface roughening and bead tilt1°2.

Micro-patterned holey metallic etch masks and Si pillar templates (chapter 4)

The size-reduced PS beads served as a template for two kinds of nanosphere lithography
(NSL) options, either (a) as a lift-off template for the fabrication of holey metal etch
masks, or (b) as an etch mask for the fabrication of high aspect-ratio Si pillars.

By directional evaporation of a thin metal layer onto the beads and subsequent lift-off
in organic solvents, holey metallic films were realized on different substrate types. A
100% lift-off yield was achieved for metal film thicknesses < 0.2 X D,..q.

For the second NSL option, the bead template was transferred into an intermediate
SiO, mask. The influence of the Si-DRIE parameters on the pillar sidewall shape and
mask undercut was characterized. By balancing the etch gas ratio, Si pillars with an
aspect ratio > 5 and a negative sidewall profile were reproducibly fabricated.

Micro-patterning of the hole and oxide dot masks was a crucial next step with re-

spect to the subsequent processes and final device properties. Several challenges were
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encountered when combining standard micro-machining techniques with bottom-up self-
assembly based patterning. By adapting the process sequence, choosing a different mask-
ing material, or providing for over-etch margins, reliable micro-patterning was achieved.
Thus, arrays of sub-um holes in SiN and Si pillar arrays were successfully integrated

with sub-sequent micro-fabrication process steps.

Fabrication of holey SiN membranes (chapter 5.1)

100 nm thick holey SiN membranes with dimensions up to 2400x2400 pm? were fab-
ricated by locally etching holes into the SiN layer and releasing the membrane in a
combined dry-/wet-etch procedure.

The hole fractional area (ff or porosity) were as high as 50%. The loss in dimension
from D,.q to the holes in the device layer was < 0.05D,.4. Issues in the membrane
release procedure due to the small hole size and high ff were solved by combining a
temporary protective frontside coating during KOH with micro-patterning of the holes.
Both the obtained ff and the loss in dimension are superior to values reported for similar
holey SiN membranes patterned by interference lithography“°.

Compared to membrane release by anisotropic wet-etching, the combined dry-/wet-
etch procedure has two distinct advantages. It increases the membrane array integration
density, owing to the vertical sidewalls of the Si frame, and speeds up the release time,
thanks to the high etch-rates that can be obtained with Si-DRIE. Other options to
attain a high membrane density are the use of (110)-oriented Si wafers, or designing for

recessed Si prismatic bars resulting from KOH under-etch on (100) Si wafers.

Fabrication of holey Au films on glass substrates (chapter 5.2)

By sputter-etching, wafer-scale hole arrays were fabricated in 200 nm thick Au films on
glass substrates. First, using the NSL [lift-off approach, holey metal etch masks were
fabricated on 2”7 glass wafers sputter-coated with 200 nm of Au. Au deposition without
the use of an adhesion layer was a pre-requisite for the targeted plasmonic applications.
Good adhesion of the Au to the glass substrate was obtained owing to the deposition
process and substrate used. Then, by sputter-etching, the hole mask was transferred
into conical holes in the Au layer.

Using an intermittent etch procedure, the Au hole diameter was tuned from tens to a
few hundred nm without changing the holey etch mask.

This process showed that large hole arrays in optically thick Au films can be fabricated
in a relatively simple way, especially as compared to other commonly used serial writing
methods such as focussed ion beam milling (FIB) or electron beam lithography. The
process has further potential to obtain holes of vertical sidewalls, for example by using

an ion beam etch setup and/or providing for a rotation-and-tilt substrate holder.
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Fabrication of holey Au membranes with Si pillars as lift-off template
(chapter 5.3)

In a conceptually different approach, 200 nm thick holey Au membranes with sizes up
to 1200x 1200 pm? were fabricated.

Micro-patterned oxide dots fabricated using the NSL etch approach served as an etch
mask for Si pillar etching. A continuous Si-DRIE (deep RIE) etch procedure was char-
acterized and optimized. By tuning the SFg/C4Fg etch gas ratio, pillars with an aspect-
ratio > 5 and a negative sidewall profile were fabricated reproducibly. This was a crucial
achievement as the pillars served as a lift-off template in the following process step, in
which Cr and Au was directionally evaporated onto the pillars. The pillars were then
removed by KOH wet-etching, leaving behind sub-pm holes with almost vertical side-
walls in the 200 nm thick Au layer. Those micro-patterned hole arrays were aligned to
a backside mask and released by Si-DRIE dry-etching. The membrane yield was on the
order of 30%.

An issue not accounted for yet in the mask layouts was aspect-ratio dependent etching
and the radially non-uniform etch-rate. For membranes of varying size on one wafer,
this resulted in early release of the larger membranes, which broke if the etching was

continued.

To my knowledge, this is an unprecedented way to fabricate wafer-scale arrays of sub-
wavelength holes (in the visible wavelength regime) in 200 nm thick free-standing mem-
branes of millimeter-size. The only alternative to fabricate such membranes supported
on a Si frame is FIB. Fabrication of the same number of hole arrays (based on the above
30% yield) is very unfeasible. Using average values for a calculation (=~ 1 hr write time
for a 40x40 hole array in 200 nm Au), FIB would take about 2 years (including night

and day and week-ends).

Fabrication of holey Au films on parylene with oxidized Si pillars as lift-off
template (chapter 5.3)

In a similar way as described above, oxidized Si (SiO2) pillars were used as a lift-off
template in HF. This has the advantage of being applicable also to other metal than
Au. For the purpose of transferring the holey Au layer to a transparent, flexible parylene
film, only Au was evaporated, without the use of an adhesion layer.

The lift-off process was very delicate, but by careful handling, hole arrays in 200 nm
thick Au films could be realized. Then, parlyene was deposited, and with this as a
flexible support layer, the holey Au films could be peeled off. Optionally, windows were
etched into the parylene covering the hole arrays, resulting in free-standing Au mem-

branes on a flexible support.
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The SiOs pillar templating process in its current form does not yield reproducible results.
Nevertheless, it remains interesting as it offers the possibility to create sub-wavelength

hole arrays also in other metals interesting for plasmonic applications, such as Ag.

Bulge tests and optical transmission measurements (chapter 6)

Primary bulge tests revealed an excellent mechanical stability of holey SiN membranes.
400x400 pm? large membranes with a ff of 20% withstood differential pressures up to
5 bar. Systematic tests with holey membranes of different ff or different membrane sizes

have not been conducted yet.

Optical transmission measurements through sputter-etched hole arrays showed the op-
tical properties of the Au arrays were reproducible. The high surface roughness of the
top metal-dielectric interface is the reason that the light transmission enhancement, 7,

is limited to values on the order of 1.

Au membranes with sub-wavelength hole arrays fabricated by the Si pillar lift-off pro-
cedure were optically characterized before and after Cr removal. High, surface plasmon
mediated light transmission with an 7 of 2.4 was measured upon Cr removal. That
means that extraordinary optical transmission (EOT, n > 1) was obtained with en-
hancements on the same order of magnitude as reported for hole arrays fabricated by
focused ion beam milling?. This is an excellent result as it shows that the developed
fabrication process is not only faster and more suitable for large-scale fabrication than

FIB, but also produces hole arrays that have comparable optical qualities.

Stenciling and refractive index sensing (chapter 7)

The suitability of the fabricated holey SiN membranes for use as a high resolution
shadow masks was successfully demonstrated. Au and Ag dot arrays with dots of well
defined dimensions were deposited onto Si substrates by evaporation through the holey
SiN stencil membrane. By dry-etching through the stencil, the hole pattern in the SiN

membrane was transferred into pores in a 500 nm thick SiN membrane.

Sputter-etched hole arrays in Au films were used for refractive index sensing. The
sensitivity was low as compared to values reported in the literature, and improvements
require optimization of the hole array geometry. An advantage as compared to hole
arrays fabricated by other methods is the wafer-scale dimension of the hole arrays, pro-

viding the possibility for on-wafer micro-fluidic integration without the need for a precise
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placement of the measurement windows.
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8.2 Qutlook

The achievements attained in this have brought about a significant contribution to the
field of nano- and microfabrication. New pathways were opened for interesting future
work with respect to continued fundamental and application studies in the realm of
maskless nanopatterning, plasmonic sensing, filtration, material science, photovoltaics,

or functional surfaces. Below, a few examples of future work are given.

Filtration

The fabricated porous SiN membranes have excellent mechanical properties. This makes
them a suitable tool for filtration applications. At CSEM S.A., nanoporous SiN mem-
branes have been developed? and are tested for filtration applications. The membranes
fabricated in this thesis close the gap from nanoporous to standard, micro-machined mi-

croporous membranes.

Flow through plasmonic sensing

A large hole array area is viable for fast and low-noise refractive index sensing based on
the excitation of surface plasmons at structured, metallic surfaces. The group of Hattice
Altug has shown that plasmonic sensing using a microfluidic flow-through setup can
further improve the sensor speed and sensitivity . They used porous SiN membranes
coated with a thin Au layer. However, the fabrication throughput of their devices
is limited by the hole patterning step which is based on expensive and slow e-beam
lithography. The holey, millimeter-size SiN membranes developed in this thesis provide

an excellent, low-cost platform for similar low-through setups.

Transparent electrodes

Photovoltaic and light-emitting applications require at least one transparent electrode.
Transparent, conducting indium-tin-oxide (ITO) electrodes are threatened by a world-
wide decrease in indium supply and rising cost?*?5*. Thin holey metals films are a
potential alternative to ITO?*. In a first-shot experiment within an internal collabo-
ration at CSEM S.A. | thin holey Au films were fabricated by the NSL [lift-off routine.
The films had a low sheet resistance < 40 §2/square and high broad-band transmission
~ 70% of visible light, in accordance with electrical and full-wave optical simulations.

These promising first results justify continued research on the topic.
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Material properties of holey Au membranes

Dense arrays of small holes in thin metallic membranes have an important influence on
the membrane mechanical and optical properties. To date, a systematic investigation
is limited by the time- and cost-intensive fabrication method, e.g. focused ion beam
milling. In the domain of thin film material science, the influence of the holes, in combi-
nation with different deposition methods, on grain growth and film morphology has not
been exhaustively studied yet. Such studies could yield important results as the film
morphology influences the electrical, mechanical, and optical properties?442!,

Using NSL and Si pillar lift-off templating, holey Au membranes of varying film thick-
ness, hole diameter and hole spacing can be fabricated on a full wafer-scale, providing

substrates for a systematic material characterization.

Replication of sub-pm pillars

In this thesis, short-range ordered arrays of high aspect-ratio Si pillars were fabricated
at an intermediate process step. There exists a wide range of applications for such sub-
nm size surface textures, e.g. physical colors?®®, cell growth substrates!'®”, or tuning of

257 For large surface applications, replication via imprinting is

the surface wettability
a convenient method for high throughput micro- and nanopatterning. Replication of
similar, larger Si pillar structures has been demonstrated at CSEM S.A. The fabrication
of positive-sidewall pillars with sub-pm diameter, and replication thereof, will be a

challenging task, but with many potential applications.

The end.
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A.1 Au dielectric properties

The dielectric properties of metals are complex and wavelength dependent: e(w) =

¢ (w) + i€”(w). They are commonly described by the so-called Drude-model 258259

Wp

e(w) =epc(l — (A.1)

W+ iw’”
(Note that equation A.1 only applies for metals where electrons in the valence band
can be treated as an electron gas in which the electrons do not experience a restoring
force?”.) The plasma frequency w, = (;%)0'5 is a function of the electron density n
(on the order of 102 cm™3). ¢y = 8.854 x 107!2 As/Vm is the vacuum permittivity,e =
4.355 x 1071 As is the elementary charge, and m, = 9.109 x 1073! kg is the electron
mass. Further, epe is the metal dielectric constant at w => oo. « is the relaxation
constant which is a measure of the damping or losses in the metal. If the damping ~
is neglected, one immediately sees that ¢(w) < 0 for w < w, and e(w) > 0 for w > w,,.
An example of this frequency dependent optical material properties, the data calculated

1259 260

using on the Drude-model“*” and tabulated experimental data“*" are shown in figure A.1

for plain Au.

-80

600 800 1000 1200
Wavelength (nm)

Figure A.1l: Real (¢') and imaginary (¢”) dielectric constants of Au. The dashed line
was calculated with the Drude-model (c.f. equation A.1). The solid line

260

corresponds to experimental tabulated data Figure taken from Guil-

laumee 259,

A.2 Analysis of spin-coated beads

Spin-coated bead layers were analyzed with an optical microscope with a differential

interference contrast (DIC) and polarization filter. The filters allowed to maximize
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A.2 Analysis of spin-coated beads

the contrast between different bead layer types. The interest was to determine the area
percentage of mono- and multilayers and empty areas, respectively referred to as Monos,
Multis and No-Beads. Eight images were taken across each wafer with a pitch of 10 mm
as shown in the inset in figure A.2a. A 50x objective lens was used for the PSB836 and
PSB535 coated wafers, a 100x objective lens was used to analyze PSB284 coated wafers.
Scanning electron microscope images were taken as a reference to correctly identify the

different bead layer types as they appear in the optical microscope image.

100 pm
I

(b) Selection of bead multilayers. (Multis)

Figure A.2: Image treatment procedure to obtain the area percentage of Multis and No-
bead areas. The images show PSB535 beads spun at 2000 rpm (figure A.2a)
and at 800 rpm (figure A.2b).

First, the microscope images were cropped as indicated by the dashed rectangles
in figure A.2. The cropped area had a size of 230x180pm? and 45pm? for 50x and
100x magnifications, respectively. The low contrast of the PSB284 bead layers made it
necessary to reduce the analyzed area. After a grey-scale conversion, Multis or No-beads
were selected by a thresholding procedure where possible, e.g. in figure A.2a. Areas
were selected manually when a threshold could not be applied due to an insufficient
contrast between the bead layers (figure A.2b).

Figure A.3 shows three images of each series with a scalebar of 50 pm inserted; the
respective spin-speed is indicated in the figure caption, all images were taken at -20 pm
off the center of the wafer . The images were taken at a magnification of 100x for
PSB284 beads and 50x for PSB535 and PSB836 beads.

The images that were analyzed are show in figures A.4, A.5 and A.6. For the analysis
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of the bead layers, the images were cropped and converted into greyscale images as
described in chapter 2.3.3.

50 pym

(a) PSB284, 100x, (b) PSB535, 50, (c) PSB836, 50,
800 rpm 2000 rpm 1200 rpm
Figure A.3
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Figure A.4: PSB284 bead layers obtained at different spin-speeds.
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Figure A.5: PSB535 bead layers obtained at different spin-speeds.
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Figure A.6: PSB836 bead layers obtained at different spin-speeds.
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A.3 Dry-etch recipes
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A.4 Parlyene-C

Parylene-C®)?%! is a polymer which can be conformally deposited at room temperature.
It is a biocompatible material, and also has interesting mechanical properties with a
high Young’s modulus of 3.2 GPa, a yield strength of 55 MPa and an elongation at
break in the range of 10-30%. It’s optical properties are less favorable as compared to

rigid glass substrates, the refractive index is 1.639.

Courtesy of www.comelec.ch
Image retrieved from www.cmi.epfl.ch

Figure A.9: Parylene-C deposition.

Parylene is deposited in vaccum chamber at a pressure of a few pbar. Parylene is
resistant to acids and bases such as HF and KOH; it swells in organic solvents but does
not dissolve. It is etched in Os-plasma and can thus be patterned. Typical film thick-
nesses are a few 100 nm to tens of pm. Figure A.9 shows the principle of the conformal
room-temperature deposition process. For more information, c.f. www.comelec.ch. In
a first heating stage, the solid dimer is sublimated. In the second heating stage, the
dimer is decomposed into a monomer gas at high temperature. In the final stage, the
monomer gas molecules polymerize into a pin-hole free continuous coating on the room
temperature substrates. For more information, c.f. www.comelec.ch.

Parylene was used as the flexibly, transparent material for the transfer of thin porous
gold films (c.f. section 5.3.4). In an initial experiment, the adhesion and mechanical
stability of thin Au films to parylene was validated. For this purpose, a 200 nm thick Au
film was evaporated onto a blank Si wafer, followed by the deposition of 5 pm parylene.
Neither the Si wafer nor the Au layer were pre-treated in a special way prior to the film
depositions. The conformally deposited parylene film was cut with a scalpell at the wafer
border. The Au/parylene double layer was then picked at one edge and could completely
be peeled off. This is shown in the photographs in figure A.10. Thus, if was confirmed
that the adhesion of parylene to Au is superior to the one of Au to Si. Although very
thin, the parylene/Au was difficult to tear apart. This sufficed as a mechanical stability
test.
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(a) (b) (c)

Figure A.10: 5 ym of parylene on 200 nm Au can be peeled off easily.

A.5 ProTEK

ProTEK®)is a temporary protective coating developed and sold by Brewerscience Inc. 262,

In this thesis, ProTEK B3-25 was used to avoid attack the frontside of Si wafers through
pores in the frontside SiN layer. The coating is not etched in KOH, but can be easily re-
moved in organic solvents such as Acetone or by dry-etch removal in an oxygen plasma.
ProTEK was applied to the wafers by spin-coating as listed in table A.1. A primer is
applied to the wafer surface prior to the spin-coating of ProTEK in order to enhance the
adhesion of the ProTEK to the wafer. For the given parameters, the ProTEK filmthick-
ness was &~ 9 pm. Note that the hotplate bake times given in table A.1 30 sec longer as
compared to the standard recipe to compensate for the reduced heat transfer from the

hotplate to the almost-released membranes.
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Process Parameters Comments
Primer
0O,-RIE 100 W, 200 mbar O, 10 min Ensures wafer surface free of poly-
meric and Cr residues
Dehydration 200°C for > 30 min convection Promotes primer adhesion
oven
Cooling ~ 1 min Wafer placed in laminar flow hood

B3 Primer spin-coating

Primer bake

30 sec 1000 rpm at 500 rpm/sec,
Va~1lml

60 sec at 120°C on hotplate +
5 min at 200°C in convection

oven

Dynamic dispense onto rotating
wafer

Handle wafer carefully, avoid touch-
ing wafer top surface with tweezers,

place wafers horizontally in oven

ProTEK®)
B3-25 ProTEK spin-

coating

ProTEK bake

30 sec 500 rpm at 500 rpm/sec +
60 sec 1000 rpm at 500 rpm/sec,
V ~2ml

90 sec at 120°C on hotplate +

Static dispense into middle of rest-
ing wafer until ~ 1/2 wafer is cov-
ered, then start spinning

Place wafers horizontally in oven

30 min at 200°C in convection

oven

Table A.1: ProTEK®) coating procedure.

A.6 SiO,/SiN mask for Au membrane backside release

The backside release of porous Au films using Si pillars as lift-off template in KOH is
described in chapter 5.3 using a 200 nm thick Al layer as dry-etch mask. Alternatively, a
650/200 nm thick SiO9/SiN layer was used for this purpose as follows: Si wafers coated
with 650/200 nm SiO,/SiN were used as base substrates. This coating was selectively
removed on the wafer frontside by (a) dry-etching of the SiN and (b) wet-etching of
the SiOy layer. Thereafter, the wafers were re-oxidized by thermal oxidation for the
fabrication of an intermediate SiOy oxide dot mask. Then, the process was performed
as described in chapter 5.3. At process step Si5 in figure 5.15, instead of wet-etching an
Al layer, the backside SiN was patterned by photolithography and dry etching. Then,

the backside oxide was either wet- or dry-etched using the SiN as etch-mask.
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A.7 Mask layouts

Masks for SiN membranes

Figure A.11 shows the first, figure A.12 shows the second mask design that were used for
the fabrication of porous SiN membranes. In both cases, the chip size was 6x6 mm? with
174 chips per wafer. The masks had flat alignment and frontside/backside alignment
structures. Both designs contained chips with square membranes and membrane arrays
with side-lengths ranging from 400 to 2400 pm.

From the designs, Cr masks were fabricated for use with positive tone photoresist.
In the first design, the frontside mask was a bright-field mask (“what is green is Cr”),
the backside mask was a darkfield mask (“what is empty is Cr”). In the second design,
both front- and backside masks were dark-field masks. In both designs, one mask was
mirrored.

The principal difference between both designs is that the first design forsaw “grill”
structures within membranes larger than 800 pm. The bars had a width of 40 pm and
were arranged to give an effective etch opening of approximately 400 pm also for mem-
branes larger than that. The grill stuctures were integrated into the design in an attempt
to compensate aspect-ratio dependent etching (ARDE) during Si-DRIE. Although this
was to some extent successful, difficulties arose when the grill structures needed to be
removed either by isotropic Si-DRIE or KOH wet-etching. Si etch loading also influences
the etch rate, and therefore membranes of different sizes were homogneously distributed
across the wafer surface. A radial etch rate dependence was not taken into account.

In a second run, a mask design was made without grill structures in conjunction
with a fabrication process that tolerates long KOH over-etch times. This alleviated the
necessity to compensate for ARDE; radial etch rate variations and Si etch loading could
also be ignored. Therefore, membranes of similar size or pattern (e.g. single or array)
were grouped together. In the second design, the porous membrane area was limited
to within the released region. A margin of at least 50 pm was foreseen, taking into
account that the final KOH release step etches the Si under an angle of 54.7° which
laterally reduces the membrane size. Backside manual cleavage trenches and frontside

dicing marks were also integrated into the design.

Masks for Au membranes

Two sets of masks were designed for the fabrication of porous Au membranes. In the first
design, the chips were arranged in line with initial e-beam writing tests where pattern
stitching can be done with a pitch of 1.2 cm. Two types of chips were designed, one with
square, the other with round membranes; each chip contained porous and non-porous

membranes as well as areas with micro-patterned structures only. The membrane size
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one each chip varied from 40 pm to 990 pm in diameter.

In the second design, chip size and arrangement was done in the same way as for the

fabrication of the porous SiN membranes. The difference was that the margin between

frontside and backside pattern were only 50 pm for all membranes because Au mem-

branes were released by a final isotropic dry etch which enlarges the membrane size and

does not shrink (as in case of KOH release).
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Figure A.11: First mask layout with ARDE compensation structures.
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A.8 Transmission through sputter-etched hole arrays in

Au films on glass substrates with increasing hole
size

Light transmission through hole arrays in 200 nm thick Au films fabricated using the
intermittent sputter-etch procedure was measured after 20 min, 30 min, 40 min and
50 min of cumulative etch time (c.f. section 5.2 and figure 5.13).The hole array parame-
ters are p ~ 419 nm, Djele AuGiass 15 increasing from 65 nm to 195 nm, and ffis increasing
from 2% to 19%. Figure A.13 shows the corresponding spectra. Shown in the insets
are SEM images of the respective holes. The lower left graph plots Dpeie aucGiass 8 a
function of cumulative etch time.

The light transmitted at 510 nm is due to the Au transparency window in this wave-
length region. The long-wavelength transmission from 680 to 800 nm is mediated by

SPs. The red-shift of the SP peak with increasing hole diameter is due to an interference
with the WR anomaly around 620 nm.

200 f 40 toen
35 —— 50 min
—— 40 min
T 30 —— 30 min
£.150 §25_ — 20 min
="l A sp AuGiass

D hole_AuGlass

o
S

20 min 30 min 40 min 50 min 0 2 . I
Cumulative etch time 500 600 700 800 900
A [nm]

Figure A.13: Optical transmission through hole arrays of increasing Dpoje, AuGlass 0D @

type A wafer fabricated by the intermittent sputter-etch procedure.
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A.9 Transmission through free-standing and parylene

supported Au membranes

As described in chapter 5.3, 200 nm thick Au films on a 10 pm thick flexible pary-
lene layer (figure 5.16) as well as free-standing Au membranes with arrays of sub-pm
holes (figure 5.24) were fabricated using SiO, pillars as a lift-off template. Here, no
adhesion layer was used for the Au film. The hole array parameters were p ~ 419 nm,
Dy, = 180 nm, corresponding to ff = 16% (figure A.14b). The optical spectra through

free-standing and parylene supported membranes are shown in figure A.14.

t | —— Au only
[ | —— Au on parylene

500 550 600 650 700 750 800 850 900
A [nm]

(a) (b)

Figure A.14: (a) Optical transmission through hole arrays shown in (b) when supported
by 10 pm parylene and in the free-standing case. (b) SEM images of the
front- and backside of the characterized Au film on parylene and membrane
with p ~ 419 nm, Dy = 180 nm, ff = 16%.
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A.10 BSA adsorption measured by optical transmission

through sputter-etched hole arrays

These measurement were done within an internal collaboration at CSEM S.A.?%3. Hole
arrays on a type A wafer were used (c.f. section 5.2). First, the hole arrays were immersed
in a PBS buffer solution (phosphate buffered saline, pH = 7.3). The corresponding
transmission spectrum is shown in the inset in figure A.15. Then, the pure buffer
solution was exchanged for PBS buffer containing a small of BSA (1 %w/w) and the
transmission spectra were recorded continuously in time intervals of 10 sec.

BSA adsorption took place over a timescale of &~ 15 min when the no further changes
in the transmission spectrum could be observed. This was measured by first performing
a linear fit in the steep slope region from 715 to 725 nm, and then taking the measured
intensity at 720 nm as data point. The data points obtained in this way show a low-noise

distribution. A plot of these data points over time is shown in figure A.15.
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Figure A.15: Real-time monitoring of the adsorption of BSA at the hole array surface.
Shown in the inset if the full transmission spectra of the hole arrays im-
mersed in pure water. The change in intensity was recorded at a fixed

wavelength as indicated by the arrow.
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