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Abstract

Studies have shown that pillars of specific dimensions and spatial arrangement can pro-
mote osteogenic differentiation of stem cells and kill bacteria that cause infections. Other
studies have shown that surface curvature can also serve as a mechanical cue to modu-
late cell behavior. Therefore, the fabrication of pillars on curved surfaces would allow re-
searchers to investigate the synergistic effect of pillars and curvature on cell behavior.

In this project, a process was developed based on thermal nanoimprint lithography
(TNL) and dry etching techniques for the fabrication of pillars into curved substrates made
of hard materials. To this aim, a fused silica specimen containing sub-micron pillars was
used as the master mold in a molding process to replicate the pillars as pits into a hybrid
polydimethylsiloxane (PDMS) mold. The dimensions and morphology of the replicated
patterns were assessed using a scanning electron microscope (SEM). Thereafter, TNL was
employed to imprint the pits of the hybrid PDMS mold on the surface of the desired pla-
nar/curved substrates. Finally, etching processes were employed to transfer the patterns
into the bulk of the substrates. The process was first developed on planar fused silica sub-
strates and then, on curved substrates.

The interspace of the resultant pillars on the planar substrates was no more than 3%
different than the interspace of the original pillars on the master mold. The diameter was
also close to the values of the diameter of the original pillars (the maximum difference was
23%). The height of the pillars differed slightly (mo more than 16%) for the specific process
conditions that were used. On the curved substrates, the interspace increased by 5% and
10%, and the diameter by 57% and 11%.
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1
Introduction

1.1. Patterns with interesting functions
Surfaces with micro-and nanoscale patterns are widely existent in nature [1–5]. Such sur-
faces possess properties that would be desirable in a wide range of applications and de-
vices. Butterflies of the Morpho species, which are known for the beautiful colors of their
wings, possess ordered arrays of nanostructures on their wings’ surface that show different
optical responses to different vapors and vapor concentrations [1]. Their response out-
performs current nanofabricated sensors and could be mimicked for the design of new
optical gas sensors [1]. Moth eyes consist of an array of parabolic hemispheres in the
nanoscale and are characterized by their antireflection properties [2]. Such surfaces are
ideal in energy-related applications that require minimum light reflection like solar ther-
mal and photovoltaic systems [3]. The lotus effect, also known as the self-cleaning effect of
the lotus leaf, is a phenomenon attributed to micro-and nanoscale structures on the sur-
face of the lotus leaves [4]. These structures create a highly hydrophobic surface which
when wetted causes water drops to bead up and flow away, carrying away dirt from the
leaves [4]. This effect can be applied in the fields of self-cleaning windows, solar panels,
buildings, and windshields [5].

Apart from the natural existing micro-and nanopatterns and their potential employ-
ment in different fields, other kinds of patterns have been demonstrated to give surfaces
unique properties and/or cause desired interactions with materials. In the field of optics,
patterns can improve antireflection and increase the mechanical endurance of the opti-
cal surface [6] with application in optical components, photovoltaic systems, and light-
emitting diodes [7]. In biological research, patterns have been shown to control cell be-
havior (migration, differentiation, proliferation, death) [8–10] and can be integrated into
medical implants [11] or used for regenerative medicine studies [12].

Patterning techniques have been well established for patterning planar surfaces. Soft
lithography, photolithography, electron beam lithography (EBL), and direct laser writing -
separately or in combination - are some techniques that have been developed to create,
replicate, and transfer high-resolution patterns. Recently, there is an emerging trend in
patterning non-planar surfaces. This is due to the fact that in many applications there are
non-planar components, sometimes with complicated geometries. In optics, for applica-
tions such as tomography or microscopy, some of the device components are curved lenses
[13]. In the sector of photovoltaic systems, new technologies emerge that use curved panels
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2 1. Introduction

for energy harvesting [14]. In orthopedics, bone implant (e.g., hip replacement prosthesis)
surfaces are curved. In electronics, flexible sensors and circuits that conform with non-
planar surfaces are fabricated [15]. So, the need to adapt current techniques or develop
new ones for patterning non-planar surfaces is evident.

1.2. Patterning curved surfaces using thermal nanoimprint
lithography (TNL)

Patterning techniques have been well established over the years for planar surfaces and re-
cently, some of them have been employed on curved surfaces as well. Among the plethora
of techniques, soft lithographic ones are dominant when it comes to patterning of non-
planar surfaces. Soft lithography is a family of techniques that create (replicate) struc-
tures using soft flexible molds. The molds are made of elastomeric materials, most notably
PDMS and thus, they make it possible to pattern non-planar surfaces that cannot be per-
formed with traditional rigid planar molds. These techniques are capable of constructing
features ranging from hundreds of micrometers to tens of nanometers [16].

A well-known and widely used soft lithographic technique is TNL. TNL is a hot em-
bossing process (Figure 1.1) where the mold is a flexible patterned stamp when patterning
curved surfaces, most often made of PDMS [17]. In TNL, the flexible mold is brought in
conformable contact and under high pressure with the substrate which is a solid rigid sur-
face [17]. At the same time, the substrate is heated to above its glass transition temperature
(Tg) until the material which the substrate is made of (or coated with) softens, deforms, and
fills the stamps’ micro-and nanostructures [17]. After a specific amount of time and when
the patterns have been imprinted into the substrate, the temperature drops gradually and
the stamp is peeled off [17].

Figure 1.1. Schematic illustration of TNL [17].

Using this method, Chen et. al. [17] fabricated a microlens array (Figure 1.2 a) on the
surface of a convex polymethylmethacrylate (PMMA) substrate and gratings on the surface
of a concave PMMA substrate using a PDMS mold. The microlenses had a diameter of 187
µm and a height of 13.29 µm [17]. Choi et. al. [18] managed to create features (pits and
gratings) on a cylinder with a diameter of 8 mm and on a spherical surface with a diameter
of 20 mm (Figure 1.2 b). The diameter of the pits was 400 nm and the width of the gratings
was 350 nm [18]. The two substrates were made of glass, their surfaces were coated with
polystyrene (PS), and the mold was made of PDMS [18]. The imprinting was performed by
heating the substrate above its Tg and placing the PDMS mold on top of the PS layer by ap-
plying pressure with the fingers [18]. Bhingardive et. al. [19] patterned a spherical glass lens
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(radius of curvature (ROC) of 50 mm) (dip-coated with poly benzyl methacrylate(PBMA))
with nanopits of an average diameter of 100 nm (Figure 1.2 c).

Figure 1.2. Micro-and nanopatterns on curved surfaces fabricated by TNL. (a) Microlenses on the surface of
a PMMA lens [17]. (b) PS patterns on a glass spherical surface of 20 mm diameter [18]. (c) PBMA nanopits on

a glass lens with an ROC of 50 mm [19].

1.3. Purpose of the project
TNL is an appealing technique for the fabrication of patterns on non-planar surfaces. It
combines the benefits of soft lithography (i.e., patterning of non-planar surfaces, high-
resolution patterning, low cost, simple or no equipment required, and the possibility to use
the mold multiple times) with control over the dimensions of the patterns, parameters such
as temperature and imprinting force, and following etching steps. To our knowledge and
after examining the literature, we found out that researchers who create patterns on non-
planar surfaces with this technique use the patterns directly after thermal nanoimprinting
[17–19]. In other words, the patterns are made of the imprinting material (e.g., PMMA,
PBMA, PS). They do not proceed to additional micro-and nanofabrication processes such
as deposition, etching, and lift-off in order to transfer the patterns into the substrate un-
derneath.

In the field of bone-implants, recent studies have shown that pillars can modulate the
behavior of cells related to or affecting bone healing [8]. More specifically, ordered pillars
of standard dimensions can promote osteogenic differentiation of stem cells accelerating
the healing process and at the same time damage and kill bacteria that are associated with
infections [8]. Therefore, the integration of pillars on the curved surfaces of bone implants
is of interest. Additionally, microscale curvature has also been proven to affect cell behavior
as reported by Callens et al. [20]. Therefore, incorporating curvature and pillars into one
structure holds great research value.

So far, sub-micron and nanopillars have been fabricated on planar surfaces and their
properties have been evaluated [21]. This report presents the work that was conducted in
an attempt to develop and establish a process based on TNL and etching techniques for
the fabrication of curved substrates containing pillars made of hard materials (i.e., fused
silica).





2
Materials and Methods

2.1. Master mold
Planar fused silica specimens containing two arrays of sub-micron pillars with center-to-
center interspaces of 700 nm and 1 µm (master mold) (Figure 2.1) were fabricated by EBL.
The process steps involved in fabricating pillars on the specimens were not part of the
present work, therefore, no more detail will be given here. The dimensions of the mas-
ter mold were 1x1 cm2, with a thickness of 500 µm, and the size of each array of pillars was
3x5 mm2.

Figure 2.1. Planar fused silica master mold containing two arrays of pillars. In the image, the master mold
and the arrays are outlined. The arrays, like the rest of the master mold, are transparent. The colors they

have in the image are the result of the interaction between the pillars and light.

Tilted and top view SEM images of the two arrays of pillars on the fused silica master
mold with the designed interspaces of 700 nm and 1 µm are illustrated in Figure 2.2. The
height and diameter of the pillars were measured using tilted view SEM images and the
interspace of the two arrays was measured using top view SEM images. The results are
presented in Table 2.1.

700 nm 1 µm
interspace (nm) 717 ± 22 1026 ± 17

height (nm) 671 ± 31 702 ± 64
diameter (nm) 311 ± 9 317 ± 14

aspect ratio (AR) 2.15 ± 0.10 2.21 ± 0.18

Table 2.1. Dimensions of the pillars of the master mold.

5



6 2. Materials and Methods

Figure 2.2. (a) 45o tilted view and (b) top view SEM images of the pillars of the master mold. The red lines
indicate the interspace.

2.2. Fabrication of hybrid PDMS mold by replica molding
The master mold was used in a replica molding process to fabricate a hybrid PDMS mold
containing pits (Figure 2.3) (Appendix A). Initially, hard PDMS (hPDMS) was poured into
the master mold, spin-coated at 1000 rpm for 40 sec, and baked at 60 °C for 20 min to create
a negative replica of the pillars (Figure 2.3 b). Next, PDMS was poured on top of the hPDMS
layer and baked at 40 °C for 16 hrs to create a composite hPDMS/PDMS layer (Figure 2.3
c). Finally, the resultant hybrid PDMS mold containing pits was gently peeled off from the
master mold (Figure 2.3 d).

Figure 2.3. Schematic illustration of replica molding. a) Master mold containing pillars serving as mold. b)
Pouring hPDMS into the mold. c) Pouring PDMS on top of the hPDMS layer. d) Demolding of hybrid PDMS

mold containing pits.

2.3. Pattern transfer into the final substrate using TNL

2.3.1. Fabrication process to transfer patterns into a planar substrate
The process developed for the fabrication of pillars on a planar fused silica substrate incor-
porated material deposition, imprinting, and material etching techniques (Figure 2.4).
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Figure 2.4. Schematic illustration of the fabrication process developed to transfer patterns into a planar
substrate.

2.3.1.1. Substrate preparation

Initially, a planar fused silica substrate was cleaned in an ultrasonic bath, first in acetone
for 30 min, then in isopropyl alcohol (IPA) for 30 min, and finally, in deionized (DI) wa-
ter for 30 min. Subsequently, it was dried using compressed N2 gas. Next, a thin layer
of Cr (30 nm) was deposited on the substrate using electron beam physical vapor deposi-
tion (EBPVD) (Temescal FC-200, Ferrottec, USA) at a rate of 0.1 nm/sec and a pressure of
1.5·10-6 Torr (Figure 2.4 b). Then, PMMA (950A3, MicroChem Corp., USA) was spin-coated
on the substrate at 3500 rpm and baked at 185 °C for 20 min (Figure 2.4 c). The thickness of
the resultant PMMA layer was measured using a profilometer (Dektak, Bruker, USA). To do
so, a scratch was made on the substrate with a pair of tweezers and then, the depth of the
scratch was measured by the profilometer. The thickness of the PMMA layer was defined
as the depth of the scratch, which was about 130 nm.
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2.3.1.2. Thermal nanoimprint lithography

TNL is the primary patterning technique of the process that creates the initial patterns on
the substrate (Figure 2.4 d, e). The system used for the imprinting (EVG520, EV Group,
Austria) consisted of two plates (top and bottom) (Figure 2.5 a). The substrate was placed
between the plates and the imprinting force was applied to it in a "sandwich" like manner
(Figure 2.5 b).

Thermal imprinting begins from ambient temperature (Tambient in Figure 2.5 c) and
rises to the imprinting temperature (i.e., 140 °C and 180 °C) (Timp in Figure 2.5 c) at a rate of
2 °C/min. When Timp is reached, a force of 250 N is applied (Figure 2.5 c). The temperature
is kept at Timp for 165 sec and then, the system is cooled down (Figure 2.5 c). At 80 °C (de-
molding temperature), the force is released (Figure 2.5 c). When the temperature reaches
40 °C, the sample is removed from the system and the hybrid PDMS mold is peeled off.

Figure 2.5. a) Image of the thermal imprinting system. b) Schematic illustration of the imprinting setup. c)
Thermal imprinting process curve.

2.3.1.3. Reactive ion etching

Reactive ion etching (RIE) is a technique used to selectively etch materials. The mask pro-
tects parts of the sample where no etching is desirable and exposes the rest. In RIE the
sample is exposed to a gas mixture where the gases are selected according to the material
to be etched. Then, two electrodes create a radio frequency (RF) electromagnetic field that
excites the gas mixture and generates plasma containing reactive species (ions and radi-
cals) (Figure 2.6) [22]. At the same time, a voltage is created (between the plasma and the
sample-carrying electrode) that accelerates and directs the ions towards the sample (Fig-
ure 2.6) [22]. Etching of material happens in two ways. The first way is chemically when
ions and radicals react with the material creating volatile particles that are subsequently
exhausted and the second way is physically when accelerated ions bombard the material
and sputter out of it particles that are subsequently exhausted as well [22].
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Figure 2.6. Schematic illustration of RIE [22].

After thermal nanoimprinting, the residual PMMA on the substrate was etched to reach
the Cr layer (Figure 2.4 e, f) using O2 plasma (Sentech Etchlab 200, SENTECH Instruments
GmbH, Germany) (Table 2.2). The remaining PMMA pillars were used as a mask to etch
Cr (Figure 2.4 f, g) using chlorine-based plasma RIE (Plasmalab System 100, Oxford Instru-
ments, UK) on a 4 inch SiO2 carrier wafer (Table 2.2). After dissolving the remaining PMMA
mask in N-Methyl-2-pyrrolidone (NMP) (Sigma Aldrich, USA) at 80 °C overnight (Figure 2.4
g, h), the remaining Cr pillars were used as a mask to etch the fused silica substrate using
fluorine-based inductively coupled plasma (ICP) RIE (Figure 2.4 h, i) (Adixen AMS 100 I-16
speeder, Alcatel, France) on a 4 inch Si carrier wafer (Table 2.2). Thus, pillars were suc-
cessfully transferred into the final desired substrate (Figure 2.4 i). Finally, the Cr mask was
chemically etched using Cr etchant (Chromium Etchant N1, MicroChemicals, Ulm, Ger-
many) (Figure 2.4 j).

PMMA RIE Cr RIE fused silica ICP RIE
O2 flow (sccm) 20 5 -
Cl2 flow (sccm) - 50 -

C4F8 flow (sccm) - - 15
CH4 flow (sccm) - - 15

He (sccm) - - 150
RF power 1 (W) 20 50 2500
RF power 2 (W) - - 250

temperature (°C) - 40 0
pressure 0.04 mbar 12.5 µbar 0.01 mbar

time (min:sec) 2:00 1:30 3:30

Table 2.2. Process conditions of RIE steps.

2.3.2. Fabrication process to transfer patterns into a curved substrate
To transfer the pillars into the curved substrate, the previously described process was modi-
fied appropriately. Commercial plano-convex and concave lenses (110-0104E & 112-0105E,
EKSMA OPTICS, Lithuania) made of BK7 glass served as curved substrates (Figure 2.7). The
ROC of the convex lens was 10.4 mm and that of the concave lens was 13 mm.
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Figure 2.7. Drawings of the a) convex and b) concave lenses used in this study [23].

The same as the previous section, the substrates - lenses in this case - were cleaned in
an ultrasonic bath in acetone, IPA, and DI water for 30 min in each solution. Subsequently,
they were dried using compressed N2 gas. For the fabrication of pillars on the curved sub-
strates, the same process developed for the planar substrates was applied (Figure 2.9).

2.3.2.1. Thermal nanoimprint lithography

TNL on the curved substrates required specific setup adjustments. The first setup adjust-
ment was adding an elastic PDMS support structure on top of the hybrid PDMS mold (sup-
port in Figure 2.8) (Appendix B). The second setup adjustment was the fabrication and use
of peripheral elastic PDMS support structures which were added to the system along with
the sample (peripheral support in Figure 2.8) (Appendix B). The process parameters were:
imprinting force = 1250 N and 2500 N and imprinting temperature = 140 °C, 160 °C, and 180
°C. The rest of the process parameters were the same as the described values for the planar
substrate.

Figure 2.8. a) Schematic illustration of the imprinting setup for the curved substrate. b) Image of the
imprinting setup on the curved substrate.
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Figure 2.9. Schematic illustration of the fabrication process developed to transfer patterns into curved
substrates.

2.4. Imaging and Characterization
Inspection of the samples was performed with a SEM (Helios G4 CX dual beam worksta-
tion, Hillsborough, FEI, USA). Specimens need to be electrically conductive to be imaged
by SEM and therefore, before imaging, a thin layer of gold (13 nm thick) was sputtered on
the specimens. SEM images were analyzed using Gwyddion (version 2.57) software and all
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relevant parameters were measured (i.e., pillar height and base diameter from 45o tilted
view SEM images, and interspace from top view SEM images) and processed (Excel 2016,
Microsoft Corp., USA).



3
Results

3.1. Fabrication of hybrid PDMS mold by replica molding
The resultant hybrid PDMS mold (Figure 3.1) was a negative replica of the master mold
and contained pits orthogonally arranged in two arrays (Figure 3.2). The pits had a circular
shape and the surface of the mold had a smooth morphology (Figure 3.2).

Figure 3.1. Hybrid PDMS mold containing pits as a result of replica molding of the master mold. In the
image, the mold and the arrays are outlined.

Figure 3.2. a) 45o tilted view and b) top view SEM images of the hybrid PDMS mold containing pits.

The diameter of the pits was measured using tilted view SEM images and the inter-
spacing between the pits was measured using top view SEM images. The depth was not
measured since the bottom of the pits was not visible. A comparison between the size of

13



14 3. Results

the resultant pits on the hybrid PDMS mold and the pillars on the master mold is shown
in Figure 3.3. The diameter of the pits of the PDMS mold was 21% and 10% smaller than
the diameter of the pillars of the master mold in the 700 nm and 1 µm interspace arrays
respectively. The interspace of the pits of the PDMS mold was 2% smaller than that of the
pillars of the master mold in both arrays.

Figure 3.3. Comparison between the diameter and the interspace of the pillars on the master mold and the
resultant pits on the hybrid PDMS mold.

3.2. Pattern transfer into the final substrate using TNL
3.2.1. Planar fused silica substrate
3.2.1.1. Thermal nanoimprinting process

Before thermal nanoimprinting, the hybrid PDMS mold was placed on top of the substrate
with the patterns facing towards the substrate. Then the sample (the substrate with the
hybrid PDMS mold) was placed between two plates and the imprinting force was applied
on it (Figure 2.4 d, Figure 3.4).

Figure 3.4. Schematic illustration of the imprinting setup for the planar fused silica substrate.
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Tilted view SEM images of the pillars formed on PMMA at 250 N and at two different
imprinting temperatures (140 °C and 180 °C) are shown in Figure 3.5. The dimensions of
the pillars were measured using Gwyddion software and the effect of the imprinting tem-
perature on pillar height and aspect ratio (AR) is shown in Figure 3.6. At 140 °C, the pits of
the PDMS mold were imprinted as pillars into the PMMA with an AR of 0.32 in the case of
700 nm interspace array and 0.41 in the case of 1 µm interspace array (Figure 3.6). At 180
°C, the AR of the pillars increased to 1.29 for both arrays (Figure 3.6).

Figure 3.5. 45o tilted view SEM images of the PMMA pillars imprinted on planar fused silica substrates at
250 N.

Figure 3.6. Effect of the imprinting temperature on pillar height and AR of the PMMA pillars imprinted on
planar fused silica substrates at 250 N.

3.2.1.2. Etching the residual PMMA layer

The morphology of the PMMA pillars - after removing the residues of PMMA rest in be-
tween the pillars - was imaged using SEM (Figure 3.7). After following this step, one can
have access to the surface of the Cr layer, with PMMA as a mask on top of it.
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Figure 3.7. 45o tilted view SEM images of the PMMA pillars on the Cr layer on planar fused silica substrates.

3.2.1.3. Etching the Cr layer

To have access to the surface of the fused silica substrate, the Cr layer (thickness = 30 nm)
was etched using PMMA as the mask. The remaining patterns consisted of Cr at the bottom
that was protected by PMMA and was not etched, and the PMMA mask that was already
there (Figure 3.8). This way, the Cr spots that remained made up a mask on the planar
fused silica substrate.

Figure 3.8. 45o tilted view SEM images of the PMMA/Cr mask on planar fused silica substrates.

3.2.1.4. Transferring patterns into the planar fused silica substrate

After chemically removing the PMMA, the planar fused silica substrate was etched with Cr
as the mask. ICP RIE of the fused silica substrate through the Cr mask produced pillars into
the bulk of the substrate. The pillars had a cylindrical shape (Figure 3.9). The dimensions
of the resultant pillars were measured using Gwyddion software and the values of average
and standard deviation were calculated (Table 3.1). A comparison between the size of the
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resultant pillars on the planar fused silica substrates and the pillars on the master mold is
shown in Figure 3.10. The pillars of the two substrates were 9% and 11% shorter in the 700
nm interspace arrays, and 16% and 6% shorter in the 1 µm interspace arrays compared to
the pillars of the master mold. The diameter of the pillars of the substrate imprinted at 140
°C was smaller in both arrays (19% and 23%) than the diameter of the pillars of the master
mold. The diameter of the pillars of the substrate imprinted at 180 °C was almost the same
as the diameter of the pillars of the master mold in the 700 nm interspace array and about
16% higher in the 1 µm interspace array. Finally, the difference in the interspace was equal
to or less than 3% for both substrates in both arrays.

Figure 3.9. 45o tilted view SEM images of the pillars on planar fused silica substrates.

700 nm 1 µm

interspace (nm)
140 °C 736 ± 15 1048 ± 8
180 °C 743 ± 15 1043 ± 23

height (nm)
140 °C 606 ± 44 588 ± 23
180 °C 593 ± 35 654 ± 48

diameter (nm)
140 °C 249 ± 19 243 ± 14
180 °C 312 ± 26 370 ± 10

AR
140 °C 2.43 ± 0.16 2.42 ± 0.20
180 °C 1.91 ± 0.20 1.76 ± 0.12

Table 3.1. Dimensions of the pillars fabricated into planar fused silica substrates.
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Figure 3.10. Comparison between the height, the diameter, and the interspace of the pillars on the master
mold, the pillars on the planar fused silica substrate imprinted at 140 °C, and the pillars on the planar fused

silica substrate imprinted at 180 °C.

3.2.2. Curved substrate (BK7 lens)
3.2.2.1. Thermal nanoimprinting process

Before thermal nanoimprinting, the hybrid PDMS mold was placed on top of the curved
substrate with the patterns facing towards the substrate. On top of the PDMS mold, a
support structure made of PDMS was placed (Figure 3.11). Thereafter, the sample (the
substrate with the hybrid PDMS mold and the support structure) was placed between two
plates that applied the imprinting force in a "sandwich" like manner on it (Figure 3.11).
Four other peripheral support structures made of PDMS were also placed along with the
sample in the imprinting system (Figure 3.11). A convex and a concave lens after thermal
imprinting are shown in Figure 3.12.

Thermal imprinting on convex lenses was initially conducted at 140 °C and for two force
values (1250 N and 2500 N) (Figure 3.13). In both cases, the result was PMMA pillars with
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AR less than 1 (Figure 3.14). The higher force (2500 N) resulted in higher pillars. More
specifically, the pillar height increased from 132 nm to 210 nm in the 700 nm interspace
array and from 150 nm to 190 nm in the 1 µm interspace array (Figure 3.14).

Figure 3.11. Schematic illustration of the imprinting setup for curved substrates.

Figure 3.12. a) Convex and b) concave lenses containing two arrays of imprinted pillars.

Figure 3.13. 45o tilted view SEM images of the PMMA pillars imprinted on convex substrates at 140 °C.
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Figure 3.14. Effect of the imprinting force on pillar height and AR of the PMMA pillars imprinted on convex
substrates at 140 °C.

Next, thermal imprinting on convex lenses was conducted at 1250 N at three different
imprinting temperatures (140 °C, 160 °C, and 180 °C) (Figure 3.15). The dimensions of the
pillars were measured and the effect of the imprinting temperature on pillar height and AR
is shown in Figure 3.16. Indicatively, pillar height increased from 132 nm at 140 °C to 370
nm at 160 °C and finally, to 721 nm at 180 °C in the 700 nm interspace array (Figure 3.16).

Figure 3.15. 45o tilted view SEM images of the PMMA pillars imprinted on convex substrates at 1250 N.
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Figure 3.16. Effect of the imprinting temperature on pillar height and AR of the PMMA pillars imprinted on
convex substrates at 1250 N.

3.2.2.2. Etching the residual PMMA layer

The morphology of the pillars formed at 1250 N and 180 °C - after removing PMMA rest in
between the pillars - was imaged using SEM (Figure 3.17). After following this step, one can
have access to the surface of the Cr layer, with PMMA as a mask on top of it.

Figure 3.17. a) 45o tilted view and b) top view SEM images of the PMMA pillars on the Cr layer on the convex
substrate imprinted at 1250 N and 180 °C.

3.2.2.3. Etching the Cr layer

To have access to the surface of the curved substrate, the Cr layer was etched using PMMA
as a mask. The remaining patterns consisted of Cr at the bottom that was protected by
PMMA and was not etched, and the PMMA mask that was already there (Figure 3.18). This
way, the Cr spots that remained made up a mask on the curved substrate.
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Figure 3.18. a) 45o tilted view and b) top view SEM images of the PMMA/Cr mask on the convex substrate
imprinted at 1250 N and 180 °C.

3.2.2.4. Transferring patterns into the curved substrate

After chemically removing the PMMA, ICP RIE was performed on the BK7 substrate. The
process did not etch the substrate and a thin film was formed on the lens and detached
from its surface (delamination) (Figure 3.19, Figure 3.20).

Figure 3.19. Image of the lens after ICP RIE. In the image, the arrays are outlined.

Figure 3.20. SEM images of the BK7 lens after ICP RIE. a) Top view of the thin film and b) 45o tilted view of
the pillars.

Thereafter, the substrate was further etched for 4 mins and 10 mins (Figure 3.21). No
change was observed in the morphology that was already obtained from the initial etch-
ing. The interspace and diameter of the resultant pillars of the 700 nm interspace array
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increased by 10% and 11% compared to the corresponding values of the pillars of the mas-
ter mold. The interspace and diameter of the resultant pillars of the 1 µm interspace array
increased by 5% and 57% respectively. The height of the pillars for both arrays was 87%
smaller that than the height of the pillars on the master mold.

Figure 3.21. 45o tilted view SEM images of the BK7 pillars after several ICP RIE steps on the convex substrate.

We hypothesized that the problem is caused by the metal impurities (i.e., BO, BaO, KO,
Na2O [24]) in BK7 material that stop etching. With an aim to expose a pure material to
etching species, a relatively thick layer of SiO2 (2 µm) was deposited on the lens substrate
and then, the process steps described in Figure 2.9 were followed. However, after 4 min
ICP RIE, the etching did not happen and the pillars were not transferred into the SiO2 layer
(Figure 3.22).

Figure 3.22. Top view SEM images of SiO2 deposited lens after 4 min etching. a) Delamination phenomenon
and b) short pillars on the substrate.





4
Discussion

4.1. Hybrid PDMS mold
The sequential application of hPDMS and PDMS during the molding process guaranteed
the reliable replication of the patterns of the master mold into the PDMS mold. PDMS is a
soft and elastic material (bulk modulus 2 N/mm2 [25]). As a result, patterns smaller than
500 nm made of PDMS tend to deform and/or collapse [25]. Therefore, a harder material is
needed for high-resolution replication of the pillars, and hPDMS is commonly used for this
purpose [26–28]. It has been experimentally confirmed that hPDMS maintains the struc-
tural integrity and the shape of patterns with feature sizes down to 10 nm [29]. This way, a
highly flexible and durable hybrid PDMS mold containing high-resolution pits is obtained,
that can be used several times (without being damaged) as the mold for the following im-
printing process.

The diameter of the resultant pits on the PDMS mold was consistently smaller than the
diameter of the pillars of the master mold (Figure 3.3). A hypothesis to explain this differ-
ence could be that the lower interspacing does not allow the PDMS to fully sink into the
pillars. Since pillars are not perfect cylinders, the base diameter is bigger than the top di-
ameter and this results in pits with a much smaller diameter in the denser pillar array (700
nm interspace array). On the other hand, the difference in interspace was quite smaller.
Therefore, the interspacing of the arrays was not influenced by the replica molding pro-
cess. This size reduction is the result of PDMS shrinkage during the thermal curing process
and is quite typical in replica molding using PDMS [30]. Also, the reduction of the inter-
space observed in these experiments (about 2%) (Figure 3.3) is close to the value reported
by Madsen et. al. [30] (1.07%) who quantified PDMS shrinkage in different conditions (tem-
perature, curing time, PDMS base to curing agent ratio) including the conditions used in
our experiments (i.e., 40 oC, 16 hrs, 10:1) and by measuring a feature very similar to our
interspace.

Replica molding is a high-throughput high-resolution experimentally convenient pat-
terning technique. After the first replica molding, a second replica molding could have
been done on the resultant mold for the direct fabrication of curved substrates containing
pillars. The only limitation of this technique is that it only enables us to replicate patterns
into polymers. To be able to transfer the patterns into the substrate of interest, other tech-
niques such as TNL can be employed.
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4.2. Pattern transfer into the final desired substrate
4.2.1. Planar fused silica substrate
4.2.1.1. Thermal nanoimprinting process

TNL on planar substrates was performed at two imprinting temperatures and resulted in
an increase of the AR of the imprinted PMMA pillars at the higher temperature (Figure 3.6).
This result showed the effect of temperature on TNL. The mechanism behind this lies in the
effect temperatures above Tg have on the mobility of the molecular chains of the polymer
[31]. Below Tg, carbon chains are frozen in place and the material behaves like a rigid solid
[31]. At Tg (105 °C for PMMA [32]), carbon chains start to move and the material transits
from a rigid state to a rubbery state [31]. As the temperature further increases (140 °C and
180 °C in these experiments), more chains start to move making the polymer softer, and
thus, greater deformations can be induced under the same loading conditions.

4.2.1.2. Etching the residual PMMA layer

RIE of PMMA successfully created a PMMA mask on the underlying Cr layer (Figure 3.7).
Although PMMA pillars with two different heights were formed at two different imprint-
ing temperatures, for both cases, 2 min O2 plasma RIE was enough to etch the residues of
PMMA rest in between the pillars. As expected, the mask that resulted from the sample
imprinted at the higher temperature was thicker.

4.2.1.3. Etching the Cr layer

In both samples (the one imprinted at 140 °C and the one imprinted at 180 °C), the PMMA
pillars with different heights were used as the mask to etch the 30 nm thick Cr layer (Fig-
ure 3.8). The remaining PMMA pillars in both samples indicate that the mask with the small
thickness (the one imprinted at 140 °C) was adequately thick to be used as a mask for Cr
etching. After this process, PMMA was removed from both samples leaving a 30 nm thick
Cr mask on the substrate material.

4.2.1.4. Transferring patterns into the fused silica substrate

The obtained substrates containing pillars (the one imprinted at 140 °C and the one im-
printed at 180 °C) were compared to the master mold in order to evaluate how similar they
were (Figure 3.10). The pillars of the two substrates were smaller in height than the pillars
of the master mold (Figure 3.10). This means that the etching time should be increased in
order to obtain higher pillars. On the other hand, the diameter of the pillars of the substrate
imprinted at 140 °C was smaller in both arrays than the diameter of the pillars of the master
mold (Figure 3.10). The diameter of the pillars imprinted at 180 °C was almost the same as
the diameter of the pillars of the master mold in the 700 nm interspace array and higher
in the 1 µm interspace array (Figure 3.10). While the height of the pillars depends on the
thickness of the Cr mask and the etching time, the diameter of the pillars depends on the
diameter of the Cr mask spots. The Cr mask spots are the result of the previous two steps
(TNL and PMMA RIE) and since the PMMA RIE step was also the same for both samples,
the conclusion is that the temperature during TNL can be used to control the diameter of
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the pillars. Finally, the interspace was slightly influenced (Figure 3.10). Although some im-
perfections change the morphology of the resultant structures during the middle steps, at
the end by optimization of the involved process steps, the dimensions of the final patterns
on the fused silica substrates were fairly close to the values of the master mold.

4.2.2. Curved substrate
4.2.2.1. Thermal nanoimprinting process

Traditional imprinting systems have planar surfaces for imprinting on planar substrates.
Thermal imprinting on curved substrates requires suitable setups that can bring the mold
in conformable contact with the curved substrate. For this purpose, Chen et. al. [33] used
a setup that consisted of two chambers with the flexible mold separating them as a di-
aphragm. The substrate was placed below the mold and during the imprinting, the pres-
sure in the two chambers was controlled so that the flexible mold was inflated and brought
in conformable contact with the substrate [33]. This system allowed them to imprint with
a uniform force distribution on the substrate and also, allows imprinting on substrates of
arbitrary curvatures [33]. A simpler approach by Choi et. al. [18], included no setup. They
simply placed the mold on top of the substrate and applied gentle force with the fingers in
order to remove air bubbles and achieve conformable contact with the substrate [18].

The system used in this project was a traditional imprinting system for imprinting on
planar substrates. Two setup modifications were applied on it. The first setup modification
was the addition of an elastic PDMS structure on top of the hybrid PDMS mold through
which the imprinting force was applied indirectly to the mold (Figure 2.8). This was done
for two reasons. The first reason was because the imprinting plates were planar and the
substrate surface was curved. Executing the experiment without this modification would
end up in the force being applied only at the top of the lens. This could probably result
in damaging the hybrid PDMS mold, the lens, and machine parts. The second reason was
because an elastic and soft intermediate structure was necessary in order to distribute the
imprinting force on the whole surface of the lens which would not happen with a rigid
structure. With the PDMS support structure in place, the imprinting force was distributed
more uniformly on the whole lens’ surface area. The second setup modification was the
addition of peripheral elastic PDMS support structures (Figure 2.8). The reason was that the
surface area of the sample was much smaller than the surface area of the imprinting plates.
Therefore, there was a high chance of the imprinting force not being uniformly applied on
the substrate’s surface area, especially if the sample was not placed exactly in the middle of
the plate. Also, even if the force was distributed uniformly, applying the whole force in such
a small surface area would cause damage to machine parts. Moreover, the addition of the
four peripheral supports in the imprinting setup resulted in a five times bigger imprinting
surface area compared to the planar substrate experiments. Thus, in order to keep the
force applied on the sample the same as in the planar substrate experiments, imprinting
force was also increased five times (1250 N) from the imprinting force value of the planar
substrate experiments (250 N).

Imprinting at two different forces resulted in a slight increase in height of the pillars
and an AR still smaller than 1 (Figure 3.14). Therefore, it was decided to continue the ex-
periments at 1250 N so that the mechanical stress applied to the hybrid PDMS mold was
kept to a minimum. As expected from the planar substrate experiments, the height of the
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patterns was greatly increased with the increasing imprinting temperature (Figure 3.16).
Therefore, by controlling the imprinting temperature, one could fabricate PMMA pillars
with different heights on the curved substrate. Finally, the thermal imprinting protocol
was established at 1250 N and 180 °C. It must be highlighted that the planar substrate ex-
periments confirmed that the pillar height achieved at the minimum temperature (140 °C),
even small is adequate to be used as a mask and generate pillars on the final substrate.

4.2.2.2. Transferring patterns into the curved substrate

Although RIE of PMMA and Cr on the curved substrate showed the same results as in the
planar substrate experiments, etching of the substrate material (BK7 glass) was problem-
atic. The process resulted in small AR pillars even after several etching attempts and ev-
ery time a thin film (delamination) was generated on the lens and detached from it (Fig-
ure 3.20). BK7 glass in contrast to fused silica - on which the etching protocol was originally
developed - contains impurities that were first assumed to be the cause of the delamina-
tion. In an attempt to fix this problem, a thick layer of SiO2 was deposited on the lens before
the process so that the layer to etch during the final ICP RIE step would be SiO2 and not BK7
glass. Since the ICP RIE protocol was successful on fused silica which has a high content of
SiO2, it was assumed that it should also work on pure SiO2. However, still the etching ended
up with small AR pillars and delamination (Figure 3.22).

This confirmed that there might be another reason that causes delamination and/or
inhibits etching. The lenses are much thicker than the planar fused silica substrates (4.5
mm compared to 0.5 mm) that are traditionally used in such processes. This could result
in heat built-up in the large volume of the lens and somehow induce delamination. The
relatively high thickness of the non-conductive lens stops heat transfer during the etching
process.



5
Conclusion

This report presented a novel facile work that was conducted to develop a process for the
fabrication of sub-micron pillars on flat and curved substrates made of glass. To do so,
fused silica specimen containing two arrays of sub-micron pillars, one with a center-to-
center interspacing of 700 nm and one with a center-to-center interspacing of 1 µm, each
on an area of 3x5 mm2 was used as the master mold. Then, to overcome the challenges of
fabrication techniques, including time and cost, soft lithography using hybrid PDMS was
used to replicate the pillars as the pits into the hybrid PDMS. The dimensions and mor-
phology of the replicated patterns were assessed using SEM. As PDMS is not the material of
choice for many applications, we used TNL as a facile, inexpensive, and high-throughput
technique to transfer the patterns on the hybrid PDMS into desired flat/curved substrates.
The process parameters were adjusted to have the most precise dimensions transferred.
The height of the final patterns can be tuned by optimizing the applied force, imprinting
temperature, the thickness of the thermoplastic resist and mask, and etching parameters.
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6
Outlook

Although in this research, we could nicely and accurately transfer the patterns on the mas-
ter mold into the final substrate of interest (fused silica here), transferring them into the
curved substrate (BK7 lens here) was more challenging. However, we could transfer our
desired patterns into the PMMA layer coated on the lens substrate. Here we present some
other strategies that may help to transfer patterns into the substrate underneath:

1. Ion beam etching could be used instead of RIE in order to transfer the pillars directly
into the substrate using the PMMA template formed after imprinting. During ion beam
etching, energetic ions collide with atoms on the etched substrate transferring energy and
momentum to the lattice of the substrate [34]. When the energy transferred to an atom
during bombardment exceeds the chemical binding energy, the atom is ejected from the
lattice [34]. Ion beam etching has a resolution of tens of nm which is adequate for the
much bigger size of our pillars and can etch any material [35].

2. Another solution regarding the approach where the lens was coated with SiO2 would
be to perform the last etching step in small time intervals with cooling steps in between. If
the hypothesis of heat build-up during ICP RIE is correct, then by executing etching at small
consecutive time steps with cooling steps in between, the temperature of the substrate can
be kept under a specified threshold, and delamination may not occur. Since the etching
protocol was developed on fused silica and the result was satisfying, the chances to be able
to etch successfully SiO2 are high. So, the objective is to avoid delamination that occurs
during this process.

The aim of this project was to develop a process for the fabrication of patterns on curved
substrates made of hard materials. The reason was that (as mentioned in the Introduction)
studies have shown that pillars and surface curvature separately can modulate the behavior
of cells related to bone healing and thus, the next step is to investigate the combined effect
of those cues. Also, since Ti is the dominant material choice for bone implants, creating
pillars on curved substrates made of Ti is the obvious choice. Fused silica and BK7 were the
starting point and the hard material substitutes for these experiments. Therefore, the next
step would be to modify this process so that it can transfer patterns into Ti.

Finally, the process is highly adjustable in terms of materials and etching techniques.
The fact that it did not work in this modulation does not mean it cannot be completed and
further developed. The important part is the establishment of TNL as a suitable method
to fabricate highly ordered, high-resolution pillars with control over their size on curved
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substrates. Based on this first step, this process can be completed and/or other processes
can emerge.



A
Replica molding/Hybrid PDMS fabrication

protocol

A.1. Hydrophobic treatment
1. Place the master mold in the center of a small petri dish (∅30) with the pillars facing

upwards.

2. Expose the master mold to 100 µl OCTYLTRICHLOROSILANE (Sigma Aldrich, U.S.A.)
vapor for 1hr in a desiccator to make its surface hydrophobic.

A.2. hPDMS molding protocol
1. In a small petri dish, add 0.85 g ((7.0-8.0% VINYLMETHYLSILOXANE) – DIMETHYL-

SILOXANE COPOLYMER, TRIMETHYLSILOXY TERMINATED, 800-1,200 cSt) (Gelest,
U.S.A.).

2. Add 3 µl (PLATINUM-DIVINYLTETRAMETHYLDISILOXANE COMPLEX; 2% Pt in xy-
lene) (Gelest, U.S.A.).

3. Add 2 µl (2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane) (Sigma Aldrich, U.S.A.).

4. Mix for 5 min.

5. Leave petri dish in a desiccator for 30 min.

6. Add 0.25 g ((25-35% METHYLHYDROSILOXANE) – DIMETHYLSILOXANE COPOLY-
MER, TRIMETHYLSILOXANE TERMINATED, 25-35 cSt).

7. Mix for 3 min.

8. Leave petri dish in a desiccator for a short amount of time, no more than 10 min.

9. Pour 2 drops on the master mold and spin coat for 40 sec at 1000rpm.

10. Leave petri dish containing the master mold in the oven for 20 min at 60 °C.
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A.3. PDMS molding protocol
1. In a petri dish, add small amount of PDMS base (Sigma Aldrich, U.S.A.) and PDMS

curing agent (Sigma Aldrich, U.S.A.) in a ratio 10:1. The total amount must be at least
0.5 g.

2. Mix for 5 min.

3. Once the 20 min incubation of the hPDMS protocol is done, add 0.5 g of PDMS on
the master mold in the petri dish.

4. Leave petri dish cotaning the master mold in a desiccator for 20 min.

5. Leave the petri dish containing the master mold in the oven for 16 hrs at 40 °C.

6. Once the temperature treatment is finished, cut off the patterned part and peel it off
very gently from the master mold.



B
Supports fabrication

B.1. PDMS molding protocol
1. Place a lens in the center of a petri dish (or another container).

2. In a petri dish, add PDMS base (Sigma Aldrich, U.S.A.) and PDMS curing agent (Sigma
Aldrich, U.S.A.) in a ratio 10:1. The total amount must be enough to fill the container
with the lens in it.

3. Mix for 5 min.

4. Pour PDMS in the container with the lens in it. Pour enough PDMS so that it covers
the lens for at least 3 mm above it.

5. Leave the container in a desiccator until there are no air bubbles left in the PDMS
mixture.

6. Leave the container in the oven for 16 hrs at 40 °C.

7. Once the temperature treatment is finished, demold the lens and cut off the PDMS
structure in appropriate pieces.
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